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IV. INTRODUCTION.

1. NATURE OF THE CLINICAL PROBLEM, BACKGROUND AND HYPOTHESIS.

Contract DAMD17-93-C-3098 supports the development of a technique for
adjuvant treatment of breast cancer using thermal therapy (hyperthermia). The contract
will also support a clinical study of the safety and efficacy of using thermal therapy in
combination with radiation for treatment of breast cancer patients with an extensive
intraductal component of their infiltrating tumor or patients with pure intraductal
carcinoma (Ductal Carcinoma in situ). Breast cancer patients with these histologies
have a higher risk of local recurrence than patients without these histologies (Solin et al.
1991). '

Intraductal carcinoma is characterized by cancer cells spreading within the
lactiferous ducts (Schnitt et al. 1988, Bornstein et al. 1991). It is suggested that
intraductal carcinoma is associated with tumor necrosis within the ducts and that the
necrotic tumor cells are related to the absence of blood supply with resulting hypoxia
(Mayr et al. 1991). Itis well known that thermal therapy, in contrast to radiation, is more
effective in killing hypoxic cells as compared to well oxygenated cells (Hahn, 1982).

The clinical rationale and hypothesis for this work is that patients with infiltrating
breast cancer containing an extensive intraductal component or patients with pure
intraductal carcinoma will have a reduced risk for local recurrence from a combined and
non-disfiguring treatment approach using thermal therapy and irradiation. This will
extend the indications for breast conserving therapy and eliminate the need for
mastectomy for many patients. We also postulate that the thermal therapy is most
effectively and controllably delivered to the breast tissue using a breast site specific
ultrasound applicator.

The technical rationale and criteria for the design of the ultrasound therapy
system and applicator are derived from the tissue characteristics and features of the
breast:

a. The breast is an external, convex shaped organ. When submerged into a
temperature controlled water bath, the temperature boundaries are well defined and the
skin temperature can be well controlled.

b. Ultrasound heating is suitable for the breast, because there is no intervening gas or
bone in the breast tissue. With the patient in the prone position and the breast
submerged into a water bath, the breast tissue can be surrounded with an array of
uitrasound transducers and achieve tangential incidence of the ultrasound beam relative
to the chest wall. Tangential incidence is desired to avoid interaction between the
riocage and the ultrasound pressure wave.

c. There are no major blood vessels that carry away heat from the breast tissue, which
can reduce the ability to deliver therapeutic heat.

d. The target volume can be the whole breast, a quadrant of the breast, or even a
‘emaller specific tumor mass. Energy deposition which may heat sensitive regions, such
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as a lumpectomy scar, must be avoided or minimized. It is therefore essential that the
energy deposition be controlled and focused on specific sites within the breast tissue.
Ultrasound permits this level of control.

e. Although our initial pilot study will aim for a target temperature of T9Q = 40.5°C and
Tmax< 45°C, the device must be able to heat the breast tissue within an even more
narrow temperature range (420C - 440C) over a reasonable range of tissue perfusion
(i.e. 30 to 200 ml, kg~1, min-1).

'2. RESEARCH OBJECTIVES.

The first research objective is to build a cylindrical, multi-transducer, dual
frequency, intensity controlled ultrasound therapy applicator and instrumentation system
for treatment of breast cancer. The system must be capable of delivering controllable
energy for the purpose of heating the whole breast or a small volume of breast tissue as
defined by the clinical situation and the criteria in Section IV.1. The intensity control of
the applicator must permit heating within a narrow temperature range, i.e. 420C <
Ttissue s 440C (Svensson et al., 1994, Lu et al., 1994). Many scientific and technical
problems associated with the individual subsystems have now been solved and the
sophisticated system is assembled in the laboratories at Dornier Medical Systems, Inc.,
Champaign, lllinois, where final integration and overall systems tests are underway.

A second objective is to develop an effective pre-treatment planning and real-
time treatment control system (Hansen et al., 1994). One aspect of this effort is to
perform the thermal therapy using dense thermometry (Bowman et al.,, 1991). ltis
essential for the assessment of outcome that temperatures are measured during
thermal therapy in a large number of points throughout the breast tissue volume. The
objective is to accomplish this through new technologies using minimally invasive or
non-invasive thermometry. The minimally invasive temperature measurements will be
achieved by using small multi-sensor thermistor probes (dense thermometry),
developed at the Massachusetts Institute of Technology (MIT) under the direction of Dr.
F. Bowman, who is a consultant to our contract. Thermal dose concepts (Sapareto et
al., 1984) will be used to assess the treatment success. To augment the dense
thermometry mapping, we will continue to investigate a tomographic non-invasive
technique for measurement of through-transmission power deposition and for imaging of
temperature sensitive tissue parameters as a means of non-invasive monitoring. The
non-invasive monitoring was initially proposed as a separate development during year
02 and 03. However, it became obvious that a problem of this complexity needed to be
included as an integral part of the system instrumentation design in order to avoid major
redesign efforts and expense at a later date. It turns out that the receiving system
associated with non-invasive monitoring and breast contour imaging became the
predominant limiting and controlling factor for the electronics design, and is in part
responsible for the delays we have encountered.

A third objective is to develop ultrasound thermal therapy protocols. The firstis a
Phase | protocol for device evaluation (Appendix G). It intends to evaluate the user
interaction of the breast treatment system under clinical conditions. This protocol was
not in the original proposal, but it was recommended by our External Review Group
(Dewhirst et al., 1993) during their review visit in April 1994, due to the fact that this is a
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totally new treatment device. This protocol has now been reviewed and approved by
the IRB at the Dana Farber Cancer Institute and is under review by the IRB of the New
England Deaconess Hospital. It has also been submitted for review by the Army. Fifteen
patients will be treated under this protocol. The second protocol will be a Phase i
treatment protocol for evaluating toxicity and dose-response, which was anticipated in
the original proposal. Contingent upon its success, a Phase lli protocol for randomized
trials will be developed.

V. BODY OF ANNUAL REPORT
1. RESEARCH METHODOLOGY
1.A. Program Organization.

The contract is sponsored by the New England Deaconess Hospital (NEDH); a
Harvard Medical School (HMS) affiliated hospital in Boston, Massachusetts. The
program director, Goran K. Svensson, Ph.D. is an Associate Professor at HMS and he
is responsible for the progress of the scientific, technical and clinical developments. Dr.
Svensson is also the Director of Physics at the Joint Center for Radiation Therapy
(JCRT). The JCRT provide radiation therapy and thermal therapy services to New
England Deaconess Hospita! (NEDH), Dana Farber Cancer Institute (DFCI), Beth
Israel Hospital (BIH), Brigham and Women's Hospital (BWH) and Children's Hospital
(CH). This network of hospitals are all affiliated with Harvard Medical School.

Development of treatment protocols and all clinical work will be done at the
NEDH. Clinical research protocols used by the JCRT member hospital network require
IRB approval from the participating hospitals. The Dana Farber Cancer Institute has a
large Breast Evaluation Center (BEC), which is an important referral base for breast
cancer patients. We have therefore chosen to seek IRB approval for thermal therapy,
using this device, from DFCI and from the sponsoring hospital NEDH.

Theoretical simulations and treatment planning require large computational
resources. This work will take place at the NEDH.

The electronic design and the fabrication of the ultrasound treatment system and
breast applicator is subcontracted to Dornier Medical Systems Inc. (DMSI) with
headquarters in Atlanta, Georgia. The actual work is performed at the DMSI R&D
Laboratory in Champaign, lllinois under the direction of Everette C. Burdette, Ph.D.

Dr. Burdette directs advanced technology research for DMSI.

1.B. Summary of Secord Year Progress.
1.B.1. Overall Pregress.

The clinical objestives are to deliver effective hyperthermia to the breast or sub-
volume of the breast for cancer patients with an extensive intraductal component of their
infiltrating tumor or patients with pure intraductal carcinoma. To reach that clinical goal
several new and important clinical considerations were introduced into our program.
They were necessitated by the advise from our External Review Committee, consisting
of Daniel Kapp, M.D., Ph.D., Professor of Radiation Oncology at Stanford University
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Medical Center and Mark Dewhirst, DVM, Ph.D., Professor of Radiation Oncology at
Duke University Medical Center. In addition to program revisions suggested by our
external review committee, we have experienced difficult technical and scientific
challenges requiring complex solutions before the system could be completed.
Logistical delays, related to the hospital IRB approval process, have also been
encountered. This is due to recent changes in the process of acquiring a hospital IRB
approval of the clinical protocols.

Toxicities associated with thermal therapy are well documented (Kapp et al.,
1992, Bornstein et al., 1992). A major concern, expressed by our Review Committee,
is that women that have undergone lumpectomy or surgical biopsy are left with a scar
cavity within the breast. The scar tissue has in general much lower perfusion than
surrounding normal tissue. The clinical experience is that the poorly perfused scar
tissue easily over-heats during thermal therapy leaving burns and blisters as undesired
toxicity. The treatment system must have very accurate temporal and spatial power
control to reduce the temperature in and around the scar tissue. The requirement for
this level of accuracy was not appreciated in our original application and has resuited in
several design improvements. To achieve this level of control, we have increased both
the number of therapy transducers and the emphasis on real time non-invasive
monitoring during therapy. This significantly increases the complexity of the
instrumentation which must be developed. In fact, in the original application, we
proposed to add non-invasive radiometric temperature sensing to the system during
year 02 and 03. Instead, we have addressed the need for noninvasive monitoring
throughout the design process and designed the best possible electronics and computer
system to meet that goal. This has caused delays and changes in the originally
proposed schedule, but in the long term it will result in both time and cost savings and a
clinically much better optimized system. '

During year 01 and 02, the breast treatment applicator and the associated
complex instrumentation system has been designed, fabricated and in part tested.
During year 02 we have completed the fabrication and testing of all submodules. They
have been assembled and the complex computer systems are fully integrated to one
system. This work has been done at the DMSI Laboratory in Champaign lllinois. As the
subsystems have been completed, the results and performance have been reviewed by
the clinical and technical personnel at the NEDH. The system is now undergoing final
assembly and testing before shipment to its clinical site at NEDH.

In the interest of high quality patient care, we are completely committed to
resolve all clinical, scientific and technical considerations that we have encountered
during this research program. As a result, there has been an approximately six months
delay in the progress. To complete this contract and to compensate for the delays, we
have requested, in a separate communication to the Director for the Breast Cancer
Research Program, a six months no-cost extension of this program. However, in spite
of a delay in progress, the quality of the treatment system is excellent and the
hypothesis and goals of this research program remain unchanged.
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1.B.2. Specific Progress and Program Revisions during Year 02.

The second year progress is summarized below. Detailed description of the
experimental methods and results are presented in Section V.2.C.

. A Phase |, device evaluation protocol, has been completed and received I1RB
approval by the DFCI Human Subjects Committee. It has been submitted for
approval by the NEDH Human Subjects Committee and by the US Army Human
Use Review and Regulatory Affairs Division.

. Both DFCI and NEDH require an approved IDE application to the FDA prior to
the start of the clinical protocol. The IDE application to the FDA is near
completion. We had anticipated an early submission for an IDE. However, due
to delays caused by technical and scientific considerations, we have not yet
collected enough data from the integrated system to satisfy the FDA
requirements for the IDE application. This is one reason for the proposed no cost
extension.

. All theoretical simulations leading to the systems design have been completed.
This work has lead to the publications attached as Appendices A and B.

. The cylindrical transducer array subsystem is completed and tested. Each of the
384 transducers has been individually characterized and selected. An
unexpectedly high rejection rate required significantly more transducers to be
built than originally anticipated. Delays and considerable expense were
experienced in contracting the fabrication of more transducers.

. The electronics subsystems have been completed and tested. The need for real-
time monitoring of transmitted and reflected power required a new and refined
design paying special attention to fast Transmit/Receive switching, board layouts
and signal to noise considerations. The changes have improved the quality and
functionality significantly but caused some delays.

. The computer subsystems have been completed and the necessary messaging
and communication paths have been established. Each software module is
written, functioning, and tested.

. The sophisticated breast ultrasound treatment system allows monitoring of
transmitted and reflected power. We have begun to develop a three-dimensional
reconstruction algorithm for display of thicse data. Also, DMSI has provided for
future addition of a Digital Signal Processor (DSP) in the receive subsystem.
This work is beyond the scope of the present contract and will require additional
future research and funding. This work is further discussed in section VI.B.
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2. BREAST THERAPY SYSTEM DESCRIPTION, METHODOLOGY, & TESTS

The final system consists of the hardware components illustrated in Figure 1. A
breast site-specific cylindrical array applicator of ultrasound transducers is used for
thermal therapy induction and for multiple monitoring functions. The “heart” of the
hardware consists of the cylindrical array of transducers which both deposit power into
the breast tissue for therapy and monitor the dynamic course of the treatment. The
ultrasound array is described in more detail below. The ultrasound transducers are
geometrically arranged and operated to provide several monitoring functions. The
monitoring functions are comprised of. diagnostic pulse-echo monitoring to determine
breast contour and location within the treatment cylinder; through transmission
monitoring of power during therapy for determination of absorbed power distribution
(SAR) in the breast tissue being monitored; measurement of “time-of-flight” throughout
regions of the target breast tissue referenced to a limited number of invasive
temperature measurements for non-invasive mapping of temperatures throughout the
treatment volume.

The system consists of an Instrument Computer which provides all direct control
and data interaction with the TMR Subsystem, circuits, Receiver circuits,
[Transmit/Receive/Multiplexing Modules, Thermistor Thermometry Subsystem, and
Cooling Subsystem. The system electronics, Instrument Computer, and Cylindrical

- Transducer Array/Treatment Cavity are integrated into a Patient Table
Assembly/Subsystem, which provides a comfortable treatment support for the patient,
accurate positioning of the breast within the treatment cavity, and a convenient means
for consolidating system components and functions.

2.A. Ultrasound Breast Applicator

The Transducer Array Subsystem is illustrated graphically in Figure 2. And a
photo of the cylindrical array is shown in Figure 3. The array consists of eight (8)
individual rings which are stacked with water-tight seals between rings. Each ring
accommodates up to 48 transducers. Based on analyses performed, it is not
necessary to fill all available ring locations with transducers, in order to achieve
adequate therapy, but populating all positions is important to noninrasive monitoring.
Each transducer is square having dimensions of 1.5cm x 1.5cm. Spacing between
transducers along the vertical dimension of the cylinder is 2.4mm. and a bottom
clearance of 1cm is added. Therefore, 8 rings accommodates breast lengths of 14cm
or less. Table 1 states the number of rings, transducers per ring, and the frequencies
of the transducers in each ring. Table 2 indicates expected ring activation for examples
of large and small breasts.
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Figure 3. Photo of cylindrical array of transducers consisting of eight stacked
circular rings each containing 48 transducers.
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Table 1. Numbers and distribution of transducers per ring.

CYLINDRICAL ARRAY APPLICATOR DESIGN

Total Cylinder I.D. = 25 cm
Transducers: 15 mm x 15 mm
Rings of Transducers: 10 (numbered from top down)

Each 1/8 ring vertical section driven by RF

Amplifiers whose outputs are multiplexed to step around ring

Ring No. | FQ 1 (MHz)/No. XDCRS | FQ 2 (MHz)/No. XDCRS | TOTAL XDCRS

1 4.5/24 2.0/124 48
2 4.5/124 2.0/24 48
3 4.5/24 2.0/24 48
4 4.5/24 2.0/24 48
5 4.5/24 2.5/124 48
6 4.5/24 2.5/124 48
7 4.5/24 2.5/124 48
8 4.5/24 2.5/124 48

TOTAL 384

Table 2. The table illustrates how many rings and transducer elements in a ring that
will be activated when treating a large breast and a small breast respectively.

CYLINDRICAL ARRAY APPLICATOR DESIGN

Total Cylinder 1.D. = 25 cm
Transducers: 15 mm x 15 mm

Rings of Transducers: 8 (numbered from top down)
Each 1/8 ring vertical section driven by RF
amplifiers whose outputs are multiplexed to “step around” ring

Ring No. No. Transducers Breast Size (cm) No Transducers
Large Small in 1/8 of ring
1 48 15 8 6
2 48 14 7 6
3 48 12 6 6
4 48 10 5 6
5 48 8 4 6
6 48 7 3 6
7 48 6 0 6
8 48 4 0 6

14
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The transducers used in the cylindrical array subsystem were fabricated with the
crystal (2.0, 2.5, or 4.5 MHz) mounted in a machined transducer housing, sealed with a
watertight seal and faced with a matching layer. Each transducer was individually
performance-tested to determine its operating acoustic efficiency, center frequency and
bandwidth. Tables containing the efficiency data for each transducer in the cylindrical
array are presented in Appendix C. Frequency bandwidth and efficiency data for three
selected transducers at each frequency are shown in Figures 4 through 12.

Each transducer in each ring of the cylinder is “mapped” into both the cylindrical
array and to the multiplexer-T/R-RF generator port and card. A diagram of the T/R MUX
applicator transducer interconnections map is shown in Appendix D .

Close up views of the cylindrical array of transducers are shown in Figures 13
and 14. Angular beam plots for 2.0 and 4.5 Mhz transducers are shown in Appendix E.

2.B. Patient Table Subsystem

The patient table subsystem in shown in the two perspective photos in Figures
15 and 16 (indicating front side and rear views, respectively). A close up of the
shroud covering the cylindrical array is shown in Figure 17. The patient table is
designed to maximize utilization of symmetry of the breast by positioning the patient in
a prone position with the breast suspended through an opening in the table top. Its
specifications are described in Table 3. The table top consists of sheet steel with a
tubular steel outer frame fabricated to provide for insertion of a 1.5" foam padding
insert. The foam is sealed and the entire table top covered with a naugahyde covering
which is stretched tight and snapped into place, and is easily removed for cleaning.
The foam insert (and naugahyde) taper near the hole through which the breast is
suspended in order to ensure that the entire breast can be extended beneath the table
top for treatment if indicated. The patient table top was completed in year 01 and
delivered to NEDH for evaluation, and returned for integration into the system in year
02.

The central column, or “pedestal’, beneath the table houses all of the system
electronics, water cooling and circulation, power supplies, and cylindrical array of
transducers. The Instrument Computer is also located within the pedestal behind a
side cover panel. Drawings of the internal layout are shown in Figures 18 and 19.
Note the positions of the key electronic system components. The 25 TMR subsystems
and microcontrollers are located in the two card cage racks above the fan trays. The
transducer coaxial cable connections are routed from the rear of the card cages to
panel connectors on a subpanel behind the dress panel at the front of the system (just
behind the cylindrical array).

15
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Transducer Number 4-241A % Efficiency
Freq. MHz |DC mA__ |DC Volts |US Watts_|DC Watts |RF Watts [DC to US IRF to US
4.42 130.30 26.08 0.82 3.40 2.01 24.13% 40.78%
4,52 144.90 26.03 1.14 3.77 2.23 30.22% 51.08%
4.62 178.60 25.93 1.60 4.63 2.74 3455% 58.39%
4,72 221.40 25.81 2.02 5.71 3.38 35.35% 59.74%
4.82 246.00 25.74 2.06 6.33 3.75 32.53% 54.98%
4,92 260.10 25.71 2.02 6.69 3.96 30.21% 51.05%
5.02 254.50 25.72 1.72 6.55 3.87 26.28% 44.41%
% Efficiency, RF to Ultrasound
60.00%
50.00% -
40.00% -
30.00% -
20.00% -
10.00% -
0.00% -
4.42 4.52 4.62 4.72 4.82 4.92 5.02
Frequency, MHz

Figwre 4. Amustic efficiency as a function of frequancy far a typical 4.5 Miz transduc-
er used in the cylindrical array. Similar data exsist for each of the 384 transducers.
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Transducer Number 4-227 % Efficiency

Freq. MHz [DC mA___|DC Volts |US Watts |DC Watts |RF Watts _|DC to US |RF to US
4.38 148.50 26.03 0.98 3.87 2.29 25.35% 42.85%
4.48 171.20 25.96 1.30 4,44 2.63 29.25% 49.43%
4,58 203.90 25.86 1.52 5.27 3.12 28.83% 48.72%
4.68 229.40 25.79 1.42 5.92 3.50 24.00% 40.56%
4,78 234.30 25.78 1.06 6.04 3.57 17.55% 29.66%
4.88 223.00 25.81 0.92 5.76 3.41 15.98% 27.01%
4.98 215.60 25.83 0.85 5.57 3.30 15.26%  25.79%

% Efficiency, RF to Ultrasound

50.00% -
45.00% -

30.00% -
25.00% -
20.00% -

4.38 4.48 4.58 4.68 .4.78 4.88 4.98
Frequency, MHz

Figure 5. Acoustic efficiency as a function of frequency for a typical 4.5 Miz trans-
ducer used in the cylindrical array. Similar data exsists for each of the 384 trans-
ducers.
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Transducer Number 4-239 ’ % Efficiency
Freq. MHz [DC mA___|DC Volts_|US Watts [DC Watts |RF Watts |DC to US |RF to US

4.48 139.80 26.05 0.78 3.64 2.15 21.42% 36.20%
4.58 176.00 25.94 1.36 4.57 2.70 29.79% 50.34%
4.68 208.80 25.84 1.58 5.40 3.19 29.28% 49.49%
4.78 236.80 25.77 1.62 6.10 3.61 24.91% 42.10%
4.88 238.40 25.77 1.30 6.14 3.64 21.16% 35.76%
4.98 233.30 25.78 1.18 6.01 3.56 19.62% 33.16%
5.08 223.20 25.81 1.20 5.76 3.41 20.83% 35.20%

% Efficiency, RF to Ultrasound

60.00%

50.00% -

40.00% -

Frequency, MHz

Figuce 6. Aoustic efficiency as a function of frequency for a typical 4.5 Miz trans-
dxer usd in the gylindrical array. Similar data exsists far each of the 384 trans-
ducers.
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Transducer Number 2.5-113 % Efficiency

Freq. MHz [DC mA__ |DC Volts _|US Watts |DC Watts |RF Watts |DC to US IRF to US
2.47 188.90 24.85 1.90 4.69 2.83 40.48% 62.01%
2.48 184.40 24.89 1.86 4,59 2.76 40.53% 62.08%
2.49 180.40 24.93 1.88 4.50 2.71 41.80% 64.04%
2.50 180.70 24.92 1.96 4,50 2.71 43.53% 66.68%
2.51 183.00 24.9 2.00 4.56 2.75 43.89% 67.24%
2.52 182.30 24.91 1.98 4,54 2.74 43.60% 66.80%
2.53 180.40 24.93 1.98 4.50 2.71 44.03% 67.45%
2.54 180.50 24.93 1.98 4.50 2.71 44.00% 67.41%
2.55 182.00 24.91 2.02 4,53 2.73 44.56% 68.26%
2.56 181.20 24.92 2.00 4,52 2.72 44.29% 67.86%
2.57 177.80 24.95 1.98 4.44 2.67 44.63% 68.38%
2.58 178.50 24.94 2.02 4.45 2.68 45.38% 69.51%
2.59 182.90 24.9 2.08 4,55 2.74 45.67% 69.97%
2.60 186.30 24.88 2.12 4.64 2.79 45.74%  70.07%
2.61 188.00 24.86 2.12 4.67 2.82 45.36% 69.49%
2.62 191.30 24.83 2.20 4.75 2.86 46.32% 70.96%
2.63 198.70 24.77 2.28 4.92 2.96 46.32% 70.97%
2.64 203.80 24.73 2.30 5.04 3.04 45.64% 69.91%
2.65 203.40 24.73 2.30 5.03 3.03 45.72%  70.05%
2.66 203.40 24.73 2.30 5.03 3.03 45.72%  70.05%
.2.67 210.50 24.67 2.34 5.19 3.13 45.06% 69.03%

% Efficiency, RF to Ultrasound

72.00%
70.00%
68.00%
66.00% -

60.00% -

2.47
2.48
2.49
2.50
2.51
2.52
2.53
2.54
2.55
2.56
2.57
2.58
2,59
2.60
2.61
2.62
2.63
2.64
2.65
2.66
2.67

Frequency, MHz

Figwe 7. Axcastic effiecy as a function of frequency for a typical 2.5 Miz transducer
us=d in the cylindricel array. Similar data exsists for each of the 384 transducers.
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Transducer Number 2.5-124 % Efficiency
Freq. MHz [DC mA __ |DC Volts |US Watts [DC Watts |RF Watts_|DC to US _|RF to US
2.42 199.6 24.76 2.00 4,94 3.23 40.47% 62.00%
2.43 196.2 24.79 2.00 4.86 3.17 41.12% 63.00%
2.44 192.1 24.83 2.00 4,77 3.1 41.93% 64.24%
2.45 190.6 24.84 2.02 4.73 3.09 42.67% 65.37%
246 - 188.4 24.86 2.02 4.68 3.06 43.13% 66.08%
2.47 184.5 24.89 2.00 4,59 3.00 43.55% 66.73%
2.48 183.1 24.9 2.04 4.56 2.98 44.74% 68.56%
2.49 185.5 24.88 2.08 4.62 3.01 45.07% 69.05%
2.50 186.8 24.87 2.10 4.65 3.03 45.20% 69.26%
2.51 184.2 24.89 2.08 4.58 2.99 45.37% 69.51%
2.52 181.1 24.92 2.08 4.51 2.95 46.09% 70.62%
2.53 182.5 24.91 2.12 4.55 2.97 46.63% 71.45%
2.54 183.6 24.9 2.14 4.57 2.98 46.81% 71.72%
2.55 182.4 24.91 2.12 4.54 2.97 46.66% 71.49%
2.56 181.9 24.91 2.14 4,53 2.96 47.23% 72.36%
2.57 186.8 24.87 2.20 4.65 3.03 47.36% 72.56%
2.58 193.8 24.81 2.26 4.81 3.14 47.00% 72.02%
2.59 196.0 24.79 2.26 4.86 3.17 46.51% 71.27%
2.60 196.0 24.79 2.26 4.86 3.17 46.51% 71.27%
2.61 198.9 24.77 2.28 4,93 3.22 46.28% 70.91%
2.62 203.6 24.73 2.34 5.04 3.29 46.47% 71.21%

% Efficiency, RF to Uitrasound

74.00%
72.00%
70.00%
68.00%

Frequency, MHz

Figure 8. Acustic efficiency as a fuction of frequency for a typieml 2.5 Miz trans-
dxer used in the cylindrical array. Similar data exsists far each of 384 transducers.
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Transducer Number 2-123 % Efficiency

Freq. MHz [DC mA __ |DC Volts |US Watts [DC Watts |RF Watts |DC to US IRF to US
2.06 228.40 25.85 2.92 5.80 3.56 49.46% 82.10%
2.07 220.90 25.87 2.86 5.71 3.44 50.05% 83.08%
2.08 218.00 25.88 2.86 5.64 3.40 50.69% 84.15%
2.09 219.90 25.87 2.88 5.69 3.43 50.63% 84.04%
2.10 218.20 25.88 2.84 5.65 3.40 50.29% 83.48%
2.1 214.50 25.89 2.80 5.55 3.35 50.42% 83.70%
212 211.00 25.90 2.74 5.46 3.29 50.14% 83.23%
2.13 211.90 25.90 2.74 5.49 3.31 49.93% 82.88%
2.14 212.90 25.89 2,72 5.51 3.32 49.35% 81.92%
2.15 208.60 25.90 2.64 5.40 3.25 48.86% 81.11%
2.16 201.70 25.91 2.50 5.23 3.15 47.84% 79.41%
2.17 203.30 25.91 2.46 5.27 3.17 46.70% 77.52%
2.18 207.90 25.90 2.48 5.38 3.24 46.06% 76.45%
2.19 210.10 25.89 2.50 5.44 3.28 45.96% 76.29%
2.20 210.20 25.90 2.46 5.44 3.28 45.19% 75.01%

% Efficiency, RF to Ultrasound

86.00%
84.00% -
82.00% -
80.00% -
78.00% -
76.00% -
74.00% -
72.00% -
70.00% -

2.06 2.08 2.10 2.12 214  2.16 2.18 2.20
Frequency, MHz

Efficiency from DC to RF is 60% as measured “ith Bird meter at 2 to 3 watts ultrasound.
DC to RF efficiency increases to around 75% at 10 watts ultrasound power
DC to RF efficiency increases to around 90% at 20 watts ultrasound power

Figare 9

. Acoustic efficiency as a finction for a typical 2.0 Miz transducer used in

the cylindrical array. Similar data exsists far each of the 384 transducers.
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Transducer Number 2-120 % Efficiency

Freq. MHz |JDC mA__ |DC Volts |US Watts_|DC Watts |RF Watts |DC to US |RF to US
2.07 218.50 25.88 2.80 5.65 3.41 49.52% 82.20%
2.08 210.30 25.90 2.72 5.45 3.28 49.94% 82.90%
2.09 206.00 25.91 2.68 5.34 3.22 50.21% 83.35%
2.10 203.80 25.92 2.68 5.28 3.18 50.73%  84.22%
2.1 201.40 25.92 2.64 5.22 3.14 50.57% 83.95%
2.12 197.00 25.94 2.58 5.11 3.08 50.49% 83.81%
2.13 195.40 25.94 2.56 5.07 3.05 50.51% 83.84%
2.14 196.20 25.94 2.54 5.09 3.07 49.91% 82.85%
2.15 194.40 25.95 2.50 5.04 3.04 49.56% 82.26%
2.16 190.80 25.95 2.42 4.95 2.98 48.88% 81.13%
2.17 189.70 25.94 2.38 4.92 2.96 48.37% 80.29%
2.18 183.00 25.94 2.36 5.01 3.02 47.14%  78.25%
2.19 196.10 25.93 2.38 5.08 3.06 46.81% 77.70%
2.20 196.30 25.93 2.36 5.09 3.07 46.36% 76.97%
2.21 199.30 25.92 2.30 5.17 3.11 44.52% 73.91%

% Efficiency, RF to Ultrasound

86.00%
84.00%
82.00% -

2.07 2.09 2.11 2.13 2.15 2.17 2.19 2.21

Frequency, MHz.

