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1. INTRODUCTION: 
This second year annual report describe the progress to date on the development of an 
optimized intracavitary ultrasound array system to be used in the treatment of prostate 
cancer. Studies have shown that ultrasound hyperthermia is a useful adjuvant to 
radiotherapy in the treatment of prostate cancer. The basic goal of this research is the 
development of an ultrasound phased array to uniformly heat the prostate to 43°C for 30- 
60 minutes for an effective hyperthermia treatment. To accomplish this goal an array has 
been developed and constructed using the hypothesis that ultrasonic wavefields can be 
optimized to specifically target prostate tissue, resulting in uniform hyperthermia 
treatment within the prostate and minimal effects to surrounding tissue. Evaluation of the 
heating of the ultrasound has used magnetic resonance imaging (MRI) with the proton 
resonance frequency shift method to noninvasivly determine the temperature rise from the 
array with in vitro and in vivo experiments. This Year 2 annual report will describe the 
current progress and results. 



2. BODY: 
Ultrasonic hyperthermia is a promising technique for treatment of prostate cancer. 

When performed in conjunction with chemotherapy or radiotherapy, hyperthermia 
increases the damage to cancer cells caused by radiation, and prevents subsequent repair 
of cancerous tumors ^'^. Intracavitary ultrasound arrays are an ideal tool for performance 
of hyperthermia treatments, because deep localized heating can be achieved with precise 
power control and without any ionizing radiation. 

By accounting for the physical differences between the prostate gland and 
surrounding tissue structures, it was possible to design a transducer to cause heating 
within an area approximating the size of the prostate in rabbit thigh muscle, while 
causing minimal damage to surrounding tissue. A two-dimensional intracavitary array 
transducer was constructed and is currently being evaluated using exposimetry techniques 
and magnetic resonance imaging (MRI) thermometry methods. Summarizing from the 
original grant application, the overall specific aims from this project are: 

Specific Aims (briefly): 
1. Realistic modeling of ultrasound prostate hyperthermia: An anatomically and 
physically accurate model will be implemented to simulate high-amplitude 
ultrasonic propagation in the prostate and surrounding tissues. 
2. Beam design and optimization: Using the new model for ultrasound-prostate 
interaction, optimal sonications for therapeutic hyperthermia will be determined. 
3. Hyperthermia array design and fabrication: A two-dimensional array transducer 
will be designed for practical realization of the optimal sonication methods. 
Based on the optimal design, array prototypes will be constructed and tested. 
Exposimetry of the ultrasound pressure field will be used to compare theoretical 
and experimental results. 
4. In vitro and in vivo hyperthermia monitored with MR thermometry: Evaluation 
of the two-dimensional array will be conducted using MR thermometry. 
5. In vivo prostate hyperthermia and evaluation: Using the two-dimensional 
ultrasound array, in vivo prostate hyperthermia will be administered to dogs. 

Within the second year of this project, plus or minus a couple months given the overlap 
with years one and three, the timeline for progress of this research was broken into three 
major areas: 

(a) tissue modeling, beam design and optimization, 
(b) hyperthermia array construction 
(c) in vitro and in vivo noninvasive MRI temperature monitoring of the array 

Year two timeline: 
Beam design and optimization 
• Simulate hyperthermia treatments in the tissue models as a function of wave and beam 

parameters. (Months 6-18) 
• Optimize wavefield and beam parameters for prostate hyperthermia treatments. 

(Months 9-18) 



Hyperthermia array design and fabrication 
• Design transducer for realization of ultrasonic beams corresponding to optimal 

temperature distributions. (Months 8-18) 
• Transducer construction and crystal dicing. Machining of transducer body. Cabling 

and crystal matching to resonance frequency. (Months 10-15) 
• Transducer exposinietry and evaluation. (Months 12-18) 
In vitro and in vivo hyperthermia monitored with MRI thermometry 
• Compare simulated temperature fields with tliiee-dimensional MR temperatuie maps 

in phantoms and in vivo rabbit muscle using the ultrasound array. (Months 18-24) 
• Refine beam design based on measured temperature maps and complementary 

simulations. (Months 18-24) 
The results herein will describe the progress and results achieved on this project over this 
past year in three sections. 

2.1. Ultrasound Hyperthermia Transducer Construction 
The ultrasound transducer was designed based on the h>pothesis that ultrasonic 

wavefields can be optimized to specifically target prostate tissue, resulting in uniform 
hyperthermia treatment within the prostate and minimal effects on surrounding tissue. 
The goals of this research are to determine the optimal wavefield characteristics for 
specific thermal treatment of the prostate, to design and implement a transducer optimized 
for prostate hyperthermia, and to confirm the transducer's performance tiarough in vitro 
and in vivo experiments. Construction of a second prototype transducer is described in 
Section 2.2 Tissue Modeling. However, the design of this prototype will continue to be 
modified during year three based on improved optimization modeling studies. 

The proposed design that took into consideration the anatomical measurements of 
the prostate and the rectal wall is shown in Fig 1. 
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Figure 1. Sketch representation of the 20 x 4 element phased array pattern; the yellow represents inactive 
elements while white color represents active ones. The inactive elements were used to affix the array to the 
housing. 



Four one dimensional (ID) arrays were arranged as shown; the dimensions of the total 
array including the inactive elements was 58.8 x 22.8 mm^. This sized transducer was 
determined to have the ability to generate the correct amount of energy deep inside the 
prostate gland and at the same time reduce the discomfort for patients during the 
treatment. The inner elements were coimected in parallel (i.e. driven with same phases) 
because of restrictions in the electronics of the amplifier system that controls the phase 
and the power of each element. The focal point of each single one-dimensional array can 
be controlled separately, while the driving power for each sub-element can be controlled 
independently. 

Construction of this array was based   on simulations of the acoustic pressure 
field. Figure 2(a) illustrates the orientation of the xz and yz planes of the phased array. 

(a) (b) 

2D array 
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Figure 2: The drawing (a) represents the two dimensional phased array illustrating the xz and yz planes; the 
origin of the xyz plane is designated at (0, 0, 0) cm.. The normalized squared pressure distribution through 
yz plane (b) and xz plane (c) is shown while focusing at (0, 0, 4) cm. 

The simulation places the transducer at (0,0, 0) cm and focuses the beam at (0, 0,4) cm. 
The normalized pressure squared distribution on the yz plane is shown in Fig. 2(b), and 



the distribution on the xz plane is shown in Fig. 2(c). The beam can be steered in the yz 
plane to help in distributing the acoustic energy as required for uniform temperature 
increases deep inside the prostate gland when placing the array inside the rectum. The 
area near the rectal wall shows the maximum destructive interference which reduces the 
risk of harming the surrounding tissue. 

Figure 3(a) shows contour plots of the normalized squared pressure distribution 
on the xz plane. Based on the pressures and using the bioheat transfer equation ^ the 
temperature increase, Fig. 3(b), was determined after one minute of heating in a 
homogeneous medium (i.e. water). Many parameters were varied for this array to 
achieve an optimal thermal therapy treatment. These parameters include varying the 
phases of each linear array separately, altering the power of each array and changing the 
power of each element disjointedly. These diverse control parameters will continue to 
improve the treatment protocol and solve many problems when testing the array with in 
vivo animal experiments under inhomogeneous and variable perfiision tissues. 

(a) 
Nonnallzed Pressure of 2D Phased Array 

(b) 
Temperatura Elevation 

Figure 3: Contour plots showing the pressure distribution in the xz plane (a) of the two dimensional phased 
array while focusing at (0, 0, 4) cm, and the temperature increase (b) after one minute of heating, in 
homogenous material (i.e. water). 

Lead zirconate titanate (PZT-8, TRS Ceramic, State College, PA, USA) was used 
to construct (lie 20 x 4 ultrasound phased anay; PZT-8 is capable of withstanding liiglier 
driving electrical powers than other materials such as PZT-5A and PZT-4. To increase 
the efficiency of acoustical energy transmission from the high acoustical impedance of 
PZT-8 (34 Mrayl) to the low acoustical impedance of water or soft tissue (1.5 Mrayl), 
two matching layers were designed. The calculated acoustic impedance for the first and 
second layers, assuming a water coupling medium, were 9.8 and 2.3 Mrayl, respectively. 

To construct the double matching layers, parafihn was used to affix an 
appropriately sized PZT-8 piece to a glass plate. An adliesive primer was poured onto tlie 
surface of the transducer face. The piece was surrounded with an epoxy dam and a silver 
conducting matching layer was poured onto the transducer surface, which was prepared 



using a 2:1 epoxy-to-silver mixture of Insulcast 501 (Insulcast, Roseland, NJ, USA) and 
2-3 micron silver epoxy (Aldrich, Milwaukee, WI, USA). The whole assembly was 
centrifuged for 10 minutes and cured overnight. The surface of the matching layer was 
tiien sanded and lapped to the designed quarter wavelength thickness. The second 
matching layer was prepared in a similar fashion but without centrifiiging. Parts A and B 
of EPO-TEK 301 (Epoxy technology, Billerica MA, USA) were mixed using 20:5 mixing 
ratio to create a dear uncured viscous fluid. Another piece of glass was used to spread 
this mixture on top of the first conductive layer and was fixed in place using appropriate 
fixtures while the epoxy was allowed to cure overnight. The fixture and Ihe second glass 
piece were later removed, and another sanding and lapping process was performed to 
reduce the thickness of this layer to the required thickness. The PZT-8 piece with its two 
acoustical matching laj'ers was removed fi-om the glass and then diced in our lab using a 
Model 780, K & S-KuUck and Soffa Industries dicing saw (Willow Grove, PA, USA) 
into a complete array of 80 elements. The cutting blade had a kerf width of 0.12 mm. 
Figure 4 shows the final diced PTZ-8 ceramic, which is similar to the original design of 
Fig. 1. 

Figure 4: Photo of the diced PZT ceramic showing the separate 20 x 4 elements. Coaxial cables are 
soldered to tiie diced elements on this side of the ceramic, while the reverse side of the ceramic has the 
matching layers. 

Sixty, 28 AWG, miniature MRI compatible coaxial cables (Belden Inc., St. Louis, 
Missouri, USA) six meters in length were bundled together to form the connection 
between Uie elements of the array and the amplifier system. A micro-tip soldering pin 
was used to solder the core of each coaxial cable to its designated element. The soldering 
temperature was kept bellow 500°F (less than the Curie temperature of PZT-8) to prevent 
any damage to the piezoelectric material (Fig. 5). The shields of the coax were tied 
together, and this ground connection was extended to the conductive matching layer 
through four wires running to the comers of the layer. 

A specially designed transducer housing for the array was machined in-house 
using Dehin® magnet compatible material. Brass tubes were connected in the Delrin® 
housing for water and air circulation The final constructed transrectal array probe is 
shown in Fig. 6, which contains 20 x 4 transducer elements and suitable brass tubes to 
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implement water and air circulation. The array was fitted into the housing, and bonded 
and insulated with a waterproof insulation material. 

>£•& uiu^F^tV - kii 

Figure 5: The soldering of 60 miniature coaxial cables is shown . For the ground connections, four wires 
were connected between the comers of the conductive matching layer and a common ground connection 
on the cables. 
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Figure 6: Photograph showing the transrectal probe after assembling the soldered array and the appropriate 
brass tubes into the MRI compatible housing. 

2.2 Tissue Modeling 
Although a couple of prototype an-ays have been constructed and are currently 

being evaluated using noninvasive MRI thermometry methods using in vitro tissue 
phantoms and in vivo rabbit thigh muscle, modifications to the array design will continue 
during the third year as described with the results in this section. 

2.2.1 Nonlinear acoustic propagation 
One of the limitations of current propagation methods used for designing 

ultrasound probes is that tiie sound field is assumed to be Unear. However, it is well 
known in the physical acoustics community that the amplitude of the ultrasoxmd is 
sufficiently high that nonlinear acoustic propagation effects should be taken into account. 
One of the original overall goals of this project is to include the effects of reaUstic 
acoustic nonlinearities in modehng the hyperthermia process. 

During the last year a new algorithm for the propagation of ultrasound including 
acoustical nonlinearities has been established. At the present time tlie algorithm has been 
formulated, and it will be programmed and tested during year 3 of the project. The new 
nonlinear propagation method is a modification of the linear k-space method being used 
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elsewhere in the project. It turns out, however, that one must be quite careful in making 
the nonlinear extension. An overview of the new algorithm will now be presented, 
neglecting explicit thermoviscous absorption effects that could be included in a 
subsequent modified formulation. 

The density scaled wave equation for the present k-space method   is 
1       1  av VV-VM^/V 

VMJ) C\X) de 
= 0 

where / = p/ylp{x) is the acoustic pressure scaled by the square root of the spatially 
dependent density, and c(x) is the spatially dependent speed of sound. To include fluid 
dynamic nonlinearities in this equation one must go back to a fundamental equation of 
nonlinear acoustics, the Westervelt equation ^ The Westervelt equation includes 
cumulative nonlinear acoustic effects such as nonlinear steepening and harmonic 
generation, disregarding local nonlinear acoustic effects such as radiation pressure, and 
this is sufficient for biomedical ultrasound applications. After some lengthy 
mathematical manipulations, a density scaled wave equation including acoustic 
nonlinearities is 

VV-VP(^/V 
1  aV J3    d\f) 

4^)    c\x)dt'        ^,4    dt' 
The additional term of the right hand side gives the nonlinear effect. Notice the/, acting 
as the source of nonlinearity. Here fi is the well known coefficient of nonlinearity, 
different for each type of fluid or tissue. 

The method of solving the above nonlinear density scaled wave equation proceeds 
similarly to that in the conventional, linear k-space method. The harmonic oscillator 
equation now takes the form 

^'^^f'^^={cy)(yLN2{k,t)-W2(k,t))-Q(k,t) 
dt 

where w2=fs + VNL2 is an auxiliary field (where the subscript s refers to the scattered part 
of the acoustic field), W2(k,t) is its spatial Fourier transform. 

^NLliXj)- f—Aj(fs+2U) 
Jpo^o 

(where the subscript i refers to the incident part of the acoustic field) with spatial Fourier 
transform 

VNL2(k,t) = F 

and 

'  cl \ 

cHx) 
-1 f+^2—^{fy2U) —^{fy2U) 

Q(k,t) = F ;VM^V 
^Jpix) 

[fi-W^-^NLl] 
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This solution procedure is only slightly modified from that of the linear k-space method. 
One merely needs to form the scattered field fs =w2- VNL2 at every time step. This is 
required in the new nonlinear algorithm since the nonlinearity acts on the total field, not 
just the scattered field. In this method it is also important to make sure the absolute 
magnitude of the field is correct, since linear amplitude scaling throughout the field no 
longer applies. Hence, the sources will have to be calibrated for the nonlinear k-space 
method. 

This new approach could be viewed a type of multidimensional Pestorius 
algorithm "*, albeit with spatial instead of temporal Fourier transforms. The nonlinear 
effects are included at every time step in the time domain and slowly accumulate. To test 
the new algorithm, one-dimensional nonlinear acoustic waves will be propagated, and the 
computational results will be tested in the coming months against well-known analytical 
results for steepening and harmonic generation. The new approach can then be applied to 
the multidimensional hyperthermia propagation problems of interest in this project. 

2.2.2 "Fresnel-lens-like" Transducer 
As described in last year's report, a secondary technique—a "Fresnel-lens-like" 

transducer—which we believe to be novel, is being pursued for prostate hyperthermia 
treatment. The idea has evolved further since the last report. As described before, its 
design is motivated by several goals for a practical prostate hyperthermia treatment. The 
first is to heat the entire prostate, if possible, by 6°C for 30-60 minutes. If it is not 
possible to heat the entire prostate, then it is especially important that the back (toward 
the rectum) and sides of the prostate should receive the treatment, as that is were 80% of 
the cancers are found. There should be no hot or cold spots in the treatment. Because the 
effective thermal dose doubles for every degree above 6°C, and decreases by a factor of 
four for every degree below 6°C, the maximum range for the temperature rise can be 
taken to be ± 1°C, although a tolerance of ± 0.5°C would be considerably better. Finally, 
the treatment should not take too long, perhaps no more than an hour, because of patient 
comfort and cost of the treatment. The desirability of a quick overall treatment and the 
need to heat nearly the entire prostate essentially dictates that all parts of the prostate 
need to be heated simultaneously in a clinically fielded ultrasonic system. 

The frequency of the system is constrained by the anatomy in the neighborhood of 
the prostate and the absorption of sound. Figure 7 shows the sagittal, coronal and axial 
views through the center of the prostate. As can be seen by the white circle, the prostate 
is roughly 3 cm in diameter and is also about 3 cm from the center of the rectum. (This 
circle and this format of the three views will be used for orientation in several other 
figures, below.) The ultrasonic frequency must be picked high enough that there is 
sufficient absorption of sound as it travels the 3 cm through the prostate. However, the 
frequency must also be low enough that the absorption is low enough that sufficient 
acoustic energy makes to the prostate as it travels the roughly 3 cm from the rectum to 
the prostate. A good compromise is in the range of 1-2 MHz where the attenuation is 
about 0.5 to 1 dB/cm. Thus at 1 dB/cm attenuation, for example, about half the power of 
the sound (3 dB) will be lost going to the prostate, and about half of what is left will be 
deposited within the prostate. 
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Figure 7.  Three views of the anatomy in the neighborhood of the prostate, which is highhghted by the 
w^ite circle. 

Because so much acoustic power is lost on the way to the prostate, the total 
acoustic power passing through the rectal wall needs to be about double the power that 
goes through tiie prostate. But at the same time, the power per area near the rectum must 
not be greater that the power per area at the prostate in order to avoid overheating the 
rectal wall. Therefore, if the prostate is to be heated aU at once so that the treatment is 
economical atid reasonably comfortable for the patient, the transducer miist have an area 
about a factor of two larger than the cross sectional area of the prostate. 

One approach to heating the entire prostate would be to construct a 2-D steerable 
planer array. By quickly moving the focus of the beam over the entire prostate, heat can 
be deposited as needed to bring the prostate to the desired uniform temperature. As long 
as the beam moves around quickly enough (a few milliseconds per spot) the temperature 
fluctuations from the temporally uneven heating will be negligible. However, the need 
for a large transducer operating in the 1 -2 A/fH/ range poses a problem for a 2-D planer 
array. The steering angle from the elements of the array to the various regions of the 
prostate is quite large, especially for elements on the periphery of a large transducer 
where the angle can be as much as 65°. To allow the beam to be steered over such a large 
angle, the elements must be small compared to a wavelengtib, approximately 0.86 mm. 
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To fill the total transducer area witiii such small elements requires 2400 individually 
wired elements, making it difficult to construct a practical probe. 

An approach to lowering the total number of elements that was being considered 
at the time of last year's report was to give up planner construction techniques and 
individually aim elements toward the center of the prostate. This would reduce the angle 
over which each individual element would have to radiate sound allowing for fewer, 
larger elements. But the range of angles is still large enough as to require 1100 elements. 
They would still need to be individually wired and driven with different phases to quickly 
steer the focus to any spot in the prostate. 

During this reporting period, hov/ever, a variation on the first year's work was 
found tiiat is much simpler and looks promising. The idea of individually aiming 
elements is taken further to use relatively few larger elements. The elements are several 
wavelengths across so that each one forms a collimated beam on its ovm. The beams are 
aimed such tliat each element is responsible for heating a different portion of tlie prostate. 
There is no electronic steering of the array. Instead, incoherence between the beams is 
maximized by driving neighboring elements with slightly different frequencies. As 
shown in Fig. 8, the present design is to use 44 elements arranged in a honeycomb-like 
pattern. The elements are spht into three groups—colored red, green and blue in the 
figure. Each group is driven at a different frequency in the 1-2 MHz band, nominally 
three fi-equencies near 1.5 MHz. Each element is 3.2 mm in diameter and sits in a 3.3 
mm hole machined into a substrate at tlie desired angle for that element. In all tliere are 
only three small coaxial leads that need to pass into the rectum to power the three groups, 
contributing to patient comfort and simplicity of the driving electronics 

3.0 cm 

Figure 8.  Plan and side views of a Fresnel-lens-like transducer, showing 44 individually aimed circular 
elements broken into three interspersed groups. 

This concept has been subjected to simulations.   The complex acoustic pressure 
beam pattern for a single circular 3.2 mm piston element driven at 1.5 MHz is calculated 
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and stored in a lookup table. Wave propagation is assumed to take place in a 
homogenous medium with absorption taken to be an average of values found in the 
literature for the tissue types that are in the neighborhood of the prostate. The calculated 
beam pattern is vahd in the near, transitional and far field regimes. A table of the 
transducer element positions, aiming directions, and group number is then constpacted. 
These values can be iteratively changed for simulating different probe configurations. 
Separately, for each of the three groups of elements, the beams of sound radiating from 
that group's elements are projected into a large three dimensional space and allowed to 
interferer with each other. The real part of the complex pressure for the first group—the 
"red" elements of Fig. 8 is shown in Fig. 9. This figure can be interpreted as a snap- 
shot of the sound field for one of the three fi-equencies, red showing the positive pressure 
swing and blue showing the negative pressure swing. Similar calculations and plots are 
made for the other three frequencies as well, but are not shown. The position of the 
sagittal, coronal, and axial slices can be changed interactively to help visualize and study 
the 3-D results, which works out well. Shces through the center of the prostate, indicated 
by tiie circle, are what is being shown in the figure. 

cm 
^                sagittal (side) view 
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Figure 9. Real part of the complex acoustic pressure from the first group of elements (arbitrary pressure 
xmits). The transducer is on the left edge of the sagittal and axial views. The prostate is positioned at the 
circle. 



16 

The deposition of heat is assumed to be proportional to the square of the 
magnitude of the pressure wave. Although the acoustic fields at the three fi-equencies 
interfere independently of each other, their contributions to the heating add together. The 
beams are aimed to minimize interference within one group of elements of the same 
frequency, while being aimed such that the heating from each of the three groups 
comphments the others, filling in the spaces the others miss. The contribution to the 
heating for the first group is shown in Fig. 10, which is a plot of the square of the 
magnitude of the complex pressure wave for the first frequency. The depletion of sound 
that occurs from attenuation and beam spreading is compensated by the converging of the 
beams toward the far side of the prostate (away from tiie rectum). More elements point 
toward the far side of prostate to make sure it is heated as much as the near side. 

7 cm 7cm 

1^ I 1 I I I I 1 I 1 

2 cm 

-2 

0       2       4       6        8 

10 cm 

Figure 10. The magnitude squared of the acoustic pressure field, proportional to the heat deposition, of the 
first group of elements (arbitraiy pressure squared units). 
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The bioheat transfer equation (BHTE) ^ is used to calculate the temperature rise T 
from the heat deposition per unit volume q, which is taken to be proportional to the 
pressure amplitude squared. The thermal conductivity K, the blood perfusion rate w and 

pc,^= i^'T-wcJ+q, 
dt 

the heat capacity of blood Cp together define a characteristic length <? given by 

8= ] =5.25 mm, 
p 

using literature values for K, W, and Cp. In the steady state the left hand term of the BHTE 
is zero. The remaining terms are Fourier analyzed, filtered in the wavevector k space, 
and inverse Fourier transformed to give the temperature rise 

r = (const.)3' 
X + S'k ' m 

which is essentially the convolution, or blurring, of the heating q over a length scale S, 
the result of which is shown in Fig. 11. It can be seen that the region within the prostate 
is predicted to be quite uniform in temperature, but that there are serious hot spots on 
either side of the prostate. 

The hot spots between the transducer and the prostate are caused by the 
contraction of an acoustic beam in the near field of a circular source. The problem is not 
as bad as it might seem, however, because the first centimeter or so of propagation from 
the transducer face will be through chilled water, held in a condom in the rectum, rather 
than in tissue, and so the hot spot will not do any damage there. The chilled water should 
also protect the rectal wall and tissue that is one or two characteristic lengths ^deep into 
the body, about 5-10 mm. Nevertheless, the hot spots come too close to the prostate to be 
assured that important tissue is not being killed. It remains a task for 2004 to simulate the 
use of a reduced element size, with an increased number of elements, which shortens the 
near field regime and should bring the hot spots into the safe region under the influence 
of the chilled water. 

The hot spots on the opposite side of the prostate are caused by interference 
between the overiapping beams of sound within each of the three frequency groups. For 
some reason that is not yet understood, these regions of constructive interference for each 
of the groups happen to land on top of each other. Another task for 2004 will be to find a 
way to mitigate this problem. The positions of these bands of constructive interference 
should depend on the frequency, in which case they should be able to be moved around to 
different positions, equalizing the heating, by quickly sweeping the drive frequency for 
the transducers. Another possibility is to break up the transducers into more than three 
groups of frequencies. A third possibility is to break the circular elements into partitions, 
as shown in Fig. 12. The beam angles can be swept vertically by varying the relative 
phase of the drive on two partitions, or the beam angles can be gyrated circularly by 
using three partitions. This would bring the number of leads entering the rectum to 6 or 
9, respectively, which is still far less than is needed for a traditional phased array. 



18 

7 cm 

2 cm 

7 cm coronal (front) view 

^^^^^B        ^,^'*'^-—M.          ^^^^H 

■v_J 
n- ■"Wf^    , 

-2 2cm 

0 cm 

Figure 11. The temperature rise due to heating from all the elements. 