Efficiency from DC to RF is 60% as measured with Bird meter at 2 to 3 watts ultrasound.
DC to RF efficiency increases to around 75% at 10 watts ultrasound power
DC to RF efficiency increases to around 90% at 20 watts ultrasound power

Figure 10. Amustic effiency as a function of frequency for a typical 2.0 Miz
transducer used in the cylindrical array. Similar data exsists for each of the
384 transtucers.
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11-Apr-95 2:16 PM

Transducer Number S-5C009 % Efficiency

Freq. MHz |DC mA __ |DC Volts |US Watts [DC Watts |RF Watts_|DC to US [RF to US
2.13 192.10 26.17 2.44 5.03 3.30 48.54% 74.02%
2.14 189.00 26.19 2.42 4,95 3.25 48.89% 74.56%
2.15 186.30 26.20 2.40 4,88 3.20 49.17% 74.98%
2.16 183.70 26.21 2.38 4.81 3.16 49.43% 75.38%
2.17 180.50 26.23 2.36 4.73 3.10 49.85% 76.02%
2.18 177.00 26.24 2.30 4.64 3.05 49.52% 75.52%
2.19 174.80 26.25 2.26 4.59 3.01 49.25% 75.11%
2.20 174.10 26.25 2.24 4,57 3.00 49.01% 74.75%
2.21 174.30 26.25 2.22 4,58 3.00 48.52% 73.99%
2.22 174.40 26.25 2.22 4.58 3.00 48.49% 73.95%
2.23 174.20 26.25 2.18 4.57 3.00 47.67% 72.70%
2.24 174.50 26.25 2.16 4,58 3.00 47.16% 71.91%
2.25 175.40 26.25 2.12 4.60 3.02 46.04%  70.22%
2.26 176.90 26.24 2.08 4.64 3.04 44.81% 68.33%
2.27 180.30 26.23 2.06 4.73 3.10 43.56% 66.43%

9% Efficiency, RF to Ultrasound

85.00%

80.00%

75.00% -

2.13 2.15 2.17 2.19 2.21 2.23 2.25 2.27

Frequency, MHz

Efficiency from DC to RF is 60% as measured with Bird meter at 2 to 3 :vatts ultrasound.
DC to RF efficiency increases to around 75% at 10 watts ultrasound power
DC to RF efficiency increases to around 90% at 20 watts ultrasound power

Figure 11. Acoustic effiency as a function of frequency for a typical 2.0 Miz

tranducer used in the cylindrical array. Similar data exsists far each of the
334 transducers.
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11-Apr-95 2:18 PM

Transducer Number  S-5C005 % Efficiency
Freq. MHz [DC mA__|DC Volts |US Watts |DC Watts |RF Watts |DC to US |RF to US
2.10 191.90 26.18 2.40 5.02 3.29 47.77%  72.85%
2.1 188.40 26.19 2.36 4,93 3.24 47.83% 72.94%
2.12 185.00 26.21 2.32 4.85 3.18 47.85% 72.97%
2.13 182.90 26.22 2.32 4.80 3.14 48.38% 73.78%
2.14 181.20 26.23 2.30 4,75 3.12 48.39% 73.80%
2.15 180.10 26.23 2.30 4,72 3.10 48.69% 74.25%
2.16 178.20 26.24 2.28 4.68 3.07 48.76% 74.36%
2.17 176.00 26.25 2.24 4.62 3.03  48.48% 73.94%
2.18 173.70 26.26 2.20 4,56 2.99 48.23% 73.55%
2.19 172.40 26.26 2.18 4,53 2.97 48.15% 73.43%
2.20 171.60 26.27 2.16 4.51 2.96 47.92% 73.07%
2.21 172.00 26.27 2.12 4,52 2.96 46.92% 71.55%
2.22 173.00 26.26 2.12 4,54 2.98 46.67% 71.16%
2.23 174.60 26.26 2.08 4.58 3.01 45.37% 69.18%
2.24 176.90 26.24 2.08 4.64 3.04 44.81% 68.33%
% Efficiency, RF to Ultrasound
85.00%
80.00%
75.00%
70.00% -
65.00% -

2.10

2.12

2.14

2.16 2.18 2.20 2.22 2.24

Frequency, MHz

Efficiency from DC to RF is 60% as measured with Bird meter at 2 to 3 watts ultrasound.
DC to RF efficiency increases to around 75% at 10 watts ultrasound power
DC to RF efficiency increases to around 90% at 20 watts ultrasound power

Figure 12. Acoustic effiency as a function of frequerncy for a typical 2.0 Miz
transducer used in the cylindrical array. Similar data exsists for each of the 384
transducers.
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Note: This figure is the same as figure 3 on page 13.

Figure 13. Side view of rings comprising cylindér of 384 transducers.

Figure 14. Close up view of a section of the cylindrical array.
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Figure 15. Side view of the patient table subsystem. All system electronics are
housed within the enclosed central support structure. The cylindrical
array is located beneath the aperture in the table top (right side of
photo).
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Figure 16. Rear view of patient table subsystem. Curved panel at rear is a hinged
access door to most system electronics. The instrument computer and
thermometry subsystem are housed behind the dress panel covering both
sides of the central enclosure.
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Figure 17. Close up view of the patient table front and shroud enclosing the cylindrical
array of transducers.
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PATIENT TABLE SYSTEM
SPECIFICATIONS
Table Top Overall Length: 78"
Table Top Height (to floor): 37"
X-Y Table: Positioning +2.5" X-Y Vernier Drive
+ 6" Vertical Motion Motor Drive
180° Rotation Capability - Motor Drive

Structural Materials:
Paint:

Construction Restrictions:
Aesthetics:

Load Capacity:

Table Top Hole Size:
Table Top Cover:

Other Requirements:

Stainless steel

Non-toxic textured (Color chip supplied by Dornier)
No sharp edges |
Per design drawings

300 Ibs.

10" diameter

Naugahyde cover (with snaps or velcro) over 1 1/4"
foam pad

Make sure areas that could get patient fluids on them
can be easily cleaned. There should be no areas where
spilled fluids could be trapped.

TABLE 3
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Figure 18. View of support column.
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2.C. System Control Design

When power is turned on to the system, the treatment software initializes
automatically so that no interaction is required by the user to start the software. All
available options are displayed to the user in a graphical format. Options that will be
available at the startup screen include access to the treatment planning software, file
handling utilities, diagnostic mode selections, treatment record printing, and treatment
initiation. The user makes requests of the system via the computer keyboard, computer
mouse, or a mechanical pause switch during all phases of the treatment. A hardware
Pause switch is provided that guarantees no power output will occur in case of
emergency.

Prior to beginning a treatment, the user will be required to complete a treatment
plan. The treatment planning software is in graphical form to simplify data entry, such
as target volume locations, the number and location of temperature sensors, target
temperatures for each sensor, scar tissue locations, and patient information.

The computer system can perform the treatment in both automated and manual
modes. When performing a treatment in the automated mode, very little user
interaction will be required during the treatment; however, the user will still be capable
of interrupting the computer and/or provide advice to the computer concerning the
treatment. When in manual mode, the user will be allowed to select different target
tissue regions on the computer screen and set a new target temperature value for each
region. The computer system will then determine which ultrasound transducer’s output
power needs to be adjusted to accommodate the user’s request.

Treatment progress and status information is available to the user via a
graphical user interface that provides treatment information such as temperature
distribution, power absorption distribution, thermal dose distribution, target contour
information, and treatment time information. The operator is not required to determine
power levels for the individual transducers since temperature distribution information is
continually available on a graphics screen. The operator has the capability to make
suggestions about the target temperatures for locations where implanted sensors are
placed as well as other locations in the target volume. Further, the operator may
manually select and adjust the power on any active transducers (e.g. reduce power
deposition directly over a scar). Selection of active transducers, control of receive and
transmit mode and gated on-off periods are under control of the Instrument Computer.

Once a treatment has been completed, the user will be returned to the startup
screen so that printing of the treatment information may be performed, and duplication
of the treatment files may be accomplished.

2.D. TMR Subsystem

The TMR (Transmit-Multiplex-Receive) subsystem is the “heart” of the system’s
electronics. It resides on a custom 10in. x 16in. four layer circuit board, with sockets for
two daughter boards - a microcontroller board(MCB) and a digital signal processor
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(DSP). The TMR subsystem includes the RF power generators and VCO's, transmit-
receive (T/R) circuits, receiver circuits, transducer multiplexer circuits, an on-board
microcontroller, daughter card and provision for addition of a DSP. The breast therapy
system contains 25 TMR subsystem boards, 24 being for system therapy and
noninvasive interrogation operation and one for temperature probe location. Each
TMR subsystem contains four independent RF generators with separate VCO'’s,
receiver circuits, T/R switches, and multiplexers for driving 16 transducers. All
functions on the TMR are controlled via the daughter board microcontroller (a custom-
designed six-layer surface-mount board). The microcontroller interfaces to the
system’s Instrument Computer.

The evolution of this design has taken 1 1/2 years. The initial system concept
provided for a curvilinear array of 32 to 64 transducers, with separate RF power
generation circuits. The modeling and simulations performed in Year 01 defined the
need for greater control of power deposition than could be achieved with a 32-64
transducer array. Since microwave radiometry originally was planned for making
noninvasive temperature measurements, there were no receiver circuits, T/R switches,
or multiplexers in the design. However, performance analysis of the microwave
radiometry resulted in its abandonment due to several reasons: 1) opportunity for better
spatial resolution and use of ultrasound therapy array (cylindrical) to “map” breast
cross-sections real-time and provide better noninvasive feedback; 2) poor spatial
resolution of target by microwave radiometry; 3) poor penetration depth of microwave
radiometry; and 4) difficulties in implementing both microwave and ultrasound arrays
simultaneously covering the same target. Thus, the need for a separate ultrasound
measurement receiver system was determined, which would function integrally with the
system’s cylindrical array of ultrasound transducers. This opened the requirement to
provide low-noise, low-loss, high power handling capacity signal multiplexing and T/R
switching. The computer modeling and breast simulations performed in year 01
defined the need for many more ultrasound transducers than anticipated in the original
proposed design (close to and 400 transducers instead of 64 total). This requirement
determined that many RF generators would be required (1 for every 4 transducers).
The new design results in far more system capability and flexibility, both for therapy
and noninvasive monitoring.

Each circuit in the TMR subsystem was designed and breadbroarded in Year 01.
During Year 02, many changes related to improved performance or adding subsequent
functionality were made in the design. Again, each modified/improved circuits was
breadboarded and tested. Late in Year 02 the custom board layouts were developed.
A block diagram and root schematic of the TMR  subsystem is shown in Figures 20
and 21, respectively.

This comprehensive design, including T/R switches and receivers plus DSP
provisions, required nearly three-quarters of a year to develop and breadboard test. It
is important to realize, however, that proceeding with the therapeutic section of the
system without completing the integration designs, breadboards, and testing of the
pulse receiver and T/Rs would have meant major redesigns and retrofits at a
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Figure 20. Functional block diagram of TMR subsystem.
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subsequent time. All of the system circuit boards would have necessarily been
replaced at significant time loss. Thus, it was more efficient to “design in” the added
functionality.

Each section of the TMR subsystem is described in detail as follows.

2.D.1. RF Section

The RF Power Section consists of 96 independent RF amplifiers driven by 96
separate oscillator sources. Each oscillator consists of a computer-controlled VCO
operating over the frequency range of 1 - 5 MHz and is used to drive one RF amplifier.
Each oscillator is preset to operate at one of the three operating frequencies (2.0, 2.5,
4.5MHz). The individual VCOs frequency may controlled by the microcontrollers under
direction of the Instrument Computer. Each of the 96 independent RF amplifiers
incorporates its own voltage control/regulator circuit which provides independent
computer control of amplitude (output power level) for each amplifier channel. A block
diagram of the RF Amplifier Subsystem is shown in Figure 22. Each RF amplifier
output is connected to a T/R MUX input circuit.

2.D.2. Receiver Section

The Receiver Section consists of 25 independent receiver with 24 dedicated to
noninvasive monitoring and one for temperature probe location. Inputs can be received
from any of the 384 transducers in the array, dependent upon multiplexer selection.
Each of 24 receiver circuits receives inputs from up to 16 transducers and multiplexes
those transducer signals to two receiver hybrids per card. There are 24 identical
circuits comprising the Receiver Section plus two cards with sampling, phase
comparator, and PLL circuits. Specifications for the receiver hybrids are listed in
Table 4. Each hybrid consists of an analog multiplexer and a 15dB low noise amplifier
as illustrated in Figure 23. The hybrid output is processed through two high gain VGA
stages as shown in Figure 22. Receiver outputs are digitized and sent to the
Instrument Computer for processing. The complete Receiver Section block diagram is
illustrated in Figures 24 and 25.

2.D.3. T/R Mux Section

The Transmit-Receive Multiplexer blocks connect each of the transducers in the
array to the RF amplifiers and the receivers. The fundamental block has 6 ports, 4 of
these are for individual transducers, 1 is for transmit RF, and 1 is for receive. The
design consists of 6 single pole RF diode switches all connected to one comimon pole.
Certain switch combinations are not desired such as transmitting at high power levels
into the receiver so control logic prevents this and other undesired combinations.
Performance of the design was evaluated at 4.5 MHz and is slightly better at 2.5and
2 0 MHz. Transmit loss was around 0.1 dB, receiver loss was 1.0 dB, transmit receive
isolation was 58 dB, and cross channel isolation was 35 dB. Each TMR card has 4 of
the basic T/R Mux blocks, the system has 24 fully used TMR cards so 96 of the TR
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Figure 22. Transmitter/Multiplexer/Receiver (TMR) Section (1 of 2)
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RECEIVER HYBRID
PERFORMANCE & INTERFACE SPECIFICATIONS

Output Impedance:

Output Level:

Gain:
Gain Flatness:
Equivalent Input Noise:

Frequency Response, -3dB

Isolation:
Input Impedance:

DC Input Bias:

Input Overvoltage:
pulsed clamp

Receiver Recovery Time:

Receiver Enable/Disable Time:

Differential Group Delay:

Control Signals (ENX, ENY)
Selected:
Unselected:

Control Signal Current:

Power Consumption:

50 £ 10Q2 at 5.0MHz

1.0Vpp, non-distorting
5.5Vpp, Max.

15+ 1.0dB
< 0.5dB, from 2 to 20 MHz
2nV/_Hz with Rs = 100Q

50kHz - 42MHz, typical,
200kHz - 40MHz, worst case.

35dB @ 10MHz, adjacent channels
RF: 620Q2 92pF

-2.55 V£0.07 V (selected),
+1.57 V£ 0.1 V (not selected).
5 mA typ from a DC short.

POSITIVE: +60V (1A max. current),
+20V continuous.
NEGATIVE: -140V. max.

1uS typ. after pulser fire.
< 10 uS from control signal.

<2nS, 2MHz to 20MHz.

+5.25Vmax, +3.90min.
+3.00Vmax, -1.00min.

< luA @ +5.0V,
ImA @ 0.0V,
SmA max transition.

+5V @ 5.0 0.5mA
+12V @ 20 + 2mA
-12V @ 26 £ 2mA

TABLE 4
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Receiver Hybrid
ENABLE 1 ENABLE 2 2V 12V
I I +5V
REINT N
P D1' 81;) 2E Low Noise
PreAmp
RFIN2 MUX i

Figure 23.Receiver Hybrid
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Mux circuits allow for 96 RF amps to drive 384 transducers and 96 receiver ports are
further multiplexed down to 24 receivers.

2.D.4. Microcontroller Section

A separate surface-mount microcontroller daughter card is mounted onto (and
plugged into) the TMR subsystem board. The microcontroller was designed and
fabricated during year 02. The original design did not include a microcontroller for
each group of 4 amplifiers(16 transducer channels); instead, all control and monitoring
functions were handled directly by the Instrument Computer. While this approach was
probably workable, it severely limited the overall functionality of the system. Changes
to the applicator array or to the receivers would be very difficult to accommodate
without the on-board local controllers. Further, without the microcontrollers,
implementation of on-board digital signal processing of the noninvasive monitoring data
would be close to impossible.

The schematic of the microcontroller daughter card is shown in Figure 26. The
~ processor contains on-board memory and 64 Bytes of SRAM. Each mocrocontroller
board also contains 16 digital control lines and 8 each A/D and D/A lines. The
requirements of this therapy system were unique enough that it would have been very
difficult to implement an “off the shelf’ controller board. Also, physical space
constraints in this system are severe. As a result, we designed and layed out our own
circuit card a 6-layer surface mount 3'x 5” package. The microcontroller card layout is
shown in Figure 27. Much of the receiver peak-detect and A/D functionality have been
shifted to the microcontroller, whose programmable functions can be optimized.

2.D.5. VCO/PLL Input Section

The TMR subsystem board contains a section which permits injection of a
phase-locked oscillator source into the RF generator/amplifier circuits on a selected
channel basis. The PLL input is buffered through phase-matched buffer arrays to
maintain equal phases to all amplifier inputs. This permits use of the same
generator/amplifiers for both therapy and pulsed signal interrogation. During the
therapy mode, the VCO on each generator section drives the RF amplifier. The VCO
frequency is computer-controlled by the microcontroller under direction of the
Insirument Computer. Since each RF generator/amplifier section of the TMR
subsystem has its own VCO, the outputs of each amplifier are incoherent. This permits
avoidance of any undesired phase addition or cancellation in the emitted ultrasound
energy used for thermal therapy. During the interrogation mode of system operation, it
is imperative that the pulse signal be phase-locked to a single source in order to permit
accurate measurement of pulse-echo and through-transmission times. This in turn
permits accurate representation of the breast contour on the operator’s treatment
screen. Also, it is essential for noninvasive monitoring and reconstruction. This
section of the TMR subsystem functions to switch the generators/amplifiers between
these two modes and to provide buffered, phase-matched signals to the drivers. Itis
shown on the upper right corner of the TMR layout in Figure 28.
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Figure 28. Transmitter/Multiplexer/Receiver (TMR) card layout.
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2.D.6. DSP Add-On Provision

This section of the TMR subsystem represents one of the important “looking
ahead” features which has been incorporated into the breast ultrasound therapy
system. The TMR circuit board contains sockets for plug-in addition of a digital signal
processor (DSP) to be developed at a future date (Figure 28). DSPs are widely used
today in many applications and in this case, will provide the only reliable method to
obtain “clean” received signals for the through-transmission data to be used for both
noninvasive temperature monitoring and real-time breast image reconstruction within
the treatment system. This work is beyond the scope of the present contract. itisa
very important provision, however, and is the only method whereby these capabilities
may be readily retrofitted to the overall system without complete rework of the TMR
subsystem at considerable cost and time consumption.

2.E. Non-Invasive Monitoring Subsystem

The noninvasive monitoring subsystem resides on the TMR subsystem circuit
cards and on three separate circuit cards contained within the system enclosure.

The receiver section of the TMR subsystem, in conjunction with the T/R Mux
circuits and VCO/PLL control circuits comprise the heart of the noninvasive monitoring
subsystem. This portion of the system changes the functional state of the transducers
from therapy to target interrogation and receives both reflected and transmitted signals
from and through the breast, respectively. Functional descriptions of each of these
TMR subsystem sections are given previously in Section 2.D. of this report.

One of the three additional circuit cards contains the phase-locked oscillators for
each of the three transducer interrogation-mode operating frequencies (2.0, 2.5, 4.5
Mhz), filters for eliminating noise from the high-resolution time measurement signals,
and the time-of-flight (TOF) measurement circuitry. A microcontroller also resides on
this card for the purpose of communicating with the Instrument Computer which directs
the TOF measurements. The other two cards contain large phase-matched buffer
arrays for distributing the phase-locked oscillator outputs to each of the 96 RF
generator/amplifier channels. These systems are now complete and functionally
tested.

The functionality of the receiver and noninvasive measurement circuits were
tested through a series of laboratory measurements. A single 48-transducer ring from
the cylindrical applicator was set up in the laboratury and excited using the phase-
locked pulsed RF generator circuits. A tissue-equivalent breast phantom was inserted
into the applicator ring for these measurements. Each transducer in the ring was
individually excited and both reflection and through-transmission measurement data
recorded. Baseline data were first recorded without a target and then with the breast
phantom in place. A summary of the pulse-echo results is presented in Table 5. These
data include both and time and amplitude information for both cases. Data were taken
for both the 2.0 MHz and 4.5 MHz transducers and the distance to the far wall of the
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Table 5. Ping-Echo results.
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25cm diameter cylinder (no breast target) and to the breast target were determined.
Note that the acoustically-measured diameter (distance to far wall) of the cylinder is
quite accurate. The distance-to-target data are used to construct the breast contour
(profile). Measurements recorded on oscilloscope traces are presented in Figures 29
and 30. In these measurements, the interrogation pulse can be identified on the left-
hand of the top trace. The ring of transducers were operated in both the “collect” and
the pulse-echo modes. The pulse-echo is identified as the signal near the center of the
same trace, wherein the time between the two determines the distance to the breast
target. The lower trace(s) in each case is the through-transmission signal
measurement, with the time from the pulse to the signal near the right-hand of the trace
being the TOF measurement through the breast target. This measurement is related to
both the power absorption and could be correlated with temperature change. A
detailed compendium of the tomographic measurements showing the attenuation
through the path of each transducer and the multi-transducer measurements from a
single transducer used to produce a “fan beam” reconstruction are included as
Appendix F.

The data from these measurements have been further examined to ascertain if
ultrasound tomographic image reconstruction from the therapy transducer array may be
possible. A tomographic reconstruction algorithm was writtren which is appropriate for
the density of transmitting and receiving transducers present in the system in order to
test this potential. It is important to note that the development of ultrasound
tomographic reconstruction techniques and imaging algorithms are clearly outside the
scope of the present contract. This effort was performed only to determine the
feasibility of accomplishing such an ultrasound CT image using the same arrays and
system components used in the breast therapy system. The initial results are truly
exciting. Both transmission data and reflection data were collected as described
above. Reflection data were used to determine the external surface of the breast. This
allows localization of the breast in treatment system coordinates. An iterative algebraic
reconstruction technique (ART) was then used to reconstruct the interior distribution of
parameters measured by transmission data. Knowledge of the external surface also
provides a computational advantage. It allows us to bound the active computation
area, reducing calculation time for the tomographic reconstruction. It also reduces the
smearing of the final reconstruction image. We have carried out studies using
simulated data to determine if it is possible to reproduce internal features based upon
the transducer, receiver, and pulse-transmitter parameters of the actual breast therapy
system, showing that the number of receiving transducers (which correspond to the
number of therapy transducers) should be sufficient to reconstruct internal features.
Reconstructions (shown in Figures 31 and 32) based on the preliminary measurements
taken in the laboratory as described above (and included as Appendix F) show promise
that it will be possible to implement this technique with real data.

2.F. Thermometry Subsystem

Minimally invasive thermometry is performed by a multichannel thermistor
thermometry system (Profilometer) developed by Drs. Bowman and Newman at the
Massachusetts Institute of Technology (Bowman, et al., 1991; Hansen, et al., 1994).
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Figure 29 A. Oscilloscope recording of pulse echo/transmission results (2 MHz).
The top trace shows the pulse echo. The bottom trace shows the
transmission signal one way through the phantom.

Figure 29 B. Oscilloscope recording of pulse echo/transmission results (2 MHz).
The top trace shows the pulse echo. The bottom trace shows the
transmission signal through the phantom the opposite way.
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Figure 30 A. Oscilloscope recording of pulse echojtransmission results
(4.5 MHz). The top trace shows the pulse echo. The bottom trace
shows the transmission signal one way through the phantom.

Figure 30 B. Oscilloscope recording of pulse echo/transmission results
(4.5 MHz). The top trace shows the pulse echo. The bottom trace
shows the transmission signal through the phantom the opposite

way.
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Figure 31. Comparison of reconstruction to known distribution. A 6cm
radius circle is represented by light coloring, and a small region of 25%
enhancement is shown as the darker region. The lines represent isolevels
of the reconstructed distribution at the mean reconstructed value and 1
standard deviation above and below. The small region of enhancement is
well reconstructed.
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Figure 32. An example of reconstruction from measured data. This
reconstruction is based on manual measurements from a few transmitters.
The data is extrapolated around the ring giving the circular behavior to the
reconstruction. The external contour is determined from manual
measurements of the reflection time measured about a quadrant and again
extrapolated about the ring. The ultrasound phantom had a uniform
attenuation distribution. Lines again represent mean and 1 SD above and
below mean.
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The multi-channel temperature measurement instrument accomodates up to 6 multi-
channel temperature probes. Each probe can measure temperature at up to 14 sites
providing a total of 84 channels of information. The present instrumentation has
resolution down to 10-17 millidegrees C, and temperature can be sampled at variable
rates dependent on the data acquisition system being used and the amount of data
averaging and signal processing. Each of the 84 channels can be sampled at 20 Hz
which provides 10,080 samples of temperature data per second. Multi-site temperature
data are collected and stored by the Instrument Computer. Data signal conditioning is
performed by the Instrument Computer and the data then passed to the Control
Computer for interaction with the contro! algorithm and display for the operator.

The instrument consists of two card types; the isolation cards and a digital
control card. The isolation card is a medically isolated driver card external to the
Instrument Computer which provides isolation for each channel and also provides
multiplexing of the analog and digital signals. The digital control card provides function
selection including card selection, channel selection, gain selection for a
Programmable Gain Amplifier, and resetting of an Over Current Protection Latch. The
controller card also handles communication to and from the Instrument Computer.
Analog-digital conversion is presently handled by a commercially available system in
the Instrument Computer, and all instrument control, data display, and data storage is
handled by the computer.

Within the measurement instrumentation, each probe is connected to an
individual, electrically isolated probe driver card. The driver cards are powered by a
UL-544 approved power supply certified for medical use, and signals to and from the
driver cards are passed through optical isolators and isolation amplifiers. This isolation
ensures that there is no electrical connection between the patient and ground via the
instrumentation.

The instrument also contains common circuitry - the controller and interface
cards - for coordinating the activities of the several driver cards and for communicating
with the Instrument Computer. This common circuitry is powered from a separate
power supply, so that the probe driver cards are electrically isolated from the common
circuitry, from the AC line, from the host computer, and from the other probes.

The probes used to measure temperature can be mounted on needles, molded
into catheters, or other designs as desired. Stainless steel needle probes are planned
for use with this system. These are 19 ga. needles, from 6" to 12" long, and contain 14
thermistor sensors. This range of probe configurations permits selection of a probe
appropriate for the particular size breast being monitored.

The sensors used to measure temperature are thermistors. There is no
electrical connection from the probe to the patient in normal operation. However, as a
further safety precaution, hardware protection circuitry is provided to shut off power to a
probe if an out-of-range signal is detected due to probe breakage or other mishap.
Should such a condition occur, probe excitation will be shut off within 65ms. Although
the isolation circuitry ensures that there is no current path from the instrument to
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ground through the patient under such conditions, this additional measure of
redundancy provides added assurance of patient safety.

A unique feature of this system is that various temperature displays are available in
real-time on the Control Computer screen during treatment. The display modes are as
follows:

e Temperature-Time Display Mode: This mode presents a graph of all sensors
on a common time axis. For the breast system, use of 3 probes
simultaneously is anticipated for most treatment cases, which is easily seen
on the display.

e Temperature-Histogram Mode: This mode presents an instantaneous display
of temperature for each sensor, with a high/low memory. Each sensor has its
own histogram plot.

e Spatial Temperature Distribution Mode: This mode is displayed on the
operator treatment control screen directly on the breast contour/slice map and
shows spatially where each of the sensors is located within the breast profile
and the temperature of each sensor.

e Thermal Dose Spatial Distribution Mode: This mode is displayed on the
operator treatment control screen directly on the breast contour/slice maps
and shows spatially the thermal dose distribution within the breast. Thermal
dose is displayed as the instantaneous value of accumulated thermal dose,
expressed as equivalent minutes at 43 deg. C.

A block diagram of the thermometry subsystem used in the breast therapy
system is shown in Figure 33. Figure 34 is a photo of the Temperature-Histogram
display mode output which includes historical high and low temperatures as small
horizontal bars overlayed on the temperature histogram.

The profilometer system and displays are fully developed and approved by the

IRB at the Dana Farber Cancer Institute. A profilometer system (operating as a stand-
alone device) is currently in clinical use for other thermal therapy systems at the JCRT.
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Figure 33. Thermometry Subsystem

2.G. Cooling/Heating and Water Circulating Subsystem

This subsystem consists of a 110 watt thermoelectric cooler/heater, water
circulating system, and a temperature controller interfaced to the Instrument Computer.

The thermoelectric cooler/heater is attached to a thermal plate which includes a
machined serpentine groove and cover plate for placing the tubing which carries the
circulating water. Using this approach makes it possible to maintain sterility of the
water which comes in contact with the patient and avoid circulating the water directly
through the cooler body itself. The cooler maintains the water at a preset temperature
which is under operator control via the Control and Instrument Computers. The
interface communicates bi-directionally with the Instrument Computer. The
temperature controller controls the setpoint temperature based upon information
feedback from the thermometry monitor module and the setpoint temperature selected
by the operator. A PID control algorithm is incorporated in the software. The setpoint
temperature range is 25°C to 42°C.
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Figure 34. Temperature histogram display mode. Each histogram plot
applies to an individual probe. Up to eight histograms can be
displayed on the screen. Each bar refers to an individual sensor in
the probe. A high-low memory is shown as a pair of horizontal lines
on the histogram bar. The color coding of the sensors is chosen to
reflect sensor location and temperature range. The yellow dot

within each bar represent the accumulated thermal dose (Sapareto

et al.,, 1984)
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2.H. Computer Subsystem

The computational functions of the system will be divided between two
computers, the Control Computer and the Instrument Computer. The control
computer's primary responsibility is to control the overall treatment functions and
provide an intuitive user interface via a graphics monitor, keyboard, and mouse. The
Instrument Computer is primarily responsible for communicating with other hardware
devices such as the Cylindrical Array Applicator, the Video system, Cooling System,
Thermometry system, and the Pause switch.

2.H.1. Control Computer

The Control Computer is a standard architecture machine with no custom
hardware interfacing requirements that connects to the Instrument Computer via a
communications link and is also connected to a printer to allow hardcopy of the
treatment information. For treatment results analysis, demo, and software development
purposes the Control Computer is able to be operated without the Instrument Computer
connected.

The bi-directional communications link has been implemented via a parallel port
using off-the-shelf hardware. The communications software design employed is
independent of the communications link technology, except for the low-level driver
implementation.

~ Control Computer Specifications:
Processor:
Pentium, 66 MHz
PC/AT, MS-DOS, Windows, iRMX Compatibility
32 MB RAM
520 MB hard disk
3.5" 1.44 MB floppy drive
Printer Port
Bi-directional Communications link to Instrument Computer
(Ether Express Network)

Graphics and operator entry subsystem:
1280 x 1024 x 256 resolution
21" monitor size
PCI bus with graphics accelerator
Standard 101-key keyboard

Microsoft Windows supported mouse

Inputs to Control Computer:
Keyboard
Mouse
Ether Express Network from Instrument Computer.
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Outputs from Control Computer:
Display Screen
Parallel Port to Printer
Ether Express Network to Instrument Computer.

2.H.2. Instrument Computer

The Instrument Computer implements the custom control and measurement
interfaces to other hardware portions of the treatment instrument, is located within the
system enclosure beneath the patient table and near the control and measurement
points, and communicates with the Control Computer via a bi-directional
communications link. For software design consistency and to avoid unnecessary costs,
the Instrument Computer is implemented as a PC-AT compatible computer filled with
interface cards. '

The bi-directional communications link was implemented via a parallel port using
off-the-shelf hardware. The communications software design is based on iRMX and is
independent of the communications link technology, except for the low-level driver
implementation.