Figure 12. Partitioning of an element into two (left) or three (right) segments to allow electronic steering of 
the beams. 
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2.2.3 Wave Propagation Using the ^-Space Method 
In order to optimize and control the driving parameters of the phased array to 

uniformly heat the entire prostate, an anatomically and acoustically accurate model was 
constructed utilizing the data from the Visible Human Project ^. The appropriate 
photographs were located and do\vnloaded into local storage area in order to collect the 
required three-dimensional (3D) prostate model. SUce number 1900 is shown in Fig. 13; 
the prostate gland is shown bounded on the upper side by the rectum and by the bladder 
on tiie lower side; an added blue color is shown filling the cavity of the rectum. A sheet 
of coimective tissue is shown surrounding the rectum and embedded in a triangular 
shaped fat area. Forty seven shces were chosen that include the prostate gland. A 359 x 
359 X 47 point three-dimensional human prostate model is shown in Fig. 14 which 
represents a voliune of 89.5 x 89.5 x 46.0 mm' with 1 mm shce thickness. The 1 mm 
samphng thickness of the Visible Human Project data was a poor choice for simulation of 
wave propagation of megahertz waves—for tills reason the model was modified to reduce 
this thicloiess to 0.25 mm. Figure 15 shows the creation of three extra averaged slices 
between each consecutive one. The centered slice was created by averaging the outer 
shces as shown in the figure; both slices #1880 and #1881 were averaged to produce 
another shce located 0.50 mm away from them. Two extra slices, located at 0.25 mm and 
0.75 mm from shce #1880, were produced by averaging the centered averaged slice with 
the outer ones. 

Connective 
tissue 

Urethra 

Prostate 
gland 

Bladder 

Fat 

Added color 
(Water) 

Rectal wall 

Skeletal 
muscle 

Figiu-e 13. Photograph showing slice #1900.  The prostate gland is surrounded by skeletal and smooth 
muscles; the rectum is located above the gland while the bladder is beneath it. 
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Figure 14. The three-dimensional photograph of the prostate showing 47 sHces of 89.5 x 89.5 mm^ 
dimension with 1.0 mm distance between each slice. The model starts with slice #1880 and ends with slice 
#19^. 

1.00 mm 

Slice #1881 

0.25 mm" 

Slice #1880 

Figure 15. Three averaged slices are shown between slices 1880 and 1881 to reduce the distance between 
consecutive slices to 0.25 mm. The centered sHce was produced by averaging the outer images, while the 
other two slices were produced by averaging the centered averaged slice with the outer ones. 
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A 3-D acoustical model was created based on the optical parameters of each pixel 
in the actual and averaged images. As shown in Fig. 13, the surrounding tissue of the 
prostate gland consists of fat, muscle and connective tissues. The prostate gland consists 
of compound tubular-alveolar glands embedded in a mass of smooth muscle and dense 
connective tissue ^. The 3-D acoustical model uses the optical parameters that define the 
fractional fat, connective, glandular and muscle content of each pixel. Table 1 
summarizes the actual acoustical values of these tissues when measured at 37°C. The 3-D 
photographic data was used to create three additional sets of 3-D acoustical data, which 
are the sound speed variation, density distribution and absorption parameters. Sound 
speed of each pixel was estimated based on the fractional optical constituents of water, 
muscle, fat and connective tissues ^ while mass density and absorption parameters were 
mapped using empirical linear relations with sound speed. 

Table  1. The acoustical parameters (i.e. sound speed, density and absorption) of 
connective tissue, muscle, fat and water, determined at 37°C. 

Tissue type Sound Speed 
(mm/jxs) 

Density (g/cm"*) Absorption @ 1.2 
MHz (dB/mm) 

Connective 1.613 1.120 0.1030 
Muscle 1.580 1.050 0.0890 

Fat 1.450 0.950 0.0340 
Water 1.524 0.992 0.0003 

Each slice in the original photographic data, which represents a JPEG type image, 
was converted to a HSV (hue, saturation and value) image in order to calculate the 
amount of each tissue constituent for each pixel. The volumetric image (Figs. 14 and 15) 
was mapped to sound speed, density and absorption, as shown in Figs. 16 for slice #1908. 
For example. Fig. 16(b) shows the sound speed mapping of slice #1908. The sound speed 
varies through the soft tissue of that image from about 1.4 to 1.6 mm/jis. The blue- 
colored material was translated into water, as shown from the color bar that gives a sound 
speed of 1.5 mmJ[Xs of that area. The skeletal muscle tissue that surrounds the prostate 
gland is shown to have sound speed of about 1.55 mm/^is. The prostate gland itself was 
mapped to connective tissue and some fat and muscle tissues. This mapping was found to 
be consistent with the description of the gland that describes it as tubular and alveolar 
tissues imbedded in smooth muscle and connective tissues ^. The rectal wall was 
translated into muscle and fat tissues as shown in Fig. 16(b). The connective tissue that 
surrounds the rectum is shown to have a sound speed of about 1.61 mm/^is, which 
resembles connective tissue as expected. The fat area that surrounds the rectum is shown 
to have some areas that contain connective tissues scattered all over that area. Sound 
speed of that fat area is found to vary from 1.4 to 1.5 mm/^-s. The translation was 
acceptable when compared to the data found in Table 1. 
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Figure 16. The acoustical mapping of (a) slice #1908 to (b) densitj' in g/cm^, (c) absorption in nepers/mm 
and (d) sound speed in mm/us. The added blue colored material in tlie (a) rectum translated to about 1.00 
gm/cm^, 0.06 nepers/mm and 1.54 mm/|is representing density, absorption and sound speed, respectively. 
Fat and muscle, as shown in tiie sHce, were translated with good agreement to its acoustical parameters, as 
compared to Table 1. 

Figure 16(c) shows the density variations through shoe #1908. The density is 
found to vary from about 0.9 to 1.1 gm/cm^. When compared to the sound speed map this 
figure is found to discriminate each soft tissue accurately and is found to have good 
agreement for skeletal muscle, fat, connective tissue and water. Figure 4(d) shows the 
absorption variations of the soft tissue of the same slice. The absorption is found to vary 
from 0.01 to 0.1 nepers/mm. Tlie absorption parameters of water, fat, connective and 
skeletal muscle tissues were found to match tfiose values summarized in Table 1 
measured at 37°C. Comparing the values of soxmd speed, density and absorption of 
various tissues in Fig 16(b), (c) and (d), respectively, to the standard values of these soft 
tissues, a good agreement was found for this mapping over the whole three-dimensional 
model. 
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The A:-space method *'^ was found to be appropriate in simulating wave 
propagation in inhomogeneous mediums using coarse grids while maintaining accuracy. 
The linear wave equation was used for this simulation incorporating the mass 
conservation, momentum conservation and state equations to produce the first order 
coupled propagation equations 10 

dpix,y,z,t) _^ ^^^^ ^^ ^^^2 (^^ y^ 2)V.v(x, y, z, t) = -a{x, y, z)p{x, y, z, t) 
dt 

p(x,y,z)^^^^^^^yp(x,y,z,t) = 0 
at 

these two equations produce the linear wave equation as follows: 

1       „ , .,, 1 d^p(x,y,z,t) _ 
V.( 

p(x,y,z) 
Wpix,y,z,t)) 

p(x,y,z)c^ix,y,z) dt' 
a(x, y, z) 

dp(x,y,z,t) 
dt 

which represents the linear wave equation in an inhomogeneous medium with absorption 
parameters included as a virtual source that depend on the time derivative of the pressure 
multiplied by a frequency independent absorption factor. In order to use the k-space 
method to solve for the propagation of sound, the linear wave equation in an 
inhomogeneous medium will be simplified to separate the spatially dependent sound 
speed and density parameters from the second order derivatives of the pressure with 
respect to spatial and temporal variables. The derivation of the fe-space mathematical 
model produces: 

d'Wik,t)    ,, 

where 

Vik,t) = W 1- 

dt' 

c^ix,y,z) 

^0 J 

= k\lW{k,t)-W{kM-QiU) 

(^,.(x,y,z,0 + w(-^,y>z.O) 

Q{k, t) = cl¥ ypix,y,zW^P'^' (x, y, zWt ix,y,z,t) + w(x, y,z,t)- v(x, y,z, 01 

A non-standard finite difference approach was used to solve this equation. The 
discretization of the time derivative term gives: 

W{k,t + At)-2W(k,t) + Wik,t-At) = 4sin' 
Cr,kAt 

Vik,t)-W(k,t)-^^ 
Cgk 

This k-t propagator is the key equation to solve for the propagation in an inhomogeneous 
medium after setting the initial and boundary conditions. 

A Fortran 77 program was used to calculate and simulate wave propagation of 
sound in a 3-D inhomogeneous medium. A 6.4 x 6.4 x 4.6 cm^ model that has 257 x 257 
X 185 points was prepared for each acoustical parameter (sound speed, density and 
absorption); these data were read and processed to be compatible with the mathematically 
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derived model. A tapered absorption boundary layer was inserted into the absorption data 
set; 25 points were used to create this layer that surrounded the actual model . 

A spherical point source that produced spherical waves was placed into the 
model at the rectum near the absorbing boundary layer to test the model and the 
numerical method adapted here. It was produced mathematically as a Gaussian source in 
both space and time spaces. This source was added to the effective sources that resulted 
earlier from the derivation and simplification of the A:-space method and the addition of 
the absorption dependent term as well. 

The resulting log-scale gray scale image of the wave propagation in the three- 
dimensional model is shown in Fig. 17. 

Spherical 
Wavefront 

Irregular 
wavefront 

Reflected 
wave 

Tapered 
absorption 
layer 

Figure 17. A two dimensional gray scaled image showing a background layer of the absorption distribution 
through the middle sHce of the 3-D prostate model. The tapered absorption boundary layer is shown at the 
edges with sharp white color. The black dotted line surrounding the image shows the limits of the 
absorption layer. A spherically propagated wave is shown superimposed on top of a background image of 
the prostate, showing the wave propagation from left to right through the 3-D prostate model. The scattered 
wave shown is the result of a spherical compact Gaussian source at the rectum consisting of the three 
cycles with a frequency of 1.2 MHz. Due to sound speed and density changes throughout this model, the 
wave front develops an irregular shape while propagating through the urethra area. 

The incident wave is shown leading the scattered wavefield that resuhs from propagation 
in the inhomogeneous medium. The spherical source was located in the rectum five 
points away from the absorption boundary layer. The multi-layer image in this figure 
includes the absorption variations through the central slice of the 3-D model as a 
background. The tapered absorption boundary layer is cleariy shown surrounding the 
whole image. The 3-D fe-space propagation program was designed to create a 2-D gray 
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scaled image of the wave every 10 milliseconds. These images were then saved as a 
JPEG image to facilitate their use with Photoshop or any other photo editors. The scatted 
as well as the incident waveforms are shown and labeled. At the boundaries of the 
prostate a reflected wavecan be seen. Some irregularity of the shape of the wave while 
crossing the urethra region is also seen. This kind of irregularity will complicate the 
focusing of sound in such an inhomogeneous medium. However, this figure was 
produced to test the accuracy of the model and the computational method rather than 
focusing issue. The inclusion of the phased array as a sound source into this model will 
allow us to predict and optimize the pressure wavefield for thermal therapy of the 
prostate. 

2.3. MRI Thermometry Using the Ultrasound Array; In Vitro and In Vivo Results 
To determine the temporal and spatial temperature from one of the prototype 

multielement phased arrays, both in vitro and in vivo experiments were preformed using 
magnetic resonance imaging (MRI). Ten in vitro experiments were conducted with 
bovine muscle phantoms using the intracavitary ultrasonic probe. The ultrasonic probe 
was driven by a multi-channel ultrasound phased-array power amplifier (Advanced 
Surgical System Inc., Tucson, AZ), which is capable of delivering 60W per channel 
continuously from 1.1 MHz to 1.8 MHz. The outer active surface of the ultrasonic probe 
is a latex condom filled with circulating water, which forms a "bolus" of water that shows 
up in the MR images. The tissue was coupled to the water bolus with ultrasound gel 
(Clear Image, Sonotech, Inc., Bellingham, WA). The bovine muscle, as well as the 
degassed water circulated through the bolus, was kept at room temperature to impose a 
constant temperature at the interface of the ultrasonic probe and the phantom. One fiber 
optic probe was inserted into the tissue using a 2.1 x 133 nmi catheter (Angiocath, 
Becton, Dickinson and Company, Franklin Lakes, NJ) to monitor the tissue temperature 
at the hot spot. Two other fiber optic probes were placed at the surface of the muscle 
facing the ultrasonic probe to monitor for overheating at the future location of the rectal 
wall. 

A temperature increase of 8°C at the hot spot simulated a temperature rise from 
37°C to 45°C. The sonication time was 30 minutes, with the initial power set to 
O.lW/channel. The tissue was allowed to return to room temperature before each 
experiment. The temperatures at the hot spot and the surface of the tissue, and the 
electrical power to each channel were recorded. During in vitro experiments, the tissue 
was heated initially from room temperature (~25°C) to 33°C (8°C above room 
temperature).. The temperature change within each phantom was monitored to follow the 
target temperature evolution (Fig. 18). Very similar results were obtained for the ten 
experiments with no overshoot, no oscillation, and 10 minutes rise time. The maximum 
temperature at the surface of the tissue did not exceed 30°C which is desirable for the 
future safety of the rectal wall. 

Five New Zealand white rabbits (3-4 kg, male) were used for 10 separate in vivo 
hyperthermia experiments. The rabbits were anaesthetized and later euthanatized by a 
protocol approved by the Penn State Institutional Animal Care and Use Committee 
(lACUC). A combination of ketamine (40mg/kg intramuscularly, Fort Dodge Animal 
Health, Fort Dodge, lA) and xylazine (lOmg/kg intramuscularly, Phoenix Scientific, Inc., 
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St. Joseph, MO) were injected to anaesthetize the animals. After shaving the thigh, hair 
removal cream was apphed to the skin to eliminate any remaining hair. The rabbit's vital 
signs (ECG, SpOj, HR) were monitored by SurgiVet monitoring system (SurgiVet, Inc., 
Waukesha, WI). The in vivo experiments were performed in the same manner as the in 
vitro experiments. The resiilts while using a fiber optic temperature probe to monitor the 
temperature change in the in vivo rabbit thigh muscle is shown in Fig. 19. For these 
results, the temperature profile indicates no oscillation, no overshoot and a fast rise time 
for these hyperihermia experiments. 
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Figure 18. In vitro ultrasound hyperthermia experiment using bovine muscles, (a) Temperature evolution 
and target temperature trajectory, (b) Electrical power transmitted to the applicator. 
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Figure 19. Typical in vivo ultrasound hyperthermia experiment results using rabbit thigh muscle. The (a) 
temperature elevation and reference temperature trajectory is plotted as a function of time over 25 minutes. 
From the amplifier system, the (b) electrical power transmitted to the applicator is also plotted over the 
same time. 
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Using noninvasive MRI thennometiy, nine additional in vitro ultrasound hyperthennia 
experiments were conducted using bovine muscles within a 3 Tesla Bruker S-300 MRI 
scanner at the Penn State College of Medicine heated by the ultrasound array. 
Thermometry data consisted of MR temperatures in a region of interest (ROI) that was 
selected from the tissue from pre-treatment images. The proton resonant frequency (PRF) 
shift was evaluated by using a spoiled gradient echo (SPGR) sequence with the following 
imaging parameters: TR = 100 ms, TR = 15 ms, flip angle = 30°, data matrix 64 x 64, 
field of view (FOV) = 16 x 16 cm, slice thickness = 8 mm and bandwidth = 61.7 kHz. 
These parameters were chosen to maximize the temperature dependent phase shift, while 
maintaining a high temporal resolution. A baseline scan v/as acquired before ultrasound 
heating and subsequent temperature measwement scans were obtained every 19.7 
seconds. Phase subtraction was conducted on-line in real-time to calculate the PRF shift. 
The temperature elevation was obtained by averaging temperatures within a 4 x 3 pixel 
region located at least 1 cm above the bolus-tissue interface and using a temperature 
dependence of the proton phase shift for muscle of-0.00909 ppm/'C. 

Using rabbit thigh muscle, in vivo animal experiments were conducted using a 
similar procedure as the bovine muscles phantom experiments with the animal 
anesthetized by the combination of ketamine (40 mg/kg) and xylazine (10 mg/kg). Figure 
20 is an axial view of the MR temperature map, showing the rabbit thigh muscle above 
the ultrasound array surrounded by its water filled bolus. Both the animal and phantom 
experiments used head-sized birdcage coil witli a lengtli of 29 cm and inner diameter of 
26 cm. For rapid hyperthennia heating, the time constant of the target temperature was 
selected to be less than 2 minutes tor a total experimental time of 25 minutes. 
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Figure 20. The temperature map (temperature change indicated by the color bar on the right of the figure in 
°C) of the axial view of the MRI-guided in vivo ultrasound hyperthennia experiments setup. 

Ultiasound hyperthennia results have been demonstrated for botii the in vitro and 
in vivo experiments. Fig. 21(a) shows tiic results of tiiic nine in vitro experiments, 
plotting the target temperature (solid line) and the MR temperatures with a steady state 
temperature of 38°C. Starting at an initial phantom temperature of 28°C, the temperature 
reaches the steady state within 6.0 minutes; deviation from the target profile was no 
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greater than ± 1.37°C. Similar to the in vitro results, in vivo temperature can be seen in 
Fig. 21(b) where the rabbit thigh muscle was heated initially from 36.5°C for 25 minutes. 
For this experiment Hhe target temperature was 44.5°C and was achieved in 8.0 minutes. 
The maximum variation from the desired temperature profile was -3.9°C; after reaching 
steady state, tissue temperature was maintained at 44.5°C ± 1.2 °C. 

Figure A. In vitro hyperthermia results 
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Figure 21. Example (a) in vitro and (b) in vivo ultrasound hyperthermia experiment temperature rise results 
in an MRI. The (a) temperature elevation and reference temperature profile is plotted for 25 minutes of 
ultrasound exposure using bovine muscle as a tissue phantom. An example (b) in vivo rabbit hyperthermia 
temperature profile is also shown. 

These restilts demonstrated that the proton resonant frequency shift is not 
severely influenced by physiological changes of tissue during a 25 minute hyperthermia 
treatment. Therefore, the results continue to support that proton resonance frequency 
shift is suitable for monitoring the temperature elevation during hyperthermia treatments. 
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3. KEY RESEARCH ACCOMPLISHMENTS: 

■ Transducer constructed and implemented with clinical applicator body design for a 
working multielement array 

■ Continuation of the optimization of the array design strategy through modeling the 
tissue characteristics using: 

Nonlinear acoustic propagation 
"Fresnel-lens-like" Transducer with aimed, incoherent beams of sound 
Wave propagation using the k-space method 

■ MRI Thermometry experiments using the hyperthermia ultrasound array 
In vitro results 
In vivo results 



30 

4. REPORTABLE OUTCOMES: 
Funding from this award has been used to produce a published manuscript, manuscripts 
in progress, conference proceeding and has been sited in several invited talks. In all 
publications and invited talks using the data resulting from this grant, the Department of 
Defense Congressionally Directed Medical Prostate Cancer Research Program has been 
gratefully acknowledged. Copies of the manuscripts, proceedings and presentations are 
included in the appendix. 

Manuscripts 
Saleh, K. and Smith, N.B., Two Dimensional Array Design for Tissue Ablation for 
Treatment of Benign Prosthetic Hyperplasia, International Journal of Hyperthermia, 
2004, (20) l,pp 7-31. 

Manuscripts in progress 
Al-Bataineh.   CM.,   KeoUan,   R.M.,   Sparrow,   V.W.,   Smith,   N.B.,   "Optimized 

Hyperthermia Treatment of Prostate Cancer Using a Novel Intracavitary Ultrasound 
Array," Journal of Acoustical Society of America, (to be submitted January 2004). 

Keolian, R.M., Sparrow, V.W., Al-Bataineh, O.M., Smith, N.B. "Heating the prostate 
with aimed, incoherent beams of sound". Journal of Acoustical Society of America, (to 
be submitted July 2004). 

Presentations 
Al-Bataineh. O.M., Smith, N.B., Keolian, R.M., Sparrow, V.W., Optimized 

Hyperthermia Treatment of Prostate Cancer using a Novel Intracavitary Ultrasound 
Array, 146th Meeting of the Acoustical Society of America, 10-14 November 2003, 
Austin, Texas. 

Keolian, R.M., Al-Bataineh, O.M., Smith N.B., Sparrow. V.W., , Harpster, L.E.. 2003. 
A "Fresnel-Transducer" for Prostate Hyperthermia Treatment Acoustical Society of 
AmericaM^th Meeting of the Acoustical Society of America, 10-14 November 2003, 
Austin, Texas. 

Saleh, K.   and Smith, N.B.," Design and evaluation of a 63 element 1.75-dimensional 
ultrasound phased array for treating benign prostatic hyperplasia," Acoustical Society of 
America,U6th Meeting of the Acoustical Society of America, 10-14 November 2003, 
Austin, Texas. 

Sun L., Al-Bataineh O., Collins C, Smith M.B., and Smith, N.B. Fast adaptive control 
for MRI-guided ultrasound hyperthermia treatment for prostate disease: in vitro and in 
vivo results. International Society of Magnetic Resonance in Medicine (ISMRM) 
Twelfth Scientific Meeting & Exhibition, Kyoto, Japan, 15-21, May 2004 (submitted). 

Smith, N.B. "Therapeutic Applications of Ultrasound: Treatment of Prostate Disease and 
Noninvasive Drug Delivery", Invited seminars to: 

• University of Illinois Urbana Champaign, Bioacoustics Research Laboratory 
Seminar Series, March 4, 2003 

• University of Illinois Chicago - Department of Bioengineering, May 2,2003 
• University of Virginia - Department of Biomedical Engineering, Nov. 7, 2003 
• Penn State University, College of Medicine Hershey, Nov. 11, 2003. 
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5. CONCLUSIONS: 
For this research in the treatment of prostate disease, the overall goal is produce 

an ultrasound device to treat cancerous tissue using hyperthermia. Intracavitary 
ultrasound offers an attractive means of noninvasive localized hyperthermia treatment for 
prostate cancer with reduced side effects compared to competing modalities. For 
effective hyperthermia treatment, the goal is to uniformlv heat the prostate to 43.°C for 
30-60 minutes. To achieve this goal, the clinical ultrasound device has been constructed 
and is currently under critical evaluation in clinical MRI. The transducer was designed 
such that ultrasonic wavefields were optimized to specifically target prostate tissue, 
resulting in uniform hyperthermia treatment within the prostate and minimal effects to 
surrounding tissue. 

The second year of this three year research project was focused on the 
construction of the array based on our Year 1 results of computer simulations of the 
ultrasound energy interactions with the prostate. In accordance with the specific aims 
and timetable within our original proposal, the three areas examined during this year 
were: (a) transducer construction (b) optimization of the transducer array design for easy 
modifications during the third year , and (c) MRI thermometry experiments (in vitro and 
in vivo) using the hyperthermia ultrasound array. Previously, much research in this area 
has treated the prostate and surrounding tissue as homogeneous media. For our currently 
constructed applicator, supplementary simulations are used to refine our array pattern and 
can be easily and quickly implemented in the applicator based on our MRI thermometry 
resuhs. These simulations take into account the inhomogeneity of the prostate to produce 
a uniform heating pattern using k-space propagation and application of the non-linear 
bioheat transfer equation to determine the optimal thermal treatment. 

Using the intracavitary array transducer, noninvasive magnetic resonance imaging 
thermometry methods were used to determine the spatial and temporal temperature field 
patter from the ultrasound using initially bovine tissue as a phantom and in vivo rabbit 
thigh muscle. The third year goals will use the optimized array to heat the prostate of a 
canine while the temperature change is monitored using MRI to determine the clinical 
efficacy of this device. To date, there are no deviations from the original research plan 
and this research is progressing on schedule. 

So what is the impact of this research? Previous and recent clinical studies of 
hyperthermia using intracavitary ultrasound arrays have shown promising results for the 
clinical treatment of prostate cancer ^''\ With the increasing aging population within the 
US, there are increasing incidents of prostate cancer. With an estimated 37,000 deaths per 
year, prostate cancer is the second leading cause of cancer death in men. Although age is 
perhaps the most important risk factor, the incidence and mortality rate is twice as high 
for African-American men as for Caucasian men ^^''l Moreover, the knowledge gained 
from this research can further be applied to noninvasive treatment of other cancers such 
as breast cancer or cancers of the liver or kidney. 
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This paper describes the design, construction and evaluation of a two-dimensional ultrasound 
phased array to be used in the treatment of benign prostatic hyperplasia. With two- 
dimensional phased arrays, the focal point position can be controlled by changmg the 
electrical power and phase to the individual elements for focusing and electronically steermg 
in a three-dimensional volume. The array was designed with a steering angle of ±14° in both 
transverse and longitudinal directions. A piezoelectric ceramic (PZT-8) was used as the mate- 
rial of the transducer, since it can handle the high power needed for tissue ablation and a 
matching layer was used for maximum acoustic power transmission to tissue. Analysis of the 
transducer ceramic and cable impedance has been designed for high power transfer with 
minimal capacitance and diameter. For this initial prototype, the final construction used 
magnet compatible housing and cabling for future application in a clinical magnetic resonance 
imaging system for temperature mapping of the focused ultrasound. To verify the capability of 
the transducer for focusing and steering, exposimetry was performed and the results correlated 
well with the calculated field. Ex vivo experiments were performed and indicated the capability 
of the transducer to ablate tissue using short sonications. For sonications with exposure time 
of 10, 15 and 20s, the lesion size was roughly 1.8, 3.0 and 4.3mm in diameter, respectively, 
which indicates the feasibility of this device. 