Instrument Computer Specifications:
Processor:
80486 DX2/66, upgradable to Pentium
PC/AT, MS-DOS, iRMX Compatibility
16 MB RAM
250 MB hard disk [deleted from final system]
3.5" 1.44 MB floppy drive [deleted from final system]
Ether Express Network link to Treatment Control Computer

Custom designed transducer array interface hardware
TTI Temperature Profilometer System:

Low profile card cage

14 Channels per board

6 boards

Isolation card

Digital control card
Coolant system interface hardware

Video system interface hardware
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Inputs to Instrument Computer
Safety Controls - Emergency Shutdown, Pause control.
T/R Switch Status
Demultiplexer Status
Receiver data
Invasive Thermometry Sensors
Coolant Temperature
Ether Express Network from Control Computer

Outputs from Instrument Computer
Safety Shutdown
Image Pulser
RF Power On/Off, Gated CW burst
RF Frequency Sweep On/Off
T/R Switch Control
Demultiplexer Switch Control
Cooling System Control
Ether Express Network to Control Computer

2.l. Video Subsystem

The breast ultrasound therapy system also incorporates a charge-coupled-
device (CCD) solid-state video system for visual imaging of the breast within the
treatment cylinder. This video subsystem was not anticipated in the original system
design; however, several physicians within our group and our outside scientific
reviewers suggested that real-time video imaging of the breast would provide useful
information concerning the breast’s position within the treatment cylinder and would
confirm the breast contour outline provided by the noninvasive interrogation pulse-echo
ultrasound. The video image from the CCD device is coupled through a video digitizer
to the Instrument Computer and transferred to the Control Computer. The resultant
image is displayed within a “window” on the operator treatment control screen.

2.J. Safety Subsystem

This subsystem automatically tests for any system ground faults and monitors
leakage currents. It also directly monitors RF output power from the generator/amplifier
subsystems independently of any computer-based monitoring of output power. It
provides for system shutdown in the event of RF power malfunction, such that a “power
on” failure mode is not possible. Also, a system level emergency shutdown switch is
provided.

59




DAMD17-93-C-3088

3. SYSTEM SOFTWARE

3.A. System Software Overview

The System Software Block Diagram (Figure 35) shows the system control
implementation approach. System control is divided between two computers, the
Control Computer and the Instrument Computer. The Control Computer provides an
operator control interface, measurement interpretation, feedback control, and data
recording. The Instrument Computer provides direct hardware interfacing for collecting
temperature measurements, collecting measured data from receivers, setting control
output levels, and controlling the timing for multiplexing the transducer array.

3.B. Operating System

The Control Computer and the Instrument Computer are each configured with a
32-bit real-time multitasking operating system (Intel's iRMX for Windows). The
software for each computer is written as a collection of well-isolated tasks, with
intertask communications implemented via a consistent mailbox communication
approach, with each task having its own separate GDT entries for its code, data, and
stack segments (except that multiple iterations of a task, if any, use a shared code
segment), and with minimal use of shared memory between tasks. All tasks are written
as iRMX native tasks, except in the Control Computer where the operator interface is
written as a Microsoft Windows application. Any task using mutual exclusion
mechanisms rigidly adheres to an access order regimen to prevent deadlock situations
from occurring.

3.C. Interprocess Communication

A standard intertask communications message structure is used for most
intertask communication messages. This structure contains message type, response
mailbox, destination, and standard auxiliary information fields. For passing large
messages, an auxiliary information field will be used to pass a pointer to a memory
segment containing the passed information. To avoid conflicts, in most circumstances
this segment will not be accessed again by the sending task until it is returned by the
receiving task. Preallocated communications buffer queues are used where possible
rather than dynamic memory allocation and deallocation to exercise explicit control
over message queuing performance and to avoid memory fragmentation.

3.D. Initialization

The Initialization task has the responsibility to start up all the other primary
application tasks in the system. Each iRMX task is separately bound, and loaded by
the initialization task with the iRMX application loader. This approach encourages
good design practices such as maintaining task isolation, automatically provides

60




DAMD17-93-C-3098

usslecag _.I.' anppd

wajsAsqng a1emyos

wajsAsqng siempieH

UOHEOJUNWILIOD |eUOlDaIIP-Ig

BuBesson

by

ANQpmY

wasisqng
uogenbyuo)

61

wasdsgng
Kops
wejalaqng A <> npon
nawouLey), b
Buood
Ajaed wesls L
Wowprey Bunood
pueo %,
Buyo0d d
[yl usicons (e
sanpowy oUW
X0 WL
1 sewod uzm 1 4s -
. proghey
98108 Py t
J9)ndwion wnpuad
ju3WINLSs| J9ndwo) jonuo)

Figure 35. System software block diagram.



DAMD17-83-C-3098

independent data segments for each task, and minimizes compile, build, and bind cycle
time.

Each task will have a synchronous initialization phase, and may also have
asynchronous initialization. During synchronous initialization, each task will establish
communications mailboxes and message queues, perform any other synchronous
initialization required, send the token for its main command mailbox to the initialization
task, and wait for an initialization message from the initialization task. After
synchronous initialization is complete, the task may also do other initializations
asynchronously.

3.E. Control Computer

The Control Computer performs several interrelated functions. The operator
input and display subsystem provides user control over the treatment and feedback to
the user as the treatment progresses. User control over the treatment is at a high
interaction level; actual control over the timing, power levels, and frequencies applied to
scores of individual transducer elements is too complex and must be controlled too fast
for an operator to control individual transducer parameters directly.

3.E.1. Operator Subsystem

The operator interface is one of the most important parts of the treatment system
since it represents "the system" to the users. Therefore, the engineering design
approach must be secondary to the user-oriented approach in this instance. Not only
must the data interfaces be considered, but also the tools (keyboard, mouse, etc.) and
the display organization and options. These are each discussed in the paragraphs
below.

The operator interface is used to define the treatment control and reference data
and to display a variety of types of treatment progress and general display information.

Treatment Definition and Control Data
Treatment definition and contro! data will be suggested to the operator through
the presentation of a configuration file, or files, and by requests to the operator
to:
1) accept the configuration file in its entirety
2) specify new data for particular fields of the file
3) specify data not included in a configuration file.

Treatment Associated Data
Treatment associated data is measured by the system from sources external to
the therapy system and therefore must be provided to it. Such data includes:
1) the number of temperature probes
2) the locations of the probes
3) the number and spacing of sensors on each probe
4) the spatial locations of the temperature sensors
5) the size and location of scar tissue
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6) the patient's name and any identification being used

3.E.2. Display Subsystem

The displays provided during treatment include:

1) a breast contour (every 1 to 5 seconds),

2) periodic imaging of the temperature probe(s),

3) 2D cross section breast images, each with overlays of

temperature data,

4) Hot spot alerting,

5) An optional display of 2D cross sections by location,

6) continuous time and temperature monitoring displayed as a graph
for each cross section.

Where temperature is to be indicated by color shading scale shown below is used. The
actual temperature values that map to these colors and the colors used are defined and
configurable via the Configuration Subsystem.

White - over temperature (above 44.5 °C)

Red - upper temperature threshold (44.0 °C)
Orange - 43.0 °C

Yellow - 42.0 °C

Green -41.0 °C

Blue - below lower temperature threshold (40.5 °C)
Gray - shading

All display software are designed with the resolution-independent features available in
Windows, so that the treatment software will be able to run satisfactorily on machines
with lower resolution for demo and development purposes, with the acknowledgment
that display detail will be lost.

3.E.3. Configuration Subsystem

System configuration information will be read from a file into a configuration
information structure, then passed to each task as part of the synchronous initialization
message. The configuration information will be defined as a constant structure and
may be compiled into a binary file prior to system startup. The Configuration
Subsystem will check for the existence of the an ASCII version of the "SYSCONFG.HC"
and use it instead of the compiled file if it is present.

The system configuration information structure definition will be contained in a
common file, "SYSCONFG.HC", and included by all referencing files.

The configuration subsystem reads all configurable parameters from the storage
media (hard disk) and returns the appropriate data to the module that requests the
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information. The types of configurable parameters that this subsystem is responsible
for obtaining are power calibration table or tables and system behavioral preferences.

3.E.4. Messaging Subsystem

The messaging subsystem handles all messages that are to be displayed to the
user. This subsystem uses the Display Subsystem to display pre and post treatment
messages, error messages during the treatment, and informational messages that are
provided for the user. This subsystem accepts messages from any of the other
subsystems and displays them in the appropriate fashion. For example, if an error
occurs during a treatment, this subsystem will display an error message in a pop-up
window and inform the Treatment Control Subsystem to pause the treatment. If the
message is an informational message, the message will be displayed in a message bar
located on the display screen. All messages received are also transmitted to the
Treatment Records Subsystem.

3.E.5. Treatment Records Subsystem

The function of this subsystem is the collection, organization, control, and
distribution of data between subsystems, tasks, and modules, and to store all relevant
treatment data for post-treatment recall and analysis. In addition, the Treatment
Records Subsystem provides treatment information to the user in paper form. A
printout of key treatment parameters including temperature vs. time for all of the
sensors will be provided upon request.

Information that the Treatment Records Subsystem is responsible for storing and
retrieving includes the system configuration, all temperature measurement results,
patient information, cooling system information, treatment cell information, automated
control decisions, and user keypresses and mouse events during each treatment
session. This task will also allow the data to be retrieved in an off-line simulation mode,
for post-mortem analysis of the treatment session, operator training, system
demonstration, and software development support. Other utilities and function will also
be provided to assist in hardware testing, system calibration, and printing treatment
data.

3.E.6. Treatment Plan Subsystem

The Treatment Plan Subsystem is responsible for obtaining information from the
user that is necessary for proper treatment operation. Information that this subsystem
will require includes the number of treatment sensor probes, number of sensors per
probe, spacing of the sensors on the probe, target temperature and temperature limits
for individual sensors and/or subregion locations in the treatment volume, patient name
and/or number identifier, and possibly suggestions about the method of heating. The
treatment plan subsystem maintains this information and provides it to the other
subsystems. '

64




DAMD17-93-C-3098

The Treatment Plan Subsystem will also provide a method for the user to select
regions as small as an octant and select a temperature setpoint for the entire octant at
once.

3.E.7. Treatment Control Subsystem

The Treatment Control Subsystem makes transducer output power and
frequency decisions based on information received from the Power Absorption
Distribution Subsystem, Thermal Dose Distribution Subsystem, Treatment Plan
Subsystem, Dynamic Treatment Calibration Subsystem, and the Temperature
Subsystem. Once output power and frequency settings have been determined the
Treatment Control Subsystem sends those data to the RF Power Subsystem via the PC
Interface Module so that actual power changes can be made for the Transducer Array.

The Treatment Control Subsystem operates on predefined Treatment Cell
Volumes. The actual volume of each treatment cell may be determined by the
configuration file. The Treatment Cell center points, volume corners, and transducers
that affect a treatment cell are stored in a Treatment Cell Information File (TCIF.DAT).
If the volume defined in the configuration file for a treatment cell does not match the
volume used to calculate the current treatment cell information file, the Treatment
Control Subsystem will generate a new treatment cell information file.

The Treatment Control Subsystem will operate in automatic mode, yet it will be
capable of allowing the user to make manual adjustments of the temperature setpoints
for each treatment cell volume during the treatment. -The default control method will be
to heat the entire breast to 42-43 °C in all treatment volume cells.

To achieve the desired temperatures for the target volume the Control
Subsystem may begin the treatment by selecting the Low Frequency Setting (2.0 - 2.5
MHz) until the center treatment cells have reached their target temperatures and then
switching to the High Frequency Setting (4.5 MHz) to maintain these temperatures.

Treatment Cell Volume

A Treatment Cell Volume is a volume located inside the Cylindrical Transducer
array. All treatment cell volumes are the same volume (or as close to the same as
possible while still cumulatively encompassing the entire volume inside the Cylindrical
Transducer array). The actual value for this volume is stored in the configuration file
(default = 1 cm?). A data file containing the treatment cell center point location, volume
corner points locations, and the transducers that affect each cell is accessed prior to
the treatment as the Control Subsystem sets up the Treatment Cell list. The Treatment
Records Subsystem will check the Treatment Cell information file to ensure that the
configuration file volume selection matches the volume used to generate the treatment
cell information file. If it does not match, then the Treatment Records Subsystem will
call on the Control Subsystem to generate a new file prior to starting the treatment.

This subsystem calculates the center point location for each volume, the corner
points for each volume, and then determines which ultrasound transducers affect this
volume. Although the volume for each cell will be equal, the actual shape of each
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volume will not be exactly the same. Figure 36 shows a simplified view of how the
center points of each volume cell is determined for a single ring of transducers(48 in
this case).

Center Points of Treatment Cells
(Defined by line intersections)

Transducer

Side View

Top View

Figure 36. Treatment Cell Centerpoints

Treatment Cell Volume Centers
Each treatment cell volume's centerpoint is located on a line from the center of
the face of a transducer to the centerpoint of the cylindrical array. The central treatment
cell volume is actually a cylinder with a radius selected such that the volume will match
the volume contained in the configuration file. The remainder of the treatment cells for
a given transducer ring are in the shape of a rhombus (see Figure 37). Once the
central treatment cell radius has been determined, the radius (distance from array
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center) for the center point of the rest of the treatment cell volumes is calculated and
the centers determined. If a volume is selected such that all cells cannot be the same
size, the treatment cells located closest to the transducer face will be of different
volume so that the entire cylinder volume is represented by an individual treatment cell
volume (These cells could be ignored since they will never contain target tissue).

Treatment Cell Volume Corner Points

Once the center points for each treatment cell are computed, the eight corner
points for the Treatment Cell Volume are calculated. Each treatment cell volume is
defined by 6 planes (except for the center cells). For a given treatment cell, the top and
bottom plane are horizontal planes that are centered between the ring of transducers
above and below the ring that the current transducer resides (see Figures 36 and 37).
The left and right planes are vertical planes that extend from between the left and right
neighbors of the transducer to the center point of the Cylindrical array applicator. The
front and back planes are normal to a vector originating from the center point of the
cylindrical array to the center point of the transducer. The distance of the front plane is
half way between the current volume center and the center of the volume closer to the
origin, and the back plane is halfway to the volume center further from the origin. Once
all six planes have been determined, 8 volume corner points are calculated by finding
the intersection of 3 planes.

MultiView of treatment Cell.

A Treatment Cell
Top View "
Top [ Back
Front View § Side View s
(Looking from centerHeight
of cylinder)
}‘—Lengm—" Face Bottom

Figure 37.Treatment Cell Volume

Transducers Affecting a Particular Volume Cell

A center and 8 corner points define each volume cell. After all cell points have
been calculated each of the points defining a cell are checked to see if they fall within
either the Near Zone or Far Zone regions of each Transducer in the array; if so they are
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said to be touching a cell. The control subsystem creates a list for each volume cell of
all transducers that "touch" a volume. In addition to whether or not a transducer
"touches" the volume, information about whether the ultrasound field that touches the
volume is in the Near Zone or the Far Zone region is also maintained. A "strength
capability value" is also given for each transducer. For example, if a given transducer
touches both a corner and the center points it will be given a higher strength capability
value than a transducer that only touches a corner point. The strength value will be
used by the Control Subsystem during the treatment to determine what the output
power configuration should be to perform the desired treatment.

Treatment Cell Structure Definition
The structure definition below describes the types of information that will be
maintained for each treatment cell volume.

point  Center Location of center of cell
point  Corners[8] Location of 8 corners
float  Volume Volume of this cell

float  AbsorbedPower Current absorbed power
float ThermalDose Current thermal dose
float  Temperature  Current cell temperature

float  SetPoint Temperature setpoint

float  TempLimit Temperature limit

short  Type Scar, NormalTissue,
ContourTissue,
NoTissue

sensor *sensors List of sensors in treatment cell

xducers *xducers List of transducers touching cell

3.E.8. Contour Monitoring Subsystem

Pulse-echo reflection data is collected using the cylindrical transducer array.
The reflection data is collected by the Instrument Computer's Receiver Subsystem and
sent to the Contour Monitoring subsystem. The Contour Monitoring Subsystem will
convert this information into 3D image data that outlines the contour of the breast and
prepare it for display. It will also map 3D image data into a 2D image space for the
generation of 2D displays. This subsystem will also provide information to the Dynamic
Treatment Calibration Subsystem to locate the breast within the treatment cylinder for
detection of breast movement within extremes (boundaries) set in the Configuration file,
and for updating the treatment cells in which the contour (surface of the breast) resides.
Figure 38 is a simplified depiction of the pulse-echo monitoring method.

Contour Monitoring is performed by selecting a single ultrasound transducer to
transmit an ultrasound pulse into the treatment cavity and then receiving the same
" pulse while measuring the time it takes for the pulse to return. This measurement is
called a "Pulse-Echo" measurement since it measures the time it takes for a pulse to
return to the transducer. The sooner a pulse returns the closer the object is to the face
of the transducer. By pulsing all of the transducers one at a time a 3 dimensional
contour map of the target tissue located in the applicator can be generated.
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Contour Monitoring
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Figure 38. Contour monitoring.
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3.E.9. Dynamic Treatment Calibration Subsystem

The Dynamic treatment calibration subsystem's primary responsibility is the
detection of movement of the sensors, or the contour information. Once movement has
been detected, this subsystem sends updated spatial target coordinate information to
the subsystems that will be required to update their respective information tables.

Subsystems requiring the updated spatial information concerning target position
include the Power Absorption Distribution Subsystem, the Temperature Subsystem, the
Thermal Dose Distribution Subsystem, the Treatment Control Subsystem and the
Safety Subsystem.

Whenever the breast moves within the treatment cylinder, new contour
information is generated by the Contour Monitoring Subsystem based on pulse-echo
measurements which are made every 4 seconds. This new breast contour information
is passed to the Dynamic Treatment Calibration Subsystem to update the breast/target
3-dimensional spatial position within the treatment cylinder volume, relative to the
transducers. This information is utilized by each of the subsystems requiring the
updated spatial information. The Safety Subsystem compares the new breast/target
spatial location against the maximum movement threshold specified in the
Configuration file in order to determine whether or not to pause treatment.

Whenever sensors move the Sensor Locator Subsystem updates its sensor
location table and warns the Dynamic Treatment Calibration Subsystem. This
subsystem then sends the new sensor location information to the Temperature
Subsystem and/or the Safety Subsystem. If a sensor that is to be used for the
treatment is not located in tissue, the Safety Subsystem must be warned so that the
treatment may be paused and the sensor deselected for control purposes.

3.E.10. Power Absorption Distribution Subsystem

The Power Absorption Distribution Subsystem calculates the power deposition
within the tissue based on current temperature and power information and absorption
models. Figure 39 is a simplified depiction of the "Through-Transmission" power
measurement.

During treatment, the actual absorption throughout the target volume for each
transducer pair is measured by the Instrument Computer, and sent to this subsystem.
The Power Absorption Distribution Subsystem converts this information into an array
representing the computed absorption or SAR (in W/cm3) for each treatment cell
(minimum unit treatment volume). This computed absorption array is then sent to the
Thermal Dose Distribution subsystem for its next simulation model cycle.

The "Through-Transmission" power is calculated by selecting a single transducer
to produce an ultrasound pulse while at the same time having the transducers that are
located on the other side of the cylinder (through the tissue) receive the pulse and
measure the change in magnitude of the pulse (Pulse Amplitude Degradation) once it
has been received. A correlation between the transmitted magnitude and the received
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magnitude can then be used to determine the amount of power that was absorbed in
the tissue.

Transmit Receive

Transmit jﬂ-ﬂ-ﬂ

— Through-Transmission Power
@ ~ 1 dB/cm/MHz atten.
lose ~ 80dB in 20 cm of tissue

Time-of-Flight @ 4 MHz
TOF ~ 167 microseconds \

@ 250 mm Diameter

A/D Conversion @ > 8MHz
adequate for a 4 Mhz Signa!

Figure 39, Power Monitoring

3.E.11. Temperature Subsystem

The Temperature Subsystem collects temperature values for all temperature
sensors and "Time-of-Flight" temperature measurements from the Instrument
Computer. These temperatures are then provided to the rest of the system upon
request. In addition, this subsystem calculates the temperature distribution for all
spatial volume cells based on the sensor, Time-of-Flight/Pulse Amplitude Degradation
- measurements. Invasive temperature sensor measurements and Time-of-Flight/Puise
Amplitude Degradation measurements occupying the same volume cells are set equal
to the invasive sensor measured temperature and all derived temperatures in
neighboring volume cells are calibrated according to the nearest invasive sensor
measurement. Time-of-Flight/Pulse Amplitude Degradation measurements are
depicted in Figure 40.

Actual temperature at a few points within the target volume will be directly
measured with an invasive thermometry system, using two needles each carrying
fourteen temperature sensors. These measurements will be collected by the
Instrument Computer, and sent to the Temperature Subsystem. The Temperature
Subsystem will convert the measured temperature information into an array
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representing measured temperature per treatment cell, also using the needle position
information provided to it by the Sensor Locator Subsystem. The measured and
calculated temperature per treatment cell will be sent to the Thermal Dose Distribution
and Treatment Control Subsystems.

Temperature monitoring using the ultrasound transducers is accomplished by
selecting a single transducer to transmit a pulse while at the same time either one or a
small set of transducers on the opposite side of the Cylindrical Array measure both the
Time-of-Flight and Pulse Amplitude Degradation of the pulse that was transmitted. A
correlation between the Time-of-Flight and Pulse Amplitude Degradation can then be
made to the actual temperature of the treatment cells.

Through-Transmission
TOF Measurement
(amplitude & TOF will vary)

Requires nanosecond resolution for millimeter
to centimeter spatial characterization of phase
velocity (Temperature)

Transmit

Figure 40. Temperature Monitoring

3.E.12. Thermal Dose Distribution Subsystem

The Thermal Dose Distribution Subsystem is responsible for calculating the
thermal dose distribution in the tissue. This calculation is done based on the
temperature for each cell over time. This information is generated by the Temperature
Subsystem and consists of current measured temperature, calculated temperatures,
and derived temperatures from Time of Flight/Pulse Amplitude Degradation
measurements, all with 3-dimensional spatial correlation within the cylinder volume.

The Thermal Dose Distribution task will calculate cumulative thermal dose for
each spatial treatment cell and update that information continually during treatment.
For each treatment interval, the Thermal Dose Distribution subsystem will compute the
temperature dose distribution within the breast from the measurements provided by the
Power Absorption subsystem and then compare the simulation modeling results with
the direct invasive temperature measurements and temperature volume-cell
measurements derived from Time-of-Flight/Pulse-Amplitude-Degradation
measurements in order to correct the model. The Thermal Dose Distribution
subsystem will distribute modeling parameters and results to the Treatment Control
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Subsystem and the Display Subsystem. This aspect of the system is still under
development.

3.E.13. Hardware Calibration Subsystem

The Hardware Calibration Subsystem provides a method for calibrating the
ultrasound output for each channel. The input control voltage for each channel is
determined for a given ultrasound field intensity. This subsystem is executed prior to
shipment of the system and may be executed again on a regular basis or when a
ultrasound transducer is replaced or a portion of the circuit that feeds the transducer is
changed. During the calibration procedure, a calibration table is generated. Once
calibration is completed, the table is written to a file to be used for the next treatment.

3.E.14. Safety Subsystem

The Safety Subsystem checks safety relevant system hardware prior to and
during the therapy session. It ensures that all safety relevant hazards are accounted for
and recognized by the software.

Prior to beginning the therapy session the Safety Subsystem will test the Pause
Button, Water level error latch, A/D and D/A converters, Heartbeat Error Latch, and the
Power Inhibit Latch. During the therapy, this subsystem will monitor the Pause button,
Water Level Signal, Water Level Latch, periodically test the A/D and D/A converters,
Power Inhibit latch, and confirm that the Instrument computer is generating a Heartbeat
signal appropriately. The Instrument Computer will generate a heartbeat at the same
time as the Control Computer so that each computer will be watching the other.

This subsystem will also monitor and compare the breast/target positioning error
threshold in the configuration file with the actual breast/target location determined by
the Contour Monitoring Subsystem. The "zero reference" position will be the central
axis of the treatment cylinder.

If an error condition is detected, this subsystem will be responsible for inhibiting
the power supply, and/or inhibiting the Ultrasound output power.

3.E.15. Sensor Locator Subsystem

The Transducer array will be used to determine the positions of the thermometry
needles. The Sensor Locator Subsystem is responsible for determining the sensor
location of all sensors.

The location of each sensor is determined as follows. Each thermometry needle
is a 19-gauge needle with 14 sensors. Spacing of the sensor is retrieved from the
Treatment Plan Subsystem. Each needle contains two ultrasound transducer
transponders which are utilized to locate the position of the implanted needle exactly
within the breast and within the treatment cylinder. The known sensor spacing
information is then used to determine the spatial location of each sensor within the total
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treatment cylinder volume and within the breast. Within these volumes, each sensor is
"assigned" by the Temperature Subsystem to a spatial volume cell.

The location of each sensor is also supplied to the Dynamic Treatment
Calibration Subsystem so that movement in the sensor locations can also be
recognized by the rest of the system.

3.E.16. PC Interface Subsystem

The PC Interface module initiates and maintains communications with the
Instrument computer. This subsystem is capable of operating in three modes. The
three modes of operation are Treatment mode, Test mode, and replay mode and are
discussed below.

Treatment Mode

In the Treatment Mode, this subsystem communicates with the Instrument
Computer to send and receive information about the hardware. The information
received by this subsystem includes current measured forward and reflected power for
each ultrasound transducer, "Time-of-Flight", Through-Transmission", and "Pulse-Echo"
measurements for each ultrasound transducer, Current Cooling System Temperature
and setpoint, actual temperature measurements as measured by the thermocouples, a
Heartbeat signal, Video System information, and periodic safety testing information.

Simulation Mode ‘

When operating in the Simulation Mode, this subsystem requests information
from the Treatment Records Subsystem such that all requests from the other
subsystems will be handled as if a Instrument Computer was present. This mode is
provided primarily for testing and debug sessions when the Instrument Computer is not
present.

Replay Mode

In Replay Mode this subsystem requests information from the Treatment
Records Subsystem and provides this information to the other modules so that a
treatment may be replayed.

3.F. Instrument Computer Functions

The Treatment Instrument Computer will receive measurement requests and
control output requests via the communication link, act upon the requests as needed,
and send replies to the Control Computer containing the measurement results or
acknowledging the control operation. Measurement and control parameters needed
are detailed below.
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3.F.1. RF Power Subsystem Software

The RF Power Subsystem consists of 96 independent transmitters each driving a
4-way T/R Multiplexer which switches the RF output to the appropriate transducer.

The Instrument Computer will control the switching on/off of each of the VCO
sources, the RF output power of each of the amplifier channels, the on-off status of.
each amplifier channel, the T/R MUX status of each channel relative to the 4
transducers which it may possibly drive, and the selection of which receivers are active
at any given instant.

3.F.2. Receiver Subsystem Software

The Receiver Subsystem consists of 24 independent receiver modules which are
interconnected to the T/R MUX devices as shown in Figure 20. The status of each is
detected by the Instrument Computer and provided to the Contour Monitoring
Subsystem, the Power Absorption Distribution Subsystem, and the Temperature
Subsystem ("Time-of-Flight" data).

3.F.3. Cooling/Heating Control Software Subsystem

This subsystem is responsible for maintaining the proper coolant fluid
temperature prior to and during the therapy session. This subsystem sets the cooling
system temperature setpoint according to the Configuration file and continuously
checks the measured cooling temperature to ensure that the cooling system has not
malfunctioned. In the event that the measured temperature value is not within the
tolerance (also set in the configuration file) set this subsystem will report the error to the
Safety Subsystem. This subsystem is also responsible for turning on/off the cooling
system as requested by the Control Subsystem.

3.F.4. Thermometry Interface Software Subsystem

The Thermometry Interface Subsystem communicates with the MIT thermometry
subsystem in the appropriate manner to receive all temperature information. The
temperature information is requested from the Thermometry System every 4 seconds
and is then sent to the Temperature Subsystem in the Control Computer.

3.F.5. Safety Software Subsystem

The Safety Subsystem checks safety relevant system hardware prior to and
during the therapy session. It ensures that all safety relevant hazards are accounted for
and recognized by the software.

Prior to beginning the therapy session the Safety Subsystem will test the Pause
Button, Water level error latch, A/D and D/A converters, Heartbeat Error Latch, and the
Power Inhibit Latch. During the therapy, this subsystem will monitor the Pause button,
Water Level Signal, Water Level Latch, periodically test the A/D and D/A converters,
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Power Inhibit latch, and confirm that the Instrument computer is generating a Heartbeat
signal appropriately. The Instrument Computer will generate a heartbeat at the same
time as the Control Computer so that each computer will be watching the other.

This subsystem will also monitor and compare the breast/target positions within
the treatment cylinder volume to the position error threshold specification in the
Configuration file and pause the treatment if out of range. If an error condition is
detected, this subsystem will be responsible for inhibiting the power supply, and/or
inhibiting the Ultrasound output power.
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4. EXPERIMENTAL STUDIES: TESTING IN PHANTOM AND
NON-PERFUSED MUSCLE.

4.A. Introduction.

Sections V.2 and V.3 describe the various subsystems and test results. The
purpose of the phantom and in-vitro muscle studies described below is to verify that the
breast treatment system is capable of delivering adequate hyperthermia for thermal
therapy of breast cancer. The complete breast treatment system was not yet integrated at
the time of this report, therefore the phantom studies reported herein pertain to the use of
a single ring with appropriate and previously tested electronics (See Year 01 Annual
Progress Report). This is a relevant test, because the system is designed so that each of
the eight rings are independent of each other and deposits energy only in the plane
defined by the ring. Thus the results from a one ring experiment can be extrapolated to
the full eight ring assembly. The final tests for the full assembly are scheduled to be
completed in the month of June 1995.

4.B. Phantom Measurements.
4.B1. Breast Phantoms.

The phantoms consist of pharmaceutical gels containing uniform distributions of
graphite and alcohol. Before being used in the experimental set-up, the physical
characteristics of the materials were measured. The density of the phantom is 1.08 g,

cm-3, the heat capacity is 0.78 cal, g™, (°C)™", the thermal conductivity is 0.0015 cal,

cm-1, K-1, and the ultrasound attenuation coefficient is 0.75 dB, cm-1, MHz"1. The
phantom gel is contained within a thin breast shaped rubber sheet intended to provide
the structural support and prevent moisture from the phantom to escape. In spite of this,
the phantom material tends to dry out after a few months with a subsequent change of
material characteristics. We have therefore built several tissue-mimicking breast
phantoms during the year as needed for our experiments.

Chest Wall

Figure 41 . Computer model of the graphite-alcohol breast phantom. The
experimental phantoms were sized D=13 cm, H=8 cm, h=2 mm.
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We have maintained the same dimensions of the breast phantom for all
experiments and the single ring measurements have been done at different levels (H in
Figure 41) representing different diameters of breast tissue. Two diameters were utilized
for most of the experiments, 7 cm and 12 cm.

. For testing of the completed breast treatment system, we will use a newly

designed phantom that includes the chest wall with bone heterogeneities. This is a
realistic ultrasound compatible phantom, which will adequately describe the three
dimensional heat transfer properties and is of particular importance to study the optimal
patient positioning on the table relative to the insonation portals.

4.B.2. Experimental Methods.

A single transducer ring was chosen for the experiments. The ring has 48
transducers, 24 of which operate at 2.0 MHz and the other 24 at 4.5 MHz. The two
frequencies are alternated throughout the ring. The transducers have been thoroughly
checked for output and bandwidth and example of such test results are presented in
Section V.2.A.

Twelve amplifiers, each having its own oscillator, are used to drive the
transducers. To power the 48 transducers, the output of each amplifier is connected to
four transducers through a multiplexer. Consequently, there are four groups of twelve
transducers (one quadrant) or eight groups of six transducers (either grouping may be
selected). At any given time, six amplifiers are connected to one of the eight groups
through the multiplexers. This multiplexing technique guarantees that the transducers all
operate out-of-phase, thus eliminating the possibility of destructive interferences. The
computer control system allows programmable adjustments of the power output to each
transducer. Each transducer is sequentially powered for 55 msec. Therefore, it takes 8
X 55= 440 msec to cycle through the whole ring (or the whole ring assembly).
Considering that the time constant for thermal processes are about 600 sec, this is a very
fast cycling time. This rapid insonation cycle is therefore equivalent to continuos
insonation at an average power, which is less than the peak power.

Multisensor thermocouple probes were used for temperature measurements. The
probes were placed as shown in Figure 42.

probe A I

probe C / N l \_

——e—o—
—

probe B l

| ®

\ |

A L]

yan '
diameters12cm \

Figure 42. Probe placement
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With the transducer ring submerged in degassed water, the phantom was placed
and aligned within the ring. The water temperature was kept at 240C during these
experiments. SAR distributions and pseudo-steady state temperature distributions were
measured for a variety of conditions. The measured data were compared to computer
simulations. The simulation methods were described in detail in the Year 01 Annual
Progress Report. Selected results are presented below. A more comprehensive
discussion of this work is presented in Appendix A.

4.B.3. Results and discussion.
The temperature probes are labeled A, B, and C (see Figure 42).

The SAR distribution required to deliver a uniform steady state temperature is
relatively small, and a direct measurement of the SAR will be difficult and inaccurate.
Therefore we measured the SAR for each output power configuration at higher total
power and normalized the SAR distribution to that power level. The normalized SAR (go)
for each sensor point is calculated from the initial temperature rise and deduced from
qo = Cv (AT/At) N-1, where AT is the temperature elevation at the sensor point during time
interval At between 1 second and 11 seconds. Cy is the heat capacity and N is the total
output power of the amplifiers calculated as the sum of the power for low and high
frequency. The output power used in this SAR this experiment was 2.5 W and 10 W for
2 MHz and 4.5 MHz frequencies, respectively.

The cross symbols in Figure 43 show the measured steady state temperature in
the phantom for probes A, B, and C. The goal was to reach a steady state temperature

rise of 60C above the water temperature, which is 249C. The resulting 30°C was

reached and maintained within 20C, which is the design specification for the system.
The experiment was simulated using a sophisticated computer algorithm (See Year 01
Annual Progress Report and Appendix A). The solid line in Figure 43 shows the
simulated temperature distribution. Two sensors located at +30 mm and +50 mm

disagree with the simulations by 1°C and 1.30C respectively. Except for those
discrepancies, the agreement for all probes is excellent and remains within 0.50C-
0.80C.
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Figure 44. SAR'sin
probe A, B, C.

The total power required to reach the goal of a 60C temperature rise was 1.9 W for
the low frequency transducers and 15 W for the high frequency transducers. Using the
formula above we can now multiply the normalized SAR (qo) and calculate the power
deposition distributions (SAR) required to reach the measured temperatures. The cross
symbols in Figure 44 show the results, which are compared to the computer simulated
calculations (solid line). In general the results are very good except for a few large
discrepancies in probe A.
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Several factors contribute to the uncertainties in the experimental temperature
data, and in the measured versus calculated SAR values.

« When inserting the temperature probe, the deeper sensors may shift slightly due to
bending of the probe. The location of the needle tip sensor is therefore uncertain to
< 1 cm. Since the SAR is very position sensitive, it is likely that the discrepancy
between measured and simulated SAR distributions is due to this problem.

« In the simulation we assumed identical acoustic efficiency for all 48 transducers. In
the actual applicator, transducer efficiency varied + 6 %. Variation of a total of 12 %
between individual transducers was experienced. This problem contributed to the
discrepancies between the modeling and the measured results.

- We know that the phantom gel can dry out after storage, particularly after needles
have penetrated the rubber sheet. Phantoms had to be re-used for a few
experiments, and it is possible that some water and alcohol could have evaporated
and created inhomogeneities with different ultrasound absorption characteristics in
the phantom.

The excellent agreement between measured and simulated temperature
distributions is a validation of the computer algorithms. We will now use simulation for
patient treatment planning. One example of the use of computer simulation to plan a
special patient is demonstrated in Figures 45, 46, 47, 48. Figure 45 shows a cross
section through the breast of a patient. Perfusion is uniform and assumed to have a
perfusion constant of 600 s at 370C and 2000 s at 44 0C. The power deposition pattern
required for a uniform steady state temperature distribution is calculated and shown in
Figure 45. The resulting steady state temperature distribution is shown in Figure 46.

380

-00 [

-39.0

-78.0
-78.0 -33.0 0.0 39.0 78.0
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Figure 45. Power deposition pattern (SAR) for a uniform temperature
distribution at equilibrium and uniform perfusion.
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Figure 46. Equilibrium temperature distribution.

This patient had undergone a lumpectomy. A CT scan of the breast demonstrated
the size and geometry of the surgical incision and the lumpectomy cavity. [t is known that
such scar tissue has essentially no perfusion and the uniform SAR pattern shown in
Figure 45 will result in significant overheating of this region. The results of our validated
simulations are shown in Figure 47 and demonstrates that the lumpectomy region is
reaching a temperature of 44.50C, which is above the temperature considered safe to
avoid toxicity in our protocol (Tmax < 44°C). Precise spatial and power control of the
system permits us to change the SAR pattern to account for the lower perfusion in this
well defined region. Figure 48 shows the uniform temperature distribution resulting from
the corrected energy deposition pattern in the lumpectomy region.
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Figure 47. Increased temperature distribution in the region of the lumpectomy
cavity and scar. The increased temperature is the result of low or no
perfusion for a uniform SAR distribution as shown in figure 45.
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Figure 48. Shows uniform temperature distribution across the lumpectomy region
after correcting the SAR distribution to account for the lower perfusion.
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4.C. Experimental Tests Performed Using Non-Perfused Muscle
Tissue.

4.C.1. Muscle Tissue.

This in-vitro experiment used a large piece of pig muscle with a normal content of
fatty tissue.

4.C.2. Experimental Methods.

The experimental equipment and set-up is identical to that described in section
V.4.B.2. The probe placement and twelve measurement points are shown in Figure 50.
The water temperature during this experiment was kept at 220C. Pseudo-steady state
temperature distributions were measured with the goal of demonstrating that uniform
heating of muscle tissue with fat heterogeneities can be achieved. Due to the elliptical
shape of the muscle tissue, it was also possible to examine the effect of the shape factor
on the resulting temperature distribution. Both 2 MHz and 4.5 MHz frequencies were
used to optimize the distribution. No computer simulation of this experiment was
performed because the tissue specific ultrasound parameters (i.e. attenuation, velocity
etc.) needed for a calculation were not known.

4.C.3. Results and Discussion.

Figure 49 shows the temperature increase as a function of heating time for each
of the twelve measurement points in the pig muscle phantom. The ultrasound power
was turned on at time 33 seconds. We are interested in the temperature distribution
when the temperature vs time curves have reached pseudo steady-state. Most of the
measurement points seem to have reached such a state at around 1000 seconds and the
temperature distribution at 1030 seconds is shown in Figure 50. A minimum of 27.40C
and a maximum of 29.60C was reached at that point. The temperature distribution is
quite uniform and 11 out of the 12 points are within the 20C, which is the heating
uniformity criteria for the system. The absence of significant hot or cold spots again
confirms that there is no destructive ultrasound interference in the ultrasound field.
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Figure 49. Temperature-time record for pig muscle heating experiment. The pig
muscle contained significant amount of fatty tissue. Power was turned
on at 33 seconds and pseudo steady-state condition was reached at
1030 seconds. The power was turned off at 1130 seconds.
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Figure 50. Cross-section of the elliptical pig muscle phantom shown with the
probes and measurement points. Both low and high frequencies

were used. The temperatures ranged from 27.49C to 28.6°C.
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4.E. Conclusion and Significance.

These studies have demonstrated that the breast thermal therapy applicator can
deliver a power deposition capable of achieving uniform temperatures. This is achieved
by using individual amplifier power control and two frequencies; 2.0 MHz and 4.5 MHz.
The range of power control is large as compared to clinical needs. Consequently, it will
be possible to adequately treat a wide variety of clinical situations and over a large range
of breast tissue parameters, such as various perfusion and temperature boundary
conditions.

These experiments did not show any unpredictable hot or cold areas (See Figure
43). This demonstrates that there are no destructive interferences between the
ultrasound transducers that would create such hot or cold areas. Therefore, the
electronic design and the multiplexer switching arrangements have been successfully
implemented.

The excellent agreement between experimentally measured temperatures in the
alcohol-Agar phantom and computer simulations has demonstrated the validity of the
computer algorithm used in the simulations. It is planned to use computer simulations for
planning of a variety of clinical breast treatment cases. '

5. BREAST TREATMENT PROTOCOLS.

Clinical research protocols for cancer treatments using new devices are subject to
increasingly rigorous scrutiny by the hospital IRB and the FDA branch that issues the
Investigational Device Exemption (IDE). Recent federal regulations require the hospital
to have an IDE for any new device used in therapy before the IRB approval. - The branch
of FDA that issues the IDE, on the other hand, require that an IRB approved protocol
becomes part of the IDE application. This situation has created delays in the process of
applying for and receiving both IRB approval and an IDE.

In addition, as has been mentioned in Section V.1.B., our External Review
Committee recommended a Phase | device evaluation study before we continue with a
Phase I/l safety-efficacy study. Thus one more protocol had to be written and conducted
than originally planned.

As discussed in Program Organization (Section V.1.A.), the JCRT member
hospitals network require IRB approval from all participating hospitals. It is important that
our sponsoring institution (NEDH), and DFCI with its Breast Evaluation Center participate
in this clinical research. Therefore, IRB approvals of our protocols is sought from both
institutions as well as from the U.S. Army Human Use Review and Regulatory Affairs
Division.

As it stands now, a Phase | device evaluation protocol has been IRB approved by
DFCI contingent upon receiving an IDE. This protocol has been under clinical, scientific
and technical scrutiny for six months. The approved protocol is attached as Appendix G
to this report. It has also been submitted to the Human Subjects Committee at NEDH,
where we expect a fairly rapid approval due to the fact it has already been scrutinized by
another Harvard hospital. We have also submitted the protocol to the U.S. Army Human
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Use Review and Regulatory Affairs Division (Ms. Catherine A. Smith, Human Use Review
Specialist). Ms. Smith will begin the protocol review, pending the completion of a new
federal form for “Protection of Human Subjects”.

The primary purpose of this protocol is to evaluate the limitations and capabilities
of the breast treatment system to deliver homogenous and controllable heat in a
specified quadrant, half, or whole breast. In addition, these patients will be followed to
evaluate acute and long-term toxicity and cosmetic outcome of thermal therapy
combined with radiation therapy to treat early breast cancer. One important feature of
this protocol is that the temperature range that the temperature range is a minimum of

400C to a maximum of <430C for a time of 45 minutes. This is a conservatively low
temperature and thermal dose, and no toxicities or undesirable reactions are expected
within this range. For this reason, the protocol is clearly focusing on device evaluation.

The next step is to develop a Phase I/l toxicity, efficacy protocol. The main clinical
concern in implementing a Phase /Il protocol is that using heat treatment as an adjuvant
to radiation has the potential of increasing the incidence of breast tissue fibrosis as an
undesirable toxicity. The External Review Group recommends a temperature escalation
study, where the maximum temperature should never exceed 449C and the minimum
temperature should start at 40.50C to be escalated to 420C with careful analysis of short
term toxicity. If this temperature escalation is successful, the treatment objective will be
to achieve a temperature range of 420C to 449C. Such a narrow temperature range in
heterogeneous breast tissue requires highly interactive power deposition control with
knowledge of the effect of perfusion on the heat transfer. These considerations will be
included in the Phase I/l protocol under development within this program.

VI CONCLUSIONS.
1. SIGNIFICANCE OF THE COMPLETED RESEARCH.

The main goal of this research program is to develop an ultrasound hyperthermia
system for treatment of infiltrating carcinoma of the breast with an extensive intraductal
component (EIC) or patients with ductal carcinoma in situ (DCIS) of the breast. A
carefully designed Phase | device evaluation study must be completed with 15 patients
accrued before the Phase l/Il toxicity/efficacy study can take place.

The breast ultrasound therapy system to be used for these studies has been
designed and fabricated, and its subsystems have undergone successful and rigorous
testing. The results of these tests are described in this comprehensive report. The
assembled subsystems are currently being interconnected and an integrated systems
test is underway and will be completed during June 1995. Many important revision's in
the systems designs have been made in response to our External Review Group, and as
a result of research findings over the last two years. These revisions will significantly
increase the safe utilization of the treatment system and improve the control of the
temporal and spatial temperature distribution throughout the breast tissue. These
improvements primarily consist of:

. Significantly increasing the number of transducers in the cylindrical array breast
applicator (with a concomitant increase in the number of electronic channels) for
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the dual purpose of much finer spatial control of therapy and improved potential for
non-invasive monitoring.

. The decision to abandon the originally considered microwave radiometry in favor
of utilizing the cylindrical array transducers in an interrogation mode of operation,
thus permitting both real-time imaging of the breast contour/profile in the applicator
and measurement of through-transmission signals. After processing, these
signals provide derivative information concerning attenuation and power
absorption distribution within the breast during therapy. Using the same
transducers for therapy and interrogation also opens the potential for breast
tomography, i.e. imaging the same "slices" that receive therapy.

. The addition of phased-locked sources for interrogation, and provision for future
addition of a Digital Signal Processor (DSP) plus local microcontrollers jointly
make possible future addition of on-line tomographic non-invasive
imaging/mapping during therapy.

The improvements will lead to high quality clinical data from the clinical studies
and improved patient safety. We believe that each of these revisions and additions to the
designs are essential to the clinical success of this program. These revisions have taken
extra time and significant resources and we have requested a six months no-cost
extension in a separate communication to the Director for the Breast Cancer Research
Program.

Recently published results from a European Phase Ill randomized trial (Vernon,
1994) studying the use of thermal therapy (hyperthermia) for breast cancer treatments
show a significant advantage of combining thermal therapy and radiation as compared to
radiation alone. This was a large cooperative study sponsored by the European Society
for Hyperthermic Oncology (ESHO) accruing over 300 patients with recurrent or primary
breast cancer. The results show an overall complete response rate of 60 % when using
radiation plus thermal therapy as compared to 40 % for radiation alone. This is a highly
significant difference and supports the use of thermal therapy for breast cancer treatment.
Of special significance for this program is the fact that until now, there has been no
adequate treatment device available for thermal treatment of intact breast. The system
developed under this contract is the only breast-specific treatment device in existence,
and is unique in its capability to treat breast safely, accurately, and precisely. This
system, particularly if duplicated, will be in a unique and timely position to support
additional clinical breast cancer studies that may be designed to follow up on the
encouraging European results. To optimize the utilization of the breast thermal therapy
system for clinical studies, future research is suggested below.

2. FUTURE WORK TO IMPROVE THE BREAST THERMAL THERAPY
SYSTEM AND ITS APPLICATION.

. There is a renewed interest in applying thermal therapy to breast cancer as a
result of very positive clinical trials performed in Europe (Vernon, 1994). These
trials, as well as other clinical research has identified other breast cancers as
being suitable for thermal therapy (Kapp et al., 1991, Oleson et al. 1993). We
propose to increase our clinical efforts by designing clinical protocols for the
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treatment of locally advanced breast cancer.

. Potential treatment related tissue toxicities are of extreme importance to monitor
for future application of combined breast treatment modalities, including the use of
thermal therapy. Analysis of cross correlated, ultrasound interaction parameters in
breast tissue may provide important insight in the relative temperature distribution
and associated tissue changes and their relationships to treatment course and
modalities. This requires a significant research effort with additional support well
beyond the scope of the current contract.

. The studies proposed can be augmented by fully developing an on-line
tomographic capability. Tomographic image data will be correlated with
temperature distributions and used in control of therapy. This will require further
technical developments once the clinical studies proposed in the current program
have commenced. The current program structure, as originally proposed,
anticipates delivery of the system to JCRT for clinical trials. No effort for further
development of monitoring and control software is included or supported. No
provision exists for the tomographic upgrades of the DSP capability. We believe
that upgrades to the system based on clinical results is a very important aspect of
this research.

. The U.S. Army Medical Research and Development Command is already
supporting a separate program directed to localized thermally-ablative surgery of
single-focus lesions. The surgical technique uses laser energy to induce the
localized heating through one or more needle insertions into the lesions. We
propose to take advantage of the capabilities, features and knowledge gained
from the present breast ultrasound therapy system to extend this capability and
develop a non-invasive focused ultrasound thermally-ablative surgery device,
incorporating real time tomographic targeting, for treatment of single-focus early
stage lesions. If such an effort were to be successful this approach would be less
costly and could rival the use of lesion ablation in an open MRI magnet.
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Abstract

A site-specific ultrasound hyperthermia unit has been designed to uti-
lize the synergistic effect between thermal therapy and radiation ther-
apy for the treatment of breast cancer The applicator is a cylinder
comprised of a stack of rings. Each ring has up to 48 transducers
mounted on the inside of the ring and directed towards the center.
The transducers operate in one of two frequency bands (1.8-2.6 MHz
for low and 4-4.7 MHz for high), and are arranged alternately in each
ring. During the treatment the patient is in the prone position, and the
breast will be immersed in water and surrounded by this array. This
design was modeled and optimized by 3-D simulations for a variety of
treatment conditions. The results demonstrate that the system has an
excellent capability to achieve and maintain a temperature distribution
(41.5° — 44°C) in a quadrant to a whole breast. The design has been
tested using a single ring of transducers that shows good agreement
with simulation predictions.

Key Words: Hyperthermia, breast treatment, ultrasound field, bio-
heat transfer.

1 Introduction

Clinical data show that the combination of hyperthermia with radiation ther-
apy or cytotoxic agents improve complete response rates for the treatment
of many cancers (Kapp and Kapp 1993). A majority of these clinical stud-
ies pertain to hyperthermia treatment of superficial and small tumors (i.e.
< 4 ¢m in diameter). Considerable problems still remain when using ex-
ternal hvperthermia applicators for the treatment of deep and large tumors.
Ultrasound is capable of penetrating soft tissues to produce deep heating.
(Lele 1983, Fessenden et al.1984, Hynynen et al. 1987, Hansen et al. 1994)
To fully utilize its potential, however, tumor site specific applicators which
optimize heat delivery to the tumor are needed. Only then can we expect
improved efficacy and reduced complications of hyperthermia treatment.
Recent studies have shown that the use of conservative surgery and ra-
diation in patients with an infiltrating breast cancer containing an extensive
intraductal component (EIC) is associated with an increased risk of local fail-




ure (Boyages et al. 1990). Intraductal carcinoma is characterized by a prolif-
eration of cancer cells within breast ducts typically showing central necrosis,
which may correspond to hypoxic regions as indicated by a morphometric
study (Mayr et al. 1991). It is know that hypoxia increases radioresistance
by as much as a factor of 3 (Palcic and Skarsgard 1984) and that heat is
effective at killing cells in a hypoxic environment (Dewey et al 1977). These
patients, therefore, may benefit from a combined approach using hyperther-
mia and radiation therapy. Other potential patients who may benefit from
the hyperthermia treatment include those with local recurrence after mastec-
tomy, non-inflammatory stage II1 patients, and those with ipsilateral local
recurrence after radiation therapy. A European phase III study randomized
over 300 patients with recurrent or primary breast cancer to radiation alone
or to radiation and superficial hyperthermia. The preliminary results (Ver-
non 1994) show an overall complete response rate of 60% for the combined
treatments as compared to 40% for radiation alone.

Geometrically, the breast is a site particularly well suited for hyperther-
mia. This is due to its convex shape, the absence of large vessels and the
relatively low perfusion. However, current applicators, using ultrasound or
microwave, are still not able to deliver an optimized heating pattern for the
treatment on the intact breast. For these reasons, a dedicated applicator has
been designed. The goals are as follows.

e The system should be able to elevate and maintain the temperature
above 41.5° C but not exceed 44° C in a treatment volume ranging from
a quadrant to the whole breast. It is critical to keep the temperature
within this narrow range in order to minimize potential toxicity and
yet maximize effectiveness of the treatment (Kapp et al. 1992, Oleson
et al. 1993).

o It should have the operational flexibility to accommodate the uncer-
tainties in tissue characteristics, such as ultrasound attenuation and
perfusion rate, and the variability in the patient geometry.

e It should be easy to use in the clinic.

These requirements present a. considerable technological challenge. To
meet these goals the design has to rely on general physics considerations. We
consider ultrasound to be most suitable for treatment of the breast tissue




compared to other modalities. Some reasons for the choice are that the
penetration and the power deposition of ultrasound can be controlled by
selecting appropriate frequencies, and air cavities and bone interfaces with
soft tissue are minimal in the breast. The arrangement of the transducers has
to be determined by the power deposition pattern that satisfies the thermal
condition for uniform temperature elevation.

The purpose of the work described here is twofold. The first is to de-
termine the geometry and transducer characteristics to achieve adequate hy-
perthermia for a range of breast tissue characteristics, such as breast size,
ultrasound attenuation and perfusion. The theoretical model for ultrasound
power deposition calculation and the three dimensional solution to the bio-
heat transfer equation, which offered insights in the physical process and
optimized the system, are discussed.

The second purpose is to present an experimental validation of the theo-
retical model. A single prototype transducer ring was used in the validation
experiments. The experimental data was analyzed and compared to the
theoretical models. The experiment also serves as a test of the electronics
design.

2 Method

2.1 Basic design

It is desirable to achieve a uniform hyperthermic temperature region covering
the tumor volume with sharp temperature gradients at the edge towards the
normal tissue. Several investigators (Ocheltree and Frizzell 1987, Roemer
1991) have theoretically studied the energy deposition pattern required to
achieve such temperature distribution. It was found that in the absence of
large blood vessels, the ideal temperature distribution can be achieved by
depositing power properly in the boundary and the interior of the treatment
region. The power deposited in the boundary compensates for the conduction
losses to the surrounding volume, and the power deposited interiorly in the
treatment region is for overcoming the effect of blood perfusion.

An important lesson can be drawn from these studies for the design of the
breast applicator. When the whole breast needs to be treated, the boundary
consists of the breast surface and the chest wall. In order to elevate the tem-




perature uniformly inside the breast, independent adjustment of the power
deposition in the interior of the breast and the two boundaries is necessary.
We found that this capability cannot be obtained by the current ultrasound
devices, in which only one frequency is applied in a treatment. It was deter-
mined that two different frequencies should be used simultaneously.

The low frequency (2 MHz for the first two ring and 2.5 MHz elsewhere)
is more penetrating and deposits energy deeper into the breast tissue, thus
compensating for the energy removed by blood flow in the interior of the
breast. The high frequency is 4.5 MHz. With a higher attenuation rate, it
deposits most of the power near the breast surface and compensates for heat
loss to outside of the breast. The chest wall boundary, on the other hand, can
be addressed by using both high and low frequencies. An optimized power
deposition, therefore. can be obtained by an appropriate combination of these
two frequencies. Furthermore, in order to spare the skin while maintaining a
uniform temperature internally, a steep temperature gradient near the surface
is necessary. This can be achieved by surrounding the breast tissue with
a temperature controlled water bath. The water can be maintained at a
constant temperature that is sufficiently cold to provide a steep temperature
gradient and yet be comfortable to the patient (i.e. ~ 30° C). In addition,
the surrounding water bath provides an excellent coupling for ultrasound
propagation.

In some clinical situations, only a quadrant of the breast needs to be
treated. The pie shaped treatment region is bounded by a quadrant of the
breast tissue surface, a quadrant of the chest wall base and two planes inside
the breast. The quadrant breast surface is insonated using high frequency
ultrasound, and the boundaries deep into the tissue are insonated using low
frequency ultrasound.

To implement this approach, a cylindrical applicator was designed which
consists of a stack of § rings with an inner diameter of 25 cm (Figure 1). There
are 48 transducers in each of the upper 4 rings, and this number decreases
to 24 and 16 in the rest rings toward the apex of the breast. Low frequency
(1.8-2.6 MHz) and high frequency (4.0 - 4.7 MHz) transducers are arranged
alternately in each ring. The patient lies in a prone position with her breast
submerged through a hole in the table into the water filled applicator. Water
bath temperature is controllable from 30°C to 40°C.

This arrangement takes advantage of the convex shape of the breast. One
benefit of insonating the breast tangentially is that the field is parallel to the
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chest wall, thus minimizing the interaction between the ribs and the ultra-
sound field. Furthermore, since the beams from adjacent rings are parallel to
each other, their heating effects are relatively independent, which simplifies
the control process.

The size of the transducers is 1.5 ¢m x 1.5 ¢m. The gap between two
adjacent rings is 0.24 cm. Small size transducers permits a better control for
different geometry and heating patterns. This is particularly important when
a surgical scar or a lumpectomy cavity is within the treatment volume. Scar
tissue has poor blood supply and very low perfusion rate, therefore, tends
to be overheated. The excellent spatial power control resolution inherent in
the design of this system is important to minimize the risk for scar tissue
overheating.

Due to the considerable uncertainties in various tissue parameters (in
particular the attenuation and perfusion rate), the use of relatively broad
frequency-band transducers is a necessity. This is especially true for the low
frequency transducers due to the large uncertainty of the perfusion rate, and
they have a 30% 3-dB bandwidth. The electronics is designed to be able to
control the frequency, power and duty cycle in wide ranges for each transducer
individually. This feature gives the system a great deal of flexibility to adapt
to various treatment scenarios.

Intensity amplification/cancellation due to phase effects between differ-
ent transducers have been exploited in focused phased array devices for the
treatment of deep tumors (Ebbini and Cain, 1991). In the design of this
unit, however, the phase effect is purposely avoided, since without a sophis-
ticated spot-scanning mechanism this interference could cause unpredicted
and unwanted hot spots. To make sure the phase effect is eliminated, each
transducer operated at the same time must be driven by individual amplifiers
with separate oscillators.

To facilitate treatment planning and control, knowledge of the breast pro-
file is essential. This will be obtained on-line by employing pulse-echo signals
using the same transducers. Two operating modes (transmit and receive) are
available for each transducer and can be controlled individually. Temperature
and the thermal perfusion properties will be monitored by minimally invasive
multisensor probes. These probes are 22 gauge ‘active needles’ consisting of
a series of long, thin integrated circuits (Szajda et al. 1994). Thermometric
data provided by these probes will be used to control the heating patterns
with the corresponding temperature fields displayed in real time.




2.2 Simulation

Due to the complexity of the acoustic wave propagation and the bio-heat
transfer process, it is very difficult to predict the performance of a device
without detailed calculations. It is desirable to have a comprehensive numer-
ical model to guide the design effort. This kind of computationally intensive
simulations became feasible with the availability of high-speed workstations.

The modeling efforts consist of three parts: the geometric model, the
acoustic field model, and the bio-heat transfer model. The geometric model
is shown in Figure 2, where a paraboloidal surface with a height H and a
diameter D on the base are assumed. Clinically relevant breast sizes, when
submerged in water, were estimated from direct measurements as well as CT
scans on patients positioned prone with the breast hanging freely in air. The
parameter h shown in Figure 2 is a depth into the chest wall, where the
temperature is assumed to be maintained at 37° C. The most-likely values
of these and other parameters, as well as the range being studied. are listed
in Table 1.

An efficient and accurate numerical method has been reported for the
acoustic field calculation in a homogeneous medium generated by a rectan-
gular plane source (Ocheltree and Frizzell, 1989). In this method, the plane
source is divided into small rectangular elements, surrounded by a rigid baf-
fle. The method sums the contributions to the pressure at a point from all
these elements. This method is recently extended to a water - soft tissue
medium (Lu et al, 1995). It demonstrated that the ultrasound field in a two-
layer medium can be calculated based on the same principle if the density (p)
and the speed of sound (c) in the two layers are close so that the reflection
and refraction at the interface of the two materials can be ignored. For water
and breast tissue, the density and speed are 1.0 ¢ em™> and 1519 m sec™
(at 35° C, Kaye and Laby, 1973) for the former, 1.02 £0.04 ¢ em™3 (Duck,
1990) and 1553 £ 35 m sec™! (Scherzinger et al. 1989) for the later. There-
fore, the conditions for an appropriate approximation can be satisfied. For
a uniformly excited rectangular plane source, the sound pressure amplitude
Py at a point inside the breast then can be calculated by:
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where p is the density, c is the phase velocity of the sound waves, u is the
velocity amplitude of the plane source, A is the wavelength, k is the wave
number, AA = Ah - Aw is the element size, 2], and y,, are the coordinates of
the field point with respect to the center of the element 7, ¢, and « are the
attenuation coefficient in water and breast, r, and r, are the propagation
distances within water and breast.

The size of Aw and Ah should be small enough to satisfies the conditions
for the applicable far-field approximations. In this calculation, Aw = Ak =
1 mm is used. Since the breast is in the center of the applicator, the distance
between the transducer and the breast is at least several centimeters, this
element size has proven to be adequate (Lu et al. 19953).

The specific absorption rate (SAR), i.e. the absorbed power per unit vol-
ume in the breast, can be calculated from the acoustical pressure amplitude
P, at the point:

sinc

2
sar = 2L (2)
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where the attenuation coefficient o, is used. This is valid under an assump-
tion that the majority of the attenuated power is absorbed locally.

The SAR value is calculated at the center of each voxel inside the breast.
A voxel size of 2 x 2 x 2 mm? is used for the smaller breast size, and 3 x 3 x
3 mm? for the larger breast size (refer to Table 1). To reduce the number
of calculations, only the voxels within 2 cm of the plane passing through the
centers of the transducers in the ring are calculated. Beyond that region the
SAR value is negligible. Since this calculation is very CPU intensive, it is
performed only once for each configuration. The result for each transducer
is stored in a data base, in which the sum of the power absorption rates in
all the voxels is normalized to 1 W. In the thermal calculation, these data
can be retrieved and the actual absorption rate from each transducer can
be determined once the total deposited power by the transducer is assigned.
The total SAR at a field point is the arithmetic sum of the contributions by
all the transducers. This simple arithmetic relation is due to the fact that
there is no interference between the transducers as discussed in the previous
section.