Key words; Ultrasound transducer, two-dimensional array, focusing, matching layer, 
necrosis. 

1.   Introduction 
Focused ultrasound surgery (FUS) or high intensity focused ultrasound (HIFU) 

is a clinical method for treating benign prostatic hyperplasia (BPH), a benign growth 
of prostatic cells that is not life threatening but can cause blockage to the urine flow 
as a result of the prostate pushing against the urethra and the bladder'. With FUS, 
tissue is non-invasively necrosed by elevating the temperature at the focal point 
above 60°C using short sonications (10-30 s) and deep FUS has been reported to 
successfully ablate prostate tissue without inducing damage to the rectal wall . The 
goal of prostate ablation is mainly to remove a non-desirable growth of the prostate. 
This can be achieved using FUS that can necrose the target volume by focusing the 
ultrasound beam at a certain position, and then steer the focus to cover the whole 
enlarged volume. Since the size of the enlargement is usually much bigger than the 
size of the ultrasound focus, either a single focus is electronically steered in consec- 
utive sonications or multiple focal points can be used at the same time to generate 
multiple lesions. 
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Existing techniques for treating BPH include hyperthermia, focused ultrasound, 
transurethral resection, prostatectomy and surgery. Although preferable, surgical 
techniques have numerous complications that appear in about one in four cases 
which include impotence, incontinence, urinary tract infections and often require a 
lengthy hospitalization^. With FUS, the ultrasound beam is focused at a specific 
location in the target volume to be necrosed. Since the tissue volume to be necrosed 
is larger than the geometric focus of the array, the transducer needs to be physically 
moved repeatedly to destroy the desired yolume and unnecessarily extend the treat- 
ment time. Phased arrays overcome this problem by electrically steering the focal 
point from one location to another by changing the phase and power to the indi- 
vidual elements of the array. 

Previous effective prostate ultrasound devices include both mechanically and 
electrically steered designs. One example of a commercial design is a focused, 
single element transducer which was mechanically maneouvred to ablate tissue 
(Sonablate'^'^ 500, Focus Surgery Inc., Indianapolis, IN, USA). Electrically steered 
include an experimental design which used a one-dimensional (1-D) 57 x 1 aperiodic, 
linear array (87 x 15mm^) which reduced grating lobes and could steer the focus in 
the radial and longitudinal but not the transverse direction''. Another experimental 
design was a 60 x 1 linear array (75 x 15mm^) with a mechanical translation that 
could electrically steer the focus in the radial and longitudinal but not the transverse 
direction^ The drawbacks behind these designs are that they can only steer the focus 
in the radial and longitudinal directions or require complex mechanisms to move the 
focus. Improvements over 1-D arrays for the treatment of localized prostatic cancer 
can be achieved. A new spherically curved 1.5-D phased array that used high inten- 
sity electronically focused ultrasound to steer a beam along two axes was designed 
and tested, allowing enough depth to be reached to treat large prostates and elim- 
inating two degrees of mechanical movement'. The advantage with a 2-D phased 
array is that it can electrically focus and steer in the radial, longitudinal and trans- 
verse directions, which means that it has the capability of focusing and steering in a 
3-D volume without the need to physically move the array. 

Issues regarding the construction of an array used for FUS of the prostate 
initially deal with the frequency and size of the ceramic to be diced into an array. 
The resonance frequency should be greater than 500 kHz"', while the size of the 
transducer needs to be large enough to be able to deliver high power but small 
enough to be an intra-cavitary device. Before construction, computer simulations 
can be performed to determine the acoustic field. Pressure wave and temperature 
simulations indicated that a tapered array design reduced grating lobes significantly 
compared to equal element size arrays. Based on the computer model, a tapered 
array that satisfied grating lobes, frequency, and size limitations was designed. Lead 
zirconate titanate (PZT) was chosen as the ceramic material of the array, since it has 
the capability of handUng the high electrical powers used in focused ultrasound. 
To maximize the acoustical power transmission from the elements and improve 
the structural integrity of the array face, a conductive matching layer was designed 
and fabricated. Issues regarding the cabling and electrical matching of the elements 
were also considered. Exposimetry of the acoustic field from the array was 
performed to compare experimental and calculated theoretical results. Ex vivo 
experiments using porcine kidney were also performed to demonstrate the feasibility 
of the array to necrose tissue. This research describes the design, construction and 
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evaluation of a 2-D ultrasound phased array that is capable of focusing and steering 
in a 3-D volume to be used in the treatment of BPH. 

2.    Materials and methods 
2.1. Simulations 

Computer simulation programs were written to determine the number and the 
size of the phased array elements in addition to determining the pressure and tem- 
perature field from the device. The array was modelled (figure 1) as a 2-D square 
array in order to have focusing and steering capabilities in both x- and jj-directions 
(x = transverse, y = longitudinal and z = radial). The phase of each element was 
determined such that signals from individual elements were coherent at the shifting 
focal point. Measuring the difference in path length between each element to the 
focus in comparison to the path from the centre of the array to the focus determined 
the element phase calculation. The phase, (/>,, (degrees) of element i was given by: 

0. = ^(4.-J„)-36O°« (1) 

where X is the wavelength (m), rf,- is the distance (m) from the centre of element i to 
the focal point, dg is the distance (m) from the centre of the array to the focus and n is 
an integer to keep 0 = (/>,• = 360°. Huygen's principle was used to model the pressure 
field as a summation of simple sources". Thus, the total acoustic pressure at any 
point in the field can be calculated using: 

,     ^   l2Fp(fS\ 
J\<t>i-- 

Indi 
dia (2) 

x: Transverse 
y: Longitudinal 
z: Radial 

Piezoceramic 
1,79 mm 

Figure 1. Based on the simulations, a diagram of the 2-D 64 element (8 x 8) tapered array 
with total size of 20 x 20 mm^ with the proportions of the ceramic and matching layer 
illustrated. The diced face of the ceramic was cut 70% through and each individual 
element was attached to the electrical cabling using low temperature soldering material. 



10 K. Y. Saleh and N. B. Smith 

Figure 2.   Within the volume shown in front of the transducer (2 x 2cm^), the array was 
designed to focus and steer with an acceptable grating lobe level. 

where p is the total acoustic pressure in Pascals (Pa), P is the total acoustic^power 
emitted by the array in watts (W), p is the density of the medium (998 kgm"^), c is 
the speed of sound in the water (1500ms"'), A is the total surface area of the array 
(m^),/is the resonance frequency (1.2MHz), S is the area of the corresponding 
element (m^) and a is the attenuation in soft tissue (lONpm"' MHz '). 

This array was capable of focusing and steering with a steering angle of 14° with 
a maximum focal depth of 4 cm. Figure 2 shows the volume in which the focal point 
can be focused and steered. Attempting to focus at a point that is out of this angle 
will result in a significant increase in grating lobes. 

Off-axis focusing and the grating lobe level are directly related to each other, 
since increasing the steering angle causes a non-linear increase in the grating lobe 
level. For a focal point aimed at 0, 0, 30 mm, the results, which were plotted as a 
mesh (figure 3(a)) or contour (figure 3(i)), have shown to give a normaHzed intensity 
with a grating lobe level at —20 dB. Steering the focal point in the x-direction by 
focusing at 3, 0, 30 mm caused the grating lobe level to become -14dB. The result is 
shown as a mesh (figure 3(c)) or contour (figure 3(J)). Further increase of the 
steering angle increased the grating lobe level. For a focus at 6, 0, 30 mm, the grating 
lobe level was -lOdB, as shown in the mesh (figure 3(e)) or contour (figure 3(/)) 
plots. Attempting to focus at a point that is outside the steering volume shown in 
figure 2 resulted in a significant increase of the grating lobe level. A focus at 9, 0, 
30 mm (steering angle = 17° > 14°) resulted in an unacceptable grating lobe level of 
-1.5dB, which is shown in the mesh (figure 3(g)) or contour (figure 7>{h)) plots. In 
figures 3(6), {d), (/) and Qi), the contour levels were plotted at 90, 80, 70, 60, 50, 40, 
30, 20 and 10% of the maximum intensity. 

Reduction of the treatment time can be achieved by generating multi-focal points 
simultaneously. Four focal points can be generated by dividing the array into four 
parts, each of which is responsible for generating a single focal point. Figure 4(a) 
shows a mesh plot for the normalized intensity as a function of x and y with four 
focal points being generated at the locations (x, y, z) = (±2, ±2, 30) mm. Reducing 
the distance between the focal points made them overlap. Focusing at (x, y, z) = 
(±1.5, ±1.5, 30)mm resulted in a partial overlapping as shown in the mesh plot 
(figure A{b)) for the normalized intensity. A complete overlap between the four focal 
points was observed when focusing at {x, y, z) = {±\, ±\, 30)mm, as shown in the 
normalized intensity mesh plot (figure 4(c)). 
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Figure 3. Oflf-axis focusing has a direct impact on the grating lobe level. Increasing the 
steering angle caused an increase in the grating lobe level. Shown is (a) a mesh or {b) a 
contour plot for the normalized intensity in the x- and z-directions with a focal pomt 
aimed at (x, y, z) = (0,0, 30) mm that resulted in a grating lobe level of -20 dB. A focus at 
(x, y, z) = (3, 0, 30) mm resulted in a grating lobe level of -14 dB, as shown when plottmg 
the normalized intensity as a (c) mesh or (rf) contour. Further increase in the steenng 
angle caused a further increase in the grating lobe level. Focusing at (x, y, z) = (6, 0, 
30) mm caused the grating lobe level to be -lOdB, which is shown in the normalized 
intensity (e) mesh or (/) contour plot. Attempting to focus outside the volume shown in 
figure 2 resulted in undesirable grating lobe values. Aiming the focus at (x, y, z) = (9, 0, 
30) mm resulted in a grating lobe level of -1.5 dB. The normalized intensity for this case is 
shown as a (g) mesh or (/i) contour. In (6), (d), (/) and (h), the contour values were taken 
at 90, 80, 70, 60, 50, 40, 30, 20 and 10% of the normalized intensity. 
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Figure 3.   Continued. 

From the pressure field of the simulated array, the temperature distribution in the 
tissue was modelled using the Pennes' bioheat transfer equation (BHTE)   : 

"-.f-l^-f-S)--''-^-'-''-' (3) 

where C, is the specific heat of the tissue (3770 J kg" * °C""*), AT is the thermal conduc- 
tivity (0.5 Wm~' "C"'), ris the temperature at time t at the point x, y, z in °C, Ta is 
the arterial blood temperature (37°C), w is the perfusion in the tissue (Skgrn^^s"'), 
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Figure 3.   Continued. 

Cb is the specific heat of the blood (3770Jkg-'°C"') and q(x,y,z) is the power 
deposited at the point x, y, z. The power was calculated from the pressure field of 
the array design while the BHTE was determined using a numerical finite difference 
method with the boundary conditions set at 37°C. The total intensity at point {x,y,z) 
was also calculated from the pressure field of the simulated array and is given by   : 

I{x,y,z) = 
p {x,y,z) 

Ipc 
(4) 

where I{x, y, z) is the intensity at point x, ;c, z in Wm   . 
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Figure 3.   Continued. 

Based on previous studies of transrectal probes, the width of the ceramic should 
be roughly no wider than 23 mm"*. Initially, the simulated design used equal size 
elements of 2.5 x 2.5 mm^ and, although it was capable of focusing and steering, 
it suffered from large grating lobes outside the focus. For example, at a focus of 
(x, y, z) = (5, 0, 30) mm (i.e. the 0, 0, 0 position is at the centre of the transducer face 
in figure 1), the grating lobe level was -3.47 dB, which was not desirable since this 
high level can cause an increase in tissue temperature outside the focus. Removing 
the periodicity of the array or tapering it has been shown to reduce the grating 
lobe level'^ Both dimensions of the array were chosen to be identical in order to 



Treatment of benign prostatic hyperplasia 15 

have same focusing and steering capabilities in both x and y directions. The maxi- 
mum possible steering angle was calculated to be tan"'(1.0/4.0) = 14°, with maximal 
focal depth of 40 mm. The improved tapered array design started with a 20 x 20 mm 
piece cut into an 8 x 8 pattern with 64 individual elements with lengths (L) and 

(a) 

X (mm) •10    -10 y (mm) 

(.b) 

X (mm) ■10    -10 y (mm) 

Figure 4 Pressure field simulations were performed to verify the capability of the array m 
generating four focal points by driving four parts of the array separately. Shown is the 
normalized intensity in the x- and ;;-directions for four focal points aimed at the locations 
(x V z) = (±2 ±2, 30) mm plotted as (a) a mesh. Partial overlapping between the four 
focal'points occurred when focusing at (x, y, z) = (±1.5, ±1.5, 30)mm, as shown m the 
ib) mesh plot of the normalized intensity, while complete overlapping occurred when 
focusing at (x, y, z) = {±\, ±1, 30)mm, which is shown in (c). 
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Figure 4.   Continued. 

widths {W) of 2.00, 2.33, 2.66, 3.00, 3.00, 2.66, 2.33, 2.00mm for elements j= 1-8, 
respectively (figure 1). Simulations have shown that the grating lobe level of the 
tapered design has decreased to -8.24 dB at a similar focus location of 5, 0, 
30 mm. Figure 5(a) shows a mesh plot for the normalized intensity as function of 
X and z, while figure 5{b) is the corresponding contour plot with contour levels at 90, 
70, 50, 30 and 10% of the maximum intensity. From the simulations, a grating lobe 
level of 15% of the maximum value was observed which decreased at smaller steering 
angles. One of the techniques that can be used to reduce the grating lobes is based on 
the use of sub-sets of elements and de-activation of several elements in the array^ . 
Although with this technique the grating lobes could be suppressed as a result of the 
non-periodicity resulted from activating some elements and de-activating others 
(usually chosen in random), for an array with a small number of elements a trade- 
off has to be made between using less elements and the need to drive those elements 
with higher power to generate the same lesion size with the same time. Temperature 
simulations were also used to verify the potential to increase the tissue temperature 
to 60°C with short sonications. Figure 5(c) shows the temperature distribution 
corresponding to the pressures for figure 5(a) and an increase in temperature was 
observed at the intended location of (x, z) = (5, 30) mm. 

As indicated, off-axis focusing has a direct impact on the grating lobe level and, 
thus, the temperature. Increasing the steering angle leads to increasing the grating 
lobe level and, thus, causing an undesirable temperature increase at the grating lobe 
position. Figures 6{a-d) corresponded to the simulated pressure field generated in 
figures 3(a), (c), (e) and (g), respectively. For a focal point aimed at 0, 0, 30 mm, the 
temperature distribution plotted as a function of x and z (figure 6(a)) shows a 60°C 
focus at the intended location with a temperature value of almost 37°C elsewhere. 
Off-axis focusing caused a temperature increase at the location of the grating lobe. 
For a focus at 3, 0, 30 mm, the temperature at the grating lobe location was found 
to be 40°C, as shown in figure (>{b). Increasing the steering angle increased the 
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Figure 5. Before the construction of the array, simulations of the acoustic field were 
performed to evaluate the focusing of the elements and reduce potential grating lobes. 
Shown is the normalized intensity (a) in the x- and z-directions for a focal point at 
(x, y, z) = (5, 0, 30) mm along with (b) contour plot values taken at 90, 70, 50, 30, 10% 
of the normalized intensity with a grating lobe level of 15% of the maximum intensity. 
A temperature map (c) corresponding to the pressures generated in {a) was numerically 
solved using the bioheat transfer equation. This simulated figure shows an increase in 
tissue temperature to the target of 60° C at the focal point using 10 s sonication, while 
outside the target region the temperatures were normal, as indicated from the temperature 
colour bar. 
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Figure 5.   Continued. 

grating lobe level and, thus, the undesirable temperature. A temperature of 43°C 
was observed at the grating lobe location when aiming the focus at 6, 0, 30 mm, as 
shown in figure 4(c). Trying to steer the focus outside the volume shown in figure 2 
resulted in an unacceptable temperature value resulting from the grating lobe. 
A focus at 9, 0, 30 mm resulted in a grating lobe temperature of 58°C, as shown 
in figure 6{d). 

2.2. Transducer construction 
Choosing an appropriate piezoceramic material to be used in this application is 

essential, since it affects both electrical and acoustical properties of the array. 
Appropriate PZT that can be used include PZT-4, PZT-5H and PZT-8. For ultra- 
sound imaging arrays, PZT-5H has a better performance when compared to the 
others, from a capacitance point of view, which is due to the fact that it has a 
large permittivity value, but at the same time it cannot handle the large electrical 
power that is used in focused ultrasound. With respect to power, PZT-4 and PZT-8 
are good candidates with an advantage for PZT-8 over PZT-4, since it has an 
extremely high mechanical quahty and extremely low loss factor. Thus, PZT-8 
material (TRS Ceramics, State College, PA, USA) was chosen and diced, in 
house, into 64 elements forming the complete array. The cuts were made by dicing 
the material 70% through its thickness with a kerf width of 96 nm using a dicing 
saw (Model 780, K & S-Kulick and Soffa Industries, Willow Grove, PA, USA) 
at the National Institute of Health (NIH) Medical Ultrasonic Transducer 
Technology Resource Centre located on The Pennsylvania State University campus 
(University Park, PA, USA). 

For maximum acoustical power transfer from the individual elements to the 
tissue, a conductive matching layer was designed and fabricated. The thickness 
and material selection of the matching layer were designed based on the solution 
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Figure 6. Corresponding to the pressures generated in figures 3(a), (c), (e) and (g), numerical 
temperature simulations were done using the bioheat transfer equation to plot the 
temperature maps (a), (b), (c) and (rf), respectively. Those temperature maps show 
the effect of off-axis focusing on the temperature generated by the gratmg lobes. The 
temperature at the grating lobe location was found to be 38,40, 43 and 58°C as a result of 
aiming the focus at (x, y, z) = (0,0, 30), (3, 0, 30), (6, 0, 30) and (9,0, 30) mm, respectively, 
as shown in (a), (b), (c) and (d), respectively. 
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(c) 

Figure 6.   Continued. 

to a three layer problem (transducer, matching layer and tissue), which ensured 
the required maximum power transfer. The PZT-8 material chosen for this design 
had an acoustic impedance of ~33 Mpa sm~' and the human tissue has an acoustic 
impedance of ~1.48 Mpasm"' "''^ Since the input and the load impedances are not 
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the same, the intermediate matching layer was used between the piezoelectric 
material and the human tissue. Analysing a three layer problem indicated that the 
maximum power transmission occurs when the characteristic impedance of the 
matching layer equals the geometric mean of the piezoelectric characteristic impe- 
dance and the tissue characteristic impedance. With the longitudinal velocity in the 
matching layer material of VL = 1900 ms''' and since the resonance frequency of the 
array (/„) was 1.2 MHz, the thickness of the matching layer was determined to be: 

0.396 mm. (5) 

To construct the matching layer, parafilm was used to affix the piezoceramic to a 
glass plate with an adhesive primer poured onto the surface of the transducer face. 
The transducer was surrounded with a rubber dam and the silver conducting match- 
ing layer was poured onto the transducer surface. The matching layer, mixed 
in-housed, was a 2:1, epoxy-to-silver mixture of Insulcast 501 (Insulcast, 
Roseland, NJ, USA) and 2-3 micron silver epoxy (Aldrich, Milwaukee, WI, 
USA). The whole assembly was centrifuged for lOmin and cured overnight. After 
the rubber assemble was removed, the surface was sanded and lapped to the designed 
thickness. For the initial prototype, the specially machined, waterproof applicator 
housing (90 x 60 x 60 mm^) was made from magnet compatible acrylic. 

The capacitance of each element in the array depends primarily on the thickness, 
permittivity and the surface area. Since the element surface area is small, the capaci- 
tance will be small and, therefore, the element impedance will be large which makes 
it necessary to find a suitable cable that has a relatively low capacitance per unit 
length and, thus, high electrical impedance. For wiring the array, a low capacitance 
cable (75 fi, 15pF/ft and 42 AWG) was used. The choice of such a cable was made 
based on the difficulty to electrically match small array elements to 50 fi using high 
capacitance cables. Figure 7 shows a photograph of the final array. 

Figure 7. Photograph of the constructed, waterproof array machined from acrylic with 2.3 m 
low capacitance cable which connected to the amplifier system. 
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The connector between the cable and the ampUfier used loose crimp contacts 
(PEI Genesis, Philadelphia, PA, USA), while the soldering between the cable and the 
64 individual array elements used Indalloy #1E (Indium Corporation of America, 
Utica, NY, USA). This low temperature soldering material ensured that the tem- 
perature during soldering did not exceed the curie temperature for PZT-8 material. 
To drive the array, a specially built amplifier driving system (Advanced Surgical 
Systems Inc., Tucson, AZ, USA) was used'^ Briefly, this amplifier system was 
a multi-channel high power, ultrasound phased-array transducer driver for 64 
elements, which is capable of delivering 60 W per channel with ±1° phase resolution 
each. To match the impedance of the elements to the amplifier, individual LC 
(L = inductor and C = capacitor) circuits were built for each of the 64 elements to 
match each one to the common value of 50n Z0°. 

2.3. Exposimetry 
To determine the acoustic field generated by the array, an automated computer 

controlled positioning system, which could translate an hydrophone throughout the 
acoustic field of the array placed in a water tank, was used. The transducer was 
submerged in water (room temperature, ~20°C) in a tank (120 x 50 x 52 cm^) made 
almost anechoic with sound absorbing rubber. A custom-made degasser, built 
in-house, was used to reduce the dissolved oxygen content of the distilled water to 
1-2 ppm to reduce cavitation. The system was controlled using a personal computer 
connected to a four-motor positioning system (Velmex Inc., Bloomfield, NY, USA) 
via the RS232 serial port and also connected, via the general purpose interface bus 
(GPIB), to a digital oscilloscope (Agilent 54622A, Agilent Technologies, Palo Alto, 
CA, USA), which recorded the voltage amplitudes detected by the hydrophone. 
Custom written. Quick Basic (Microsoft Corporation, Redmond, WA, USA) 
programs were used for automated control of the motors and data acquisition 
from the oscilloscope. Initially, multiple on-axis (i.e. where the focus is along the 
major z-axis, zj) exposimetry experiments were performed. With the focus set to 0, 0, 
Zf mm, zy was varied from 10-40 mm, with a step size of 2 mm. To determine the 
repeatabihty of the focusing, 5-10 experiments were performed at each location. For 
ofif-axis studies (i.e. where the focus was not on z but aimed toward the x or j axis, X/ 
or yf, respectively), the focus was located at Xf, y/, 30 mm, while the steering angle 
was adjusted to the desired value by choosing appropriate values for Xf and jy. 
The steering angle was varied from -14° to -1-14° with a step size of 2° in both 
X and y directions with multiple experiments (5-10) performed at each angle. 
In both the on-axis and off"-axis experiments, the scanning step size was 0.5 mm, 
while the scanning area was 20 x 20mml The hydrophone voltage recordings were 
used to calculate the normalized intensities based on the pressures that were plotted 
as the mean and standard deviation of the results {x ± SD) and compared against the 
calculated values^°'^\ 

2.4. Ex vivo experiments 
To test the feasibility of the array to ablate tissue, the array was submerged 

3 cm in the tank aimed perpendicular to the surface of the water. Fresh porcine 
kidney was obtained, placed in the tank and held in front of the transducer face 
using metal clamps to ensure that it did not move during the experiments. A distance 
of 1 cm was maintained between the face of the array and the kidney to mimic the 
distance of a water bolus used in clinical treatments'^. Sonication experiments drove 
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each element at an average electrical power of 8 W for 10 s for both on- and off-axis 
focusing. For the off-axis focusing, the steering angle was at 5.7° in the x-direction 
and 13.1° in the j-direction. To examine the effects of sonication time, subsequent 
sonications used exposures of 15 and 20 s. At the end of the sonications, the 
kidney was carefully removed and sliced with a scalpel to evaluate the ablated 
areas. Lesions were recorded several times for size using a digital caliper and digitally 
photographed. 

3.   Results 
To test the correlation between experimental and theoretical results, exposimetry 

experiments were performed. As an example of a typical result at the location 
(x, ;;, z) = (0, 3, 30) mm, figure 8(a) shows a comparison plot along the x-axis of 
the calculated and experimental normalized intensities. Figure 8(^7) plots similar 
theoretical and experimental data but along the 7-axis for the same focus. For 
both plots, the theoretical intensity data correlated well with the experimental 
results. From multiple experiments to evaluate the feasibility of the array to steer 
the focus, a typical 3-D normalized intensity result from a focal point was aimed 
at -2, -0.7, 30 mm. The results were plotted as a mesh (figure 9(a)) or contour 
(figure 9{b)), with contour levels at 90, 70, 50, 30 and 10% of the maximum intensity 
and the grating lobe levels at ~ -7.0 dB or less. 

Ex vivo experiments were also performed to verify the feasibility of the array to 
generate foci that are capable of ablating tissue. In the first sonication experiment, 
the elements were driven at an average power of 8W for 10 s for on-axis focusing. 
In the plane that was 30 mm deep in tissue and parallel to the face of the array, 
a cigar shaped lesion with a length of 4.5 mm, along the z-axis, and a diameter of 

Normalized 
intensity 

Figure 8.   Comparison of calculated and experimental normalized intensities for a focus at 
0, 3, 30 mm plotted along the (a) x-axis and {b) y-axis. 
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Figure 8.    Continued. 

2 mm was observed (figure 10(a)). Evaluation of the off-axis steering also used an 
average power of 8W for 10 s to generate three separate lesions at locations 
(x, y, z) = (-3, -7, 30), (0, 0, 30) and (3, 7, 30) mm. Figure m{b) shows a digital 
photograph of three lesions, each ~2mm in diameter, which corresponded to 
the intended locations. To determine the effects of sonication time, the location 
and exposure time was focused at 0, 0, 30 mm for 10 s, 0, 0, 34 mm for 15 s and 
0, 0, 39 mm for 20 s at 8 W per element. Three lesions were observed with a diameter 
of 2, 2.9 and 4 mm that corresponded to the sonication times of 10, 15 and 20 s, 
respectively (figure 10(c)). 

Further ex vivo experiments were performed to verify the capability of the array 
in generating off-axis lesions. A single 10 s sonication was performed with the ele- 
ments of the array driven at an average power of 8 W to generate a single off-axis 
lesion at the location 5, 0, 30 mm. Figure 11(a) is a cross-section that was made in the 
plane that was 9.5° (tan"'(5/30) = 9.5°) away from the z-axis, which shows a lesion 
with ~4mm length along that axis. A cross-section in the plane that was 30 mm deep 
in tissue and parallel to the face of the transducer shows the shape and size of the 
lesion in the x-y plane, which was observed to be 2 mm in diameter, as shown in 
figure 11 (ft). 

As shown in the simulations from figure 4(c), the array was theoretically capable 
of generating a single large focal point that resulted from the overlapping of four 
focal points generated separately at the locations ±1, ±1, 30 mm. To verify this, the 
average power was kept at 8W and the sonication time was increased to 25 s to 
compensate for the reduction in the overall power per focus. A cross-section was 
made in a plane that was 30 mm deep in tissue and parallel to the x-y plane. A large 
lesion with a diameter of 4 mm was observed (figure 12) using this focal overlapping 
technique. 
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Figure 9. Exposimetry results of the normalized intensity for off-axis focusing with the focal 
point aimed at -2, -0.7, 30 mm plotted as (a) a mesh or (6) a contour with levels 
indicated at 90, 70, 50, 30, 10%. These results indicate acceptable grating lobes of less 
than -7.0 dB. 

4.    Discussion 
Intra-cavitary ultrasound offers an attractive means of focused ultrasound 

treatment for benign prostatic hyperplasia with significant advantages over other 
treatment methods due to the relatively short treatment time, its non-invasive nature 
and reduced complications. One compelling reason for using an intra-cavitary 
device with focused ultrasound is that the prostate is easily accessible via transrectal 
applicators, which allow for heating of the target volume in the prostate with 
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minimal heating of normal tissue. Using phased arrays to electrically focusing the 
ultrasound beam provides a controlled localized power deposition into tissue and 
reduces significantly the treatment time since the focus is electronically scanned 
instead of manually. 

(fl) 

Figure 10. Ex vivo experimental results of lesions created with on and off-axis focusing with 
the array driven at an average of 8W per element for various sonication times, 
(a) Focusing 30 mm into the tissue, a cigar shaped lesion was created from a 10 s 
sonication. (i) Evaluation of the electrical steering at {x, y, z) = (-3, -7, 30), (0, 0, 30) 
and (3, 7, 30) mm created 2 mm diameter lesions, (c) Effects of the sonication time 
variation are illustrated from exposure times of 10, 15 and 20 s. 
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Figure 10.   Continued. 

Previous focused ultrasound array designs were problematic, since they required 
complex methods to move the focus, or had linear (1-D) designs that were only 
capable of focusing along one axis. These drawbacks were the motivation to design 
a new array that can be used in FUS and, at the same time, be systematically 
controlled to reposition the focus throughout a specific volume with an acceptable 
level of grating lobes. Care was taken with this new 64 element, 8x8 array to 
account for capacitance issues between the ceramic and cables by modelling the 
system and impedance testing with various cables. Further improvement over this 
array design seems to be feasible due to recent developments in building focused 
transducers using piezocomposite technology". Using piezocomposites removes the 
concern of low width to thickness ratios, which was an issue in this array design. 
A three layer PZT-8 material may also be used to increase the capacitance and, 
thus, make it easier to electrically match the small elements. 

In designing this array, several issues were taken into account to address its 
application for BPH treatment. The dimensions of the array were designed for an 
intra-cavitary rectal device. With appropriate housing, a dimension of 2 x 2cm array 
is suitable. Although the housing used here does not satisfy this condition, this 
design was used to evaluate the feasibiUty of the steering. Another issue concerning 
this design was the grating lobe level, which was reduced significantly by tapering the 
elements widths and lengths of the array. 

To treat the prostate, this array was aimed toward the intended target volume 
and the elements were driven at a calculated amplitude and phase to generate either a 
single focal point with electrical steering or generate multiple focal points simul- 
taneously to increase the necrosed volume per sonication. To generate multiple 
focal points, the total area of the array was divided into several sub-areas 
(four, for example), the array was driven in such a way that each one of these 
sub-areas was responsible for generating a single focal point. Although this reduces 
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Figure 11. kn ex vivo experimental result showing orthogonal paired cross-sections of a 
lesion generated by focusing at 5, 0, 30mm (steering angle = 9.5° away from the 
z-axis). Shown is (a) a cross-section made along the focusing plane (9.5° away from the 
z-axis) that indicates a 4 mm long cigar shaped lesion and {b) a cross-section made parallel 
to the x-y plane and 30 mm deep in tissue, showing the size of the lesion in that plane, 
which was found to be a 2 mm diameter lesion. 

the sonication time, it requires more driving power since each sub-area needs to 
generate a single focal point. 

This array is not designed to ablate the whole prostate, although that can be 
achieved by mechanically moving the array several times depending on the prostate 
size. As was previously shown in figure 2, this array can necrose a volume that Ues in 
its steering volume. Assuming that the centre of the volume to be necrosed is 3 cm 
deep, this array is capable of necrosing a volume of at least 1 x 1 x 2cm without 
mechanically moving the array. Taking this (1 x 1 x 2cm^) as the target volume, two 
techniques can be used to necrose it; the first one is using a single focal point regime 
in which the target volume is divided into small volumes. The size of these small 
volumes is chosen based on the size of the lesion and the sonication time. For a 10 s 
sonication, the lesion was found to be a 4 mm long cigar shape with 2 mm diameter. 
Therefore, dividing the 1 x 1 x 2cm^ volume into 5x5x5 points indicates that 
125 sonications are needed to necrose the target based on a single 10 s sonication 
that is electronically steered between the 125 positions. Starting at the centre of the 
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Figure 12. To verify the feasibility of generating a large lesion as a result of four overlapped 
small lesions, the array was driven at an average power of 8 W for 25 s, with four focal 
points aimed at ±1, ±1, 30 mm. A cross-section made parallel to the x-y plane and 30 mm 
deep in tissue shows the generation of a single large lesion with a diameter of 4 mm. 

target volume, a single focal point is generated there and then electronically steered 
125 times to cover the whole volume. To avoid uncontrolled heat buildup and pre- 
focal heating, the switching between the focal points is done in a way that any two 
focal points consecutive in time are far away from each other in distance. By doing 
that, enough time is given to the pre-focal positions to cool down. A second tech- 
nique to necrose a large volume is by generating multi-focal points at the same time. 
Dividing the array into four areas, each responsible for generating a single focal 
point, will result in reducing the overall treatment time by a factor of four. This 
technique is time efficient, but the drawback behind it is that the driving electrical 
power per unit area should be increased. 

Since the maximum possible steering angle for this array is 14° in both transverse 
and longitudinal directions, attempting to focus outside this volume will add a 
significant amount of grating lobes which will cause an unwanted heating. This 
puts a limitation for this array if the target volume extends beyond the 14° limit. 
Trying to focus 2 cm deep is feasible, however the maximum off-axis steering at 
2 cm deep is 0.5 cm, which adds another limitation if a 1cm off-axis steering is 
required to ablate anterolateral prostate tissue. 

When coupled with MR temperature mapping, FUS provides an efficient way to 
treat BPH and at the same time gives a quick feedback about the temperature 
distribution inside the prostate*. Although ultrasound imaging for the prostate has 
shown to give good results^'*"'^^, the array described here was designed to be accom- 
panied by an MRI. 

Similar to prostate cancer treatment with focused ultrasound, benign fibroade- 
nomas in the breast are currently treated clinically using multiple sonication from a 
single element transducer which is mechanically scanned^^. In conjunction, magnetic 
resonance imaging (MRI) for guidance of thermotherapy of the procedure^'. 
Although the treatment has been shown to be effective, the process includes an 
unnecessary delay due to the mechanical scanning protocol. When closely spaced 
locations are targeted with focused ultrasound, thermal build-up results from the 
accumulation of neighbouring sonications and the near field heating. As a result. 
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a lengthy delay between sonications (cooling time) is required to reduce thermal 
build-up. Investigators have shown that a cooling time of 50-60 s was necessary to 
reduce the heat from the near neighbour sonications^*; however, this can add con- 
siderable time to the procedure and initiate inaccuracies to the MR thermometry 
through patient motion. With phased arrays, a focal pattern can be arranged such 
that there is enough time for the heat to dissipate by sonicating non-neighbouring 
regions within the tumour^^. A treatment planning routine can be plotted over 
the entire tumour region such that the volume is ablated through distant and 
non-adjacent ablations to avoid thermal build-up yet destroy the volume in the 
least amount of time. This research demonstrates the feasibility of an electrically 
steered array, which can be used to ablate tissue for the intended treatment of benign 
prostatic hyperplasia. Future plans will advance this design to a clinical model to be 
used for in vivo studies. 
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1.        Introduction 

Prostate cancer causes about 30,000 deaths with more than 200,000 new 

patients in 2003 as reported by the American Cancer Society. Most of the new 

patients are elderly men that can not withstand surgical procedures to remove the 

tumor in its early phases. Radiation and chemotherapies are still the treatment of 

choice for these patients. Radiation therapy attacks the cancerous cells using external 

focusing techniques or internally using permanent seed implants (brachytherapy) 

while chemotherapy delivers the lethal drug to the tumor cells directly using the blood 

stream. However, the anatomy of tumors and cancer environment reveals that the core 

of the tumor is deprived of blood supply; that delivers oxygen and nutrition that 

maintain the biological activities of the cancerous cells (Overgaard et al. 3-20). These 

cells are acidic, hypoxic and do not proUferate like the cells at the periphery of the 

tumor. The acidic microenvironment of the core of the tumor is caused by the 

switching of these cells to anaerobic energy production in order to survive in this 

harsh environment. The acidity has direct effect on the normal biological activity of 

proteins caused by a change of their three-dimensional shape in such an environment. 

The core of the tumor is found to resist both radiation and chemotherapies because 

these cells tend not to proliferate and have little blood supply. Compared to the core 

of the tumor, however, the outer shell has cells that are supplied with many blood 

vessels which function well to serve the growth of cancer, i.e. proliferation and 

production of the chemical signals that induce the body to produce additional blood 

vessels to supply the tumor, diverting blood to the needs of the tumor at the expense 

of organs such as prostate gland. The outer cells are found to be a good target for both 

radiation and chemotherapies because of their relatively normal micro-environment. 



Temperature has a great effect on the biological behavior of normal cells. Any 

change in the cell temperature will lead to a dramatic change to the three-dimensional 

shape of the proteins reducing the biological activity of these proteins and the overall 

behavior of the cell itself (Maurieb E.N.). The combined effect of acidity and 

increased temperature will tend to denature the proteins of tumor core cells and 

prevent them from continuing their survival under such a harsh microenvironment. 

Intracavitary ultrasound thermal therapy (Buchanan and Hynynen 1178-87 ;Diederich 

and Hynynen 626-34;Hurwitz et al. 31-37;Hutchinson E.B. and Hynynen K. 1032- 

42;Smith, Buchanan, and Hynynen 217-25) has been found to be appropriate in such 

cases to help in the killing of cancerous cells in conjunction with radiation or 

chemotherapies. Cancer of the prostate or the benign enlargement of the gland can be 

targeted using a controlled ultrasound intracavitary phased array to attack the core of 

the tumor and to weaken its shell as an adjuvant for radiation or chemotherapies. The 

design of a hyperthermia array to induce these beneficial effects of increased tumor 

temperature should take in consideration the anatomical and physiological properties 

for the rectum, prostate gland, seminal vesicles and the surrounding tissue. 

The design, construction and optimization of a transrectal intracavitary 

ultrasound array for the hyperthermia treatment of prostate cancer will be introduced 

in this paper. Four linear phased arrays are arranged in a special geometry that insures 

the effectiveness of the therapy, as determined by an anatomical computational model 

based on data from the Visible Human Project. The ^-space computational method is 

used to simulate wave propagation in an inhomogeneous large scale three- 

dimensional human prostate model that takes into consideration sound speed, density 

and acoustic absorption variations of each soft tissue type that compose the prostate 

gland and the surrounding tissue. 



2.        Materials and Methods 

2.1      Three-dimensional Human Prostate Model 

In order to optimize and control the driving parameters of the phased array to 

uniformly heat the entire prostate, an anatomically and acoustically accurate model 

was built utilizing the photographic data from the Visible Human Project. The 

appropriate photographs were located and downloaded into local storage area in order 

to collect the required three-dimensional (3D) prostate model. Photoshop software 

was used to read the RAW images and to save them into an appropriate format (i.e. 

JPEG format). Forty six slices were chosen that include the prostate gland. A proper 

area from each slice was cut out to build the required 46 images of the 3D model. The 

actual distance between each slice for the male subject is 1 mm; this distance was 

found to be unsuitable for simulation of sound wave propagation in megahertz 

frequencies range. To overcome this problem; three extra slices were created between 

the consecutive 1 mm slices by averaging the two adjacent images to reduce die 

distance between consecutive images to 0.25 mm. This resolution was found to be 

adequate for wave propagation simulations in inhomogeneous mediums for 

frequencies in the range of 1.2 to 1.8 MHz. One hundred eighty five square images 

were produced to create the 3D image of the prostate. Each slice has 257 x 257 points. 



Rectum 

Figure 1. A slice picture from the Visible Human Project showing the rectum and the 
prostate gland with the surroimding tissue. 

The 3D acoustical model was created depending on the optical parameters of 

each pixel in the actual and averaged images. As shown in figure 1; the surrounding 

tissue of the prostate gland consists of fat, muscle and coimective tissues. Prostate 

gland consists of compound tubular-alveolar glands embedded in a mass of smooth 

muscle and dense connective tissue (Maurieb E.N.). The 3D mapped model reads the 

optical parameters that define the fractional fat, coimective, glandular and muscle 

content of each pixel. Table 1 summarizes the actual acoustical values of these tissues 

when measured at 37°C. The sound speed in fat and skeletal muscle were found to be 

1450 and 1580 m/s respectively measured at 37°C while the density values were 

foxmd to be 950 kg/m^ and 1050 kg/m^ consecutively measured at the same 

temperature (ICRU). The sound speed in water was calculated depending on this 

equation; which is valid for fresh distilled water (L.E.Kinsler et al.): 

c ( T ) = 1402.7 + 488T - 482T^ + 135T^ 

where T = 37/100. 



Sound speed in fresh water found to be 1524 m/s at 37°C and equilibrium 

atmospheric pressure (1 atm). The density of the fresh water was calculated using this 

relation (Pierce A.D.): 

p ( 37°C ) = 999.7 - 0.088AT - 0.007(AT)^ 

where AT = 27.0; the density was found to be 992.0 kgW at atmospheric pressure 

and 37°C. These values were compared to the values reported in mast et.al. for fresh 

water at 37°C an agreement between these data for sound speed was reported, a slight 

difference in the reported values for water density was shown. Water acoustical 

values were important to distinguish some of the added blue colored material in the 

rectum area as shown in figure 1. Sound speed and density values for connective 

tissue were reported as 1613 m/s and 1120 kgW consecutively (Mast et al. 3665-77). 

Absorption parameters were calculated for fat and muscle tissues using 

(ICRU): 

a(dB/m) = af''; 

the data for a and b at 37°C for fat were 29, 0.9 and for muscle were 74 and 1.0 as 

reported in ICRU report 61 Table A2. The frequency dependence ( f ) of absorption 

requires choosing a specific frequency to calculate the absorption; 1.2 MHz frequency 

was chosen for simulation and design parameters. The absorption values for fat and 

muscle at 37°C and 1.2 MHz were found to be 0.034 dB/mm and 0.089 dB/mm 

respectively. The absorption parameter for fresh water calculated at 37°C and 1.2 

MHz was calculated using this equation (L.E.Kinsler et al.): 

ttwater = (a)^/2poC^) (4.3/i) 

where co is the radian frequency;p: density of fresh; c: is sound speed in fresh water; 

H: coefficient of shear viscosity (Pa.s ). 



As shown in table 1 the absorption of water at 37°C and 1.2 MHz is 0.0347 

Np/m which is .0003 dB/mm. The absorption coefficient of connective tissue was 

found by assuming linear relation between sound speed and absorption coefficients 

formed using the values of fat and muscle by the least square fitting method; the value 

was found to be 0.103 dB/mm. The 3D photographic data was used to create three 

extra sets of 3D acoustical data; which include sound speed variation, density 

distribution and absorption parameters. Sound speed of each pixel was estimated 

depending on the fractional optical constituent of water, muscle, fat and connective 

tissues. The fractional constituent of water was mapped depending on the hue and 

value of each pixel; while muscle and connective tissues were mapped depending on a 

combination of saturation and value parameters as follows; these relations were 

explained elsewhere (Mast T.D. 37-42): 

Water ^       W= l-[u (0.4 - H) + u (H - 0.8)] + u (0.1 - V) 

Muscle ->      P = (1 - W) u (0.67 - V) 

Connective ^ C = (1 - W) u(S - 0.45) - P 

Sound speed (c) = CF + (co - CF)W + (cp - CF)P + (cc - CF)C 

where u is a smoothed step function defined as: 

u(x) = 0.5 - 0.5cos[7i (x+e)/(2e)] for -e< x <e 

u(x) = 0 where x<-e 

u(x) = 1 where x>8 

8 = 0.1 



Tissue type Sound 
(mm/us) 

speed Density (g/cm^) Absorption @ 1.2 
MHz (dB/mm) 

Connective 1.613 1.120 0.1030 

Muscle 1.580 1.050 0.0890 

Fat 1.450 0.950 0.0340 

Water 1.524 0.992 0.0003 

Table 1. The acoustical parameters (i.e. sound speed, density and absorption) of 
connective tissue, muscle, fat and water when measured 37°C. 

Each slice in the original photographic data; which represent a JPEG type 

image was converted to HSV (hue, saturation and value) image in order to calculate 

the amount of each tissue constituent for each pixel to apply the previous mentioned 

relations. Mass density values were mapped depending on empirical linear relations 

between sound speed and mass density of the values shown in Table 1. Figure 2 

shows the relation between sound speed and density for fat, water, muscle and 

connective tissue; the linear relationship was clearly shown from this figure. Least 

square fitting method was used to find the linear equation of this relation. The line 

equation was found to be: 

p = 0.995c - 0.506 
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Figure 2. The sound speed and density relationship for fat, water, muscle and 
connective tissue, a linear relationship could be obtained to relate sound speed and 
density depending on this figure. 
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Figure 3. The sound speed and absorption relationship for fat, water, muscle and 
connective tissue, a linear relationship could be obtained between fat, muscle and 
connective tissues to relate these acoustical parameters. 

Figure 3  shows the relationship between  sound speed and absorption 

parameters for water, fat, muscle and connective tissue; the relation between fat, 

muscle and connective tissue was clearly shown to have linear relationship. The line 

equation for these three points was found using the least square fitting method; the 

equation was found to be: 

a = 0.423c - 0.58 

the above equations were used to create three 3D data sets for sound speed, density 

variations and absorption parameter depending on an anatomically accurate 3D 

photographic image of the prostate and the surrounding tissue. These acoustical 

parameters were used to propagate spherical pulse sound wave to test the model. 

2.2      Wave propagation using the k-space method 

The it-space method (Mast et al. 341-54;Tabei, Mast, and Waag 53-63)was 

found to be appropriate in simulating wave propagation in inhomogeneous mediums 

using coarse grids while maintaining accuracy. The linear wave equation was used for 

this simulation depending on the mass conservation, momentum conservation and 



state equation to produce the first order coupled propagation equations (Mast et al. 

3665-77): 

dp(x,y,z,t) _^ ^^^ y^ ^^^2 (^^ y^ z)^,v(x, y, z, t) = -ar(x, y, z)p(x, y,z,t)       (1) 
dt 

p(x,y,z)^''^''f'''Kvpix,y,z,t) = 0 (2) 
at 

from (2), a simplified equation could be written as: 

dvix,y,z,t) ^-'^p(x,y,z,t) 
dt p{x, y, z) 

by differentiating (1) with respect to time and taking the divergences of (2) the 

resulted equations are: 

d^pix y z,t) ^^^^^y^^^^.(^^y^^^ a ^^(^^y^^ ,) ^_^(^^y^,)Mx,y,z,t) ^^,^ 
dt ot ot 

p(x,y,z,t)^V.v{x,y,z,t) + ^^^^^^i'^^.pix,y,z) + V'p(x,y,z,t) (2') 
at at 

rearranging (1') the result is: 

d_ a(x,y,z)        dpix,y,z,t) ^ 1 d'p(x,y,z,t) 
^^W.v{x,y,z,t)     ^^(^^^^^)^2(^.^^^)        9^ p(x,y,z)c\x,y,z)        dt' 

substituting the above equation into (2'), the resulted equation after some algebraic 

steps is: 

dt dt' P(x,y,z) 
the above equation will be referred as equation (3). To write this equation in a form 

similar to the wave equation, extra algebraic manipulations are needed. The derivation 

of the divergence of the gradient of the pressure divided by the density is shown 

bellow: 

VpOco^M) = vV(^,^,^,0-^^^^^^^ (4) 
pix,y,z) P(x,y,z) 
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substituting equation (4) into equation (3) the resulted equation is: 

v7.      1       V7 ^ A^ 1 d'p(x,y,z,t) _ dp(x,y,z,t) 
V.(— -^pix, y, z,t)) —; -Y: r TTI ^^^' 3'. z)      - 

p(x,y,z) pix,y,z)c\x,y,z)        df dt 
the above equation will be referred as equation (5), represents the linear wave 

equation in inhomogeneous medium with absorption parameters included as a virtual 

source that depend on the time derivative of the pressure multiplied by a frequency 

independent absorption factor. In order to use the ^-space method to solve for the 

propagation of sound, equation (5) will be simplified to separate the spatially 

dependent sound speed and density parameters from the second order derivatives of 

the pressure with respect to spatial and temporal variables. The next derivation will 

neglect the absorption term and include it in the effective source terms after the 

simplification. 

The startup equation will be: 

1 1 d^p(x,y,z,t)    n t^\ 
V.(   ^ Vp(x,y,z,t))— -^-     ^'   r       = 0 (6) 

p{x,y,z) p{x,y,z)c {x,y,z)        dt 

define the normalized pressure d&:y/{x,y,z,t)=^t^'^'^'    , by substitution in eq 6 
^Jp(x,y,z) 

the result 

•   V7.      1      v7 y.r        ^,rf A^ jQ^(x,y,z)       d^ifr(x,y,z,t) ,. 
is: V.(—  VyO>^ (x, y, z)y/{x, y, z, 0) = — TIT r ^2 ■        ^^^ 

p{x,y,z) p{x,y,z)c {x,y,z)        dt 

equation simplifies to: 

V ,„,   _i/,        , 1       d^\i/{x,y,z,t) 
V^yr{x,y,z,t)-p^'{x,y,z)Wix,y,z,t)V p '''{x,y,z) = - 

V^y/ix,y,z,t)- 

c\x,y,z)        3r 

1 d^i//ix,y,z,t) _ 
dt' 

Kvclpy^^x, y, zMx, y, z,t)(^'pHx, y, zW(x, y, z,t) + ^—^-D^J^^^l^^] 
c~ c \^x, y, Z) 01 
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defining q(x,y,z,t) and v(x,y,z,t) functions as follows: 

q(x, y, z, t) = CIP^' (X, y, z)i//(x, y, z, t)V^p'^' {x, y, z) 

vix,y,z,t) = 
c^ix,y,z,t) 

i//{x,y,z,t) 

equation (6) simplifies to: 

V^i/r(x,y,z,t)- 
1 dMx,y,z,t)    1 ( 

dt' 
q{x,y,z,t) + 

'-0 V 

d\{x,y,z,t) 
il) 

the above equation can be transformed to the frequency domain easily by 3D spatial 

Fourier transform as follows: 

eF{k,t)- 
1 d^F{kj)     1 
,2        :i.2 
'0 c;    9r       c, 2 

'o V 
Qik,t) + 

d^Vik,t) 
(8) 

where F(k,t), Q(k,t) and V(k,t) are the 3D spatial fourier of \|/(x,y,z,t), q(x,y,z,t) and 

v(x,y,z,t) respectively. Equation 7 satisfies the total wavefield -defined as the 

summation        of        the        incident        and        the scattered        fields 

iifr(x,y,z,t) = V^iix,y,z,t) + Ws(x,y,z,t)) - and the scattered wavefield as well. 