The standard bio-heat transfer equation (Pennes 1948) is used for the

o0




thermal model. Usefulness and limitations of this model have been discussed
by several authors (Chen 1980, Eberhart et al. 1980, Bowman 1982, Roe-
mer 1988). A main concern of this model is the methodology for handling
the effect of the blood flow. In contrast to the thermal conduction process,
the effect of blood flow is neither well understood nor mathematically rig-
orously characterized. Given the complexity and variability of the blood
flow patterns, it is understandable that a simple linear perfusion term in the
model is a gross simplification of reality. On the other hand, this equation is
still the practically operational formula, and has been successfully applied in
many cases (Cravalho et al. 1980, Dickinson 1984, Roemer et al. 1984, Stro-
hbehn and Roemer 1984). Particularly, in the absence of large vessels and
when perfusion is not the dominating factor, this formula predicts well the
temperature elevation produced by acoustic or electromagnetic fields. For
convenience, this bio-heat transfer equation is written as follows:
oT ; 2
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where T is the temperature, ¢ is the time, K is the thermal conductivity, ¢,
is the heat capacity per unit volume, Tp is body temperature ( 37° C), 7 is
the time constant for perfusion, and ¢, is the heat production rate per unit
volume (i.e. the SAR calculated by the acoustic model). The heat due to
metabolism is relatively small, and is ignored.

The finite difference method is used in the 3-D numerical treatment of
the partial differential equation (Ames 1977, Press et al. 1985). This method
provides a great deal of flexibility in dealing with different geometries, bound-
ary, and initial conditions. Once these conditions are clearly defined and the
SAR in each voxel is given, the temperature evolution for a whole treatment
session, i.e. the temperature distribution in each voxel as a function of time,
can be calculated. The voxels in this calculation are the same as those defined
for the SAR calculation. The choice of their size is a compromise between
an acceptable accuracy and a reasonable CPU time required. A time step
of 3 seconds is used, which satisfies the requirement of the stability criterion
(Ames 1977). In this approach, the SAR values, the boundary conditions
and tissue parameters (7 etc.), all can be assigned as functions of time and
position. Therefore, a realistic hyperthermia treatment can be simulated.

The breast tissue parameters listed in Table 1 are based on published
data wherever available. To date there is very little perfusion data published




for breast. A recent report based on 7 hyperthermia treatments by use of
a modified thermal clearance technique (Waterman and Kramer 1994) indi-
cates that blood flow can be in a range from less than 2 m! (100g)~" min~!in
the first treatment to 8 ml (100g)~! min~! in the later treatment. These data
are consistent with the fact that there are no large blood vessels in breast,
and that the breast tissue has a high content of adipose tissue, which would
tend to reduce the perfusion rate. The perfusion in breast is, therefore, likely
similar to or less than that of resting skeletal muscle. The perfusion time
constant for anterior thigh and forearm have been measured as 2140 seconds
and 1740 seconds, respectively (Sekins and Emery, 1982), which correspond
to a blood flow of 3 — 4 ml (100g)~! min~!. Thus, the perfusion time con-
stant for breast is assumed to be about 2000 seconds, but could be as high as
600 seconds (corresponding to a perfusion rate of ~ 10 ml (100g)~* min™!).
It was further assumed that when the temperature is elevated to 44° C', the
perfusion rate may increase by a factor of two. Even with this higher value,
the perfusion rate is still relatively low. Consequently, the standard bio-heat
transfer equation can be used and reliable results can be expected.

The initial temperature inside the breast is assumed to be 37° C uni-
formly. Near the surface. the actual initial temperature may be lower than
this value. However, this initial uncertainty causes no concern, since it makes
little difference to the temperature distribution after several minutes of heat-
ing. The water temperature is adjustable between 30° —40° C. It is assumed
that the voxels in the breast adjacent to water are kept at this temperature.
When the water is well circulated, this is a practical and very reasonable
- approximation. The uncertainty due to this assumption is in the order of a
few mm. For the boundary condition below the chest wall, which is outside
the ultrasound field, it is assumed that the temperature is maintained at 37°
at a depth h.

The simulation is performed with the parameter values listed in Table 1.
In all simulated cases the absorption rate from each transducer is adjusted
interactively according to the temperature feedback until the resulting tem-
perature elevation is satisfied. These results are presented in Section 3.

2.3 Experiment

An experiment has been carried out using one transducer ring. The purpose
of this experiment is to test the ability of the system to control the tem-
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perature distribution in the plane of the transducer ring and to verify the
accuracy of the calculations.

This transducer ring, has 48 transducers operated alternately at low (2.0
MHz) and high (4.5 MHz) frequency. The electronic device that drives the
test ring has six amplifiers, each driven by its own oscillator. The output
of one amplifier is connected to eight transducers through a multiplexer. -
Consequently, the transducer ring is divided into eight groups, each consisting
of six transducers. In any one moment the six amplifiers are connected to
one of the eight transducer groups through the multiplexers (Figure 3 (A)).
As a result, the beams from different transducers are always out of phase.
The amplifiers and multiplexers are controlled by a computer, which permits
programmable adjustment of the power outputs to each transducer.

In this experiment each transducer group is powered for a duration of
55 msec. in a sequential manner. Consequently, one whole cycle is 8 x
55 msec. = 440 msec., which is less than the time constant relevant to
thermal processes (such as 7). The insonation can therefore treated as if the
transducers are turned on continuously with an averaged power.

A breast phantom made of ultrasonic tissue-mimicking material is used
for the tests. The phantom consists of water-based pharmaceutical gels con-
taining uniform distributions of graphite power and alcohol (Madsen et al.
1978). Its density, heat capacity, thermal conductivity and attenuation coef-
ficient are determined experimentally to be 1.08 g em™3, 0.78 cal. g™ C°~*
, 0.0015 Cal. em~*K~! and 0.75 dB cm™" M Hz"!, respectively. The phan-
tom, which has a diameter of 13 cm at the base and a height of 8 cm (D and
H, respectively, in Figure 2), is immersed in water and surrounded by the
transducer ring. The base is covered by a 2 mm rubber sheet. The plane in
the middle of the ring is 1.35 cm below the base. Multisensor thermocou-
ples, inserted into 20 gauge needles, were used for temperature measurement
. These probes (Dickinson 1985, Hynynen and Edwards, 1989) have a fast
response time (0.1 second) and minimal acoustic artifact. Three probes were
inserted in the plane as shown in Figure 3 (B). The water temperature and
room temperature were 24° C during the experiment. Since the geometry is
symmetric, all transducers with the same frequency are supplied with equal
powers.

As the first step of the experiment, the SARs, normalized to the total
output power of all the amplifiers operating at the same frequency, are de-
termined at each sensor point. SAR is calculated from the initial rate of the
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temperature change from a stable state, which can be written as:

AT .
go = qv/N = CUE—/;\', (4)

where ¢o is denoted as the normalized SAR at each sensor point, N is the
total output power by the amplifiers ( 2.5 W for 2 MHz and 10 W for 4.5 MHz
in this experiment). AT is the temperature elevation at the sensor point in
a small time interval At, which is between 1 - 11 second after the power is
turned on. The measured temperature within the first second is ignored, so
that the artifacts can be eliminated. This formula is deduced from Equation
(3) ignoring the conductivity and perfusion terms for the small interval At.
Normalized SARs are determined separately for the low and high frequencies.

In the second step, the output powers to the high and low frequency
transducers were adjusted manually until a uniform and pseudo-steady tem-
perature distribution in the plane (~ 6°C above the baseline) was reached
and maintained for more than 10 minutes. The total output power by the
amplifiers for this experiment was found to be 9 W for the 2.0 MHz trans-
ducers and 15 W for the 4.5 MHz transducers.

This experiment has been simulated by the methods discussed previously.
The experimental results are compared to the simulations in Section 3 and
discussed in Section 4.

3 Results

3.1 Simulation results

The most-likely values of ultrasound and tissue characteristics used in the
simulation are listed in Table 1. They are closest to those found in the
literature for the appropriate frequency and tissue type. Simulations were
performed over a range of ultrasound and tissue parameters, representing
extreme tissue types, breast sizes, attenuation and perfusion conditions. We
have therefore can demonstrate the ability of the treatment system to control
the temperature distribution over a large range of conditions.

To simulate a typical treatment the power level may be changed during
the session. This is an important feature of the approach in this study. For
simplicity in the presentation, however, we only show simulations in which
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the powers are constant. Figure 4 shows the steady SAR distribution for
the most-likely case. The total deposited power is about 42 W. Figure 4 A
is the SAR in a sagital view passing through the center of the breast. In
this plot, five rings with higher SAR can be seen, corresponding to the five
transducer rings. Figure 4 B is the coronal view at 25.5 mm from the chest
wall coincident with the second transducer ring. The contributions from each
transducer is listed in Table 2. The corresponding temperature distributions
after 40 minutes are shown in Figure 5 A and 5 B.

Figure 6 plots the temperature evolutions in the line passing through the
center of the sagital sections and in the horizontal diameter in the coronal
plane. The temperature distributions 10, 20 and 40 minutes after the power
is on, and the distribution 3 minutes after the power is off are plotted. Note
that after 20 minutes, the temperature distribution is approaching stable and
becomes quite uniform, and that the distribution after power off becomes
smooth.

The simulation parameters were changed to examine the effects of bound-
ary conditions and perfusion rate on the computed temperature distribution.
For a better understanding of the effects of these changes, only one param-
eter is varied at a time, and all other parameters remain as the most-likely
values. In Table 2. the power contributions by each transducer for two more
simulations are shown. In one case, the surrounding water temperature is
kept at 30° C. In another case, the perfusion rate is increased. It is as-
sumed that the time constant is 600 seconds (corresponding to a perfusion
rate of 10 ml (100g)~*min~') at 37° C and linearly changes to 300 seconds
(corresponding approximately to a perfusion rate of 20 ml (100g)~'min~1) at
44° C. As one may expect, a higher power is needed when water temperature
is lower or perfusion rate is higher. In either case, the temperature distri-
bution remains satisfactory as shown in Figure 7. But it can be seen that a
higher perfusion rate produces a less homogeneous temperature distribution.

One particular clinical concern that has been raised for recurrent breast
cancer treatment is the potential of overheating scar tissue resulting from
lumpectomy or other surgical interventions. Such overheating can create
undesirable treatment toxicity and one goal in the design of the breast treat-
ment system is to have adequate temperature control of the system to avoid
such toxicities. To study this problem, different sizes of biopsy cavities from
CT scans of breast patients were examined. These cases included a biopsy
cavity of the size of 12 x 60 x 80 mm® which was added to the theoretical
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model. It was assumed that the biopsy volume had no perfusion but that
the attenuation rate and other parameters remain the same. Obviously, hot
spots will occur in this area unless the heating pattern is changed accordingly.
This hot area is shown in Figure 8 (A) where the the lumpectomy volume
exists but the same power level as in Figure 4 is applied, and the maxi-
mum temperature reaches 45.3°. To prevent this overheating of the scar and
lumpectomy volume the breast treatment applicator must have enough con-
trol capacity to reduce the power deposition locally in the biopsy scar cavity.
This is shown in Figure 8 (B) where a satisfactory temperature distribution
is achieved when corrected SAR is applied, and the maximum temperature
is 44.0°.

To treat a quadrant of the breast, the boundaries inside the breast need
to be sufficiently heated, in addition to the quadrant of the surface and the
base. Figure 9 demonstrates the SAR pattern from the breast applicator
needed to satisfy that requirement. The corresponding steady temperature
distribution is shown in Figure 10.

3.2 Experimental results

The measured pseudo-steady temperature distribution is plotted in Figure
11 (A), (B), (C) for probes A, B, C, respectively. These figures show that in
this non-perfused phantom experiment, a steady state temperature can be
achieved within 2° C'.

To determine the corresponding power deposition in each sensor point,
the normalized SAR (go), deduced by Equation (4), is multiplied by the total
steady power output (i.e. 1.9 W for 2.0 MHz and 15 W for 4.5 MHz). This
is done separately for high and low frequencies, and their results are added
together. This gives the constant SAR used in the experiment and is shown
in Figure 12.

The experiment has been simulated by the 3-D acoustic models. The to-
tal absorbed powers for the low and high frequencies in the simulation were
adjusted, such that the calculated SAR values in the sensor points match
reasonably well with what were determined in the experiment as shown in
Figure 12. Based upon this calculated SAR, the pseudo-steady state tem-
perature distribution in the whole phantom is calculated. It is the result 20
minutes after the steady power was ‘turned on’ in the simulation. The com-
puted temperature distribution in the sensor positions is superimposed by the
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experiment data in Figure 11. The comparison demonstrated an excellent
agreement between the model and the measurement.

The total absorbed power used in the simulation is 0.84 W for the low
frequency transducers and 7.9 W for the high. These values are lower than
the measured total output powers of the amplifiers (1.9 W and 15 W for low
and high frequency respectively). This difference is expected due to the heat
losses in the cables and transducers.

As discussed above, the heating effect of each ring is relatively indepen-
dent. Therefore, this experiment is representative for the entire cylinder.
Additional phantom and animal tests will be conducted for the whole appli-
cator when completed.

4 Discussion

In this paper we have reported the models and simulations that were used to
optimize the design of the ultrasound applicator for breast treatment. The
theoretical work was experimentally validated.

The simulation demonstrated that a combination of low and high frequen-
cies is capable of delivering appropriate power deposition to the boundaries
and interior of the breast (Figure 4-10). This capability is enhanced by the
small size of the transducer and the separate power control for each trans-
ducer. As a result, the heat losses due to conduction and perfusion can
be properly compensated, and a uniform temperature distribution can be
reached and maintained.

The different roles of the high and low frequency transducers for main-
taining uniform temperature can be clearly seen by comparing the data in
Table 2. where the power deposition per transducer with low and high fre-
quencies are listed for three cases. When the circulating water temperature
is changed from 37° to 30° C, the power of the high frequency has to be
increased by more than 30% to compensate the increased heat losses to the
water. Meanwhile, the low frequency power remains the same, because the
perfusion rate did not change. On the other hand, when the perfusion rate is
high (a perfusion constant of 600 seconds at 37° C and 300 seconds at 44° C)
but the water temperature remains at 37°, the power at the low frequency
has to be increased significantly to overcome the higher perfusion, while only
a slight change is needed for the power at high frequency.
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Since individual transducer rings are stacked together, it is found that
the power deposited to a given plane is delivered predominantly from the
ring that defines the plane. As a result, in the first order of approximation
the temperature in a plane can be adjusted by the corresponding ring of
transducers. The weak interaction between adjacent rings is a very useful
feature, which makes the power control relatively easier.

The simulation is a useful tool for the design of a hyperthermia system
of this complexity. However, the results are based on certain assumptions
and of limited predictive value for individual patients due to uncertainties
in the breast tissue characteristics. To better understand the magnitude of
theses uncertainties the tissue and ultrasound paramenters have been varied
over a large range of values covering both assumed extremes and published
data (Table 1), The purpose of studying the effect of parameter uncertainties
on the system performance is to demonstrate that the power and frequency
control of the breast applicator has enough range to accommodate different
clinical situations and individual breast tissue variations.

The effect of blood perfusion is a difficult parameter to simulate, because
perfusion rate may vary significantly with tissue heterogeneity or changing
temperature. Recently reported blood flow data measured at the same point
in a human breast adenocarcinoma during hyperthermia over four weeks of
hyperthermia (Waterman and Kramer 1994), indicate that the flow rate may
change significantly in the same measurement point. The uncertainties in
breast tissue perfusion, therefore, remains a main concern for the proper se-
lection of transducer frequencies and operating parameters. Due to these un-
certainties, we simulated the breast applicator over a wide range of constant
perfusion rates and temperature dependent perfusion rates. These results
demonstrate that the system can handle all levels of simulated perfusion sat-
isfactorily (Figure 5, T(B)) They also demonstrate the ability to deal with
inhomogeneities of perfusion (Figure 8).

Measurements of the acoustic attenuation coefficient for breast tissue
show variations of +40% (Foster and Hunt 1979, Edmonds et al. 1991).
One method of compensating for such large variations in attenuation is to
vary the ultrasound frequency. The transducers in the breast applicator have
a bandwidth of 30% at -3 dB of maximum. The voltage controlled oscilla-
tors (VCO) in the system can operate between 1 MHz and 5 MHz, and the
desired frequency band can be selected by computer control. With these fea-
tures, the system is able to compensate for the uncertainties in the assumed
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attenuation coefficients.

The choice of grid size has been carefully studied. We used 2 mm for a
small size model and 3 mm for a large size model. The total number of voxels
used is 53 x 53 x 30 in both cases. The SAR calculation is more CPU intensive
than the thermal computation. When the breast is assumed to be symmetric,
the CPU time needed for SAR calculation is greatly reduced. It takes about
20 minutes for five transducer rings on a dedicated work station HP 9000/735.
For thermal calculation, it takes about 5 minutes for simulating a whole
treatment session (~ 50 minutes). Using a smaller grid size has proven not
to be beneficial because to reduce the grid size by a factor two requires CPU
time increase by a factor of 2¢ in the thermal calculation and 2° in the SAR
calculation, while the difference in the resulting temperature distribution is
insignificant.

The simulation used in this work is dynamic, in which the tissue parame-
ters can be changed over time and the the power deposited by each transducer
can be adjusted based upon the feedback of the temperature distribution. It
is more time consuming than steady state calculations. However, when the
time to reach steady state temperature is considerable (i.e. 10 minutes or
more) or when other factors such as perfusion are known to vary as a function
of temperature and time, the dynamic simulation allows studying realistic
temperature variations. Important parameters highly associated with the
outcome of the treatment, such as the EQ MIN T, 43 (Oleson et al. 1993),
can be estimated.

One important assumption in the design and simulation is that there
is no phase interference between different beams. This is achieved by an
electronics design that prevents any two beams from being in-phase, while
keeping the number of oscillators and amplifiers moderate. The single ring
experiment with associated electronics proved that the electronics design is
appropriate in this respect. There were no unexpected hot spots observed.
For the multi-ring applicator the circuits for any two neighboring rings are
independent, which guarantees the validity of the assumption.

In this experiment a reasonable uniform temperature distribution (within
approximately 2°) was indeed reached. It demonstrates that the two fre-
quency concept is valid and works very well. Since there was no perfusion
in the phantom and this was a single ring experiment, the function of the
low frequency in the experiment is only to compensate the heat lost to the
neighboring tissue volume. As expected, the power needed at low frequency
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was small (0.84 W), compared with that at high frequency (7.9 W).

Several factors contributed to the uncertainties in the experiment. First,
the sensor position is not known exactly due to some bending of the probes.
The uncertainty is estimated to be < 1 cm at the tip of the probes. Since SAR
is very sensitive to position, this may explain the substantial discrepancies at
some points between the SAR measurement and the simulation (Figure 12).
The second source of uncertainty resulted from non-uniformity in transducer
efficiency. Due to differences in individual acoustic efficiencies. total output
power of the transducers varied as much as 12% for equal RF excitation
power. Also, inhomogeneities can occur in the phantom material due to
evaporation of water and alcohol. In the simulation, however, it was assumed
that all transducers were identical and the phantom was homogeneous. Given
these uncertainties, the agreement between the experimental data and the
simulation (shown in Figure 11, 12) is remarkable.

The use of the minimally invasive sensors, currently being developed (Sza-
jda et al. 1994), will be more tolerable to patients due to its small size (22
Gauge). Still, the number of probes will be limited to, perhaps, three in
a patient. The arrangement of these probes needs to be studied and opti-
mized. Treatment planing and on-line control will require further develop-
ment. Several authors have been working on the method and algorithm for
on-line control in the hyperthermia treatment (Hartov et al. 1993, VanBaren
and Ebbini, 1995 ). These approaches will be examined for on-line control
of this system.

5 Conclusions

A therapeutic ultrasound system dedicated for breast cancer treatment has
been developed. It consists of an array of dual frequency, multilayer trans-
ducer rings and associated electronics, coupled with the thermometry and
closed-loop control. Its performance has been modeled and optimized using
a comprehensive 3-D simulation, which offers insights in the physical pro-
cess and the design criteria. An experiment using a single ring has been
performed, which is in excellent agreement with the theoretical prediction.
The simulations and experimental results demonstrate the system’s capabil-
ity to deliver a power deposition capable of achieving uniform hyperthermia
(41.5° — 44° C) under various perfusion and boundary conditions.
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Figure Captions

Figure 1. The dual frequency, cylindrical transducer array mounted
on a hyperthermia treatment table. Circulating water inside the array Is
maintained at a constant, adjustable temperature (30° — 40° C).

Figure 2. The geometric model for the breast used in the simulation.
The surface is assumed to be a paraboloid. H is the height, D is the diameter
at the base, h is the depth beneath the chest wall (where the temperature is
assumed constant at 37° C).

Figure 3. (A). The schematic diagram of the electronics used in the sin-
gle ring experiment. Six RF generators, each consists of a voltage controlled
oscillator (VCO) and an amplifiers, are connected to one of the octant of the
48 transducers for a duration of 55 msec.. The eight octants are powered
alternately by the six generators. As a result, the ultrasound beams from
different transducers are always out of phase. It also shows that the system
can work on transmit or receive mode. All these operations are under the
control of a PC. (B). Cross section coincident with the centers of transducers
in the single ring experiment. The lines represent the positions of the probes.
The dots represent the positions of the sensors.

Figure 4. Simulated SAR distribution applied in the simulation. The
most-likely parameter values in Table 1 are used. (a). Sagital section passing
through the center of the breast. (b). Coronal section at 25.5 mm from the
chest wall, corresponding to the second transducer ring.

Figure 5. Simulated temperature distribution 40 minutes after the
steady SAR shown in Figure ¢ is applied. Maximum temperature is 44.0° C'.
(a). Sagital section passing through the center of the breast. (b). Coro-
nal section at 25.5 mm from the chest wall, corresponding to the second

transducer ring.

Figure 6. Simulated temperature distribution 10, 20, 40 minutes after
the corresponding SAR shown in Figure 6 is applied and the the distribution
3 minutes after the power is off. (a). The distribution in a perpendicular line
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passing through the center of the sagital section. (b). The distribution in a
perpendicular line passing through the center of the coronal section.

Figure 7. Sagital section passing through the center of the breast for
simulated temperature distribution 40 min. after steady SAR described in
Table 2 is applied (A) Water temperature is changed to 30° C. Other param-
eters remain as the most-likely values in Table 1. (B). A high perfusion rate
is used (600 second at 37° C and 300 second at 44° C). Other parameters
remain as the most-likely values in Table 1.

Figure 8. Sagital section of simulated temperature distribution 40 min-
utes after power is “on”. It is assumed that there is no perfusion in a volume
indicated by the dash lines (12 x 60 x 80 mm?®). (A). The steady SAR. shown
in Figure 4, is applied. The maximum temperature is 45.3°. (B). Corrected
SAR is applied. The maximum temperature is 44.0°.

Figure 9. Steady SAR distribution to treat a quadrant of the breast.
The most-likely parameter values in the Table 1 are used. (a). Sagital section
passing through the center of the breast. (b). Coronal section at 25.5 mm
from the chest wall, corresponding to the second transducer ring.

Figure 10. Temperature distribution 40 minutes after the steady SAR,
shown in Figure 9, is applied. (a). Sagital section passing through the
center of the breast. (b). Coronal section at 25.5 mm from the chest wall,
corresponding to the second transducer ring.

Figure 11. Measured temperature distribution (shown as + ) by the
probes in the single ring experiment, compared with the simulation results
shown by solid lines. (A), (B), (C) correspond to the probe A, B, C, respec-
tively. The water and room temperature was maintained at 24° during the
experiment.

Figure 12. Measured SAR (shown as + ) by the probes in the single
ring experiment. The simulated results are shown by solid lines. The total
power deposited in the simulation was adjusted to match the measured data.
(A), (B), (C) correspond to the probes A, B, C, respectively.
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Table 1

Parameter Most-likely Value | Range Studied
Attenuation | 0.086 (f'°np em™') | 0.052 - 0.12
in breast (Foster et al. 1979)
Attenuation | 0.0002 (f*np cm™!)
in water (Kaye 1973)
Conductivity | 0.5 (W m™' K1) 0.3-0.8
in breast (Bowman 1981)
Heat Capacity 3. (Jg P KT 3.-35
for unit volume
Perfusion 2000 ™ (at 37°) 600-2000
Time Constant 600 == (at 14°) 300-600
in breast (second)
Twater 37° ¢ 30° — 40°
D 15.3 (cm) 10.2, 15.3
H 7.8 (cm) 5.2, 7.8
h 7.5 mm 0-12

Parameters used in the model. ~ Corresponds to a perfusion rate of ~

3 ml (100g)~*min~1. == Corresponds to a perfusion rate of ~ 10 mi (100g)~tmin~".
Paramenters D, H, h are indicated in Figure 2. The most-likely tissue pa-
rameters are closest to those found in the literatures. A large breast size is

used as the most-likely value.




Table 2

Ring | Frequency | Number of Power Deposition (W) / Transducer
(MHz) | Transducers | M.L. Values | Tyater = 30° High Perfusion

1 2 24 0.42 0.41 0.62
4.5 24 0.28 0.38 0.32
2 2 24 0.15 0.15 0.31
4.5 24 0.26 0.45 0.3
3 2.5 24 0.16 0.15 0.31
4.5 24 0.20 0.3 0.22
4 2.5 24 0.04 0.04 0.07
4.5 24 0.18 0.33 0.26
5 2.5 12 0.08 0.04 0.04
4.5 12 0.08 0.10 0.04
Total 41.5 54.8 58.8

The power deposited in the breast by each transducer required to main-
tain the steady state temperature distribution. Three cases are shown. ‘M.L.
Value’ means the most-likely parameter values listed in Table 1. The power
distribution for this case is also shown in Figure 5. ‘Tyaer = 30°” indicates
the circulating water temperature is changed to 30°. ‘High Perfusion’ indi-
cates the perfusion time constant is changed from 600 sec at 37° C to 300
sec at 44° C. All other parameters remain as the most-likely values.
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Abstract

A numerical method is presented for ultrasound field calculation in a
two-laver medium for a continuous wave baffled plane source. It is
shown that when the attenuation coefficient is very different but the
density and speed of sound are similar in the two layers, such as water
and most soft tissues, approximation can be made for this calculation.
It is not necessary for the interface of the two layers to be perpendicular
to the central axis and it can be a curved surface. Conditions for
the approximation are discussed and examples relevant to the medical
applications are presented.

Key Words: Ultrasound field, power deposition, hyperthermia, safety
of diagnostic ultrasound.

1 Introduction

Calculation of the ultrasound power deposition is often of interest in medicine.
For hyperthermia treatment of cancer, the power deposition is essential for
the estimation of temperature elevation. In diagnostic ultrasound applica-
tions, the knowledge of the power deposition is also important because of
safety concerns.

Many authors have worked on the sound field calculation (Zemanck 1971,
Lockwood and Willete, 1973. Marini and Rivenez, 1974). An efficient field
calculation method has been developed for continuous waves, generated by
a baffied piston vibrating square source (Ocheltree and Frizzell, 1989). This
method divides the plane source into small rectangular areas, surrounded
by a rigid baffle. It sums the contribution to the pressure at a field point
from these areas chosen to be small enough that the farfield approximation
is appropriate. Compared with other theoretical calculations, this method
required the least time to achieve a given accuracy.

Ocheltree’s method is very useful for the calculation of the sound field in
a homogeneous medium. In many applications. however. a two-layer medium
is more relevant, for instance in the case where a ‘water bag’ or ‘standoff’
is used, which is placed between the ultrasound source and the tissue for
the purpose of skin sparing and avoiding near-field complications. This two-
laver medium problem has been addressed recently (Wu and Nyborg, 1992).
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It was pointed out that in a medium with water (or body fluids) and most
soft tissues, reflection at the interface is less than 1% and thus may be ne-
glected, and that for a Gaussian beam source the sound field calculation in
this two-layer medium can be performed using a modified formula valid for a
homogeneous medium. The advantage of use the Gaussian beam is its simple
field characteristics, which can be represented by an analytic expression (Du
and Breazeale, 1087, Du and Wu 1990). To extend this analytic expression
to the two-layer situation, the interface of the two media has to be a plane
perpendicular to the central axis of the transducer (Wu and Nyborg, 1992).

It would be desirable if the sound field calculation for a two-layer medium
also can be done for ’piston-in-a-baffle’ sources, because this kind of source
is a good representation for the most commonly used transducers. While the
'piston-in-a-baffle’ assumption is probably never strictly true, the theory so
developed has proved very successful in accounting for important features of
actual fields (Harris, 1981a, 1981b). The purpose of this paper is to extend
the numerical method developed by Ocheltree et al. to the two-layer medium
situation for the piston transducer. In this approach, for the interface of the
two layers it is not necessary to be perpendicular to the central axis. The
conditions required for an appropriate approximation are discussed in the
paper. Results for the cases particularly relevant and useful to the medical
applications are presented.

2 Method

Commonly. an ultrasound beam generated by a piston transducer propagates
through a medium with low attenuation coefficient (such as water) before
reaching a second medium (such as soft tissue) with higher attenuation but
similar density (p) and sound speed (C). It will be shown in this section
that under certain conditions the numerical method for sound calculation
in a homogeneous medium (Ocheltree and Frizzell 1989) can be extended to
this two-layer medium situation. We will use the same notations that were
used in Ocheltree’s paper whenever possible. The assumptions for various
approximations are stated only briefly when deriving the formula. They will
be summarized and further discussed later.

In Ocheltree’s approach, the plane source was divided into N rectangular
element areas. each has a size of AA = Ah - Aw. This size is small enough




that certain simplifying assumptions can be applied, but it is tdo large to be
represented as a point source, therefore an integral over the area is required.
The center of each element n is denoted by (z,, y») in a coordinate system,
with the origin in the center of the transducer as shown in Figure 1. A second
coordinate system is defined in zo, yo with its origin centered on a element
n. The total pressure po at a point in the field is the sum of the pressure
contributed from each element:

: , (—(atik)r
Po = '7—§E TN, / -—————dA

¢ . Ahf2  pAw/2 e—(a+zk)r
= ]p 2N / / ————dzodyo, (1)
. Ahf2 J-Aw/2

where A is the wavelength, k is the wave number, o is attenuation coefficient
in the homogeneous medium, r is the distance between the field point and
a point inside the element area n. wu, is the complex surface velocity of
element n. When a uniformly excited source is considered. all u, are the
same. Equation (1) is based on Huygen's principle (Zemanck 1971). When
the Fraunhofer approximation is valid under the condition of small size AA,
Equation (1) can be simplified and the total pressure po can be calculated
accurately by an effective numerical method.