However, the incident wavefield is satisfied using the homogeneous wave equation: 

VV; (•*.}'> Z.O- 
1 aV,.(;c,y,z,0 

= 0 

in order to solve for the inhomogeneous medium (i.e. to include both the incident and 

the scattered wavefields) a new auxiliary source was introduced as 

w(x,y,z,t)=l|/s(x,y,z,t)+v(x,y,z,t). Substitution of this new term in equation 8 resulted 

in this simple equation: 

d^Wjkj) = ecl[W{k,t)-V(k,t)]-Q(k,t) (9) 
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where 

c^ix,y,z) 
V{k,t) = ¥ 1- 

'-o      y 

(i//i(x,y,z,t) + w(x,y,z,t)) 

Qik, t) = cl¥ \jp{x, y, z)V^p~^' {x, y, zW^ (x, y,z,t) + w(x, y, z, t) - v{x, y, z, t)]\ 

Non-standard finite difference approach was used to solve this equation (Mast et al. 

341-54), the discretization of the time derivative term gives 

W{k,t + At)-2W(k,t) + Wik,t-At) = 4sm^ 
V   ^   y 

V{k,t)-W(k,t)-^^ 
Cok 

(10) 

This k-t propagator (equation 10) is the key equation to solve for the propagation in 

an inhomogeneous medium after setting the initial and boundary conditions. 

A FORTRAN 77 program was used to calculate and simulate wave 

propagation of sound in 3D inhomogeneous medium. A 6.4 x 6.4 x 4.6 cm model 

that has 257 x 257 x 185 points was prepared for each acoustical parameter (sound 

speed, density and absorption); these data were read and processed to be compatible 

with the mathematical derived model. A tapered absorption boundary layer was 

created into the absorption data set; simply 25 points were used to create this layer 

that surrounds the actual model (Mast et al. 341-54). 

The laplacian of the inverse square root of density was calculated and stored 

as data file to reduce repeating this step every time the program runs. A spherical 

point source that produces spherical waves into the model was placed in the rectum 

near the absorbing boundary layer to test the model and the numerical simulation 

method adapted here. It was produced mathematically as a Gaussian source in both 

space and time spaces, this source was added to the effective sources resulted earlier 

from the derivation and simplification of the A:-space method and the addition of the 

absorption dependent term as well. An FFTW (Fastest Fourier Transform in the West) 
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library was attached the Fortran program to calculate the 3D spatial Fourier transform 

and the inverse Fourier transform whenever needed. 

2.3      Ultrasound phased array design and fabrication 

2.3.1   One-dimensional phased array 

The idea of one-dimensional (ID) phased array was used to simulate the 

pressure field in a homogenous medium (i.e. water). Figure 4 shows a linear phased 

array that consists of 20 elements each has 1 x 14 mm^ dimension, the distance 

between the adjacent elements shown in the three dimensional enlargement of the first 

two elements is 0.12 mm. This distance represents the thickness of the blade used to 

dice the piezo-electric material. Two acoustical matching layers are shown in the 

figure with quarter wavelength thickness; these layers improve the efficiency of the 

transducer and serve to keep the elements aligned and connected together as one unit. 

The first matching layer was chosen to be conductive to ease the soldering of all 

elements into one ground point as shown in the figure. Each element was soldered to a 

wire connected to the positive voltage driving source. The linear phased array enables 

focusing and steering of the pressure in the elevation direction by changing the phase 

of each element to compensate for the distance from the center of that element to the 

focal point. Figure 5 shows the steering and focusing mechanism of the phased array. 

The distance from the center of each element to the focal point is represented by 

distances di to dio. In order to compensate for the differences of each path (i.e. di to 

d2o) to the path from the center of the array (do) to the focal point; the phase of the 

driving source that translate this difference into time delay or shifts is calculated as 

follows: 

14 
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Figure 4. A sketch showing the twenty element linear array (up); an enlarged three 
dimensional representation of the elements numbered one and two is shown with 
actual dimensions (down). The distance between these two elements is 0.12 (kerf 
width); which represents the thickness of the cutting blade. 
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Figure 5. The focusing mechanism is shown for the twenty-element linear phased 
array. The distances from the center of each element to the focal point (di to d2o) are 
used to calculate the phase and time delays for each element to compensate each 
driving signal in order to have all the propagated sound waves in phase at the focal 
point to add their amplitudes at that point specifically. 

To calculate the pressure distribution in a selected three-dimensional volume, 

each element of the array was divided into small areas to represent baffled simple 

sources for pressure calculation at any point in the three-dimensional (3D) volume 

facing the array. Figure 6 shows the division of each element into small virtual baffled 

simple sources by equally dividing each element into 50 x 50 sub-elements. The 

pressure contribution of each baffled simple source is calculated using this equation: 

PimniX, y, Z) = jpcKn{-^)e^'^'-''-' 

where; pimn (x, y, z) : the pressure (Pa) contribution at an arbitrary point (x, y, z) for 
the baffled simple source of the element i located at mn point as represented 
by Figure 5. 
p : The density of the medium (kg/m^). 
c : the sound speed in the medium (m/s). 
Amn : the area of the baffled simple source (m ). 
"k : wavelength of the sound wave (m). 
dmn : the length from the center of the baffled simple source (nrn) to the focal 

point (m). 
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k : the wave number (l/m). 
do : the distance from the center of the array to the focal point (m). 
(^i: the phase of element i (rad). 

m=l 
m = 2 

X 
i  L 

-^   ., 

Baffled simple 
source 

m = 50 
n = l 

1 mm 

14 mm 

n = 50 

Figure 6. Sketch plot represents one element of the linear array after dividing it into 
small virtual baffled simple sources. Each element was divided into 50 x 50 sub- 
elements as shown in xy plane. 

Matlab® program was written to calculate the phases of each element 

depending on the previous equations. The program calculates the pressure field in a 

two-dimensional area facing the transducer after assigning the desired location of the 

focal point. 

2.3.2   Ultrasound phased array utilizing the ID linear array 

The proposed design that take in consideration die anatomical measurements 

of the prostate and the rectal wall is shown in figure 7. Four ID arrays were arranged 

as shown; the dimension of the total array including the inactive elements is 56 x 22 

mm^. This dimension is believed to have die ability to induce the right amount of 

energy deep inside the prostate gland and at the same time reduces the discomfort for 
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the patient during the treatment. The inactive elements were added to help fixing the 

array to an appropriate housing as will be explained later. The inner elements were 

connected in parallel (i.e. driven with same phases) because of restrictions in the 

electronics of amplifier system that controls the phase and the power of each element. 

The array has sixty elements rather than eighty elements that can be controlled during 

the treatment procedure; the simulation results take in consideration this fact. The 

focal point of each single one-dimensional array can be controlled separately; while 

driving power for each sub-element can be controlled independently as well. Many 

parameters can be controlled for optimization purposes these parameters include 

amplitude, duty cycle and power changes for each single element as well as phase and 

time of operation for each individual one-dimensional array. Controlling these 

parameters for each array and each element individually will enhance this array when 

optimized for the treatment of prostate cancer. 

22 
mifi 

b 56 mm 

Figure 7. Sketch representation of the 20 x 4 element phased array, the yellow color 
represents inactive elements while white color represents active ones. The inactive 
elements were used to fix the array to an appropriate housing. 
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2.3.3   Ultrasound array fabrication 

Lead zerconate titanate (PZT-8) (TRS Ceramic, State College, PA, USA) was 

used to construct the 20 x 4 ultrasound phased array; this kind of PZT is capable of 

withstanding higher driving electrical powers compared to other materials such as 

PZT-5a and PZT-4. To increase the transmitted acoustical energy efficiency while 

delivering sound energy from high acoustical impedance (acoustical impedance of 

PZT-8 equals 34 Mrayl) to low acoustical impedance of water or soft tissue 

(acoustical impedance of water is 1.5 Mrayl), two matching layers were built. The 

choice of these matching layers was done using the KLM model equations that 

calculate the impedance of quarter wavelength double layers to increase the efficiency 

of ultrasound transmission between the high acoustical impedance PZT material and 

soft tissue or water as follows: 

where, Zi, Z2, Zp and Zt are the acoustical impedances of the first layer, second layer, 

piezo-electric material and surrounding tissue or medium consecutively. The 

calculated acoustic impedance for the first layer and second layers assuming water 

coupling medium are 9.8 and 2.3 Mrayl consecutively. 

To construct the double matching layers, parafilm was used to affix an 

appropriate dimension PZT-8 piece to a glass plate with an adhesive primer poured 

onto the surface of the transducer face. The piece was surrounded with an epoxy dam 

and the silver conducting matching layer was poured onto the transducer surface 

which was prepared using a 2:1 epoxy-to-silver mixture of Insulcast 501 (Insulcast, 

Roseland, NJ, USA) and 2-3 micron silver epoxy (Aldrich, Milwaukee, WI, USA). 

The whole assembly was centrifuged for 10 minutes and cured overnight then the 
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surface of the matching layer was sanded and lapped to the designed quarter 

wavelength thickness. The second matching layer was prepared in a similar fashion 

but without any centrifuging mechanism, EPO-TEK 301 part A and part B (Epoxy 

technology, 14 Fortune Drive, Billerica MA 1821) were mixed using 20:5 mixing 

ratio to create clear uncured viscous fluid. Another piece of glass was used to spread 

this mixture on top of the first conductive layer and fixed using appropriate fixtures 

while cured overnight. The fixture and the second glass piece were removed, another 

sanding and lapping process was done to reduce the thickness of this layer into the 

required quarter wavelength thickness. The PZT-8 piece with its two acoustical 

matching layers was removed from the glass after heating the wax that bonded both of 

them then diced into 80 elements forming the complete array. The cuts were done by 

dicing the PZT-8 material 100% through its thickness using a dicing saw (Model 780, 

K & S-Kulick and Soffa Industries, Willow Grove, PA, USA) at the Ultrasound 

Therapeutic Application Laboratory on The Pennsylvania State University campus 

(University Park, PA, USA) with a kerf width of 0.12 mm that represents the 

thickness of the cutting blade. 

Sixty, 28 American Wire Gauge (AWG), 32 ohm miniature coaxial cables 

(Belden Inc., St. Louis, Missouri, USA), six meter length each and magnetic 

resonance imaging (MRI) compatible were bundled together to form the connection 

between the elements of the array and the amplifier system. Each miniature cable was 

numbered at both sides to ease the soldering and connecting process. Micro-tip 

soldering pin was used to solder the core of each coaxial cable to its designated 

element, the soldering temperature was kept bellow 500°F (less than the Curie 

temperature of PZT-8) to prevent any damage to the piezo-electric material. With the 

help of Flux liquid and special soldering material, the soldering of each element was 
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done for the whole array. Four points of ground were soldered to four different wires 

directly to the conductive matching layer. These wires then joined together and 

soldered to the ground points of each coaxial cable to form one groimd coimection to 

the whole array. 

Special transrectal housing for the array was built in-house (Engineering 

workshop. University park, PA, USA) using Delrin material that shaped in a 

cylindrical shape with proper dimensions to fit the array with its 60 coaxial cable and 

the brass tubes for water and air circulation (figure 7). The water circulation is 

essential for couphng purposes between the probe itself and the tissue surrounding it; 

a latex membrane will be used to form a bolus of water surrounding the array. The 

temperature and flow of the circulated water are controlled using water pump and a 

chilled icy path within the circulation system. 

46,0 mm 

Figure 6. The three-dimensional photograph of the prostate showing 46 slices of 89.5 
X 89.5 mm2 slices with 1.0 mm between each shce. The model starts with slice # 
1880 and ends with slice # 1926. 
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Figure 7. Sketch representation of the transrectal applicator showing side views (up) 
with enlarged portion (down) that enables fitting of the ultrasound phased array in the 
colored region. 

2.4      Temperature simulation 

The expected temperature rise caused by the ultrasound energy that absorbed 

by the tissue was simulated depending on the bioheat transfer equation (Pennes H.H. 

93-122): 

p{r)c,(f) 
~,dnr,t) 

dt 
= kW'T(r,t)-w(r)c,[T(r,t)-TJ + q{r,t) 

where T(r, t): tissue temperature (°C) 
Ct: specific heat of the tissue () 
Cb : specific heat of blood (3770 J/kg°C) 
p(r): density of the tissue (kgW) 
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k: thermal conductivity () 
Ta: arterial blood temperature (37°C) 
Q(r, t): power deposited locally in the tissue 
w : tissue perfusion (kg/m^s). 

The simulation was done in a homogeneous medium (i.e. water) with initial 

temperature of 37.0°C, the differential equation was solved numerically using finite 

difference method.  A Matlab program was used to simulate the temperature 

depending on the pressure field generated using the simulated pressure waveform. 

y 
A 

-*-  X 

Slice # 1881 

0.25 mm     % 

fihrf. U 1 RSn  

89.50 mm 

Figure 7. Three averaged slices are shown between shces 1880 and 1881 to reduce the 
distance between consecutive slices to 0.25 mm. The centered slice was produced by 
averaging the outer images, while the other two slices were produced by averaging the 
centered averaged slice with the outer shces. 
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Figure 8. Slice # 1900, showing the prostate gland with the urethra clearly seen. The 
gland is surrounded by skeletal and smooth muscles, the rectum is located above the 
gland while the bladder is beneath it. The rectum is surrounded by connective tissue 
sheet and embedded in a fat triangular shaped area 

3. Results 

3.1 The 3D human prostate model 

A 359 X 359 x 46 three-dimensional human prostate model is shown in figure 

6, this represents a volume of 89.50 x 89.50 x 46.00 mm^ consisted of 47 shces with 1 

mm slice thickness. The 1 mm slice thickness was poor choice for the simulation of 

wave propagation of megahertz waves, for this reason the model was modified to 

reduce this thickness to 0.25 mm. Figure 7 shows the creation of three extra averaged 

slices between each consecutive ones, the centered shce was created by averaging the 

outer shces as shown in the figure; both slices 1880 and 1881 were averaged to 

produce another shce located 0.50 mm away fi-om each one. Extra two slices, located 

at 0.25 mm and 0.75 mm fi-om slice # 1880, were produced by averaging the centered 

averaged shce with the outer ones. Slice number 1900 is shown in figure 8, the 

prostate gland with its urethra is shown surrounded fi-om the upper side with the 

rectum and the urethra fi-om the lower side, an added blue color is shown filling the 



cavity of the rectum. A sheet of connective tissue is shown surrounding the rectum 

and embedded in a triangular shaped fat area. The thigh skeletal muscles are 

surrounding the prostate gland. 

The volumetric image (figures 6 and 7) was mapped to sound speed, density 

and absorption as shown in figure 9b, c and d respectively. The slice # 1908 is shown 

in figure 9a, it has dimensions of 89.50 x 89.50 mm , Matlab program was executed 

to generate sound speed, density and absorption depending on the relationships 

discussed earlier. Figure 9b shows the sound speed mapping of slice # 1908, the 

sound speed vary through the soft tissue of that image from about 1.4 to 1.6 mm/|is. 

The blue-colored added material was translated into water as shown from the color 

bar that gives a sound speed of 1.5 of that area, the skeletal muscle tissue that 

surrounds the prostate gland is shown to have sound speed of about 1.55. The prostate 

gland itself is mapped to connective tissue and some fat and muscle tissues, this 

mapping found to be consistent with the description of the gland that describe it as 

tubular and alveolar tissues imbedded into smooth muscle and connective tissues 

(Maurieb E.N.). Some areas of the gland were mapped into fat because of its color 

that resembles fat rather than any tissue types. The rectal wall was translated into, 

muscle and fat tissues as shown in figure 9b, the connective tissue that surrounds the 

rectum is shown to have sound speed of about 1.61 mm/fis which resembles 

connective tissue as expected; the fat area that surrounds the rectum is shown to have 

some areas that contain connective tissues scattered all over that area. Sound speed of 

that fat area is found to vary from 1.4 to 1.5. The translation was acceptable when 

compared to the data obtained in table 1. 

Figure 9c shows the density variations through slice # 1908, the density found 

to vary from about 0.9 to 1.1 gm/cm^, compared to the sound speed map this figure 
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discriminate each soft tissue accurately and found to have good agreement for skeletal 

muscle, fat, coimective tissue and water. Figure 9d shows the absorption variations of 

the soft tissue of shce # 1908; the absorption found to vary fi-om 0.01 to 0.1 np/mm. 

The absorption parameters of water, fat, coimective and skeletal muscle tissues were 

found to match those values summarized in table 1 measured at 37°C. Comparing the 

values of sound speed, density and absorption of various tissues in figures 9b, c and d 

respectively to the standard values of these soft tissues a good agreement was foimd 

through this mapping for the whole three-dimensional model. 

Sound Speed islii:e#19Ce) 

j"      ■... 

b) 
X (mm) 

Density (slice #1908) 

-40      -3D     -2D      -ID       0       ID      20      30       AO 

X (mm) 

c) d) 
Figure 9. The acoustical mapping of shce # 1908 (a) to density (b) in g/cm3, 
absorption (c) in nipper/cm and sound speed (d) in cm/micros. The added blue colored 
material ia the rectum (a) translated to about 1.00 gm/cm3,0.06 nipper/mm and 1.54 
cm/micros representing density, absorption and soimd speed respectively. Fat and 
muscle as shown in the slice were translated with good accuracy to its acoustical 
parameters compared to table 1. 



A smaller three-dimensional acoustical model of the prostate gland was 

created by reducing the size of each mapped slice from 89.50 x 89.5 x 46.0 mm that 

has 359 x 359 185 points to 64.0 x 64.0 x 46.0 that represents 257 x 257 x 185 points. 

This reduced model will reduce the amount of memory needed to run the program that 

propagates sound wave through the whole model. 

3.2      Wave propagation in inhomogeneous large scale model using the k-space 

method 

The log-scale gray scale image of the wave propagation in the three- 

dimensional model is shown in figure 10. The incident wave is shown leading the 

scattered wavefield produced from the propagation in the inhomogeneous medium. 

The spherical source was located in the rectum five points away from the absorption 

boundary layer. The multi-layer image in this figure includes the absorption variations 

through the central sUce of the 3D model as a background. Tapered absorption 

boundary layer is clearly shown surrounding the whole image. The Fortran program, 

that produces the 2D gray scaled images of the wave propagation, was designed to 

create an image every 10 milliseconds. These images then saved as a JPEG image to 

ease its use using Photoshop or any other photo editors. The calculations were done 

for the whole model (i.e. 3D calculations), however, to reduce the storage space the 

middle two-dimensional slice was chosen for image production. The shown image in 

figure 10 was the middle slice of the model. The scatted as well as the incident 

waveforms were shown and labeled; at the boundaries of the prostate a noticed 

reflected wave was shown. Some irregularity of the shape of the wave while crossing 

the urethra region was shown. This kind of irregularity will complicate the focusing 

mechanism under such an inhomogeneous  medium.  However,  this figure was 
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produced to test the accuracy of the model and the computational method rather than 

focusing issue. The inclusion of the phased array as a sound source into this model 

will allow us to predict and optimize the pressure wavefield for thermal therapy of the 

prostate. 

Spherical 
Wavefront 

Irregular 
wavefront 

Reflected 
wave 

Tapered 
absorption 
layer 

Figure 10: a 2D Gray scaled image showing a background layer of the absorption 
distribution through middle slice of the 3D prostate model, the tapered absorption 
boundary layer is shown at the edges with sharp white color. A black dotted line is 
surrounding the image to distinguish the absorption layer. A spherically propagated 
wave is shown on top of this background image showing the wave propagation from 
left to right through the 3D prostate model. The scattered wave is shown following the 
three cycles wave that has a frequency of 1.2 MHz. Due to sound speed and density 
changes through this model the wave front is shown with irregular shape while 
propagating through the urethra area. 

3.3 Ultrasound array design and fabrication 

3.3.1 Pressure and temperature simulation of the array 
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The pressure wavefield produced by the 20 element ID phased array is shown 

in figure 11; while focusing at (0, 0, 4) cm away from the face of the transducer. The 

figure shows a sketch plot of the ID phased array with the Cartesian axis shown 

across the array, two planes are illustrated on that sketch represent the xz and yz 

planes. The normalized squared pressure distribution is shown in both of these planes. 

A movie file is included that shows the steering ability of this array, the yz plane was 

swept with pressure beam while changing the focal point in y-direction. The array is 

capable of steering from -1.5 to 1.5 cm in that direction; a lower amplitude level 

grating lobes were shown through the steering process at some specific angles. The 

destructive interference near the nearfield region was maximized to reduce the 

thermal effect on the rectal wall and the surrounding tissue while dumping nearly the 

whole energy deep inside the tissue 4 cm away from the face of the array. However, 

the grating lobes problem was solved as mentioned earlier by designing a suitable 

housing of the array that includes water circulation system in order to wash out the 

effect of these beams and to cool down the rectal wall. 

Figure 12 shows the pressure field simulated for the whole array that includes 

four ID phased arrays arranged as sketched in the left portion of the figure. The 

pressure field was simulated while focusing at (0, 0, 4) cm, shown in the right portion 

are two figures representing the distribution of the normalized squared pressure in xz 

(up) and yz (down) planes. The whole beam can be steered in the yz plane to help in 

spreading the required temperature deep inside the prostate gland when placing the 

whole array inside the rectum. The area near the rectal wall shows the maximum 

destructive interference that reduces the risk of harming the surrounding tissue. Figure 

13 shows contour plots of the normalized squared pressure distribution (up) and the 

temperature simulation of one minute heating in homogeneous medium (i.e. water) 
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for the same arraagement shown in figure 12. Many parameters can be varied for this 

array to achieve an optimal mechanism for the treatment of prostate cancer; these 

parameters include varying the phases of each linear array separately, altering the 

power of each array and changing the power of each element disjointedly. These 

diverse control parameters will improve the treatment and solve many problems when 

testing the array for in-vivo animal experiments under inhomogeneous and variable 

perfiision tissues. 

Steering 
direction 

Normalized Pressure of ID Phased Array 

ID array 

ytcm) -1     0 z [cm] 

Figure 11: A sketch drawing (left) represents the ID phased array illustrating the xz 
and yz planes, the normalized pressure squared distribution through these planes also 
shown (right). While focusing at (0,0,4) cm, the xy plane pressure distribution is 
shown in the upper figure and the yz plane pressure distribution is shown in the lower 
figure. 



Normalized Pressure of 2D Phased Array 

Steering 
direction 

2D array 

z[cm] 

Figure 12: A sketch drawing (left) represents 2D phased array illustrating the xz and 
yz planes, the normalized pressure squared distribution through these planes also 
shown (right). While focusing at (0, 0, 4) cm, the yz plane pressure distribution is 
shown in the upper figure and the xz plane pressure distribution is shown in the lower 
figure. 



Normalized Pressure of 2D Phased Array Normalized Pressure of 2D Phased Array 
0.9 1 

0.8 
0.8 

0.6 
07 

D.4 

0.6 
0.2 

05 i   0 
>y 

04 
-0.2 

-D.4 
03 

-0.6 

0.2 -0.8 

01 -1 

0.8 

06 

0.4 

02 

0 

■0.2 

-0.4 

-06 

-0.8 

-1 

Temperature Elevation 

i    i    i 

/^|M=='%^   tr^rf^SiS^fcs/ 
1       1       1 

■       :       i 

i    i    i 
!       i       : 

4 5 

2[cml 

7        8 

Figiire 13: Contoiir plots showing the pressure distribution in xz and yz planes (up) of 
the 2D phased array while focusing at (0, 0, 4) cm. Temperature distributions are 
shown (down) for the mentioned planes after simulating one minute heating of 
homogenous medium (i.e- water). 
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3.3.2 Ultrasound array fabrication 

Figures 14 to 16 show the phased array after building the matching layers and 

dicing (figure 14) and the soldering of each individual element to a miniature coaxial 

cable (figure 15). The final product of the transrectal probe is shown in figure 16 that 

contains 20 x 4 phased array, sixty miniature coaxial cables, four different wires 

connected to the conductive matchiug layer that represents the ground connection and 

suitable brass tubes to complete the water circulation process. The array was snugly 



fitted into the housing and bonded using super glue and insulated with water proof 

insulation material. 

Figure 14: A photo showing the fi-ont view (up) of the 20 x 4 element array and the 
side view (down); the matching layers and the kerf width are shown clearly. 

Figure 15: The soldering of sixty miniature coaxial cables is shown; each element of 
the array was soldered to the core of the coaxial cable. Four points were connected to 
different points of the conductive matching layer to be soldered to the shield 
connection of each coaxial cable. 

i(t»(iini1fMtiMitnMiiitim!itlH)mMilHi)litiil)tmiiiihuilui^ 
Figure 16: A photograph showing the transrectal probe after assembling the soldered 
array and the appropriate brass tubes into the MRI compatible housing. The four 
ground connections are shown at each comer of the array. 



4. Discussion 

Two main goals were achieved in this study these are the design and 

fabrication of 20 x 4 element phased ultrasound array and the creation of three- 

dimensional acoustical model of human prostate for optimization purposes. The 

designed array is capable of focusing and steering of the pressure deep inside the 

prostate gland to induce the required thermal dose (see appendix 1) for effective 

thermal treatment of prostate cancer in conjunction with radiation or chemo-therapies. 

The optimization of the phased array includes studying the control parameters of the 

array in an inhomogeneous medium through the simulation of ultrasound wave 

propagation in the 3D model. However; the tested model needs some modifications to 

include the designed array as an active source rather than simple spherical one as done 

for test purposes. The kerf width used in the design of the array was 0.12 mm to 

enable focusing and steering of the induced pressure beam, this dimension is less than 

the resolution of the 3D model in which the minimum distance between any 

consecutive slices was 0.25 mm. To overcome this problem the resolution of the 3D 

model should be increased to at least 0.125 mm by adding new sMce between any 

consecutive slices. This adjustment could be satisfied by either maintaining the same 

dimensions of the 3D model while doubling the number of points for the model or by 

reducing the size of the model while keeping the same number of points of the model. 

The first solution requires increasing the physical memory of the Dell workstation that 

handles the calculations (currently 2 GB memory) the calculations time will at least 

doubled. The second solution may be reasonable for the time being with main 

drawback that will affect the reality of these calculations when ignoring the 

surrounding tissue and reducing the size of the array to fit in a reduced model. 
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Single precision representation of complex and real numbers was used to simulate the 

wave propagation in the three-dimensional model, for this reason a single precision 

version of the Fourier transform FFTW also was used. This reduction in number 

presentation reduces the time of calculations and memory requirements to perform the 

calculations. The results were acceptable even with this type of representations. The 

switching to double precision representation of real and complex number put more 

restrictions on the physical memory used to satisfy this. Single precision works well 

in such large volume calculations. 

Future work will include testing the array in homogeneous medium (i.e. 

water) by running an exposimetry test to measure the pressure variations in selected 

two-dimensional areas that face the transducer. These tests will be compared to the 

simulated pressure fields to verify the accuracy of the design. Ex-vivo experiments 

will be conducted to measure the temperature increase while changing the amplitude, 

power and phase of each driving signal. Ultimately, many in-vivo experiments will be 

carried out while monitoring the temperature elevation using magnetic resonance 

imaging technique that allows measuring the temperature in an invasive manner. 

Thermal dose concept will be used to effectively elevate the temperature of the 

prostate gland to 43°C for thirty minutes to help in destroying the cancerous cells in 

conjunction of radiation and chemo-therapies. 
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5. Conclusions 

Thermal therapy is good choice to treat prostate cancer adjuvant to radiation 

and other therapies. Ultrasound phased arrays can achieve this goal in an invasive 

manner using transrectal probes that takes inconsideration the anatomy and patient 

comfort in the design. These arrays can be designed and included in realistic 

computerized models to simulate temperature elevation in a human prostate model. 

The Visible Human Project is helpful in such cases that provides high resolution 

images of a sliced cadaver to ease the prostate treatment before even trying the 

transrectal probe in an animal subjects. 
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Appendix 1 

Thermal Dose 

The response of cells to heat exposure is exponential relation between 

temperature and exposure time needed to obtain a given biological effect "from 

survival curves (Figure 2) (A Westra and W.C.Dewey 467-77)". In words, a 

temperature -in most biological systems- rise of TC requires halving the exposure 

time to achieve the same level of effect above 43°C, whereas below this temperamre 

the time must be reduced by a factor of 3-4; this relation could be mathematically 

modeled as (Sapareto S.A. and Dewey W.C. 787-800) 

Where; R = 0.5   forT>43C 

R = 0.25 for T< 43C. 

To compare the heat "dose" accumulated by tissues subject to a complex 

heating regime with the dose they have experienced if the temperature had been held 

at 43°C, an equivalent time t43 is calculated as (Sapareto S.A. and Dewey W.C. 787- 

800): 

Where ti and tf are the initial and final times of the heating procedure. Thermal doses 

are often quoted in terms of 143. 
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The values of R were found from the thermodynamics of heat inactivation and 

the absolute reaction rates -i.e. calculating the number of molecules reacting per 

second- theory; which is stated bellow: 

"Every elementary rate process, what ever it's nature - diffusion, solubility, 

oxidation, hydrolysis, many excitations, lubrication, etc.- can be treated as an unstable 

equilibrium between the reactants, in their normal state, and the activated complex, in 

the activated state. The activated complex is an intermediate molecule with a life of 

10''^ sec. Once formed, it decomposes with a universal frequency kT/h, which is the 

same for all reactions (T: Absolute temperature, k: Boltsman constant and h is plank's 

constant). The probability that the formation of the activated complex will lead to 

reaction is designated by the transmission coefficient K which is often equal to 1." 

(F.H.Johnson, H.Eyring, and M.Palissar 3-460) 

In many reactions the specific rate constant k' as accounted for on the basis of a 

quasi-equilibrium between the normal and the activated state (K^ and the frequency 

of decomposition of the activated complex times the probability that the activated 

complex decomposes to the products (F.H.Johnson, H.Eyring, and M.Palissar 3-460): 

k'=K{kT/h) K" 

jv = e = e e 

Where, AF^is the free energy 

AH° is the heat energy (cal/mole) 

AS" is the entropy of inactivation (cal/degree/mole). 

The specific reaction rate k' is: 

k'=K(kT/h) K^=K(kT/h) e-^"^V^"* 

38 



Since the survival curves of the experimental data could be represented by 

Arrhenius equation; which is (F.HJohnson, H.Eyring, and M.Palissar 3-460;Sapareto 

S.A. and Dewey W.C. 787-800): 

yfe'=l/Do=Ae"^^^ 

Where; 

A: Arrhenius constant 

JA: Activation energy 

R: universal gas constant 

T: absolute temperature 

Do: is the time required to reduce the survival percentage by 1/e on the 

exponential portion of the survival curve. 

By comparing these two equations: 

A = K(kT/h) e^^^ = 2.05(10'°)T e^^"'^ 

H = AH" 

l/Do=Ae''^"^^^   (A is constant as the temperature changed from 43°C to 46°C for 

Chinese Hamster Ovary cells (CHO) where AS = 374.5 & AH = 141000) 

The Arrhenius plot (Figure 2) is relating the inverse of inactivation values to the 

inverse of absolute temperature values as follows (A Westra and W.C.Dewey 467- 

77): 

In 1/Do = In A - AH/2T 

The relative decrease (R) in Do for a TC increase in temperature is related as: 

R=(Do for T+l)/(Do for T) = e'^^'^Td+i) 

So, for the CHO where AH = 141000 (cal/mole) and T varies between 37°C and 

46°C (316 - 319°K) R will be: 

R = e'-^^° = 0.50 (the change in temperature is not that effective) 
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Determinations of R have been reported for a number of biological systems and 

endpoints. The values reported range from 0.4 to 0.8 above 43°C, with 0.5 being the 

most frequent value. There have been fewer studies below 43°C; however, in general 

the R-value is approximately a factor of 2 smaller than that above 43°C (W.Dewey et 

al. 463-74). 

The survival curves indicate that the inactivation was sigmoidal in response, i.e. 

shoulder followed by a straight-line exponential portion. The inactivation rate is equal 

to 1/Do, where Do is defined as the treatment time required reducing the survival on 

the exponential part of the curve to 37 per cent (i.e. 1/e) of an initial value. A 

comparison of the Do values observed for different temperatures indicate that a 1°C 

increase in temperature resulted in approximately a two-fold increase in the activation 

rate (E.Atkinson 487-92). 

Thermal dose has been identified as one of the most important factors, which 

influence the efficacy of hyperthermia. Adequate temperature must be delivered for 

an appropriate period of time to the entire tumor volume in order to achieve optimal 

therapeutic results. The inhomogeneouty of temperature distribution throughout the 

tumor volume makes difficult accurate correlations with tumor response and 

subsequent tumor response and subsequent tumor control (G.Nussbaum). 
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Fisun 3. An Anhcniu* plot for iiett inacthatton. On the left ordiiute, the ticciproc»l 
of the £>» vthici (tnactivMian ratei) obtained fratn figure 2 are plotted veraus the 
fteiptocal of tiK abaolute temperature. On the ri){ht oniinate, •imflar values are 
plotted from data obtained by Harm (1967) for pig kidney celb in culture. As 
calculated in the teit. the activ-atiaa energy, ftim Hi leal/mote for both cell tyixs. 
but the heat inadivation rates for our hamster cclb arc a factor of 10 higher than fur 
the piK kidney eelli. 
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intensity fluctuations as a function of geophysical time are shown for 
different positions of the IS with respect to the acoustic propagation path. 
A theoretical model consisting of internal waves coupled with the acoustic 
normal modes and horizontal rays is presented. The correlation between 

the signal fluctuations and the internal soliton is analyzed using fiequency 
dependent index of refraction. Model results are compared with the 
SWARM-95 experimental observation. [Work supported by ONR and 
RFBR Grant No. 03-05-64568.] 
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3aBBl. Optoacoustics for biomedical applications. Takashi Buma, JingYong Ye, Theodore Norris (Ctr. for Ultrafast Optical Sci., 
1006 Gerstacker Bldg., Univ. of Michigan, 2200 Bonisteel Blvd., MI 48109-2099), Susanne Milas, Monica Spisar, Kyle Hollmann, 
Matthew O'Donnell, James Hamilton, Stanislav Emelianov, Lajos Balogh, and James Baker, Jr.   (Univ. of Michigan, MI) 

We are developing optical techniques to generate and receive ultrasound for various biomedical applications including high 
frequency 2D arrays, molecular imaging, and microfluidic devices. A 2D synthetic receive array uses a HeNe laser to probe the surface 
displacements of a thin reflective membrane. Images with near optimal resolution and wide fields of view have been produced at 10 
to 50 MHz. A 75 MHz transmitting 2D array element relies on the thermoelastic effect. A 10 ns laser pulse is focused onto a 25 /tm 
thick black polydimethylsiloxane (PDMS) film spin coated on a pure PDMS substrate. Our work in optoacoustic molecular imaging 
combines ultrafast lasers with high frequency ultrasound. When ultrafast laser pulses are focused into transparent media, laser induced 
optical breakdown (LIOB) produces acoustic emission and cavitation bubbles. A real-time acoustic technique has been developed to 
characterize LIOB in dendrimer nanocomposite (DNC) solutions. Lamb waves propagating in thin membranes have found widespread 
use in microfluidic devices. We use the thermoelastic effect as a noncontact method to generate continuous-wave Lamb waves in 
gold-coated membranes. We believe these results demonstrate the potential of optoacoustic methods for a broad range of applications 

in biomedical ultrasonics. 

8:30 

3aBB2. Ultrasound-aided liigh-resolution biophotonic imaging.   Lihong V. Wang   (Texas A&M Univ., 3120 TAMU, 233 Zachry 

Bldg., College Station, TX 77843-3120) 

We develop novel biophotonic imaging for early-cancer detection, a grand challenge in cancer research, using nonionizing 
electromagnetic and ultrasonic waves. Unlike ionizing x-ray radiation, nonionizing electromagnetic waves such as optical waves are 
safe for biomedical applications and reveal new contrast mechanisms and functional information. For example, our spectroscopic 
oblique-incidence reflectometry can detect skin cancers based on functional hemoglobin parameters and cell nuclear size with 95% 
accuracy. Unfortunately, electromagnetic waves in the nonionizing spectral region do not penetrate biological tissue in straight paths 
as do x-rays. Consequently, high-resolution tomography based on nonionizing electromagnetic waves alone, as demonstrated by our 
Mueller optical coherence tomography, is limited to superficial tissue imaging. Ultrasonic imaging, on the contrary, furnishes good 
imaging resolution but has poor contrast in early-stage tomors and has strong speckle artifacts as well. We developed ultrasound- 
mediated imaging modalities by combining electromagnetic and ultrasonic waves synergistically. The hybrid modalities yield speckle- 
free electromagnetic-contrast at ultrasonic resolution in relatively large biological tissue. In ultrasound-modulated (acousto)-optical 
tomography, a focused ultrasonic wave encodes diffuse laser light in scattering biological tissue. In photo-acoustic (thermo-acoustic) 
tomography, a low-energy laser (RF) pulse induces ultrasonic waves in biological tissue due to thermoelastic expansion. 

8:55 

Armen Sarvazyan   (Artann Labs., 1753 3aBB3. Nonconventional approaches to ultrasonic assessment of skeletal system. 
Linvale-Harbourton Rd., Lambertville, NJ 08530) 

Conventional bone ultrasonometry is based on the transmission mode measurement of the linear acoustic parameters of bone 
(speed of sound and broadband attenuation). It is a well-established technique specifically for osteoporosis diagnostics though it is 
highly limited in its applications. It cannot be used for the assessment of the hip bone which is the most important area in charac- 
terization of the skeletal system and can hardly be used in pediatric applications, particularly in neonatology, for the assessment of 
newboms and premature and low-birth-weight infants skeletal systems, which became especially vital during the last few decades. 
There are several new ideas on acoustic assessment of the skeletal sites hardly accessible by the conventional bone ultirasonometry and 
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on principles of the acoustic characterization of bone quahty, fracture risk evaluation, and monitoring of therapeutic interventions. 
New approaches are based on the use of the ultrasound radiation pressure for the remote generation of acoustic waves in bones, on the 
use of various modes of guided acoustic waves having a propagation speed dependent on both the elasticity modulus and the bone 
thickness, on the use of geometrical dispersion of sound velocity for bone characterization, and the use of principles of nonlinear 
acoustic spectroscopy for remote bone testing. [Work supported by NIH.] 
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3aBB4. A "Fresnel-transducer" for prostate hyperthermia treatment. 
Robert M. Keolian (Penn State Appl. Res. Lab., RO. Box 30, State 
College, PA 16804-0030, bonzo@sabine.acs.psu.edu), Osama M. Al- 
Bataineh, Nadine B. Smith, Victor W. Sparrow (Penn State, University 
Park, PA 16802), and Lewis E. Harpster (Penn State Milton S. Hershey 
Medical Ctr., Hershey, PA 17033) 

Simulations and construction methods will be described for a novel 
"Fresnel-transducer." The transducer is designed for transrectal hyperther- 
mia treatment of prostate cancer as an adjuvant to radiotherapy or chemo- 
therapy. Forty nine 6.3 mm diameter 1.5 MHz PZT elements are arranged 
in a 3 by 7 cm honeycomb-like pattern. They are individually aimed so 
that their beams partially converge behind the prostate. The increased 
beam density away from the transducer compensates for the loss of acous- 
tic intensity due to attenuation. The aiming of the beams is additionally 
biased toward the periphery of the heated region to compensate for cool- 
ing firom lateral heat conduction. The elements are divided into three in- 
terspersed sets, each driven at a slightly different frequency, to minimize 
stationary Moire interference bands between the beams. The combined 
effect is to uniformly raise the prostate temperamre to 43 °C without over- 
heating the rectal wall. [Research supported by the Department of Defense 
Congressionally Directed Medical Prostate Cancer Research Program.] 

9:35 

3aBB5. Vibratioii characteristics of implants. Ahmed M. Al-Jumaily 
(Diagnostics and Control Res. Ctr., Auckland Univ. of Technol., Auckland, 
New Zealand, ahmed.al-jumaily@aut.ac.nz), Mostafa Fatemi, and James 
F. Greenleaf (Ultrasound Res. Lab., Mayo Clinic and Foundation, 
Rochester, MN 55905) 

Vibro-acoustography is a technique that uses the radiation force of 
amplitude-modulated ultrasound to evaluate the dynamic response of an 
object at the modulation frequency. One potential application of this tech- 
nique is to assess the reaction of the host tissue to the implant material by 
evaluating the mechanical properties of the tissue surrounding the implant. 
To do this, we use vibro-acoustography to measure the frequency response 
of the implant, and use this information to evaluate the mechanical param- 
eters of the surrounding. Two theoretical models are developed to study 
the dynamic response of an implant in tissue. The first model is for an 
implant (1 X25-mm steel beam) fully embedded in a viscoelastic medium 
(tissue). The second model is for a partially embedded implant with one 
part exposed to the open environment. The exposed end is rigidly con- 
nected to a base, and the other end is freely embedded in the viscoelastic 
medium. At the interface between the two media matching of boundary 
conditions is achieved to determine the force response. For both models 
eigenvalues and eigenfunctions are determined and transfer functions are 
evaluated. The first two natural frequencies compare well with available 
experimental and finite-element data. 

9:50 

3aBB6. Sector array transducers for vibro-acoustography. Glauber 
Silva, Shigao Chen, Randall Kinnick, James Greenleaf, and Mostafa 
Fatemi   (Mayo Clinic and Foundation, Rochester, MN 55905) 

Vibro-acoustography is an imaging technique that maps the acoustic 
response of an object to a localized harmonic radiation force. This force is 
generated by two interfering continuous-wave ultrasound beams at slightly 
different frequencies/, and/j. The system point-spread function (PSF) is 
related to the radiation force on a point-target. Imaging artifacts depend on 
the PSF sidelobes, which can be reduced by mismatching the sidelobes of 
each ultrasound beam. Here, we propose a beamforming approach based 

on an 8-element sector transducer with consecutive elements altematel; 
driven at /j and /2. The transducer generates two ultrasound beam 
skewed by 22.5° with respect to each other. The system PSF is analyti 
cally derived. The theory is validated by experiments using a small stee 
sphere (radius = 0.2 mm) as a point-target. A laser vibrometer is used ti 
measure the vibration of the sphere and evaluate the PSF of the system 
Theoretically, the PSF sidelobes are under -15.8 dB in eight spots circu 
larly distributed and separated by 22.5°, which agrees with the experimen 
tal results. Simulation shows that with 16 elements sidelobes are under 
— 35.2 dB. In conclusion, sector transducers for vibro-acoustography ma} 
have lower sidelobes as the number of array elements is increased. [Worl 
supported by Grant Nos. EB00535-01, EB2640, and IMG0100744.] 

10:05-10:15    Break 

10:15 

3aBB7. Radiation force produced by time reversal acoustic focusing 
system.   Armen Sarvazyan and Alexander Sutin   (Artann Labs., Inc., 
1753 Linvale-Harbourton Rd., Lambertville, NJ 08530) 

An ultrasonic induced radiation force is an efficient tool for remote 
probing of internal anatomical structures and evaluating tissue viscoelastic 
properties, which are closely related to tissue functional state and abnor- 
malities. Time Reversal Acoustic Focusing System (TRA FS) can provide 
efficient ultrasound focusing in highly inhomogeneous media. Further- 
more, numerous reflections from boundaries, which distort focusing in 
conventional ultrasound focusing systems and are viewed as a significant 
technical hurdle, lead to an improvement of the focusing ability of the 
TRA system. In this work the TRAPS field structure and radiation force in 
a transcranial phantom were investigated. A simple TRA FS comprising a 
plane piezoceramic transducer attached to an external resonator such as an 
aluminum block was acoustically coupled to the tested transcranial phan- 
tom. A custom-designed compact electronic unit for TRA FS provided 
receiving, digitizing, storing, time reversing and transmitting of acoustic 
signals in a wide frequency range from 0.01 to 10 MHz. The radiation 
force produced by ultrasonic pulses was investigated as a fiinction of the 
transmitted ultrasound temporal parameters. The simplest TRA FS pro- 
vided focusing of 500 kHz ultrasound pulses and the generation of a 
radiation force with an efficacy hardly achievable using conventional so- 
phisticated phased array transmitters. [Work supported by NIH.] 

10:30 

3aBB8. Effects of transducer and tissue parameters on motion 
induced by radiation force during ultrasonic lesion monitoring. 
Samuel Mikaelian and Frederic L. Lizzi    (Riverside Res. Inst., 156 
WilUam St., 9th Fl., New York, NY 10038, mikaelian@irinyc.org) 

Tissue motion induced by acoustic radiation force is studied as a 
means of monitoring the formation of therapeutic lesions with increased 
stiffness produced by high-intensity focused ultrasound (HIFU). Our 
analyses and simulations examine the role and interplay of various tissue 
and system parameters to assist in designing practical systems and inter- 
preting results. The radiation force is generated by a therapeutic transducer 
excited at levels below lesion-production threshold, while the magnitude 
and time-course of the induced motion is monitored via a confocal and 
coUinear diagnostic transducer. Lesions are detected by comparing pre- 
and post-treatment motion patterns. Parameters characterizing properties 
of the motion-inducing beam, such as its intensity and spatial profile, and 
tissue parameters signifying its viscoelastic properties, acoustic attenua- 
tion, and geometry, are the focus of this investigation. Acoustic attenua- 
tion, which can increase significantly during lesion production and directly 
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A "Fresnel-transducer" 
for prostate hyperthermia treatment 

Robert M. Keolian't, Osama M. A!-Bataineht, 
Nadine B. SmithtJ, Victor W. Sparrow*, 

Lewis E. Harptsei* 

The Pennsylvania State University 

'Applied Research Laboratory, 
^Department of Bioengineering, 
JGraduate Program in Acoustics, 

"Milton S. Hershey Medical Center 

Goal: 

• Heat entire prostate if possible 

• Increase Thy 6.0 =t 1 ^'C for 30-60 minutes 

• No hot spots 

• The entire treatment cannot take too long (about 1 hr) 

• Especially sure to heat back (toward rectum) and sides 

- 80% of cancers 

Visible Human Project 
views of the prostate 

Visible Human Project 
views of the prostate 

A problem with steered arrays: 

• Need frequency high enou^ to get absorption in prostate 
• Need frequency low enough that sound gets to prostate 

• 1-2 MHz good compromise 

- 0.5 to 1 dB/cm attenuation 
• Transducer must be big to heat entire prostate all at once 

- more energy at rectum than prostate due to absorption 

- need power/area at rectum < power/area at prostate 

• 2D steerable array has ■tfiousands of elements at 1-2 MHz 

• Aiming individual elements toward prostate center helps 
- less steering angle, so fewer bigger elements 
- but if you're willing to individually aim the elements... 

The Idea: 
• Many (44) individual elements 

- individually aimed 
• Embrace incoherence 

- honeycomb pattern 
- three different frequencies 
- 3.2 mm diameter elements 
- in 3.3 mm holes in substrate 
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Can steer individual elements 
- gyrate pattern 

Rotate frequencies 
Sweep frequencies 
Add more frequencies 

Moral: 

Instead of lots of little elements of different phases, 
use fewer, bigger elements at different frequencies 
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nature of this problem. It is shown that a large number of samples isjjften 
required to optimally resolve surface orientation using the optimalty cri- 
teria of the MLE derived in Naftali and Makris [J. Acoust. Soc. A/n. 110, 
1917-1930 (2001)]. 

4:45 

2pA015. Geocorrection and filtering of 3D bottom imd'ges from 
multi-beam sonar records. Jerzy Demkowicz, Krzysztof Bikonis, 
Aiidrzej Stepnowski, and Marek Moszynski (Gdansk Univ. ^f Technol., 
Narutowicza 11/12, 80-952 Gdansk, Poland) 

For the last decade multibeam sonars have been increasingly used for 
mapping and visualization of the seafloor to provide the "physical bases" 
for environmental studies. Increasing amount of digital fraster) echo 

records of high resolution from a multibeam sonar have enhanced the 
potential of computer modeling of the marine environments improve our 
understanding of the bottom processes. However, the 3D bottom images as 
the result of merging different sonar transects do not comply exact geo- 

graphical positions and should be corrected. Additionally, the raw sonar 
records are subject to systematic errors, random noisefind outliers. In this 

paper, Kalman filtering techinque to generating optimal estimates of bot- 

tom surface from a noisy raw sonar records is pronosed. The experiment 
on the surface indicates that after applying the Kalman filtering the outU- 

ers of raw records can be efficiently removed. Moreover, the two-step 
Kalman filtering method enables 3D seabed visuiflization in real time. The 

paper proposes the geographical corrections anplied to the merged muti- 
beam sonar transects records. The 3D bottom/relief before, and after the 
filtering method are presented. 

;-3 

TUESDAY AFTERNOON, 11 NOVEMBpR 2003 

Session 2pBB 

TRINITY A ROOM, 1.00 TO 3:30 RM. 