Based on the same principle, the total pressure po at a point in the field
can be obtained in a two-layer medium, neglecting the reflection and refrac-
tion at the interface:

]pc Ak/2 pAw/2 ¢—(aimitorra+ikr) '
Po =T / / dfl‘odyo, (2)
Ahj2 J=nw)2

where a; and a, are the attenuation coefficients in medium 1 and 2, r; and
r, are the potions of distance r in medium 1 and 2 , respectively.

To simplify the formula the distance between the center of the element n
to the field point is denoted as R. The distance R can be expressed as:

R:Rl—}-RQ:\/;’2+(3”“$n)2+(y_yn)2
_\/-,2+ yn)’ (3)

where R; and R, are the distances in medlav 1 and media 2, 2z, = z — z, and
y! =y — yn. The distance r can then be expressed as:

P =224 (@ = 25— 20)° + (¥ = ¥n — Y0)?
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= /22 + (2, = 20)? + (¥, — %0)*

= /R? = 2z},20 — 2y,y0 + 75 + ¥3, (4)

To assure that the Fraunhofer approximation can be applied to Equation

(2), AR and Aw are chosen to be much smaller than the distance R. We may

apply approximations r; = r - Ri/R and ry = r- Ry/R to the exponential
term in Equation (2):

e-(earitaamatikr) _ =(o1R/RiazRo/ Rt jk)r

— ¢~ (a1R1/R+a2Re/R+ik) - \/}7?2—21';1:1:0—2y,’1y0+:rg+y§‘ (5)
Using the first two terms of a binomial expansion of the radical on the
right side of (5) yields:

] 1] 2 2
¢~ (aamitagratikr) _ e—(o]RJ/R+a2R2/R+jk)-(R—ﬁ;—°—“—",$—°+§%+¥ﬁ)‘

(6)

2
When (5% + 32) is small compared to 7 and oy, << k, omission of
these terms produces a negligible phase error and gives the expression:

! !
e—(caritazratibr) _ (=(eaRa/RozRa/Retjk)-(R- =5t - 4520

(7)
Assuming 1/r =~ 1/R, and substituting (7) into (2) give
JPC wN Un_—(ayRi+azRa+ikR
Po = S Su:}};e (o Rytar Ra+jkR)
_ / AU (o R Ras R Rest) 50 g
-Aw/2
Ah/2 oy
) / 6(0131/R+0232/R+Jk)¥n;%gdy0. (8)
N

With an assumption that e(ifa/RezRe/RIZEE ~ 1 for Aw/2 > 20 >

—Aw/2 and the equivalent condition for yo, the two integrals in (8) are
reduced to Fourier transform expressions which upon evaluation yield

_JPC oN [Eﬂ . 6—(01R1+02R2+jk}?)
Po = ~n=1 R

k! Aw . ky,Ah
A

sinc

2R 2R L)

. sinc




This formula is a straightforward summation of complex terms, represent-
ing the pressure due to a rectangular source. Using Formula (9) the sound
field in the two-layer medium can be calculated numerically, provided all the
required conditions are satisfied.

The conditions involved in the deduction of Equation (9) can be summa-
rized below:

1.

2.

6.

), << k.

k2 2 . .
= + %% is small compared to 7. Since the maximum absolute values
of 7 and yo are Aw/2 and Ah/2, this condition can be expressed as

kAw?  kAR?
< ~ 1. 10
os(5p * SR ) (10)
elerRa/ReaRe/R)TE ] for Aw/2 > zo > —Aw/2, and the equivalent
condition for yo. Again. since the maximum absolute values of z¢ and
yo are AW/2 and Ah/2, this condition can be expressed as
z! Aw+y' Ah

o(01R1/Reaa Ry [R)ZRESZERZ2 g (11)

~

.T1/R=1

The density (p), sound speed (c) and impedance (Z = pc) in the two
media are close, so that the reflection and refraction can be ignored.

— ._R_l -_— ...Bz.
rm=r-Fandrp=r-2.

Among these assumptions, condition 1 is in general true for ultrasound in
water and soft tissue. In Condition 3. the value of term (a; R /R+a2R2/R) is
between o and a», therefore can be replaced by a;, resulting a more stringent
condition. As a result, condition 2-4 are exactly the same requirements for
the method in a homogeneous medium (Ocheltree and Frizzell, 1989). As
pointed out by the previous authors when Aw (and Ah) satisfies:

4Dz
F bl

Aw < (12)




conditions 2, 3 and 4 are all ensured, where the constant F represents the
distance from the source to the field point relative to the distance to the
nearfield-farfield transition for a source of size Aw, and F' = 10 was rec-
ommended. This condition in fact guarantees the validity of the Fraunhofer
approximation.

Items 5 and 6 are the additional conditions for the two-layer media situa-
tion. For water (or body fluids) and most soft tissues, Condition 5 is approx-
imately true. The density and speed of sound for water are 1.0 g em™3 and
1519 m sec™! (at 35° C, Kaye and Laby, 1973), which are close to those for
most soft tissues. For instance, for breast tissue they are 1.02 £0.04 ¢ em™3
(F. Duck, 1990) and 1553 + 35 m sec™* (Scherzinger et al. 1989). Thus, the
ratio of the speed in these two media is 1.02 £ 0.02, and the ratio of their
acoustic impedances is 1.04 & 0.06. With this small difference the intensity
reflection and the refraction at the surface of the breast are negligible in most
cases. As illustrated in figure 2, when the angle of incidence is less than 70°,
the intensity reflection is less than a few percent, and for a plane wave the
direction of propagation changes less than 4° in the interface.

For condition 6 only the approximation r; =7 - % should be considered,
because when this approximation holds, r; = r-% will follow. By examining
figure 1, a geometric relation can be obtained:

B, Ry sin(y=B)

ro=7T:—=+5 , 13
2 R R siny (13)
where s is the distance between (z,.,¥.) and (2o, yo). Therefore, the error of
the approximation in condition 6 is:

R, sin(y-8)

67'2=S'—"‘

4
R sty (14)

which is negligible in most cases. For instance, when the interface is n
parallel to the transducer surface, i:e. /y = /3, then the error éry vanishes.
When /v is large then 30°, the absolute value of f’—%&%—@ is no more than 2
in any case, and ér; is in the order of Aw - %. If Aw = Ah = 0.1 cm is

chosen. ér; is less than 1 millimeter.
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3 Results and discussions

Results for several examples relevant to medical applications are discussed in
this section. Breast tissue is assumed, which has an attenuation coefficient of
0.086 £ np cm~! (Foster and Hunt, 1979). For water it is 0.0002 f* np cm™"
(Kaye and Laby, 1973). The size of the element area (Aw - Ah) was chosen
to satisfy the conditions discussed in the last section.

First, we consider a case when the tissue surface is parallel to the trans-
ducer surface. In Figure 3 the transducer size is 1.5 cm x 1.5 cm operating
at a frequency of 2 MHz. The sound field calculated for longitudinal sections
in the y-z plane (x=0) is shown in Figure 3(A)-3(C). In 3(A) the normalized
pressures along the central axis are shown in three cases. For curve a there is
no tissue in the water, for curve b and c the distances between the interface
surface and transducer surface along the central axis (Zinterjace) are 10 and
5 cm, respectively. In 3(B) contours are plotted for the -3 and -6 db levels,
which represent an intensity of 1/2 and 1/4 of its axial value at the same
coordinate z. Also shown in 3(B) are the maxima, that occur close to the
transducer surface, representing an intensity of 1.5 of the axial value at the
same coordinate z. It was noticed that the contour plots are nearly inde-
pendent from the distance between the transducer surface and the interface.
Therefore. only one contour plot is shown for the three cases. In 3(C), the
power deposition, i.e. the specific absorption rate (SAR), in the longitudinal
section for Zinterface = 5 cm is shown, which is calculated by

SAR = aP}/pc, (15)

where P, is the sound pressure amplitude, and the attenuation coefficient o
is considered identical to the absorption rate. In each field point the value of
a for water or breast is chosen depending on its location. For a square field,
showing only a longitudinal section is not complete, therefore, a transverse
section for the power deposition at z = 8 ¢m for zinterface = 3 M is provided
in Figure 3(D).

In Figure 4 the normalize pressure in the central axis and the contour
plots for a 1.5 ¢cm x 1.5 cm transducer operating at 4 MHz for different tissue
positions are shown. Figure 5 shows the same plots for a transducer size of
3 cm x 3cm operating at 1 MHz.

Next, cases are considered when the tissue surface is not parallel to the
transducer surface. We assume the angle between the central axis and the




interface is 45° and Zinterface = 9 ¢cm. The contour plot in the longitudinal
section is show in Figure 6(A), and the power deposition in the same section
is shown in Figure 6(B). These plots should be compared with those in Figure
3(B) and 3(C). The field in the y-z plane shown in Figure 6 is clearly tilted.

A comparison of the curves (b) and (c) in Figures 3(A), 4(A) and 5(A)
shows that the pressure attenuation in the tissue not only depends on the
frequency, but also changes significantly with the distance between the in-
terface and the transducer when the tissue is in the near-field region. This
illustrates the importance of a detailed field calculation in the design of an
ultrasound applicator.

Extended from the previously published work, this study supplies a useful
tool for the sound field calculation in the two-layer medium. When all condi-
tions are satisfied, the accuracy should be comparable with the calculation to
the homogeneous case. As pointed out by the previous paper (Ocheltree and
Frizzell, 1989), significant cancellation of errors occurs from the contribution
to the field from one edge of an element to the other, so that actual errors
are less than would be predicted by a first order approximation.

The fact, that the interface need not to be perpendicular to the central
axis and it can be a curved surface as long as the required conditions satis-
fied, makes this method flexible to deal with many practical problems. The
method has been successfully used in the design, simulation and experiment
verification for a dedicated ultrasonic hyperthermia unit for breast cancer
treatment (Svensson et al. 1994, Burdette et al 1995. Lu et al. 1995).

This method may be extended directly to cases where more than two
layers exist if the reflection and refraction in each interface can be ignored.
One such case could be a bladder irradiated by ultrasound through abdomen,
where the sound path is water-tissue-water-tissue. Since there are three
interfaces, at each interface conditions more stringent than that discussed in
last Section might be needed. Furthermore, although the method studied
in the paper is for a rectangular transducer, there is no condition imposed
in the deduction that the transducer should be restricted to this particular

shape.




4 Conclusions

A flexible, efficient numerical method has been developed for the sound field
calculation of a plane source in a water-soft tissue medium. The method
divides the transducer into small rectangular elements, surrounded by a rigid
baffle. A simplification is then made to sum the contribution to the pressure
at a field point from each elements. This study is an extension of a previously
published method for the calculation in a homogeneous medium. A main
condition for this method is that the reflection and refraction at the interface
can be neglected, which is a good approximation in most cases for a water-
soft tissue medium. : ‘
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Figure Captions

Figure 1. Geometry and coordinate system used for the two-layer medium
problem.

Figure 2. (A). Intensity reflection coefficient vs. the angle of incidence
at the water-breast tissue interface. (B). Propagation direction change for a
plane wave vs. the angle of incidence at the water-breast tissue interface.

Figure 3. The ultrasound field generated by a single transducer with a
size of 1.5 cm x 1.5 cm at 2 MHz. The water-tissue interface is parallel to the
transducer plane. (A). Normalized pressure in the central axis. Three cases
are shown: no tissue in the water (curve a), tissue is 10 cm away from the
transducer (curve b), tissue is 5 cm away from the transducer (curve c). (B).
Contours in the longitudinal (y-z) plane normalized at each axial distance.
The -3, -6 db levels and the maxima, representing intensities of 1/2, 1/4 and
1.5 normalized to the axis value in the same z, are shown. (C). Normalized
power deposition in the longitudinal (y-z) plane. (D). Normalized power
deposition in a transverse plane (z = 8 cm). In both (C) and (D), the tissue
is 5 cm away from the transducer, corresponding to curve c in (A).

Figure 4. The ultrasound field generated by a single transducer with a
size of 1.5 cm x 1.5 cm at 4 MHz. The water-tissue interface is parallel to the
transducer plane. (A). Normalized pressure in the central axis. Three cases
are shown: no tissue in the water (curve a), tissue is 10 cm away from the
transducer (curve b), tissue is 5 cm away from the transducer (curve c). (B).
Contours in the longitudinal (y-z) plane normalized at each axial distance.
The -3, -6 db levels and the maxima, representing intensities of 1/2, 1/4 and
1.5 normalized to the axis value in the same z, are shown.

Figure 5. The ultrasound field generated by a single transducer with a
size of 3.0 em x 3.0 om at 1 MHz. The water-tissue interface is parallel to the
transducer plane. (A). Normalized pressure in the central axis. Three cases
are shown: no tissue in the water (curve a), tissue is 10 cm away from the
transducer (curve b), tissue is 5 cm away from the transducer (curve c). (B).
Contours in the longitudinal (y-z) plane normalized at each axial distance.
The -3, -6 db levels and the maxima, representing intensities of 1/2, 1/4 and
1.5 normalized to the axis value in the same z, are shown.

Figure 6. The ultrasound field generated by a single transducer with a
size of 1.5 ¢cm x 1.5 cm at 2 MHz. The water-tissue interface is not parallel to

11




the transducer plane. It has an angle of (8 = 45°) with the central axis. The
tissue is 5 cm away from the transducer in the central axis. (A). Contours
in the longitudinal (y-z) plane normalized at each axial distance. The -3
and -6 db levels and the maxima, representing intensities of 1/2, 1/4 and
1.5 normalized to the axis value in the same z, are shown. (B). Normalized
power deposition in the longitudinal (y-z) plane.
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Appendix C

Efficiency Data for each Transducer in the Cylindrical Array
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4.5 MHz Transducers 4/12/95
Measured | Calculated | Calculated | Calculated
Freq Acoustic Acoustic | D/A Voltage{ D/A Voltage
in Watts at Watts at at at
Transducer# |Col|] # |Rng| # MHz |D/A V=2.37|D/A V=5.00] 0.5 Watts | 4.5 Watts
4-230A Cl2|R|1 4.80 2.64 11.75 1.03 3.09
4-214 Cl2|R}| 2] 4.82 2.84 12.64 0.99 2.98
4-217 Cl2|R]|3]| 4.81 2.88 12.82 0.99 2.96
4-2378B Cl2]R| 4] 4.78 1.98 8.81 1.19 3.57
4-188 Cl4|R}1 4.49 1.90 8.46 1.22 3.65
4-154 Cl|4|R{2] 4.49 1.52 6.77 1.36 4,08
4-144 C|4|R|3]| 449 1.42 6.32 1.41 4.22
4-163 C{4|R}| 4] 4.50 1.18 5.25 1.54 4.63
4-265 C|6|R|1 4.71 1.58 7.03 1.33 4.00
4-272 Cl|6|R|2] 471 1.58 7.03 1.33 4.00
4-277 C|6|R|3]| 4.68 1.54 6.85 1.35 4.05
4-273 C|6]JR| 4| 4.68 1.48 6.59 1.38 4.13
4-232B Cl|8|R|1 4.73 2.02 8.99 1.18 3.54
4-230B C|8[R}|2]| 47 1.92 8.55 1.21 3.63
4-234A C|8|R|3}| 470 1.94 8.63 1.20 3.61
4-216 Ci|8|R| 4] 4.69 1.98 8.81 1.19 3.57
4-210 C|10] R} 1 4.67 2.16 9.61 1.14 3.42
4-221 Cl10(R| 2| 4.67 1.76 7.83 1.26 3.79
4-249 C|10l R| 3| 4.66 2.00 8.90 1.19 3.56
4-242 C|10]| R| 4| 4.67 1.56 6.94 1.34 4.03
4-281 C{12| R| 1| 4.67 1.80 8.01 1.25 3.75
4-271 C|12{ R} 2| 4.68 1.50 6.68 1.37 4.10
4-262 C|12|R| 3| 4.67 1.62 7.21 1.32 3.95
4-267 C|l12|R| 4] 4.66 1.58 7.03 1.33 4.00
4-218 Cl14]R | 1 4.62 2.06 9.17 1.17 3.50
4-240A C|14|R| 2| 4.65 1.68 7.03 1.33 4.00
4-241A Cl|14|R| 3] 4.63 1.58 7.03 1.33 4.00
4-229 C|14]R]| 4| 4.61 1.60 7.12 1.32 3.97
4-225 C|l16{R| 1 4.61 1.62 7.21 1.32 3.95
4-238A C|16] R| 2| 4.61 1.54 6.85 1.35 4.05
4-235A C|16} R| 3| 4.61 1.54 6.85 1.35 4.05
4-241B C|16]| R| 4| 4.62 1.40 6.23 1.42 4.25
4-278 C|18| R | 1 4.65 1.60 7.12 1.32 3.97
4-280 Cl18|R}| 2] 4.61 1.58 7.03 1.33 4.00
4-279 C|18{ R| 3| 4.62 1.38 6.14 1.43 4,28
4-239B cli18| R| 4| 4.61 1.60 7.12 1.32 3.97
4-130 C|20|R}| 1 4.60 1.68 7.48 1.29 3.88
4-234B Cl20{R| 2| 4.60 1.56 6.94 1.34 4.03
4-246 Cl20lR}| 3| 4.60 1.48 6.59 1.38 4.13
4-236A C|20| R} 4| 4.60 1.562 6.77 1.36 4,08
4-211 Ci22] R} 1 4.58 1.64 7.30 1.31 3.93
4-212 Ci22| R} 2| 4.58 1.56 6.94 1.34 4.03
4-137 C|22]R] 3| 4.59 1.50 6.68 1.37 4.10
4-2318B Cl22]|R| 4] 4.59 1.62 6.77 1.36 4.08
4-233B Ci24)]R}{ 1 4.58 1.66 7.39 1.30 3.90
4-223 Cl24] R} 2| 4.58 1.54 6.85 1.35 4.05
4-245 C|24] R| 3| 4.58 1.62 6.77 1.36 4.08
4-233A C|24{R| 4| 4.58 1.46 6.50 1.39 4.16




20f4

4.5 MHz Transducers 4/12/95
4-232A Cl26|R| 1| 457 1.62 7.21 1.32 3.95
4-140 C|26|R}| 2} 457 1.54 6.85 1.35 4.05
4-243 C|26| R| 3| 457 1.54 6.85 1.35 4.05
4-239A C|26jR| 4| 4.58 1.42 6.32 1.41 4.22
4-219 C|28|R]| 1| 455 1.54 6.85 1.35 4.05
4-224 C{28| R} 2| 4.55 1.48 6.59 1.38 4.13
4-187 C|28| R| 3| 4.57 1.54 6.85 1.35 4.05
4-248 C|28| R| 4| 4.57 1.50 6.68 1.37 4.10
4-264 CI30{R| 1] 4.57 1.58 7.03 1.33 4.00
4-189 C|30/]R| 2| 4.55 1.66 7.39 1.30 3.90
4-128 C|30|R}| 3| 4.57 1.18 5.25 1.54 4.63
4-101A CI30]R| 4] 455 1.40 6.23 1.42 4.25
4-208 Cl|32}R| 1] 4.53 1.58 7.03 1.33 4.00
4-102A C|32]R| 2| 4.55 1.42 6.32 1.41 4.22
4-133 Ci32|R| 3] 4.55 1.42 6.32 1.41 4.22
4-157 C|32|R}| 4] 4.52 1.48 6.59 1.38 4.13
4-237A C|34]R| 1| 455 1.54 6.85 1.35 4.05
4-153 C|34|R| 2| 4.55 1.62 6.77 1.36 4.08
4-213 Ci34| R} 3] 455 1.46 6.50 1.39 4.16
4-134 C[34|R| 4] 4.54 1.42 6.32 1.41 4.22
4-186 C|36|R| 1] 454 1.58 7.03 1.33 4.00
4-174 C|36|R] 2] 453 1.44 6.41 1.40 419
4-138 C|36|R| 3| 455 1.40 6.23 1.42 4.25
4-177 C|36{R| 4| 4.55 1.36 6.05 1.44 4.31
4-197 C|{38|R| 1] 4.53 1.54 6.85 1.35 4.05
4-103A C|38|R} 2| 4.53 1.42 6.32 1.41 4.22
4-169 C|38|R| 3| 453 1.28 5.70 1.48 4.44
4-159 C[38] R| 4| 4.52 1.46 6.50 1.39 4.16
4-171 Cl40| R| 1] 4.52 1.66 7.39 1.30 3.90
4-204 C{40|R| 2| 4.b2 1.52 6.77 1.36 4.08
4-205 Cl40| R| 3| 4.52 1.58 7.03 1.33 4.00
4-114A Cl40{ R| 4| 4.52 1.30 5.79 1.47 4.41
4-145 Cl42| R} 1} 455 1.44 6.41 1.40 4.19
4-146 Cl|42| R 2| 4.53 1.44 6.41 1.40 4.19
4-129 C|42] R| 3| 4.52 1.44 6.41 1.40 4.19
4-135 Cl42]| R| 4| 4.62 1.34 5.96 1.45 4.34
4-166 Cl44| R} 1| 451 1.52 6.77 1.36 4.08
4-165 Cl|44]| R 2| 452 1.50 6.68 1.37 4.10
4-193 Cl|44] R| 3| 4.51 1.44 6.41 1.40 4.19
4-207 Cl44| R| 4| 4.51 1.30 5.79 1.47 4.41
4-143 Cl{46j R| 1| 4.50 1.58 7.03 1.33 4.00
4-173 C|46| R | 2| 4.50 1.52 6.77 1.36 4.08
4-180 C|46| R| 3| 4.50 1.46 6.50 1.39 4.16
4-160 Cl46]/ R]| 4| 4.49 1.42 6.32 1.41 4.22
4-274 C|48| R} 1| 4.77 2.26 10.06 1.1 3.34
4-275 C|48| R| 2| 4.73 2.24 9.97 1.12 3.36
4-263 C|48| R} 3| 4.74 1.88 8.37. 1.22 3.67
4-266 Cl|48| R] 4| 4.77 1.88 8.37 1.22 3.67
4-181 Cil2|R|5]| 4.48 1.52 6.77 1.36 4.08
4-183 Cl|2|R| 6| 4.48 1.52 6.77 1.36 4.08
Cl|2|R}|7
Cl|2|R}| 8
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4.5 MHz Transducers 4/11/95
4-231A Cl4]R| 5| 4.49 1.24 5.562 .50 4.51
4-199 C|4|R|6] 4.49 1.36 6.05 .44 4.31
Cl4|R]| 7
C|41R| 8
4-184 C|6|]R|bB] 450 1.38 6.14 .43 4.28
4-132 C|6|R|6] 4.49 1.08 4.81 .61 4.84
C|6|R]|7
C|6|R| 8
4-215 C|8|R}|5] 4.47 .38 6.14 .43 4.28
4-203 C|8|R| 6] 4.48 .46 6.50 .39 4.16
C|8|R|7
C|8]|]R{ 8
4-227 C[10]R| B | 4.47 1.40 6.23 42 4.25
4-235B C|10| R} 6| 4.47 1.28 5.70 .48 4.44
C|10| R} 7
C|10]l R | 8
4-116A C|12] R] 5| 4.45 1.60 6.68 .37 410
4-141 C|12|R| 6| 4.46 1.32 5.88 .46 4.38
Cl|12]R| 7
Cj12] R | 8
4-201 Cl|14] R| 5| 4.45 1.50 6.68 .37 4.10
4-162 C|14] R| 6] 4.49 1.16 .16 .56 4.67
Cl14]R}| 7
Cl14] R} 8
4-228 Cl16f| R| b | 4.45 1.28 5.70 .48 4.44
4-182 C|16f R| 6| 4.44 1.24 5.562 .50 4.51
C|l16] R} 7
Cl|16] R} 8
4-155 C|18]| R] 5| 4.43 1.36 6.05 44 4.31
4-131 C|18}] R| 6] 4.43 1.24 5.562 .50 4.51
C|I|18| R} 7
C|18| R} 8
4-238B C|20f R} 5| 4.44 1.40 6.23 .42 4.25
4-198 Cl20l R] 6] 4.41 1.32 5.88 .46 4.38
C|20]R| 7
C|20]R| 8
4-142 C|22| R} 5| 4.42 1.36 6.05 .44 4.31
4-206 C|22|R}| 6| 4.42 1.30 5.79 47 4.41
C|22fR] 7
C|22]R| 8
4-172 C|24|R| 5| 4.43 1.32 5.88 .46 4.38
4-152 Cl24]R| 6| 4.42 1.28 5.70 .48 4.44
Cl|24|R| 7
Cl24|R| 8
4-222 C|26{R| 5| 4.48 1.34 5.96 .45 4.34
4-175 C{26| R| 6| 4.49 1.22 5.43 .52 4.55
Cl261R}| 7
Cl26] R} 8
4-149 C|28]|R| 5| 4.48 1.48 6.59 .38 4.13
4-164 C|28]R| 6| 4.49 1.28 5.70 .48 4.44
C|28] R} 7
C|{28] R| 8
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. 4.5 MHz Transducers 4/11/95 4 of 4
4-176 C|l|30|R| 5] 4.48 1.34 5.96 1.45 4.34
4-136 Cl30|R| 6| 4.47 1.20 5.34 1.63 4.59

C|30|R}| 7
C|30|R{ 8
4-158 C|32{ R} 5| 4.47 1.18 5.25 1.54 4.63
4-194 C|32]R| 6] 4.45 1.22 5.43 1.52 4.55
C|32f{R]| 7
Cl32|R}| 8
4-200 ClI34|R| 5| 4.46 1.30 5.79 1.47 4.41
4-151 Cl|34|R| 6| 4.46 1.16 5.16 1.56 4.67
Cil34|R}| 7
Ci34/R{ 8 .
4-269 CJ|36(R}| 5| 4.47 1.26 5.61 1.49 4.48
4-185 C|36|R| 6| 4.45 1.26 5.61 1.49 4.48
C|36|R| 7
C|36|R| 8
4-202 Cl38| R| 5| 4.45 1.22 5.43 1.562 4.55
4-209 C|38|R| 6] 4.44 1.24 5.52 1.50 4.51
C|38|R}| 7
C|38|R| 8
4-195 C{40| R| 5| 4.43 1.24 5.562 1.60 4.51
4-148 C|l|40| R} 6] 4.43 1.16 5.16 1.56 4.67
C|40| R} 7
C|40{ R | 8
4-276 Cl|42|R| 5 4.45 1.30 5.79 1.47 - 4,41
4-191 Cl42{ R| 6| 4.44 1.22 5.43 1.62 4.55
Cl42{R| 7
C|42] R | 8
4-156 Cl44}|R| 5| 4.42 1.26 5.61 1.49 4.48
4-220 Cl|44|R| 6] 4.43 1.22 5.43 1.62 4.55
Cl|44|R| 7
C|44] R | 8
4-178 C|46] R} 5| 4.40 1.28 5.70 1.48 4.44
4-167 C|l|46]| R] 6| 4.41 1.20 5.34 1.63 4.59
C|46| R | 7
C|46| R | 8
4-179 Cl48} R| 5| 4.38 1.30 5.79 1.47 4.41
4-192 Cl|48| R| 6| 4.33 1.30 5.79 1.47 4.41
C|48| R | 7
C|48] R | 8
Measured Calculated | Calculated | Calculated
Total No. Tested Freq Acoustic Acoustic | D/A Voltage | D/A Voltage
144 in Watts at Watts at at at
MHz [{D/A Vv=2.37|D/A V=5.00| 0.5 Watts | 4.75 Watts
AVE 4.55 1.51 6.72 1.38 4.14
. MIN 4.33 1.08 4.81 0.99 2.96
MAX 4.82 2.88 12.82 1.61 4.84




Most Efficient Uitrasound DC to Uitrasound | Transducer
Transducer# | Frequency, in MHz | Power, Watts { DC Watts Efficiency, % Efficiency, %
4-011 4.45 1.36 4.65 29.23 49.40
4-101A 4.55 1.40 4.60 30.42 51.41
4-102A 4.55 1.42 4.69 30.28 51.17
4-103A 4.53 1.42 4.69 30.29 51.19
4-114A 4.52 1.30 4.56 28.54 48.23
4-116A 4.45 1.50 4,74 31.62 53.44
4-128 4.57 1.18 418 28.22 47.69
4-129 4.52 1.44 4.74 30.36 51.31
4-130 4.60 1.68 5.01 33.51 56.63
4-131 4.43 1.24 4.09 30.32 51.24
4-132 4.53 1.16 4.26 27.22 46.00
4-133 4,55 1.42 " 4.75 29.92 50.56
4-134 4,54 1.42 4.65 30.54 51.61
4-135 4,52 1.34 4.63 28.97 48.96
4-136 4.47 1.20 4.14 28.96 48.94
4-137 4.59 1.50 4.67 32.11 54.27
4-138 4.55 1.40 4,65 30.12 50.90
4-140 4.57 1.564 4.80 32.06 54.18
4-141 4.46 1.32 4.26 30.99 52.37
4-142 4.42 1.36 4.26 31.91 53.93
4-143 4.50 1.58 4.80 32.89 55.58
4-144 4.49 1.42 4.65 30.53 51.60
4-145 4.55 1.44 4.75 30.31 51.22
4-146 4,53 1.44 4,77 30.21 51.05
4-147 4.49 1.26 4,22 29.84 50.43
4-148 4.43 1.16 4.08 28.41 48.01
4-149 4.48 1.48 4.64 31.89 53.89
4-151 4.46 1.16 4.00 29.03 49.06
4-152 4.42 1.28 4.17 30.66 51.82
4-153 4.55 1.562 4.91 30.93 52.27
4-154 4.49 1.62 5.05 30.10 50.87
4-155 4.43 1.36 4.40 30.89 52.20
4-156 4.42 1.26 4.28 29.45 49.77
4-157 4.52 1.48 5.06 29.26 49.45
4-158 4.47 1.18 4.06 29.03 49.06
4-159 4.52 1.46 4.85 30.09 50.85
4-160 4.49 1.42 4,71 30.18 51.00
4-162 4,49 1.16 4.01 28.96 48.94
4-163 4.50 1.18 4,22 27.96 47.25
4-164 4.49 1.28 4.69 27.32 46.17
4-165 4,52 1.50 4.96 30.24 51.11
4-166 4.51 1.62 4.84 31.41 53.08
4-167 4.41 1.20 3.98 30.14 50.94




4-169
4-171
4-172
4-173
4-174
4-175
4-176
4-177
4-178
4-179
4-180
4-181
4-182
4-183
4-184
4-185
4-186
4-187
4-188
4-189
4-191
4-192
4-193
4-194
4-195
4-197
4-198
4-199
4-200
4-201
4-202
4-203
4-204
4-205
4-206

4-207

4-208
4-209
4-210
4-211
4-212
4-213
4-214
4-215
4-216

4.49
4.52
4.43
4.50
4.53
4.49
4.48
4.55
4.40
4.38
4.50
4.48
4.44
4.48
4.50
4.45
4.54
4.57
4.49
4.55
4.44
4.33
4.51
4.45
4.43
4.53
4.41
4.49
4.46
4.45
4.45
4.48
4.52
4.52
4.42
4.51
4.53
4.44
4.67
4.58
4.58
4.55
4.82
4.47
4.69