Biomedical Ultrasound/Bioresponse to Vibration: HIFU and Scattering 

Ibrahim M. Hallaj, Chair 
Wolf, Greenfield and Sacks, PC, Fdderal Reserve Plaza, 600 Atlantic Avenue, Boston, Massachusetts 02210 

Contributed Papers 

1:00 

2pBBl. Synchronization of HIFIJ therapy systdm with an arbitrary 
ultrasound imager. Neil Owen, Michael Bailef James Hossack, and 
Lawrence Crum (Ctr. for Industrial and Medic^ Ultrasound, 1013 NE 
40th St., Seattle, WA 98105) 

Synchronization for image guided therapy using high intensity focused 
ultrasound (HIFU) and imaging ultrasound is ashieved with a new tech- 
nique that uses the focused transducer as a receiver that can detect the 
acoustic pulses created by the imaging probe/Without synchronization, 
interference from the high intensity source ocaludes the imager's display 
unpredictably, degrading the quality of the iystem. An imaging probe 
(Sonosite 180) is registered with a HIFU Jransducer (rf=33mm, roc 
= 55 mm, /= 3.5 MHz) such that the scan line bisects the single element 
focus. When acoustically coupled through a scattering medium, imaging 
pulses are passively detected with the HIFIJ transducer and electronically 
conditioned into a TTL level trigger. A LabylEW program uses the trigger 
to create a pulse width modulated signal tMt controls the timing of HIFU 
excitation during treatment. Detection takds less than 1% of the time be- 
tween displayed images when the imag* is running at 20 frames per 
second. HIFU excitations are programmsd to occur such that the single 
element focus is free of interference when viewed with the imager during 
freatment. With no electrical connectioiK for this new, simple technique, 
an arbitrary imager can be selected jfor synchronized image guided 
therapy. [Work supported by NSBRI.] 

i:ig 

2pBB2. Rapid continuous-wave /pressure field calculations for 
spherically focused radiators. Robert McGough (Dept. of Elec. and 
Computer Eng., Michigan State Uniy., 2120 Eng. Bldg., East Lansing, MI 
48824, mcgough@egr.msu.edu) 

A new accelerated expression rfjr the continuous-wave pressure field 
generated by a spherically focused/radiator is obtained when the impulse 
response formulation is transformed and optimized for numerical evalua- 
tions. The resulting integral expression converges much more quickly than 
the impulse response approach, resulting in far fewer function evaluations 
for the same numerical error. Th^optimized integral expression is between 
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two and seven times as Mst as the impulse response approach, where the 
increase in speed depentis on the peak value of the specified error. In 
addition, this new result completely eliminates the cone-shaped regions 
required for impulse response calculations, so the resulting computer code 
for the accelerated emression is less complicated than the corresponding 
code for the impulsa response. Results also show that the new expression 
eliminates the nunjerical artifact that is encountered near the boundary 
between regions defined for impulse response calculations. All of these 
features are useful in thermal therapy computer simulations that employ 
spherically focused transducer geometries. 

2pBB3. Design and evaluation of a 63 element I.75-dimensional 
ultrasound phased array for treating benign prostatic hyperplasia. 
Khaldon Y. Saleh and Nadine B. Smith   (Dept. of Bioengineering, 205 
Hallowell Bldg., The Penn State Univ., University Park, PA 16802) 

Focused ultrasound surgery (FUS) is a cKnical method for treating 
benign prostatic hyperplasia (BPH) in which tissue is noninvasively ne- 
crosed by elevating the temperature at the focal point above 60 °C using 
short sonications. With 1.75-dimensional (1.75-D) arrays, the power and 
phase to the individual elements can be controlled electronically for fo- 
cusing and steering. This research describes the design, construction and 
evaluation of a 1.75-D ultrasound phased array to be used in the treatment 
of benign prostatic hyperplasia. The array was designed with a steering 
angle of ± 13.5 deg in the transverse direction, and can move the focus in 
three parallel planes in the longitudinal direction with a relatively large 
focus size. A piezoelectric ceramic (PZT-8) was used as the material of the 
transducer and two matching layers were built for maximum acoustic 
power transmission to tissue. To verify the capabiUty of the transducer for 
focusing and steering, exposimetry was performed and the results corre- 
lated well with the calculated fields. In vivo experiments were performed 
to verify the capability of the transducer to ablate tissue using short soni- 
cations. [Work supported by the Whitaker Foundation and the Department 
of Defense Congressionally Directed Medical Prostate Cancer Research 
Program.] 
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1:45 

2pBB4. Optimized hyperthermia treatment of prostate cancer using a 
novel intravavitary ultrasound array. Osama M. Al-Bataineh, Nadine 
B. Smith (Dept. of Bioengineering, Tlie Penn State Univ., University 
Paric, PA 16802), Robert M. Keolian, Victor W. Sparrow (Tlie Penn State 
Univ., University Park, PA 16802), and Lewis E. Harpster (Penn State 
Milton S. Hershey Medical Ctr., Hershey, PA 17033) 

Loc^ized uniformly distributed ultrasound-induced hyperthermia is a 
useful adjuvant to radiotherapy in the treatment of prostate cancer. A two- 
dimensional, 20X 4 element, transrectal phased-array probe was designed 
to deliver a uniform and controllable amount of heat directly to the pros- 
tate without damaging the rectal wall or surrounding tissue. A three- 
dimensional prostate model was created using anatomical markers from 
the Visible Human Project to optimize the array. Sound speed, density, and 
absorption parameters were mapped to hue, saturation and value of the 
photographic data to simulate sound propagation through inhomogeneous 
tissue using the it-space method. To satisfy the requirements of this 
method from 1.2 to 1.8 MHz, the grid was adjusted to have 5 points per 
millimeter in each Cartesian direction. A spherical wave pulse was propa- 
gated through the model using tapered absorption boundary conditions. 
The expected temperature rise due to sound was obtained using the bio- 
heat transfer equation. Optimal insonification parameters that uniformly 
heat the prostate to 43 "C for 40-60 minutes were determined for use in 
the construction of a clinical hyperthermia array. [Research supported by 
the Department of Defense Congressionally Directed Medical Prostate 
Cancer Research Program.] 

2:00 

2pBB5. Separating thermal coagulation and cavitation effects in 
mtV attenuation measurements. Justin Reed, Michael Bailey, Ajay 
Anand, and Peter Kaczkowski (Appl. Phys. Lab., Univ. of Washington, 
1013 NE 40th St., Box 355640, Seattle, WA 98105-6698) 

HDFU can be used to destroy tumors. The conversion of acoustic en- 
ergy into heat causes protein coagulation (Lesion) in tissue. Attenuation 
measurements have been proposed to monitor the progression of thermal 
therapy. The goal of this work is to study and separate the effects of 
cavitation and thermal coagulation in attenuation measurements. A HIFU 
transducer was used to treat Bovine liver. A receiving transducer mounted 
across from the transmitting HIFU transducer measured attenuation during 
the treatment. A pressure chamber provided static pressiu-e greater than the 
pressure amplitude of the HIFU wave, which suppressed cavitation. rf data 
from a commercial ultrasound scaimer was also obtained. A large increase 
in attenuation was observed with cavitation present, while a subtle in- 
crease in attenuation was observed with cavitation suppressed. Attenuation 
estimated from the RF data showed an increase in attenuation downstream 
of the location of the lesion with cavitation present, while a subtle increase 
in attenuation was observed at the location of the lesion with cavitation 
suppressed. It has ijeen found that attenuation measurements are greatly 
affected by the presence of cavitation, and the actual effect of thermal 
coagulation on attenuation is quite small. [Work supported by NIH, NSF, 
NSBRI.] 

2:15 

2pBB6. Numerical investigation of dual-frequency HIFU pulsing for 
lithotripsy. Wayne Kreider, Michael Bailey, and Lawrence Crum (Ctr. 
for Industrial and Medical Ultrasound, APL, Univ. of Washington, 1013 
NE 40th St., Seattle, WA 98105, wkreider@u.washington.edu) 

As an alternative to traditional shock-wave lithotripsy, high-intensity 
focused . Itrasound (HIFU) is currently being investigated for its capability 
to comminute renal calculi. Because current data indicate that cavitation 
plays a role in both stone comminution as well as collateral tissue damage, 
the cavitation effects of HIFU treatment strategies are investigated numeri- 
cally. In particular, numerical simulations are designed to model the re- 
sponse of bubbles to acoustic excitations generated by a prototype, dual- 

frequency HIFU transducer for lithotripsy. The prototype transducer is 
capable of producing both high- (~4'-MHz) and low-frequency 
(~100-kHz) outputs, while the bubble dynamics are modeled by the 
Gilmore equation for a single spherical bubble subject to diffiision. Nu- 
merical simulations are currently ongoing to investigate the effects of the 
relative phase Ijetween high and low-frequency pulses. Initial results dem- 
onstrate that the simultaneous application of high and low-frequency 
pulses can generate maximum pressures several orders of magnitude 
higher than high-frequency pulses alone. 

2:30 

2pBB7. The characterization of the lesion growth in time. Marie 
Nakazawa, Justin A. Reed, Michael R. Bailey, and Yongmin Kim (Dept. 
of Elec. Eng., Univ. of Washington, 1400 NE Campus Pkwy., SeatUe, WA, 
nakazawa@ns.cradle.titech.ac.jp) 

Themial heating effects of liigh intensity focused ultrasound (HIFU) 
on the dynamics of lesion formation were characterized automatically to 
assess the role of vapor bubbles in distorting the shape. Tissue mimicking 
phantom was used in experiments by a 4.2 MHz curve-linear fransducer 
with 44 mm diameter and 44 mm radius of curvatare. A variety of HIFU 
intensities were produced by different ampUtudes. Images were acquired 
by a CCD camera and HDI-1000 ultrasound imager, recorded to VHS, and 
digitized to measure lesion size and shape. Each image was subtracted 
with noise reduction in order to detect the HIFU on time and to segment 
the boundaries of the lesions performed by Matlab programming. Area, 
length, width, and ratio of lesion area proximal to center line over area 
distal to center Une were calculated along HIFU exposure time. Slight 
increase in HIFU intensity, means hyperecho forms earlier, and lesion 
shape change. The data supported the hypothesis that lesion dramatically 
distorts well after hyperecho with only small increase in HIFU intensity. 
[Work supported by National Space and Biomedical Research Institute.] 

2:45 

2pBB8. Optimization of angular compounding in scatterer size 
estimation. Anthony L. Gerig, Quan Chen, and James A, Zag2»bski 
(Dept. of Medical Phys., Univ. of Wisconsin-Madison, 1300 Univ. Ave., 
Rm. 1530, Madison, WI 53706, algerig@wisc.edu) 

Ultrasonic scatterer size estimates generally have large variances due 
to the inherent noise of the spectral estimates used to calculate size. Com- 
pounding partially correlated size estimates associated with the same tis- 
sue, but produced with data acquired from different angles of incidence, is 
an effective way to reduce the variance without malcing dramatic sacrifices 
in spatial resolution. This work derives theoretical approximations for the 
correlation between these size estimates, and between their associated 
spectral estimates, as functions of data acquisition and processing param- 
eters, where a Gaussian spatial autocorrelation fimction is assumed to 
adequately model scatterer shape. Size results exhibit a fair degree of 
agreement with those of simulation experiments, while spectral results 
compare favorably with simulation outcomes. Utilization of the theoretical 
correlation expressions for data acquisition and processing optimization is 
discussed. Further simplifying approximations, such as the invariance of 
phase and amplitude terms with rotation angle, are made in order to obtain 
closed-form solutions to the derived spectral correlation, and permit an 
analytical optimization analysis. Results indicate that recommended pa- 
rameter adjustments for performance improvement depend upon whether, 
for the system under consideration, the primary source of estimate decor- 
relation with rotation is scatterer phase change or field separation. [Work 
supported by NIH T32CA09206.] 
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Fast adaptive control for MRI-guided ultrasound hyperthermia treatment for prostate 
disease: in vitro and in vivo results 

L. Sun', O. Al-Bataineh', C. M. Collins^ M. B. Smith^ andN. B. Smith'-' 
'Department of Bioengineering, 'Graduate Program in Acoustics, Pennsylvania State University, University Park, USA, 16802 

'Center for NMR Research, Department of Radiology, The Pennsylvania State University College of Medicine, Hershey, PA 17033 
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INTRODUCTION 
Previous researchers have successfully demonstrated the apphcation of temperattu-e feedback control for thermal treatment of disease using MR thermometry (1-4). 
Using the temperature-dependent proton resonance frequency (PRF) shift, ultrasound heating for hyperthermia to a target organ (such as the prostate) can be tightly 
controlled. However, the response of the target to ultrasound heating varies in type, size, location, shape, stage of growth, and proximity to other vulnerable organs. To 
adjust for clinical variables, a novel adaptive feedback control system has been designed utilizing real-time, on-line MR thermometry by adjusting the output power to 
an ultrasotind array to quickly reach the hyperthermia target temperatures. The advantages of this fast adaptive control method are that there is no need of a priori 
knowledge of the initial tissue properties and it can quickly reach the steady state target temperature by adaptively changing the output power according to the dynamic 
tissue properties (e.g. thermal conductivity, blood perfusion). To rapidly achieve and manage therapeutic temperatures from an ultrasound array, this research was 
conducted to utihze closed loop MRI guided temperature control using a novel adaptive feedback system with in vitro and in vivo experiments. 
MATERIALS AND METHODS 
Fast adaptive MRI control system: To shorten hyperthermia treatment time, previous researchers have evaluated several control schemes (1, 4, 5). Although the 
controllers initially operated well, some controllers had undesirable overshoots and oscillations (1, 5). The rapid adaptive control approach used here was designed to 
track an exponential target temperature with a very fast time constant and to avoid overshoots and oscillations. This robust control system had an ordinary feedback 

loop composed of the hyperthermia process and a second feedback loop that adjusted the controller parameters (Fig. 
1). The mechanism for adjusting the parameters in a model reference adaptive system can be obtained in gradient 
method by applying Lyapiuiov stability theory (6). Three dimensional finite difference time domain computer 
simulations based on Peimes' bioheat transfer equation were conducted to determine the initial values of the control 

-T»^£)->| Controller I ^rocesspr»(g)-'-»      parameters. 
■*"T-      +X Ultrasound hyperthermia system: For treatment of prostate disease, the ultrasound hyperthermia system consisted of 

a transrectal intracavitary array with 16 elements operating at 1.5 MHz. To drive the array, a multi-channel 
programmable ultrasound phased array driving system operating between 1-2 MHz and capable of 60W per channel 
was tised. Verification of the temperature change within the target used a multi-channel fiber optic (Luxtron®) 
thermometer probe to provide a reference for the MR temperature map results. 

In vitro and in vivo experiments: Nine in vitro adaptive control experiments were conducted using bovine muscle phantom within the Nine in vitro adaptive control 
experiments were conducted using bovine muscle phantom within the 3 Tesla Bruker S-300 MRI scaimer using the 
ultrasoimd array, using the ultrasound array. The tissue was coupled to the tiltrasound through a circulating water filled 
bolus surrotmding the applicator. MR temperatures in a region of interest (ROI) where selected from the tissue from pre- 
freatment images were used as feedback thermometry data to the confroUer. Using rabbit thigh muscle (New Zealand 
white), in vivo animal experiments were conducted using a similar procedure as the phantom experiments with the animal 
anesthetized using ketamine (40 mg/kg) and xylazine (10 mg/kg). Both the animal and phantom experiments used a 26 cm 
diameter birdcage coil. For rapid hyperthermia heating, the time constant (target temperature) was selected to be less than 2 
minutes for a total experiment of 25 minutes. 
MR temperature imaeine: The proton resonant frequency shift was evaluated by using a spoiled gradient echo (SPGR) 
sequence with the following imaging parameters: TR = 100 ms, TE = 15 ms, flip angle = 30°, data matrix 64 x 64, field of 
view (FOV) = 14 x 14 cm, shce thickness = 8 mm and bandwidth = 61.7 kHz. These parameters were chosen to maximize 
the temperature dependent phase shift, while maintaining a high temporal resolution. A baseline scan was acquired before 
ulfrasound heating and subsequent temperature measurement scans were obtained every 19.7 seconds. Phase subfraction 
was conducted on-line in real-time to calculate the PRF shift (7). The temperature elevation was obtained using the temperature dependence for muscle a(t) = 
ppm/'C by averaging temperatures within a 4 x 3 pixel region located at least 1 cm above the bolus-tissue interface. 
RESULTS 
Robust adaptive MR temperature control has been demonsfrated for both the in vitro and in vivo experiments. A temperature map (Fig. 2) using phase subtraction 
images from an in vivo rabbit experiment can be seen with a color bar indicating the temperature change within the selected heating ROI from the array below.  Since 
the desired target temperature profile was 38°C for all nine in vitro experiments, Fig. 3(a) plots nine averaged MR temperature results (mean ± s.d.) which were 
consistent with the controller target temperature (solid line) and comparable with the Luxtron® results (x-marks).   Consistently starting v«th an initial phantom 

temperature of 28°C, the confroUer achieved the steady state temperature within 6 
minutes and deviation from the target profile was no greater than ± 1.37°C. Similar 
to the in vitro results, in vivo temperature confrol can be seen in Fig. 3(b) where the 
rabbit thigh muscle was heated initially from about 36.5°C for 25 minutes. For this 
experiment, the target temperature was 44.5''C and was achieved in 8 minutes. From 
other in vivo experiments, the maximum variation from the desired temperature 
profile was -3.9°C; after reaching steady state, tissue temperature was maintained at 
44.5''C±1.2''C. 
DISCUSSION AND CONCLUSION 
Dynamic MR temperature control for hyperthermia is necessary for fast effective 
thermal freatments while eliminating the risk of permanently damaging healthy tissue 
due to overheating. Integration of ultrasound hyperthermia and MR thermometry 
with robust adaptive confrol between the modalities has clinical appUcations. 
Considering that the accuracy of PFR technique is approximately ± 1°C, the adaptive 
confrol system works well to effectively track the reference by adjusting the 
transducer power according to dynamic tissue properties such as blood perfusion rate. 
This work was supported by the Whitaker Foundation (RG-00-0042) and the 
Department of Defense Congressionally Directed Medical Prostate Cancer Research 
Program (DAMD 17-0201-0124). 
REFERENCES 
(1) F. Vimeux et al. Invest Rod, 34,3,1999; (2) N. B. Smith et al, Proc. ISMRM1999; 
(3).B.Behniaetal,A/AE', 15:101-110, 2002; (4) R. Salomiret al,AfRM, 43: 342- 
347, 2000; (5) A. Hartov et al, Int JHyperthermia, 9, 4, 1993; (6) L. Sun et al, Proc 
IEEE Ultrasonics Symposium, 2003; (7) A. H. Chung et a\,MRM, 36: 745-752, 1996 
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nature of this problem. It is shown that a large number of sylraples is often 
required to optimally resolve surface orientation using th/ optimality cri- 
teria of the MLE derived in Naftali and Makris [J. Acou/t. Soc. Am. 110, 
1917^1930 (2001)]. 

4:45 

2pA015. Geocorrection and Altering of 3D Hottom images from 
multi^beam sonar records. Jerzy Demkowiofe, Krzysztof Bikonis, 
Andrzej Stepnowski, and Marek Moszynski (Gjllansk Univ. of Technol., 
Narutowicza 11/12, 80-952 Gdansk, Poland) 

For the last decade multibeam sonars have^een increasingly used for 
mapping and visualization of the seafloor to qrovide the "physical bases" 
for environmental studies. Increasing amq/int of digital (raster) echo 

records of high resolution from a multibeam srfiar have enhanced the 

potential of computer modeling of the marine en^ronment to improve our 

understanding of the bottom processes. Howeve/ the 3D bottom images as 
die result of merging different sonar transects^do not comply exact geo- 

graphical positions and should be correctedAdditionally, the raw sonar 
records are subject to systematic errors, randbm noise and outliers. In this 
paper, Kalman filtering techinque to generafcng optimal estimates of bot- 

tom surface from a noisy raw sonar records is proposed. The experiment 

on the surface indicates that after applying the Kalman filtering the outli- 

ers of raw records can be efficiently rfmoved. Moreover, the two-step 
Kalman filtering method enables 3D seafoed visualization in real time. The 
paper proposes the geographical corrafctions applied to the merged muti- 

beam sonar transects records. The 3}5 bottom relief before, and after the 
filtering method are presented. 
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Contributed Papers 

1:00 

2pBBl. Synclironizationr of HIFU therapy system with an arbitrary 
ultrasound imager. Nyfil Owen, Michael Bailey, James Hossack, and 
Lawrence Crum (Ctr./or Industrial and Medical Ultrasoui^, 1013 NE 
40th St., Seatde, WA ^8105) 

Synchronization ffir image guided therapy using high intensity focused 
ultrasound (HIFU) ahd imaging ultrasound is achieved With a new tech- 
nique that uses tha focused transducer as a receiver that can detect the 
acoustic pulses created by the imaging probe. Withou/synchronization, 
mterference fronrfthe high intensity source occludes thfe imager's display 
unpredictably, dfegrading the quality of the system./An imaging probe 
(Sonosite 180)/is registered vrith a HIFU transdu/er (</=33 mm, toe 
= 55 mm, f—t.5 MHz) such that the scan line bisotts the single element 
focus. When Acoustically coupled through a scattaHng medium, imaging 
pulses are pafesively detected with the HIFU transflucer and electronically 
conditionedylnto a TTL level trigger. A LabVIEWprogram uses the trigger 
to create a fculse width modulated signal that cohtrols the timing of HIFU 
excitation fluring treatment. Detection takes lets than 1% of the time be- 
tween di*>layed images when the imager irf running at 20 frames per 
second. HIFU excitations are programmed lib occur such that the single 
elementffocus is free of interference when ylewed with the imager during 
treatmdht. With no electrical connections for this new, simple technique, 
an arfitrary imager can be selected fjfr synchronized image guided 
thera/y [Work supported by NSBRI.] 

1:15 

2*EB2.   Rapid   continuous-wave / pressure   field   calculations   for 
phericaily focused radiators.   Robert McGough   (Dept. of Elec. and 

Computer Eng., Michigan State U^v., 2120 Eng. BIdg., East Lansing, MI 
^48824, mcgough@egr.msu.edu) 

A new accelerated expressicfc for the continuous-wave pressure field 
generated by a spherically foc^ed radiator is obtained when the impulse 
response formulation is transMrmed and optimized for numerical evalua- 
tions. The resulting integral e/pression converges much more quickly than 
the impulse response approafch, resulting in far fewer function evaluations 
for the same numerical erro/ The optimized integral expression is between 
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two and seven timfes as fast as the impulse response approach, where the 
increase in speedr depends on the peak value of the specified error. In 
addition, this nafo result completely eliminates the cone-shaped regions 
required for im/ulse response calculations, so flie resulting computer code 
for the acceler/[ted expression is less complicated than the corresponding 
code for the ^pulse response. Results also show that the new expression 
eliminates t* numerical artifact that is encountered near the boundary 
between refions defined for impulse response calculations. All of these 
feamres arf useful in thermal therapy computer simulations that employ 
spherical!^ focused transducer geometries. 

1:30 

2pBB3. Design and evaluation of a 63 dement 1.75-dimensional 
ultrasound phased array for treating benign prostatic hyperplasia. 
Khaldon Y. Saleh and Nadine B. Smith   (Dept of Bioengineering, 205 
HalloweU Bldg., The Penn State Univ., University Park, PA 16802) 

Focused ultrasound surgery (FUS) is a clinical method for treating 
benign prostatic hyperplasia (BPH) in which tissue is noninvasively ne- 
crosed by elevating the temperature at the focal point above 60 °C using 
short sonications. With 1.75-dimensional (1.75-D) airays, the power and 
phase to the individual elements can be controlled electronically for fo- 
cusing and steering. This research describes the design, construction and 
evaluation of a 1.75-D ultrasound phased array to be used in the treatment 
of benign prostatic hyperplasia. The array was designed with a steering 
angle of ± 13.5 deg in the transverse direction, and can move the focus in 
three parallel planes in the longitudinal direction with a relatively large 
focus size. A piezoelectric ceramic (PZT-8) was used as the material of the 
transducer and two matching layers were built for maximum acoustic 
power transmission to tissue. To verify the capability of the transducer for 
focusing and steering, exposimetry was performed and the results corre- 
lated well with the calculated fields. In vivo experiments were performed 
to verify the capability of the transducer to ablate tissue using short soni- 
cations. [Work supported by the Whitaker Foundation and the Department 
of Defense Congressionally Directed Medical Prostate Cancer Research 
Program.] 
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2pBB4. Optimized hyperthermia treatment of prostate cancer using a 
novel intravavitary ultrasound array. Osama M. Al-Bataineh, Nadine 
B. Smith (Dept. of Bioengineering, The Penn State Univ., University 
Park, PA 16802), Robert M. Keolian, Victor W. Sparrow (The Penn State 
Univ., University Park, PA 16802), and Lewis E. Harpster (Penn State 
Milton S. Hershey Medical Ctr., Hershey, PA 17033) 

Localized uniformly distributed ultrasound-induced hyperthermia is a 
useful adjuvant to radiotherapy in the treatment of prostate cancer. A two- 
dimensional, 20X4 element, transrectal phased-array probe was designed 
to deliver a uniform and controllable amount of heat directly to the pros- 
tate without damaging the rectal wall or surrounding tissue. A three- 
dimensional prostate model was created using anatomical markers from 
the Visible Human Project to optimize the array. Sound speed, density, and 
absorption parameters were mapped to hue, saturation and value of tl\e 
photographic data to simulate sound propagation through inhomogeneous 
tissue using the i-space method. To satisfy the requirements of tliis 
method from 1.2 to 1.8 MHz, the grid was adjusted to have 5 points per 
millimeter in each Cartesian direction. A spherical wave pulse was propa- 
gated through the model using tapered absorption boundary conditions. 
The expected temperatiu'e rise due to sound was obtained using the bio- 
heat transfer equation. Optimal insonification parameters that uniformly 
heat the prostate to 43 °C for 40-60 minutes were determined for use in 
the construction of a clinical hyperthermia array. [Research supported by 
the Department of Defense Congressionally Directed Medical Prostate 
Cancer Research Program.] 