.20
.66
32
.52
44
.22
34
.36
.28
.30
.46
.52
.24
.52
.38
.26
.58
.54
.90
.66
.22
.30
44
22
.24
.54
.32
.36
.30
.50
22
46
.52
.b8
.30
.30
.58
24
2.16
1.64
1.56
1.46
2.84
1.38
1.98

—I—I—I—l—l—i-‘—I—I—l—l—d—l—l—‘—l—l—l—l-—l—l—l—l-‘—l-ﬂ—l—l—l—l-‘—l—l—l—l—l—ld

4.20
4.89
4.31
5.32
4.62
4.43
4.44
4.70
4.17
4.31
4.86
4.86
4.17
4.69
4.47
4.18
5.02
4.99
5.23
5.06
4.15
4,74
4.78
4.14
4.01
5.26
4.35
4.98
4.37
4.87
413
4.74
4.84
4.83
4.30
4.42
4.92
4.62
5.66
4.86
4.92
4.81
6.65
4.39
6.51

28.58
33.98
30.60
28.56
31.15
27.56
30.21
28.96
30.7
30.18
30.06
31.28
29.75
32.38
30.84
30.15
31.47
30.84
36.34
32.80
29.37
27.42
30.14
29.45
30.94
29.29
30.35
27.30
29.78
30.82
29.65
30.77
31.41
32.74
30.23
29.42
32.13
26.83
38.19
33.76
31.69
30.38
42.71
31.43
30.43

48.30
57.43
51.71
48.27
52.64
46.58
51.05
48.94
51.90
51.00
50.80
52.86
50.28
54.72
52.12
50.95
53.18
52.12
61.41
55.43
49.64
46.34
50.94
49.77
52.29
49.50
51.29
46.14
50.33
52.09
49.94
52.00
53.08
55.33
51.09
49.72
54.30
45.34
64.54
57.05
53.56
51.34
72.18
53.12
51.43




4-217
4-218
4-219
4-220
4-221
4-222
4-223
4-224
4-225
4-227
4-228
4-229
4-230A
4-230B
4-231A
4-231B
4-232A
4-232B
4-233A
4-233B
4-234A
4-234B
4-235A
4-235B
4-236A
4-237A
4-237B
4-238A
4-238B
4-239A
4-239B
4-240A
4-241A
4-241B
4-242
4-243
4-245
4-246
4-248
4-249
4-262
4-263
4-264
4-265
4-266

4.81
4.62
4.55
4.43
4.67
4.48
4.58
4.55
4.61
4.47
4.45
4.61
4.80
4.71
4.49
4.59
4.57
4.73
4.58
4.58
4.70
4.60
4.61
4.47
4.60
4.55
4.78
4.61
4.44
4.58
4.61
4.65
4.63
4.62
4.67
4.57
4.58
4.60
4.57
4.66
4.67
4.74
4.57
4.71
4,77

2.88
2.06
1.54
1.22
1.76
1.34
1.54
1.48
1.62
1.40
1.28
1.60
2.64
1.92
1.24
1.62
1.62
2.02
.46
.66
.94
.56
.54
.28
.52
.54
.98
.54
.40
42
.60
.58
.58
.40
.56
.54
.52
.48
.50
2.00
1.62
1.88
1.68
1.68
1.88

—
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6.78
4.73
4,78
4.35
4.95
4.20
4.75
4.66
4,99
4.63
4.28
4.89
6.01
5.81
4.30
4.93
5.01
5.89
4.82
4.99
5.90
4.91
4.79
4.30
4.98
4.97
5.81
4.86
4.61
5.00
5.17
5.00
4.83
4.89
4.98
4.85
4.68
4.73
4.92
5.62
5.43
5.47
4.99
4.99
5.77

42.48
43.56
32.20
28.06
35.53
31.89
32.43
31.78
32.44
30.23
29.89
32.69
43.95
33.06
28.84
30.86
32.35
34.28
30.31
33.25
32.90
31.79
32.15
29.75
30.50
30.98
34.10
31.67
30.37
28.38
30.97
31.62
32.74
28.63
31.31
31.73
32.49
31.32
30.46

35.567

29.81
34.38
31.68
31.64
32.59

71.79
73.62
54.42
47.42
60.05
53.89
54.81
53.71
54.82
51.09
50.51
55.25
74.28
55.87
48.74
52.16
54.67
57.93
51.22
56.19
55.60
53.73
54.33
50.28
51.65
52.36
57.63
53.62
51.33
47.96
52.34
53.44
556.33
48.38
52.91
53.62
54.91
52.93
51.48
60.11
50.38
58.10
53.54
53.47
55.08




4.66

4-267 1.568 5.10 30.96 52.32
4-269 4.47 1.26 4.43 28.42 48.03
4-271 4.68 1.50 4.89 30.65 51.80
4-272 4.71 1.58 5.05 31.28 52.86
4-273 4.68 1.48 4.70 31.50 53.24
4-274 4.77 2.26 5.57 40.59 68.60
4-275 4.73 2.24 5.82 38.50 65.07
4-276 4.45 1.30 4.80 27.10 45.80
4-277 4.68 1.54 4.68 32.94 55.67
4-278 4.65 1.60 4.94 32.42 54.79
4-279 4.62 1.38 4.46 30.94 52.29
4-280 4.61 1.58 4.94 31.98 54.05
4-281 4.67 1.80 5.41 33.30 56.28
Transducer# Frequency,in MH | Power, Watts | DC Watts Efficiency, % Transducer
Most Efficient Ultrasound DC to Ultrasound | Efficiency, %
Average 4.5469 1.51 4.79 31.29 52.88
sD 0.10 0.29 0.51 2.90 4.90
# Of Samples 146.00
Max Value 4.82 2.88 6.78 43.95 74.28
Min Value 4.33 1.16 3.98 26.83 45.34




Most Efficient

Bad Xducr Ultrasound DC to Ultrasound | Transducer
Serial # Frequency, in MHz | Power, Watts | DC Watts Efficiency, % Efficiency, %
4-003 missing wire #DIV/O! 0.00
4-010 no polarity 4.45 1.22 4.31 28.31 47.84
4-012 missing wire #DIV/O! 0.00
4-150 4.34 1.24 5.1 24.27 41.02
4-161 4.53 1.42 5.35 26.55 44.87
4-168 4.60 3.08 5.43 56.71 95.84
4-170 4.56 34.70 4,92 705.89 1192.95
4-190 no polarity 4.52 1.54 4.92 31.30 52.90
4-196 4.35 1.20 4.80 24.99 42.23
4-226 4.41 1.26 4.84 26.02 43.97
4-2368B 4.50 1.28 4.82 26.53 44 .84
4-240B 4.34 1.36 5.26 25.84 43.67
4-244 4.48 1.32 5.02 26.32 44 .48
4-247 4.36 1.28 4,93 25.96 43.87
4-268 4.57 1.28 5.05 25.33 42.81
4-270 4.50 1.14 4.77 23.92 40.42

12 pairs of transducers with identical serial numbers.
*2 - defective (wedge) surface: note #4-170 & #4-168 transducer.
4 - with one serial number written on top of a different serial number: Ex:
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2.5 MHz Transducers 4/11/95
Measured Calculated Calculated Calculated
Freq Acoustic Acoustic | D/A Voltage | D/A Voltage
in Watts at Watts at at at
Transducer # |Col] # |Rng| # MHz {D/AV=2.37|D/AV=5.00{ 0.5 Watts 8 Watts
2.5-176 C{1|R|S5 2.51 2.38 10.59 1.09 4.35
2.5-140 C|1]R| 6 2.56 2.02 8.99 1.18 4.72
2.5-115 C|1}lR]| 7 2.53 2.22 9.88 1.12 4.50
2.5-109 C|1]|R] 8 2.47 2.62 11.66 1.04 4.14
2.5-120 C|3|R|b 2.55 2.06 9.17 1.17 4.67
2.5-168 C|31R| 6 2,52 2.12 9.44 1.15 4.60
2.5-133 C{3|R]|7 2.56 2.14 9.52 1.15 4.58
2.5-177 C|{3|R| 8 2.50 2.18 9.70 1.14 4.54
2.5-157 C|5|R|5 2.56 2.12 9.44 1.15 4.60
2.5-107 C|5|R]6 2.54 2.14 9.52 1.15 4.58
2.5-161 C|5|R]7 2.51 2.08 9.26 1.16 4.65
2.5-164 C|5]R]| 8 2.44 2.52 11.22 1.06 4.22
2.5-155 Cl|7|R|5 2.55 2.04 9.08 1.17 4.69
2.5-153 C{7|R| 6 2.53 2.08 9.26 1.16 4.65
2.5-121 C|7|R}7 2.50 2.22 9.88 1.12 4.50
2.5-169 C|7|R}| S8 2.50 2.10 9.35 1.16 4.63
2.5-106 C|9}R|6S5 2.53 2.12 9.44 1.15 4.60
2.5-167 Cl|9]R| 6 2.52 2.26 10.06 1.11 4.46
2.5-149 C|9|R|7 2.52 2.06 9.17 1.17 4.67
2.5-147 C{y9]|R]|] 8 2.51 2.08 9.26 1.16 4.65
2.5-143 C|{11| R} 5 2,57 1.96 8.72 1.20 4,79
2.5-139 C|11|R}] 6 2.54 2.06 9.17 1.17 4.67
2.5-125 Cl|11|R| 7 2.54 2.06 9.17 1.17 4.67
2.5-162 CJ|11]R| 8 2.49 2.26 10.06 1.11 4.46
2.5-142 C|13|R| 5 2.58 2.02 8.99 1.18 4.72
2.5-111 Cl113| R| 6 2.54 2.14 9.52 1.15 4.58
2.5-148 C|13|R}| 7 2.51 2.08 9.26 1.16 4.65
2.5-178 C|13]l R} 8 2.48 2.18 9.70 1.14 4.54
2.5-112 C|15}J R} 5 2.55 2.00 8.90 1.19 4.74
2.5-175 C|l|151 R | 6 2.46 2.16 9.61 1.14 4,56
2.5-104 Cl15]R | 7 2.57 1.94 8.63 1.20 4.81
2.5-136 Cl15| R | 8 2.51 2.18 9.70 1.14 4.54
2.5-117 C|17|R| B 2.57 1.90 8.46 1.22 4.86
2.5-150 C|17]| R} 6 2.56 2.06 9.17 1.17 4.67
2.5-123 C|17| R} 7| 2.54 2.06 9.17 1.17 4.67
2.5-101 C|17| R | 8 2.50 2.02 8.99 1.18 4.72
2.5-152 C|19} R|{ 5| 257 1.90 8.46 1.22 4.86
2.5-132 C|19lR]| 6 2,53 2.06 9.17 1.17 4.67
2.5-124 C|19] R ]| 7 2,52 2.08 9.26 1.16 4.65
2.5-141 Cl19/{ R | 8 2.47 2.16 9.61 1.14 4.56
2.5-131 C|211R| b5 2.53 2.08 9.26 1.16 4.65
2.5-171 Cl21| R} 6 2.52 2.28 10.15 1.1 4.44
2.5-151 C|21|R}| 7 2.51 2.24 9.97 1.12 4.48
2.5-166 Cl21|R| 8 2.42 2.78 12.37 1.01 4.02
2.5-116 CJ|23|R| 5 2.57 1.82 8.10 1.24 4.97
2.5-135 C|23|R}| 6 2.55 2.08 9.26 1.16 4.65 -
2.5-108 Cl23JR{| 7 2.54 1.96 8.72 1.20 4.79
2.5-102 Ci{23]R] 8 2.52 2.02 8.99 1.18 4.72
2.5-160 Cl25{R| 5 2.57 1.84 8.19 1.24 4.94
2.5-113 C|25|R| 6 2,57 1.98 8.81 1.19 4.76
C|25|R}| 7
C R| 8
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2.5 MHz Transducers 4/11/95
2.5-154 C|27|R| 5 2.56 2.06 9.17 1.17 4.67
2.5-138 C|27|R| 6 2.55 2.06 9.17 1.17 4.67
C{27|R]| 7
C|27{R | 8
2.5-144 Cl29iR | 5 2,53 1.94 8.63 1.20 4.81
2.5-129 C|i29|R| 6 2.53 1.98 8.81 1.19 4.76
Cl29| R} 7 '
C|{29| R ] 8
2.5-110 C|31|R |5 2.54 2.14 9.52 1.15 4.58
2.5-134 C|31|R}| 6 2.54 2.02 8.99 1.18 4,72
Ci3t1|R]| 7
C|31{R| 8
2.5-103 C|33|R| b 2.51 2.00 8.90 1.19 4.74
2.5-146 CI|33|R| 6 2.51 2.26 10.06 1.11 4.46
C|33|R]| 7
C|33]R| 8
2.5-122 CIi35{R |5 2.48 2.26 10.06 1.1 4.46
2.5-158 C|35|R| 6 2.48 2.50 11.13 1.06 4.24
C|i35| R} 7
C|35| R} 8
2.5-174 C|37|R| S5 2.51 2.02 8.99 1.18 4.72
2.5-163 C|37{R| 6 2.50 2.30 10.24 1.1 4.42
C|37|R | 7
C|37|R| 8
2.5-145 Ci{39|R| 5 2.51 2.06 9.17 1.17 4.67
2.5-173 C|39|R| 6 2.50 1.98 8.81 1.19 4.76
C|39|R | 7
C|39|{R| 8
2.5-118 Cl|41| R} 5 2.50 2.22 9.88 1.12 4.50
2.5-159 Ci41| R | 6 2.49 2.38 10.59 1.09 4.35
C|41{R| 7
C|l|41] R | 8
2.5-170 Cl|43| R 5 2.47 2.60 11.57 1.04 4.16
2.5-172 C{43| R} 6 2.48 2.42 10.77 1.08 4.31
C|43| R | 7
C|43{R | 8
2.5-105 C|45| R | 5 2.48 2.42 10.77 1.08 4.31
2.5-156 C|45| R | 6 2.48 2.42 10.77 1.08 4.31
C|45| R | 7
C|45! R | 8
2.5-130 C|47] R ]| 5 2.48 2.18 9.70 4.54
2.5-119 C|47]R | 6 2.48 2.34 10.41 4.38
Cl47| R} 7
Cl47| R | 8
Measured Calculated Calculated Calculated
Total No. Tested 72 Freq Acoustic Acoustic | D/A Voltage | D/A Volitage
in Watts at Watts at at at
MHz [D/AV=2.37|D/AV=5.00] 0.5 Watts 8 Watts
AVE 2,52 2.15 9.55 1.15 4.59
MIN 2.42 1.82 8.10 1.01 4.02
MAX 2.58 2.78 12.37 1.24 4.97




Min. Refl. Pwr. Ultrasound DC to Ultrasound | Transducer
Transducer # | Frequency, in MHz | Power, Watts | DC Watts Efficiency, % Efficiency, %
2.5-101 2.50 2.02 4.38 46.11 70.65
2.5-102 2.52 2.02 4.41 45.76 70.11
2.5-103 2.51 2.00 4.42 45.24 69.32
2.5-104 2.57 1.94 4.19 46.27 70.89
2.5-105 2.48 2.42 5.73 42.23 64.70
2.5-106 2.53 2.12 4.47 47.45 72.70
2.5-107 2.54 2.14 4.47 47.88 73.36
2.5-108 2.54 1.96 4.29 45.67 69.97
2.5-109 2.47 2.62 5.40 48.52 74.34
2.5-110 2.54 2.14 4,72 45.32 69.44
2.5-111 2.54 2.14 4.57 46.81 71.72
2.5-112 2.55 2.00 4,29 46.67 71.51
2.5-113 2.57 1.98 4.44 44 .63 68.38
2.5-115 2.53 2.22 4.56 48.66 74.56
2.5-116 2.57 1.82 4.00 45.46 69.65
2.5-117 2.57 1.90 4.12 46.17 70.74
2.5-118 2.50 2.22 4.97 44.71 68.50
2.5-119 2.48 2.34 5.67 41.27 63.23
2.5-120 2.55 2.06 4,27 48.26 73.94
2.5-121 2.50 2.22 4.66 47.62 72.96
2.5-122 2.48 2.26 5.07 44,57 68.29
2.5-123 2.54 2.06 4.45 46.25 70.86
2.5-124 2.52 2.08 4.52 46.06 70.57
2.5-125 2.54 2.06 4.39 46.91 71.87
2.5-129 2.53 1.98 4.46 44 .44 68.09
2.5-130 2.48 2.18 5.16 42.26 64.75
2.5-131 2.53 2.08 4,52 45.98 70.45
2.5-132 2.53 2.06 4.48 46.03 70.53
2.5-133 2.56 2.14 4.45 48.12 73.73
2.5-134 2.54 2.02 4.63 43.65 66.88
2.5-135 2.55 2.08 4.56 45.65 69.94
2.5-136 2.51 2.18 4.70 46.37 71.05
2.5-138 2.55 2.06 4.57 45.08 69.07
2.5-139 2.54 2.06 4.39 46.97 71.97
2.5-140 2.56 2.02 4.18 48.32 74.03
2.5-141 2.47 2.16 4.69 46.06 70.57
2.5-142 2.58 2.02 4.33 46.70 71.55
2.5-143 2.57 1.96 4.18 46.87 71.81
2.5-144 2.53 1.94 4.31 45.06 69.04
2.5-145 2.51 2.06 4.56 45.18 69.22
2.5-146 2.51 2.26 5.43 41.62 63.77
2.5-147 2.51 2.08 4.39 47.41 72.64
2.5-148 2.51 2.08 4.44 46.80 71.71
2.5-149 2.52 2.06 4.36 47.27 72.43
2.5-150 2.56 2.06 4.46 46.16 70.72
2.5-151 2.51 2.24 4.87 46.00 70.48




2.5-152 2.57 1.90 4.13 46.06 70.57
2.5-153 2.53 2.08 4.35 47.78 73.21
2.5-154 2.56 2.06 4.55 45.25 69.33
2.5-155 2.55 2.04 4.28 47.64 72.99
2.5-156 2.48 2.42 5.93 40.83 62.56
2.5-157 2.56 2.12 4.42 47.91 73.41
2.5-158 2.48 2.50 5.98 41.79 64.03
2.5-159 2.49 2.38 5.77 41.26 63.22
2.5-160 2.57 1.84 4.06 45.28 69.38
2.5-161 2.51 2.08 4.35 47.87 73.34
2.5-162 2.49 2.26 4.80 47.10 72.17
2.5-163 2.50 2.30 5.16 44.61 68.35
2.5-164 2.44 2.52 5.26 47.95 73.47
2.5-166 2.42 2.78 6.07 45.83 70.22
2.5-167 2.52 2.26 4.76 47.45 72.70
2.5-168 2.52 2.12 4.40 48.14 73.76
2.5-169 2.50 2.10 4.40 47.72 73.12
2.5-170 2.47 2.60 5.99 43.39 66.48
2.5-171 2.52 2.28 4.97 45.87 70.28
2.5-172 2.48 2.42 5.83 41.50 63.58
2.5-173 2.50 1.98 4.42 44.76 68.58
2.5-174 2.51 2.02 4.44 45.45 69.64
2.5-175 2.46 2.16 4.64 46.54 71.31
2.5-176 2.51 2.38 4.70 50.67 77.63
2.5-177 2.50 2.18 4.55 47.95 73.47
2.5-178 2.48 2.18 4.66 46.82 71.74
Transducer # | Frequency, in MHz | Power, Watts | DC Watts Efficiency, % Efficiency, %
Most Efficient Ultrasound DC to Ultrasound | Transducer
Average 2.5197 2.15 4.6865 45.92 70.35
SD 0.03 0.18 0.51 2.00 3.07
# of samples 73.00 .

Max Value 2.58 2.78 6.07 50.67 77.63
Min Value 2.42 1.82 4.00 40.83 62.56




Bad Xducr Most Efficient Ultrasound DC to Ultrasound | Transducer

Serial # Frequency, in MHz | Power, Watts | DC Watts Efficiency, % Efficiency, %
2.5-114 2.52 1.78 4.49 39.67 60.78
2.5-126 2.48 2.24 5.62 39.86 61.07
2.5-127 2.49 2.20 5.79 37.97 58.18
2.5-128 2.48 2.40 6.08 39.46 60.46
2.5-137 2.47 2.58 6.44 40.09 61.42
2.5-165 no polarity 2.5 2.22 4.60 48.25 73.93
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Most Efficient Ultrasound DC DC to Ultrasound | Transducer
Trans # | Frequency, in MHz Watts Watts Efficiency, % Efficiency, %
2-001 2.09 2.46 4.83 50.98 84.97
2-002 2.10 2.58 5.08 50.74 84.57
2-008 2.08 2.40 4.67 51.41 85.68
2-015 2.08 2.50 4.91 50.89 84.82
2-116 2.12 2.62 5.44 48.20 80.33
2-120 2.10 2.68 5.28 50.73 84.55
2-121 2.13 2.18 4.38 49.72 82.87
2-122 2.09 2.34 4.63 50.53 84.22
2-123 2.08 2.86 5.64 50.69 84.48
2-124 2.09 2.62 5.32 49.23 82.05
2-125 2.07 2.70 5.91 45.71 76.18
2-126 2.15 2.56 5.53 46.27 77.12
2-127 2.09 2.68 5.22 51.33 85.55
2-128 2.08 2.82 5.51 51.14 85.23
2-129 2.09 2.58 5.19 49.74 82.90
2-130 2.12 2.44 4.78 51.03 85.05
2-131 2.16 2.34 4.85 48.21 80.35
2-133 2.1 2.54 4.93 51.49 85.82
2-134 2.09 2.66 5.18 51.34 85.57
2-135 2.07 2.98 6.05 49.28 82.13
2-136 2.10 2.52 5.18 48.61 81.02
2-137 2.08 2.72 5.34 50.93 84.88
2-138 2.10 2.46 4.73 52.04 86.73
2-139 2.09 2.50 5.30 47.14 78.57
2-140 2.09 2.34 4.84 48.32 80.53
2-141 2.09 2.68 5.33 50.30 83.83
2-142 212 3.00 5.63 53.27 88.78
2-143 2.10 2.54 5.01 50.68 84.47
2-144 2.08 2.86 5.67 50.45 84.08
2-145 2.08 2.74 5.50 49.80 83.00
2-147 2.11 2.36 4.89 48.25 80.42
2-151 2.08 3.14 6.60 47.57 79.28
2-157 2.09 2.48 5.34 46.41 77.35
2-159 2.07 2.76 6.13 44.99 74.98
2-162 2.09 2.40 5.00 48.03 80.05
2-164 2.1 2.54 4.98 51.04 85.07
2-166 2.08 3.10 6.20 49.97 83.28
2-167 2.11 3.02 6.14 49.17 81.95
2-168 2.15 2.48 4.81 51.53 85.88
2-169 2.09 2.82 5.56 50.75 84.58
2-170 2.10 2.72 5.22 52.11 86.85
2-171 2.12 2.32 4.63 50.14 83.57
2-172 2.07 3.66 7.93 46.17 76.95
2-173 2.07 3.26 7.08 46.02 76.70
2-174 2.10 2.84 5.71 49.78 82.97
2-175 2.11 2.52 4.98 50.62 84.37
2-176 2.10 2.80 5.569 50.11 83.52
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2-177 2.09 2.76 5.44 50.76 84.60
2-178 2.09 3.24 6.90 46.97 78.28
2-179 2.11 2.64 5.28 49.96 83.27
2-180 2.10 2.40 4.76 50.40 84.00
2-181 2.09 2.86 5.71 50.13 83.55
2-183 2.08 2.92 5.72 51.02 85.03
2-184 2.10. 2.66 5.19 51.29 85.48
2-185 2.09 2.88 5.89 48.87 81.45
2-186 2.17 2.20 4.44 49.564 82.57
2-187 2.09 2.98 6.21 47.97 79.95
2-188 - 2.09 2.42 5.02 48.25 80.42
2-189 2.12 2.56 5.21 49.17 81.95
2-190 2.10 2.54 5.33 47.68 79.47
2-191 2.10 2.60 5.25 49.50 82.50
2-192 2.10 2.50 5.02 49.83 83.05
2-193 2.08 2.72 5.80 46.88 78.13
2-194 2.08 3.62 7.77 46.57 77.62
2-195 2.09 2.42 4.94 48.97 81.62
2-196 2.09 3.00 5.81 51.60 86.00
2-197 2.10 2.48 4.94 50.21 83.68
2-198 2.1 2.54 5.42 46.88 78.13
2-200 2.09 2.74 5.42 50.58 84.30
2-201 2.17 2.34 4.68 49.95 83.25
2-203 2.08 3.12 6.48 48.16 80.27
2-204 2.09 2.88 6.13 46.97 78.28
2-205 2.18 2.22 4.61 48.16 80.27
2-206 2.15 3.22 6.33 50.87 84.78
2-207 2.10 2.98 5.82 51.21 85.35
2-208 2.08 2.90 5.81 49.92 83.20
2-209 2.15 2.06 4.23 48.67 81.12
2-210 2.17 2.28 4.61 49.46 82.43
2-211 2.20 2.48 4.94 50.21 83.68
2-212 2.13 2.40 4.64 51.70 86.17
2-213 2.12 2.52 512 49.18 81.97
2-214 2.16 2.78 5.26 52.85 88.08
2-215 2.17 2.14 4.32 49.53 82.55
2-216 2.11 2.30 4.53 50.77 84.62
2-217 2.11 2.48 4.89 50.76 84.60
2-218 2.10 2.26 4.87 46.45 77.42
2-300 2.12 2.24 4.51 49.67 82.78
2-301 2.08 2.60 5.30 49.10 81.83
2-302 2.10 2.48 4.89 50.70 84.50
Trans # Frequency, MHz DC Watts US Watts | DC to US Eff. % | Trans Eff. %
Average 2.1046 2.65 5.35 49.55 82.59
SD 0.03 0.30 0.69 1.74 2.90
Max 2.20 3.66 7.93 53.27 88.78
Min 2.07 2.06 4,23 44.99 74.98
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Bad Xducr Most Efficient Ultrasound DC DC to Uitrasound | Transducer
Serial # Frequency, in MHz | Power, Watts| Watts Efficiency, % Efficiency, %
2-003 no polarity 2.14 2.30 4.76 48.35 80.58
2-132 2.09 1.28 3.78 33.87 56.45
2-146 2.10 1.72 4.46 38.55 64.25
2-148 2.10 0.90 2.94 30.63 51.05
2-149 2.07 0.70 2.85 24.58 40.97
2-150 2.08 0.32 2.33 13.74 22.90
2-152 2.07 0.14 2.27 6.16 10.26
2-153 2.02 2.68 8.65 30.98 51.63
2-154 2.05 0.18 2.16 8.32 13.87
2-155 2.12 0.32 2.42 13.21 22.02
2-156 2.07 0.38 2.38 15.99 26.65
2-158 2.08 0.32 2.78 11.50 19.17
2-160 2.10 0.74 2.80 26.43 44.05
2-161 2.06 0.06 2.03 2.95 4,92
2-163 2.11 0.08 1.99 4.02 6.70
2-165 2.08 0.34 2.28 14.93 24.88
2-199 2.08 2.92 6.63 44.02 73.37
2-202 no polarity 2.09 2.48 5.03 49.33 82.22
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2 MHz Transducers 4/11/95
Measured Calculated Calculated Calculated
Freq Acoustic Acoustic D/A Voltage | D/A Voltage
in Watts at Watts at at at

Trans # |Col] # |Rng| # MHz |D/AV=237|D/AV=5.00] 0.5 Watts 9 Watts
2-186 C|1]R}1 2.16 2.78 12.37 1.01 4.26
2-206 Cl|1|R]| 2 2.15 3.22 14.33 0.93 3.96
2-168 C|1|R{|3 2.15 2.48 11.04 1.06 4.51
2-211 C|1]R] 4 2.20 2.48 11.04 1.06 4.51
2-147 C|I|3|R}1 2.10 2.72 12.11 1.02 4.31
2-212 C{3|R}| 2 213 2.40 10.68 1.08 4.59
2-130 C|3}|R|S3 212 2.44 10.86 1.07 4.55
2-116 CI|3|R]4 2.11 2.54 11.31 1.05 4.46
2-133 C|5|R| 1 2.1 2.54 11.31 1.05 4.46
2-164 C|5|R}| 2 2.11 2.52 11.22 1.06 4.48
2-217 C|{5|R}|3 2.11 2.48 11.04 1.06 4.51
2-216 C|5|R] 4 2.1 2.30 10.24 1.11 4.69
2-207 C|7{R |1 2.10 2,98 13.26 0.97 4.12
2-120 C|l|7]|R]| 2 2.10 2.68 11.93 1.02 4.34
2-184 C|7|R|3 2.10 2.66 11.84 1.03 4.36
2-002 Cl|7|RJ| 4 2.10 2.58 11.48 1.04 4.43
2-198 C{9]|R|1 2.10 2.46 10.95 1.07 4,53

S-5C009 | C{9]R| 2 2.17 2.36 10.50 1.09 4.63
2-302 Cl|9|R]| 3 2.10 2.48 11.04 1.06 4.51
2-180 Cl|9]|]R| 4 2.10 2.40 10.68 1.08 4.59
2-169 Cl11|R}] 1 2.09 2.82 12.55 1.00 4,23
2-177 C|11|R}| 2 2.09 2.76 12.28 1.01 4,28
2-200 C|11|R| 3 2.09 2.74 12.20 1.01 4.30
2-127 Cl|11|R] 4 2.09 2.68 11.93 1.02 4.34
2-141 C|13| R |1 2.09 2.68 11.93 1.02 4.34
2-134 C|{13]R]| 2 2.09 2.66 11.84 1.03 4.36
2-001 C|13| R} 3 2.09 - 2.46 10.95 1.07 4.53
2-122 C|13] R 4 2.09 2.34 10.41 1.10 4.65
2-183 C|15{ R | 1 2.08 2.92 13.00 0.98 4.16
2-123 C|15]R]| 2 2.08 2.86 12.73 0.99 4.20
2-144 Cl15JR| 3 2.08 2.86 12.73 0.99 4.20
2-128 C|15]| R} 4 2.08 2.82 12.55 1.00 4.23
2-190 C|17{R}| 1 2.09 3.00 13.35 0.97 4.10
2-137 C|17] R | 2 2.08 2.72 12.11 1.02 4.31
2-015 C{17}{ R | 3 2.08 2.50 11.13 1.06 4.50