2:00 

2pBB5. Separating thermal coagulation and cavftation effects in 
HIFU attenuation measurements. Justin Reed, Michael Bailey, Ajay 
Anand, and Peter Kaczkowski (Appl. Phys. l.ab., Univ. of Washington, 
1013 NE 40th St., Box 355640, Seattle, WA 98105^6698) 

HIFU can be used to destroy tamors. The con/ersion of acoustic en- 
ergy into heat causes protein coagulation (Lesiow in tissue. Attenuation 
measurements have been proposed to monitor thp progression of thermal 
therapy. TTie goal of this work is to study ana separate the effects of 
cavitation and thermal coagulation in attenuatien measurements. A HIFU 
transducer was used to treat Bovine liver. A n^eiving transducer mounted 
across from the transmitting HIFU transducermieasured attenuation during 
the treatment. A pressure chamber provided static pressure greater than the 
pressure amplitude of the HIFU wave, whicB suppressed cavitation. rf data 
from a commercial ultrasound scaimer waafalso obtained. A large increase 
in attenuation was observed with cavitafion present, while a subtle in- 
crease in attenuation was observed with aavitation suppressed. Attenuation 
estimated from the RF data showed an increase in attenuation downstream 
of the location of the lesion with cavitation present, while a subtle increase 
in attenuation was observed at the loteation of the lesion with cavitation 
suppressed. It has been found that attenuation measurements are greatly 
affected by the presence of cavitafion, and the actual effect of thermal 
coagulation on attenuation is quita small. [Work supported by NIH, NSF, 
NSBRI.] 

2:15 

2pBB6. Numerical investigation of dual-frequency HIFU pulsing for 
lithotripsy. Wayne Kreid/r, Michael Bailey, and Lawrence Crum (Ctr. 
for Industrial and Medic^ Ultrasound, APL, Univ. of Washington, 1013 
NE 40th St., Seattle, WfiJ9S105, wkreider@u.washington.edu) 

As an alternative ta traditional shock-wave Uthotripsy, high-intensity 
focused . Itrasound (HIpU) is currently being investigated for its capability 
to comminute renal oalculi. Because current data indicate that cavitation 
plays a role in both aone comminution as well as collateral tissue damage, 
the cavitation effectt of HIFU treatment strategies are investigated numeri- 
cally. In particulan numerical simulations are designed to model the re- 
sponse of bubble/ to acoustic excitations generated by a prototype, dual- 

frequency HIFU transducer for lithotripsy. The prototynfc transducer is 
capable of producing both high- (~4iMHz) and/ low-frequency 
(~100-kHz) outputs, while the bubble dynamics are/modeled by the 
Gilmore equation for a single spherical bubble subjec/to diffusion Nu^ 
merical simulations are currently ongoing to investigate the effects of the 
relative phase between high and low-frequency pulsea Initial results dem- 
onstrate that the simultaneous application of highr and low-frequency 
pulses can generate maximum pressures several/orders of magnitude 
higher than high-frequency pulses alone. 

2:30 

2pBB7. The characterization of the le 
Nakazawa, Justin A. Reed, Michael R. Bai)l 
of Elec. Eng., Univ. of Washington, 14001 
nakazawa@ns.cradle.titech.ac.jp) 

>n growth in time.   Marie 
!y, and Yongmin Kim   (De^ 
Campus Pkwy., Seattle, WA, 

Thermal heating effects of high intensity focused ultrasound (HIFU) 
on the dynamics of lesion formation were characterized automatically to 
assess the role of vapor bubbles in dinorting the shape. Tissue mimicking 
phantom was used in experiments hy a 4.2 MHz curve-linear transduca- 
with 44 mm diameter and 44 mm nftdius of curvature. A variety of HIFU 
intensities were produced by different amplitudes. Irnages were acquired 
by a CCD camera and HDI-1000 illtraspund imager, recorded to VHS, and 
digitized to measure lesion sizar and shape. Each image was subtracted 
with noise reduction in order tor detect the HIFU on time and to segment 
the boundaries of the lesions performed by Matlab prdgranunihg. Aieai. 
length, width, and ratio of Wion area proximal to center line over area 
distal to center line were caflculated along HIFU exposure time. Slight 
increase in HIFU intensity/means hyperecho forms earlier, and lesion 
shape change. The data supported the hypothesis that lesion dramaticaify 
distorts well after hyperecho with only small increase in HIFU intensity. 
[Work supported by National Space and Biomedical Resejirch InstituteJ 

2:45 

2pBB8. Optimization of angular compounding in scatterer size 
estimation. Anthony L. Gerig, QJuan Chen, sfad James A. Zagzebski 
(Dept. of Medical Phys., Univ. of Wisconsin-Madison, 1300 Univ. Ave., 
Rm. 1530, Madison, WI 53706, algerig@wisa4du) 

Ultrasonic scatterer size estimates generally have large variances due 
to the inherent noise of the spectral estimafss used to calculate size. Com- 
pounding partially correlated size estima^s associated with the same tis- 
sue, but produced with data acquired from different angles of incidence, is 
an effective way to reduce the varianc^ithout making dramatic sacrifices 
in spatial resolution. This work deriyp theoretical approximations for the 
correlation between these size estimates, and between their associated 
spectral estimates, as fimctions of aata acquisition and processing param- 
eters, where a Gaussian spatial Autocoirelation fimction is assumed to 
adequately model scatterer share. Size results exhibit a fair degree of 
agreement with those of simulation experiments, while spectral results 
compare favorably with simulation outcomes. Utilization of the theoretical 
correlation expressions for data acquisition and processing optimization is 
discussed. Further simplifying approximations, such as the invariance of 
phase and amplitude termswith rotation angle, are made in order to obtain 
closed-form solutions to/he derived spectral correlation, and permit an 
analytical optimization /nalysis. Results indicate that recommended pa- 
rameter adjustments fo/performance improvement depend upon whether, 
for the system under Kinsideration, the primary source of estimate decor- 
relation with rotationr is scatterer phase change or field separation. [Work 
supported by NIH /32CA09206.] 
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In the  IS al(»ue:   179,3('tt new' xulses of prostatt' cancer 
2(100. 
With a estimated 37,000 deaths per jear, this is the second 
leading cause of cancel: death in men (Ahterk-an Cancer 
Society). 
( urrent treatment: Surgei 

Hormone tlicrapy 
Chemotherapy 
Radiotherapy 
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One   cHnicatly   used   treatment   is   to   Ose.   transrectal 
ultrasound   hypertherniia   in  conjunction   with  external 
heaiii irradiation. 
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temperature distril)Uti<ni aiui pye uii'orMiatiim at a few prci 
deterntined sites. 

Proton ResonarureFrtqueritA Shift: - 
• ± li.5-1.0''C temperature respluHiHi \; 
"  1 mm spatiailesplutioii; 

MRj Temperature Prottm Chemical Sliift 

y, i»\ r«i!iat;nctic ratio 
]}„, stiitic field 
CT, slik-l(tin<; constant 

lempciatUre 

In .MRL the spatial positioii and the chemic^d shift arc 
encoded hy phase and Irequeiicy of the precessioii of the 
pnitons, rcspectiveh. 

Tcmii craturc MeasurcniciUs: ,,b,iiihdm.';,.;,. i""^i 
'l\'i)i!m'iittnx:;ic'HsHlvi' finikin ivsoiia^^ v;diiji. :;: V; 

■:^ ■;'■-•■; ^'v;^:i"''S 

I tiii'fv_     AT.~ tcniperatureichungc("(:') , 

A(t> = phiise cKaiige (i-iidj^) 
TK = 1x1)0 Time (sec) 

y=27i;r42,58?»rMz/-r; ;•:,;:.:::,;• 

!{„= 1.5T ' \/-,./':y-"'/,':'vr"■■■^ 

«('),„„oi.=-0.00909 ppiiipt:: V s 

«(!■) fliis = -4.59.V]0'':ppiii/°C- 



cnipiTafuiT \s. Time 
IVIateriaLs and Methods ; 

Kxpeiimeiits 
/:'.v vivo boviiio Jiiusclt' 
!n viva i'ahl)if inilsc-kv(IAC'r<'; 

/// 17VW t;iiiine priistiUi' 
Hx vivo. In vivo NlRl ftvtlbiick: 

appm a); ki>T:iimije-A 
xvlaziiie) 

IhiMiiuicoupk'(copper iindcoiistaiit^h^^^ 
Kuvttnn liber ontk- witb;ibi:iss catheter siirrpuridinii 

\iRI: 1.5 resUrC'lmitiUSaimierCGIvNlodica] S>ste^^^ 
NHI«aiikce,\VI) ;    ;   ; 

[MR! ControUedH>pc\r(heriiiia System 

A Temp   ,, 
from 

WIRImagesr 

Jv^ T Kji, I'S'.l     'i—^.PI;BJ   j—]--—-^-.X- 



j & In vivtt j'csulis 
-t- 

„ -t- 
." .-■£■»: 

"    u 4: 

-    |4i 

|3! 

-; s 3f 

■■   ". '■. *- 3' 
3( 

■    y. 

■ -■'.   H 

4 

,1-                                :, \lliriViii|>ei-tiliiri-alH01 

. , ■    5    ...-■■-10. -■ ,    "15 ■:,-■-■■■ 2"0-^.'   ■ ,25. 

Time(min)   : - 

■■■ ■■ ■ ■ : r- '-^-^ '—- .-■■]■ 

ii = (., k^ = <i.i5,Ki = ti.w:.i„, = -i3''(;   .     ■■'■ 1 4 

ki-rcri-iicc iiiimi = e.xpimeiilial 4t = 6iniiis 
4 

Kesulf,; 

km- linu-lo43%0nii'v)'="J!-5±'U'"i»s.           -   '^ 
Si<.-inlySiiiietenijiiT;iliiF<.- = 43.1 ±0.3"C 

■-\  ■' .,.    ""   -    "■;"■■.    -"." 

Focused US tor Treatment otBienien Prostatic 
Hypcrplasia 

* Design ii fotu>i'd 2-1) (l;2 MHz. 64 t'loinciits)vM"0ii":iHTay foir^^*^^ 
abiioritiitl piostiite tissue in the lot-ill zont; tip;t^^ 
dumtion (<;1.0'sct). 
* riu'oretkiiny evaluate the pmsuiytleltrijs 
#■ Steer thel'SftKiis^vithiiiCustoin (computer) iiinp!it1e;r:-/anijpi'tiitte-. u- 
'^" "'vctriciil yvatts per *' i-^i-..-.^ ttn 

Exposlmetry Results 

! 
J 

] 
1 



HIFII lesions                  ■■■ Ijesion 

l.i-siim sizt-Vs. linit-                                             '.■ ,-,"v;-.-::j':ii::,:::', ;'■.-,'-,.■ ,■■,;■ 

1        ^•■'■■^\-;-^'^:^:.^.;^iiil.'i''^ 

|iiipj"Ti;. 

::i^;: 
/v"^'>';;;J-;;:.;. >::^-; ■' ^Siiit-lciesiori-dO sec) ■' 

SU'crt-dk-sions (Id seci-adi) 

Therapeutic Ultrasound! Aj'rays 
PriKtate Pisciisc . ':    : 

• l•l■Jlstatc'callccl■^ I lypi-i>tliCTiiii:|i linftjcUseil liS^ 
hcatii)g.42M5^(; ftH'3(b6fliiiiin (t.5 MlbJ, . ; ^:^ ;^ V 
• BciiiKii i*ro.static Hjptrplasia: Focu-st'd heatiji 
ablate tiss:uir:6tf-100'<::iur:iy0:scd(ii& 

SjiljL'i'c pif/ycJcctficas a ..-.-,; 

■ Ifiiils Pl-i'ssuK' Ihthophono . 

' Miiiiiiiiillv invashw Intvi'stidnJ ^MWittii^iij- 

Nonim asive i)rus Delivecy 
Develop a light wcij>lvt,lo«vpi;()fil<;(pra<:teil)li^^ 
device t(>tt"ansile|-iiiaUyMe]ivei-insulin aci:o.ss,vsliiii 
with.mt bioeflects (2(1 kHz) ;::;.; 

Ncn el Pic/octnunit HQiknv S|)l^^^^^^   

Hydrophone 

I Itiasouiul Receiviiis;Device as a Uigli I'lesJiure 
llyilriiphone 

Transducer 

Interstitial Ablation 

Onuii-dit'ectional 
IliEli .Sensitivitv 

Low Ovei-all Density. 

Miniature Si/.e 
M'ifhstand Ifigh Pressures 



Results 

Mat soiisitivit> 
M'spoiise 

Onnii-dircvtiOiiiO 
ri'cei\ iiig pattern 

•"  •-—. -^-^ " 

I" 

|*®:«gp; ^ 

.',i,(d,,T,)   "°    "°    '" 

Results 

Resonance 
Frequency (1.87 
and 2.7 MHz) 

Necrosed volume 
increased as a 
function of 
sonlcation period 

Therapeutic lIUrasQund A 

ProstateDiscastr',-; .■ ,■ - ■■\-^ y-' 
•Pni^tdte cant;er: Hj'pertheriiua, unft)cu$etl^t^^ 
llcatillg42U5vCfbr3(!Hfi0llm^(l;^^H^ 
• Ik'iiigri Prostatic 11> perplasia: l-'ocusedli€;atiii}> to 
ablate rissue::60-100''( iV>i' |-l()l»ecoiitlsr(I.^JVIH?)/: 

Ilijih I>,»essuie Hydiophoiif : 

\Iiii»nallv[nvasi^eIiUersfidal Ablation 

tiiilit nci>ibt, (iti 

Noiiiiivasive Drug DeUvery 
\ppr<)\iiiiately 15.7 niilUoii people in the liiited States 

sillier from diabetes. From a human and econfjinic 
per>ipective, it is one of the most costh diseases AJS c« 

I ntii a cure can be found, management of diiibetes 
soiiietiiiies requires painful repetitive iii|eetioitsi»f insulin up 
to three times each day. 

Studies have shown that ultrasound mediated transdermai 
din^ tieli\er\ offers promising potential for:ii(tninvasi\v driig 

The goal of this research was to design a small, light weiji" 
lo«   profile array based  oii the eyiiibal  ti-ansducer which 
could transderiuallv deliver insulin in vivo. 

1. umiwu l!         I'ryHirijiion   ■   t reiLtirJK'y         Iiitenyiv . U'-'vl^i';          " i;f';V^>M!s^^y.r 

Ih-iimu 

iticaibuiiii 

illsitroiiiuiwn        l,3\iiU          - "iwW         ' V 

te             iiivivDiat.;,     ,     201;H/;         . ; 1 AVciii'      ; 

H-iptiilic; I'fJ;.   <\Illi!!golH ct HL l^S?!)). 

C'^tiduii 

iniHlioliwiiaH        1.3\UU        ,   v^VvW-      TIJ 

-ill vivo nil   ■    .,   'llikHj;/'    ■ ' _':.VV^knv .:'..:. 

ttajiMljc f-S     (>airii!lotiieti!i.l.;l?3a>»; 

C'OltklHI'?! 

[)F\IIIIIM1IU aiie        ill vitro limiiaii           i MIU      .          l.4\V.riii=^;    !   • tl 

iiiYivoriil-        ■     ZlikHz                  |Wnii="   . 

illyitiBliiiiiiaii           \mU               :j.4W:fci«i!; -       Tl 

iilvitnHiiuHilii     :   2i)kHj V           lAvW   : 

HTipTOfit LS'    :  (Jutaoiirt^Umj; ; 

F.sliudlo 

^WcHtor'          {[i:oiictar:i<i%) 

iimllii 

l.i.lDfUill 

Liiiulfirn 

\iniuiito 

I'l-O-esHTO 

SHUC>UC a 

SiiciO.se 

iiivitioluiinai.:     " iMm         ::i.4\\^cm=\      IT" 

i<i         ill vitrnliimiaK .     ,; t Mk       :■,    lU.VV'oii: "/   11 

.'luXivorat ;■■■■"   ■■.■2flkib''-:       ■ '"■^'ciii:-■'.■;'"■ ■-- 
IP         in vitfp LIIU1I8H         IL-VMHi       ■     iVV'ciy':     Vil 

i<)    irnivojfiiuifiipiiii. , 2"I6^^r^    / ii.2\>VC.IIJ       >> 

i.1 vitrohiiinMii .      2"l;tiz          .liS.ii\\vai»^    ; 

ioniialol-'-   ;' (?i;Iitra^f|i>iiKnst-2mW!: 

«'afh-o.t|t'i;s-'~" :(WStrasO«i clMLI^SIilr-: 

ii>iii*-jior':       t-Jbhiisun ?t iil:-1^9^» ■ ^ 
TeslOSUTO 

WHiEi 

II-         IHvitroImmMii          IMHi-          . 1.4VWcnf^   , ;   n 

iin'ivoi-al        :    2liliHi :   V     iwcmi 

iiiyiifnliuiiiHti        ritfkJU            lifiii\Vcttf 

Stmkatoi' . '  (jVIiltaitotrfetaiilvetM) 

^oitfraioi^l        Qohitsoiirtiiiliy^),. 



SuiMiiiiirx ot'papcis UN iii<t ultiasouiid 1bi- eiih:incod insulin (U'livciy 

Preparatioi Frequency intensity Device    : Referer^ce 

in vitro 
human 

in vivo rat 
20 kHz l,„ps 12.5..225 

mW/cm^ 
sonicator^ Mitragotri et al., 

1995  : 

in vitro 
human 

20 kHz 0.1-1'W/cm2 sonicator^ Zhang et al-i 1996. 

in vivo rat 20 kHz 2.5,iq*wycm2 soriicatpr' Boucaud et a\., 
2000 

in vivo rat 

in vivo 
rabbit 

48 kHz 

105 kHz 

0.6 - 4.3' 
riiW^cm^ 

1.7' mW/cm^ 

ultrasonic r 
bath'* 

piezoelectric: 
transducer*; 

Tachiljana 1991 

Tachibaiia 1992 

Legend:   i   Brand   not   indicated;  X W-385   Heat   Systems   Ultrasonics,   Inc..; 
Farningdale, NY; ^ VCX 400, Sonics and Materials, Newtown. CT; *Cole Parmef 
Instrument Co, Chicago, IL;'Transducer company not indicated, 

Insulin Delivery Traiisdiicers 

\Aant  
Miniitrurc in si/c 

he iKtivcun 2tl - IUO 
MI/. 

(iipahiUty i>f 
jioiieiatiii" sut'ticient 
hitih pressure and   ; 
intensity 

Ilijihefficiencv 

^ (:uiirpacnvl%lvt striictiVt'e 

JJI/'o; ■^v.;-■\;■>■;;::.■:.^;;■;;-■^,:y 
■■^l■L^w'cos|■l(Sl)""■■: 

■ "'*: Atrcii hi IV ji mrpreci>iv; :^^ ^ 
;'CXP<)Miilt'try;V; 

CAinbaJ Sinsilc Element Transducer 

Lead/.Ircoaate-titanate (I*/1-4) ceramic , 
Radial motion (i.e. the ^ibr;^ti(^n inoyes from the center of; 

lie disc to the edjies \vith radial synuiietry) 
Cavities nniplity the rildial displacement ilito htr^ 



Prior ex vivo experiiiieiits results 

VI-nU»iiiiii:)l t'-v  tiro  luiiUiin skin s:»m|jlo.s (skin   liiiiik) iverf iis'cir t'pr 
luiuuliii"' K and i Uiiimlu^"^ insiiliH IruiisiiiisNioii cxperiiiu'iils. 

I'ur deteiniiniiiK Iraiisporl of insulin iicrtiss ex nt-o humii" '^'•'" -.i i<fAn/ 
litTusioii ^-fll nas usi-(I, ritrajiouiul t-xposftl lor 1 hoiic iit L„ 
n\\/im-J,^,.^= l.I ± U.l(5 niW/cin^. 

Insulin citiKt.nlrations in IIR- ri-cciMT c-omparlnitnt niciisiired oyi-r one 
lour mis dctfriiiint'd usinfi ii suL'CtropliolonK-U'r. 

V isual and microscopic tvainiiiatioii ot'llu' post ullrasound t-xpo-swi skin 
lid n«i indit-alc anv noUccabic damam- ar .•iianilicant clianyc to Uic skin. 

In vivo latexperiments procedui'e 
1*SI:L\( IC approved i>iot(H^oi 

Anesdictic- ketiiminieCfiO ing/kg) iiiid \ 

Ihpcrglycemia imluced by xylazine (ksiniir 

tUucost k-voll(n-normal I'i't'ij^ 100 mg/dl,, 

I lypcrgJyct'mia: 419:±3Lmg/di^(n=2AIV^:;: ■ 

1+0.5 (ns3| 7.0±4.4in=5) 

:12.9in=15)       30.3± 12.6 (n=6} 

■iiiwBiiijgivigaiwmmaiia^^ 

(ilucosc detoiiiiimition: 
Itlood <(). I ml) removed f        "       . . 

niiniile.supto90nunuiw;      ;   . 

ACC'I'^CilKK^" blood f;'u*-'«-'*<-- mohitoi-ing systc 
- Norinan/e rcsiills »:Uh,respc'ci loybas^*jiue:|'(Hve 

In vivo experiments procedure 
Si\ oioups(2*> lilts U}tn\. -4-5 I'litsifgroup, 90 mill prot-eduie) 

Control (insulin, no til.ti-ii!KOuntk h=5) 

\i.'«;iiti% c control (siiline >vith ultrasound, n-5) 

I ItniNound exposure :itls|}ii,=? 10(1 iii\\7cm- forT 

20 mill (11=5). 

10 mill (11=4). 

in (n=4) 

Kuthaiii/od under: 

'^^iHii, '^' 

///rny^nibbit experiments 

PSI   lACl t' approved protocol 

AiRvstlu'tk - ket:iiniiit'(40 ins/kji) and xylaziiic (10 iiig/kg):. 

II\peiiilvccniia imiuced b\ \ylaziiie (Kauiii et ill, 1997)   - 

Normal jjlucosc level for rabbits: - 100-135 ino/dL 

After \yiaziiie (hyperslyceinia): 245 ± 45 iiia/dl. (n ^ 14) 



Dru« deliyerv conclusions 

i'(tr  tlu' 60  iiihiute  ultrasouiul  exposure  with  insuUii,  the 
liUicose k->el wiis iVtuiid to decrease to -208.1  ife 29 ing/dL lifter 
*>0 iiuiiutes. 

lutureuork; 
iiici-eiise afraj spsitial area (^\^), fof [i'l^ 
IS for uoiiijivasive "lucose iiionitorint; 

HydfogeJ     »^^^^H^^^^I ;:'"gg|i^!::: 
GlucosensoF 

Glucose ♦ 0,, * MjO ^"^ ■■ Glucon 

^^^^fu,^«|^| ^II^H 

w \ff) 

/'■fetgftjKljll 

Ackiiowledgiiients (Who pays the biUs) 
* WliiUikt'i- iMnuidation (KG'00HK)42 

* l>epai:liiK-iU;ori)ctt-iiseC'«iigi'e.'*si<)n ^^l>^birtrctcU \ItiHW vPi-y^tat^^^^^^^ 

Ciuu-cr Ki'.sciirtli Progriun - idf.! 0evt lynw'^'rt A\vai<tI>A>H>t7^02tJI..  :; 

* liitfi'science Rt'-veyrch Jnc.of Fweiis Sui-gfi'yV int-., iiuiiiiiiiipbiis; 1?^; ■':■, 

(SIJIK l'hiisc2) ■.■-■i- '^i.^ :{■■-■ A'k\f^^r:^ :U^:iif 2 R44 C'Af<134lM)2:U) 

■^ l.ilVstienceHCJrt'enliouJii' (Jl'C'i'iilriil H i^nijs\:lv;i)iia'.;■        ";'■'„\-.''';".X---'"- ■':■■/ 

* Who really does the work;..;. 
.lanelle Ilaser BenSiiyder      :     r^v-^  V 
Ijuiliano Maioiic ■"/Ivim Love. ■ 
Osaiiia M. Al-ljataiiich ; !Ste|>hen StoiMnia 

khaldon \;. Saleh          v :.\/:\':ivek-i\ayalv.-.-'-^l'.:■■- 
l,ei Sun ^.■■.■-Jveri-.lay,. 

Scunjj^jun Lee 
i;u«ene Geiljet: 