S-5C008 | C|17] R ] 4 2.14 2.70 12.02 1.02 4.33
2-205 CI19|R}| 1 2.18 2.34 10.41 1.10 4.65
2-201 C|19]1R]| 2 2.17 2.28 10.15 1.1 4.71
2-215 C|19| R} 3 2.17 2.20 9.79 1.13 4.79
2-214 CJ|19]R] 4 2.17 2.14 9.52 1.15 4.86
2-121 Cl21]R | 1 2.13 2.18 9.70 1.14 4.82
2-189 Cl|21|{R| 2 2.12 2.56 11.39 1.05 4.44
2-213 C|21|R| 3 2.12 2.52 11.22 1.06 4.48
2-171 C{21] R 4 212 2.32 10.33 1.10 4.67
2-167 Cli23{R] 1 2.11 3.02 13.44 0.96 4.09
2-179 C|23|R| 2 2.11 2.64 11.75 1.03 4.38
2-174 C|23}R| 3 2.10 2.84 12.64 0.99 4.22
2-176 C|23|R}| 4 2.10 2.80 12.46 1.00 4.25
2-191 C|25|R| 1 2.10 2.60 11.57 1.04 - 4.41
2-192 C|l|25]R| 2 2.10 2.50 11.13 1.06 4.50
2-197 C|25{ R} 3 2.10 2,48 11.04 1.06 4.51
2-185 C|25}]R]| 4 2.09 2.88 12.82 0.99 4.19
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2 MHz Transducers 4/11/95
2-181 C{27{R | 1 2.09 2.86 12.73 0.99 4.20
2-124 Ci27|R| 2 2.09 2.62 11.66 1.04 4.39
2-129 C|27| R} 3 2.09 2.58 11.48 1.04 4.43
S-5C010 | C|27} R ] 4 2.16 2.66 11.84 1.03 4.36
2-195 Cl{29|R ] 1 2.09 2.42 10.77 1.08 4.57
2-166 Cl29]R]| 2 2.08 3.10 13.80 0.95 4.04
2-208 Ci29| R} 3 2.08 2.90 12.91 0.98 4.18
2-145 C|29| R} 4 2.08 2.74 12.20 1.01 4.30
2-301 C|I31|R}| 1 2.08 2.60 11.57 1.04 4.41
2-194 C|31|R]| 2 2.07 2.98 13.26 0.97 4.12
2-210 C|31{R| 3 2.17 2.22 9.88 1.12 4.77
2-131 C|31|R] 4 2.16 2.34 10.41 1.10 4.65
2-175 C|33}|R| 1 2.12 2.62 11.66 1.04 4.39
2-170 C|33{R{| 2 2.1 2.36 10.50 1.09 4.63
2-136 C|33{R]| 3 2.10 2.54 11.31 1.05 4.46
2-138 C|33| R} 4 2.11 2.54 11.31 1.05 4.46
2-218 C|35| R} 1 2.10 2.52 11.22 1.06 4.48
2-151 C|35|R]| 2 2.09 3.14 13.98 0.95 4.01
2-196 C|I35|R| 3 2.10 2.26 10.06 1.1 4.73
2-182 C|35]R}] 4 2.10 3.18 14.15 0.94 3.99
2-188 C|37{R |1 2.09 2.42 10.77 1.08 4.57
2-178 C|37|R ]| 2 2.09 3.24 14.42 0.93 3.95
2-125 C|I37|R| 3 2.07 2.70 12.02 1.02 4.33
S-5C002 | C|37| R | 4 2.17 2.62 11.66 1.04 4.39
2-162 CI39|R| 1 2.09 2.40 10.68 1.08 4.59
2-204 C|39|R]| 2 2.09 2.88 12.82 0.99 4.19
2-139 C|39/R}| 3 2.09 2.50 11.13 1.06 4.50
S-5C003 | C|39{ R} 4 2.18 2.60 11.57 1.04 4.41
2-187 C{41]R ] 1 2.09 2.98 13.26 0.97 4.12
2-157 Cl411R]| 2 2.09 2.48 11.04 1.06 4.51
2-193 C|41|R| 3 2.08 3.62 16.11 0.88 3.74
S-5C004 | C|41] R ] 4 2.16 2.60 11.57 1.04 4.41
2-140 C|43{ R | 1 2.09 2.34 10.41 1.10 4.65
2-135 C|43|R| 2 2.08 2.72 12.11 1.02 4.31
2-172 C|43|R| 3 2.07 3.66 16.29 0.88 3.72
2-117 C|43| R | 4 2.14 2.54 11.31 1.05 4.46
2-203 C|45} R} 1 2.08 3.12 13.89 0.95 4.03
2-173 C|45| R | 2 2.07 3.26 14.51 0.93 3.94
2-159 C|45| R | 3 2.07 2.76 12.28 1.01 4.28
S-5C006 | C|45| R | 4 2.17 2.52 11.22 1.06 4.48
2-209 Cl47|R}| 1 2.15 2.06 9.17 1.17 4.95
2-142 Cl|47| R | 2 2.14 2.30 10.24 1.11 4.69
2-126 C|47{ R | 3 2.15 2.56 11.39 1.05 4.44
2-300 C|l|47| R | 4 2.12 2.24 9.97 1.12 4,75
Measured Calculated Calculated Calculated
Total No. Tested 96 Freq Acoustic Acoustic D/A Voltage | D/A Voltage
in Watts at Watts at at at
MHz |D/AV=237|D/AV=5.00} 0.5 Watts 9 Watts

AVE 2.11 2.64 11.76 1.04 4.39

MIN 2.07 2.06 9.17 0.88 3.72

MAX 2.20 3.66 16.29 1.17 4.95
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Most Efficient Ultrasound | DC to Ultrasound | Transducer

Trans # '|Col| # |Rng| # | Frequency, in MHz Watts Efficiency, % Efficiency, %
2-186 CI1|R]1 2.16 2.78 52.85 87.50
2-206 ClI1]R}| 2 2.15 3.22 50.87 85.00
2-168 C|1]R}3 2.15 2.48 51.63 85.00
2-211 C{1]R| 4 2.20 2.48 50.21 82.50
2-147 C|3|R|1 2.10 2.72 52.11 87.50
2-212 C|3|R| 2 2.13 2.40 51.70 85.00
2-130 C|3]R}|3 2.12 2.44 51.03 85.00
2-116 C|3}R] 4 2.11 2.54 51.49 85.00
2-133 C|5[R]|1 2.11 2.54 51.04 85.00
2-164 C|{5|R}| 2 2.1 2.52 50.62 85.00
2-217 C|5lR|3 2.1 2.48 50.76 85.00
2-216 C|5]R}| 4 2.11 2.30 50.77 85.00
2-207 CIl7|R}1 2.10 2.98 51.21 85.00
2-120 Cl|7|RJ|2 2.10 2.68 50.73 85.00
2-184 Cl7]R| 3 2.10 2.66 51.29 85.00
2-002 C{71R| 4 2.10 2.58 50.74 85.00
2-198 CI9|R |1 2.10 2.46 52.04 87.50
S-5C009 | C|19| R} 2 2.17 2.36 49.85 75.00
2-302 Cl9|R|3 2.10 2.48 50.70 85.00
2-180 C|9}R| 4 2.10 2.40 50.40 85.00
2-169 Cl|11|R| 1 2.09 2.82 50.75 85.00
2-177 CI|11| R} 2 2.09 2.76 50.76 85.00
2-200 Cl|11|R}| 3 2.09 2.74 50.58 85.00
2-127 Cl11| R} 4 2.09 2.68 51.33 85.00
2-141 Cl13| R} 1 2.09 2.68 50.30 85.00
2-134 C|13|R| 2 2.09 2.66 51.34 85.00
2-001 C|13|]R| 3 2.09 2.46 50.98 85.00
2-122 C|13iR| 4 2.09 2.34 50.53 85.00
2-183 Cl15| R | 1 2.08 2.92 51.02 85.00
2-123 Cl|15| R} 2 2.08 2.86 50.69 85.00
2-144 CJ15| R 3| 2.08 2.86 50.45 85.00
2-128 C|15]R| 4 2.08 2.82 51.14 85.00
2-190 Ci|17| R | 1 2.09 3.00 51.60 85.00
2-137 Cl17| R} 2 2.08 2.72 50.93 85.00
2-015 Cl|17]R| 3 2.08 2.50 50.89 85.00
S-5C008 | C{17| R | 4 2.14 2.70 51.36 77.50
2-205 Cl19}l R | 1 2.18 2.34 49.95 82.50
2-201 CJl|19{R| 2 2.17 2.28 49.46 82.50
2-215 C|19]R| 3 2.17 2.20 49.54 82.50
2-214 C|19] R} 4 2.17 2.14 49.53 82.50
2-121 Cl|21| R ] 1 2.13 2.18 49.72 82.50
2-189 Cl21lR]| 2 2.12 2.56 49.17 82.50
2-213 Cl21lR| 3 2.12 2.52 49.18 82.50
2-171 CJj21|R}| 4 2.12 2.32 50.14 82.50
2-167 Cl|23| R | 1 2.1 3.02 49.17 82.50
2-179 C|23|R| 2 2.1 2.64 49.96 82.50
2-174 C|23|R}| 3 2.10 2.84 49.78 82.50
2-176 C|23]R| 4 2.10 2.80 50.11 82.50
2-191 C|25{ R | 1 2.10 2.60 49.50 82.50
2-192 C|25{R| 2 2.10 2.50 49.83 82.50
2-197 C|256{R| 3 2.10 2.48 50.21 82.50
C|25|R| 4 2.09 2.88 48.87 82.50
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2-181 Ci27| R 1 2.09 2.86 50.13 82.50
2-124 Cl27|R| 2 2.09 2.62 49.23 82.50
2-129 C|27|R| 3 2.09 2,58 49.74 82.50
S-5C010 | C|27|R| 4 2.16 2.66 51.35 77.50
2-195 Cl|29| R |1 2.09 2.42 48.97 82.50
2-166 C|29}1 R | 2 2.08 3.10 49.97 82.50
2-208 Cl29|R}| 3 2.08 2.90 49.92 82.50
2-145 CJ29] R} 4 2.08 2.74 49.80 82.50
2-301 CI31|R | 1 2.08 2.60 49.10 82.50
2-194 C|31| R} 2 2.07 2.98 49.28 82.50
2-210 C|31|R| 3 2.17 2.22 48.16 80.00
2-131 C|31]R| 4 2.16 2.34 48.21 80.00
2-175 CI|33|R}| 1] 212 2.62 48.20 80.00
2-170 C|33|]R}| 2 2.11 2.36 48.25 80.00
2-136 C|33|R|3 2.10 2.54 47.68 80.00
2-138 C|33[R| 4 2.11 2.54 46.88 77.50
2-218 C|3B5| R |1 2.10 2,52 48.61 80.00
2-151 C|35|R| 2 2.09 3.14 47.57 80.00
2-196 C|35{R| 3 2.10 2.26 46.45 77.50
2-182 C|35] R} 4 2.10 3.18 47.94 80.00
2-188 Ci37| R} 1 2.09 2.42 48.25 80.00
2-178 Cl37|R| 2 2.09 3.24 46.97 77.50
2-125 C|37|R{3 2.07 2.70 45.71 75.00
S-5C002 | C|37]|R| 4 2.17 2.62 50.27 77.50
2-162 Ci39|R| 1 2.09 2.40 48.03 80.00
2-204 C|39|R| 2 2.09 2.88 46.97 77.50
2-139 C|39|R|3 2.09 2.50 47.14 77.50
S-5C003 | C|39{R| 4 2.18 2.60 50.99 77.50
2-187 Cl|41| R |1 2.09 2.98 47.97 80.00
2-157 Cl|41{ R} 2 2.09 2.48 46.41 77.50
2-193 Cj41|R| 3 2.08 3.62 46.57 77.50
S-5C004 | C|41| R} 4 2.16 2.60 50.84 77.50
2-140 Cj43| R | 1 2.09 2.34 48.32 80.00
2-135 C|43|R| 2 2.08 2.72 46.88 77.50
2-172 C|43]R| 3 2.07 3.66 46.17 77.50
2-117 C|43| R | 4 2.14 2.54 46.26 77.50
2-203 C{45| R | 1 2.08 3.12 48.16 80.00
2-173 C|45| R | 2 2.07 3.26 46.02 77.50
2-159 C|45| R 3 2.07 2.76 44.99 75.00
S-5C006 | C|45| R | 4 2.17 2.52 49.97 75.00
2-209 Cl47| R |1 2.15 2.06 48.67 80.00
2-142 Cj|47|R| 2 2.14 2.30 48.35 80.00
2-126 C|l47i R | 3 2.15 2.56 46.27 77.50
2-300 CJl47|R | 4 2.12 2.24 49.67 82.50




Transducer Number 2-139 % Efficiency

Freq. MHz ]DC mA___ |DC Volts |US Watts |[DC Watts |RF Watts |DC to US_[RF to US

2.04 220.10 25.87 2.58 5.69 3.43 45.31% 75.22%
2.05 214.30 25.89 2.52 5.65 3.34 45.47% 75.49%
2.06 211.60 25.89 2.50 5.48 3.30 45.63% 75.75%
2.07 214.20 25.89 2.56 5.55 3.34 46.16% 76.63%
2.08 212.40 25.89 2.56 5.50 3.31 46.55% 77.28%
2.09 204.70 25.91 2.50 5.30 3.20 47.14% 78.25%
2.10 197.30 25.94 2.40 5.12 3.08 46.89% 77.84%
2.11 193.00 25.95 2.36 5.01 3.02 47.12% 78.22%
2.12 189.30 25.96 2.30 4.91 2.96 46.80% 77.69%
2.13 183.80 25.97 2.22 4.77 2.88 46.51% 77.20%
2.14 178.20 25.99 2.12 4.63 2.79 45.77% 75.99%
2.15 178.30 25.99 2.10 4.63 2.79 45.32% 75.23%
2.16 183.30 25.97 2.14 4.76 2.87 44 .96% 74.63%
2.17 186.90 25.97 2.18 4.85 2.92 44.91% 74.56%
2.18 186.90 25.96 2.18 4.85 2.92 44.93% 74.58%
% Efficiency, RF to Ultrasound

79.00%

78.00%

77.00%

76.00%

75.00% -

74.00%

73.00%

72.00% -

2.04 2.06 2.08 2.10 2.12 2.14 2.16
Frequency, MHz

2.18

Efficiency from DC to RF is 60% as measured with Bird meter at 2 to 3 watts ultrasound.
DC to RF efficiency increases to around 75% at 10 watts ultrasound power
DC to RF efficiency increases to around 90% at 20 watts ultrasound power




Appendix D

T/R MUX Applicator Transducer Interconnections Map
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COL 25

OCTANT 5

COL 26

COL 27

COL 28

10 Apr, 1995

COL 29

2.0M

C13 CH3

4.5M

C14 CH3

2.0M

C15 CH3

4.5M

C16 CH3

2.0M

C17 CH3

4.5M

C18 CH3

2.0M

C13 CH7

4.5M

C14 CH7

2.0M

C15 CH7

4.5M

C16 CH7

2.0M

C17 CH7

4.5M

C18 CH7

2.0M

C13 CH11

4.5M

C14 CH11

2.0M

C15 CH11

4.5M

C16 CH11

2.0M

C17 CHM

4.5M

C18 CH11

2.0M

C13 CH15

4.5M

C14 CH15

2.0M

C15 CH15

4.5M

C16 CH15

2.0M

C17 CH15

4.5M

C18 CH15

2.5M

Ct CH3

4.5M

C2 CH3

2.5M

C3 CH3

4.5M

C4 CH3

2.5M

C5 CH3

4.5M

C6 CH3

2.5M

C1 CH?7

4.5M

C2 CH7

2.5M

C3 CH7

4.5M

C4 CH7

2.5M

C5 CH7

4.5M

C6 CH7

2.5M

C1 CH11

4 .5M

C2 CH11

2.5M

C3 CH11

4 .5M

C4 CH11

2.5M

C5 CH11

4.5M

Ccé CH11

2.5M

C1 CH15

4.5M

C2 CH15

2.5M

C3 CH15

4 5M

C4 CH15

2.5M

C5 CH15

4.5M

C6 CH15




OCTANT 6 10 Apr, 1995
20M!| [45M| (20M| [45M  (2.0M| |4.5M
C19 CH3 C20 CH3 C21 CH3 C22 CH3 C23 CH3 C24 CH3

2.0M

C18 CH7

4.5M

C20 CH7

2.0M

C21 CH7

4.5M

C22 CH7

2.0M

C23 CH7

4.5M

C24 CH7

2.0M

C19 CH11

4.5M

C20 CH11

2.0M

C21 CH11

4.5M

C22 CH11

2.0M

C23 CH11

4.5M

C24 CH11

2.0M

C19 CH15

4.5M

C20 CH15

2.0M

C21 CH15

4.5M

C22 CH1S

2.0M

C23 CH15

4.5M

C24 CH15

2.5M

C7 CH3

4.5M

C8 CH3

2.5M

C9 CH3

4.5M

C10 CH3

2.5M

C11 CH3

4.5M

C12 CH3

2.5M

C7 CH7

4.5M

C8 CH7

2.5M

C9 CH7

4.5M

C10 CH7

2.5M

C11 CH7

4.5M

C12 CH7

2.5M

C7 CH11

4 5M

C8 CH11

2.5M

C9 CH11

4.5M

C10 CH11

2.5M

C11 CH11

4.5M

C12 CH11

2.59M

C7 CH15

4.5M

C8 CH15

2.5M

C9 CH15

4.5M

C10 CH15

2.5M

C11 CH15

4.5M

C12 CH15




OCTANT 7 10 Apr, 1995
20M| |45M| (20M| [45M | |2.0M| 4.5M
C1 CH4 C2 CH4 C3 CH4 C4 CH4 C5 CH4 C6é CH4

2.0M

C1 CHs

4.5M

C2 CHs

2.0M

C3 CHs

4.5M

C4 CHs8

2.0M

C5 CHS

4.5M

C6 CHS8

2.0M

C1 CH12

4.5M

C2 CH12

2.0M

C3 CH12

4.5M

C4 CH12

2.0M

C5 CH12

4.5M

C6 CH12

2.0M

C1 CH16é

4.5M

C2 CH16

2.0M

C3 CH16

4.5M

C4 CH16

2.0M

C5 CH16

4.5M

Cé CH1é

2.5M

C13 CH4

4.5M

C14 CH4

2.5M

C15 CH4

4.5M

C16 CH4

2.5M

C17 CH4

4.5M

C18 CH4

2.5M

C13 CH8

4.5M

C14 CHS

2.5M

C15 CHS

4.5M

C16 CH8

2.5M

C17 CHS

4.5M

C18 CHS8

2.5M

C13 CH12

4.5M

C14 CH12

2.5M

C15 CH12

4.5M

C16 CH12

2.5M

C17 CH12

4.5M

C18 CH12

2.5M

C13 CH16

4.5M

C14 CH16

2.5M

C15 CH16

4.5M

C16 CH16

2.5M

C17 CH16

4.5M

C18 CH16




r,——————'

OCTANT 8 10 Apr, 1995

COL 42 COL 43 COL 44 COL 45 COL 46 COL 47
20M [45M | (20M| |[45M | |2.0M | | 4.5M
C7 CH4 C8 CH4 C9 CH4 C10 CH4 C11 CH4 C12 CH4

2.0M

C7 CHs

4.5M

C8 CHS8

2.0M

C9 CHS8

4.5M

C10 CHS

2.0M

C11 CHS

4.5M

C12 CH8

2.0M

C7 CH12

4.5M

C8 CH12

2.0M

C9 CH12

4.5M

C10 CH12

2.0M

C11 CH12

4.5M

C12 CH12

2.0M

C7 CH16

4.5M

C8 CH16

2.0M

C9 CH1e6

4.5M

C10 CH16

2.0M

C11 CH16

4.5M

C12 CH16

2.5M

C19 CH4

4.5M

C20 CH4

2.5M

C21 CH4

4.5M

C22 CH4

2.5M

C23 CH4

4.5M

C24 CH4

2.5M

C19 CHS

4.5M

C20 CHs

2.5M

C21 CHS8

4.5M

C22 CH8

2.5M

C23 CHS

4.5M

C24 CHS

2.5M

C19 CH12

4.5M

C20 CH12

2.5M

C21 CH12

4.5M

C22 CH12

2.5M

C23 CH12

4.5M

C24 CH12

2.5M

C19 CH16

4.5M

C20 CH16

2.5M

C21 CH16

4.5M

C22 CH16

2.5M

C23 CH16

4.5M

C24 CH16




Appendix E

Measured Angular Beam Profile Data
for 2.0 Mhz and 4.5 Mhz Transducers
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Appendix F

Breast Phantom Pulse-Echo and Through-Transmission
Noninvasive Receiver Measurements Data
Used for Tomographic Reconstructions




Appendix F contains the measured data used to determine the receiver performance and
in the initial tomographic reconstruction study. These measurements provided the basis
for verification of the required dynamic range and sensitivity for the receivers. It also
permitted us to identify sources of noise in the T.R Mux circuits and take appropriate
steps to improve their performance.

Measurements of both pulse-echo and through-transmission data were taken. The VCO-
RF Amps were pulsed with various waveforms. A 10 ms pulse train was selected for the
measurements based upon our observations of the hybrid response and overall signal to
noise when detecting weak signals. Complete sets of pulse-echo and through-
transmission data were taken for pulsing of each transducer separately, examining its
echo response and while receiving the transmitted signal on transducers located on the
opposite side of the ring. For each “transmit” transducer configuration, receive
measurements were made from 15 opposing transducers, creating a “fan beam” of
measured data which encompassed the area of a “slice” through the breast phantom.
Thus, a total of 48x16 (=768) measurements of amplitude and time-of-flight (=1536)
were recorded for one ring of the cylindrical array. Further, in order to permit
tomographic reconstruction of the breast phantom target slice, the beam pattern effects of
individual transducers had to be normalized out of the received through-transmission
data. This was accomplished by first performing a full set of measurements with no
breast target present and then inserting the target and recording all of the measurements
again. By subtracting out the baseline data with no target present, it was possible to use
the algebraic reconstruction algorithm to construct a tomographic profile of the through
transmission within a slice of the breast.

Enclosed is an example the fan beam data with the attenuation information recorded.
Also included are transmission attenuation measurements for receive transducers opposite
the transmitting transducer for several individual cases. Measurements were taken at
both the fundamental and harmonic frequencies.

Another group of data include information at both the transducer resonant frequency and
varied frequencies around resonance for transducers 1,5,18 and 22. Histograms and data
sheets are included for those examples. These data were recorded to examine the
sensitivity of frequency variations upon the detection and time-of-flight measurement
determination. Through these measurements, it was determined that a DSP would likely
to be required for accurate time measurement processing.
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Transducer 1 without Breast Target

Actual Actual Actual Normalized Normalized | Transmission §{.
Input Fundamental Harmonic Fundamental Harmonic Time
Voltage Voltage Voltage Voltage Voltage microsec.
8 71.000 0.80 9.58E-04 144
7 71.000 2.40 2.87E-03 152
6 71.000 4.20 5.03E-03 154
5 71.000 1.60 1.92E-03 158
4 15.000 2.00 1.13E-02 162
3 71.000 2.90 _ 3.47E-03 164
2 2.400 3.70 1.31E-01 167
1 2.400 1.90 6.73E-02 168
Center 0.103 7.80 6.44E+00 168
-1 2.400 1.48 5.24E-02 168
-2 2.400 3.20 1.13E-01 167
-3 71.000 3.00 3.59E-03 164
-4 15.000 1.14 6.46E-03 ‘ 162
-5 71.000 , 1.24 1.48E-03 158
-6 71.000 2.80 3.35E-03 154
-7 71.000 2.40 2.87E-03 152
-8 71.000 0.70 8.38E-04 144
Transducer 1 with Breast Target
Actual Actual Actual Normalized Normalized | Transmission
Input Fundamental Harmonic Fundamental Harmonic Time
Voltage Voltage Voltage Voltage Voltage microsec.
8 71.000 1.100 1.32E-03 144
7 71.000 2.250 2.69E-03 152
6 71.000 0.700 8.38E-04 154
5 71.000 0.350 5.08E-04 162
4 71.000 1.600 1.92E-03 162
3 71.000 0.800 1.16E-03 168
2 71.000 3.400 4.07E-03 168
1 71.000 5.700 8.27E-03 168
Center 0.500 3.900 6.63E-01 168
-1 71.000 5.800 8.41E-03 168
-2 71.000 3.300 3.95E-03 167
-3 71.000 1.240 1.80E-03 166
-4 71.000 1.750 2.10E-03 162
-5 71.000 0.360 5.22E-04 160
-6 71.000 0.300 3.59E-04 156
-7 71.000 1.040 1.51E-03 152
-8 71.000 0.800 9.58E-04 144

Odd Numbers denote adjacent crystals at the DIFFERENT resonance frequencies than the
Center. Even numbers denote crystals at the SAME frequency as the Center.

The reference used for data normalization was the smallest input voltage of 0.085 V.

The input voltage range spans from 0.085V to 71V or 58db for all measurements.
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Transducer 5 without Breast Target

PE Sons
FQ

Actual Actual Actual Normalized Normalized | Transmission

Input Fundamental Harmonic Fundamental Harmonic Time
Voltage Voltage Voltage Voltage Voltage microsec.
8 71.000 1.70 2.04E-03 144
7 71.000 2.30 2.75E-03 152
6 71.000 1.60 1.92E-03 154
5 71.000 1.24 1.48E-03 158
4 71.000 6.40 7.66E-03 162
3 71.000 2.00 2.39E-03 164
2 2.400 2.00 7.08E-02 168
1 2.400 1.80 6.38E-02 168
Center 0.103 6.80 5.61E+00 168
-1 2.400 1.60 5.67E-02 168
-2 2.400 2.40 8.50E-02 168
-3 71.000 1.25 1.50E-03 166
-4 15.000 3.40 1.93E-02 162
-5 71.000 1.36 1.63E-03 158
-6 15.000 2.10 1.19E-02 156
-7 71.000 4.30 5.15E-03 152
-8 71.000 4.00 4.79E-03 150
Transducer 5 with Breast Target

Actual Actual Actual Normalized Normalized | Transmission

Input Fundamental Harmonic Fundamental Harmonic Time
Voltage Voltage Voltage Voltage Voltage microsec.

8 71.000 1.650 1.98E-03 144
7 71.000 2.350 2.81E-03 152
6 71.000 0.540 6.46E-04 154
5 71.000 0.310 4 50E-04 160
4 71.000 0.780 9.34E-04 162
3 71.000 0.500 7.25E-04 164
2 71.000 6.700 8.02E-03 166
1 71.000 5.500 7.98E-03 168
Center 0.500 3.500 5.95E-01 166
-1 1 71.000 4.100 5.95E-03 168
-2 71.000 5.100 6.11E-03 166
-3 71.000 ‘ 0.660 9.57E-04 164
-4 71.000 1.800 2.15E-03 162
-5 71.000 0.360 5.22E-04 160
-6 71.000 0.860 1.03E-03 154
-7 71.000 1.360 1.97E-03 150
-8 71.000 1.240 1.48E-03 144

0Odd Numbers denote adjacent crystals at the DIFFERENT resonance frequencies than the

Center. Even numbers denote crystals at the SAME frequency as the Center.

The reference used for data normalization was the smallest input voltage of 0.085 V.

The input voltage range spans from 0.085V to 71V or 58db for all measurements.
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Transducer 18 without Breast Target

Actual Actual Actual Normalized Normalized | Transmission
input Fundamental Harmonic Fundamental Harmonic Time
Voltage Voltage Voltage Voltage Voltage microsec.
8 63.000 0.56 7.56E-04 144
7 63.000 1.20 1.62E-03 152
6 63.000 1.80 2.43E-03 154
5 63.000 1.30 1.75E-03 160
4 63.000 0.80 1.08E-03 162
3 63.000 1.55 2.09E-03 166
2 12.000 5.50 3.90E-02 168
1 12.000 1.60 1.13E-02 167
Center 0.085 5.80 5.80E+00 167
-1 12.000 2.40 1.70E-02 168
-2 12.000 6.00 4,25E-02 168
-3 63.000 1.30 1.75E-03 164
-4 63.000 0.72 9.71E-04 161
-5 63.000 0.76 _ 1.03E-03 160
-6 63.000 0.52 7.02E-04 154
-7 63.000 2.50 3.37E-03 154
-8 63.000 0.76 1.03E-03 150
Transducer 18 with Breast Target
Actual Actual Actual Normalized Normalized | Transmission
Input Fundamental Harmonic Fundamental Harmonic Time
Voltage Voltage Voltage Voltage Voltage microsec.
8 63.000 0.68 9.17E-04 144
7 63.000 0.64 8.63E-04 150
6 63.000 0.29 3.91E-04 158
5 63.000 0.47 7.68E-04 164
4 63.000 0.68 9.17E-04 166
3 63.000 0.66 1.08E-03 166
2 63.000 1.56 2.10E-03 166
1 "~ 63.000 2.30 3.76E-03 166
Center 2.000 2.60 1.11E-01 168
-1 63.000 2.30 3.76E-03 167
-2 63.000 1.50 2.02E-03 167
-3 63.000 0.72 : 1.18E-03 167
-4 63.000 0.86 1.16E-03 164
-5 63.000 0.50 8.17E-04 164
-6 63.000 0.23 3.10E-04 153
-7 63.000 0.88 1.44E-03 162
-8 63.000 1.90 2.56E-03 150

0Odd Numbers denote adjacent crystals at the DIFFERENT resonance frequencies than the
Center. Even numbers denote crystals at the SAME frequency as the Center.

The reference used for data normalization was the smallest input voltage of 0.085 V.

The input voltage range spans from 0.085V to 71V or 58db for all measurements.
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Transducer 22 without Breast Target

RESHWNANT
FR.

Actual Actual Actual Normalized Normalized | Transmission
input Fundamental Harmonic Fundamental Harmonic Time
Voltage Voitage Voltage Voltage . Voitage microsec.
8 63.000 1.55 2.09E-03 148
7 63.000 2.50 3.37E-03 150
6 63.000 0.48 6.48E-04 156
5 63.000 0.80 1.08E-03 160
4 63.000 1.40 1.89E-03 161
3 63.000 1.04 1.40E-03 164
2 12.000 2.50 1.77E-02 166
1 12.000 3.00 2.13E-02 167
Center 0.085 3.00 3.00E+00 167
-1 12.000 1.80 1.28E-02 167
-2 12.000 3.80 2.69E-02 166
-3 63.000 1.80 2.43E-03 167
-4 63.000 1.80 2.43E-03 162
-5 63.000 1.05 1.42E-03 160
-6 63.000 0.88 1.19E-03 154
-7 63.000 3.70 4.99E-03 154
-8 63.000 0.68 9.17E-04 146
Transducer 22 with Breast Target
Actual Actual Actual Normalized Normalized | Transmission
Input Fundamental Harmonic Fundamental Harmonic Time
Voltage Voltage Voltage Voltage Voltage microsec.
8 63.000 0.88 1.19E-03 148
7 63.000 0.76 1.03E-03 154
6 63.000 0.48 6.48E-04 164
5 63.000 0.52 8.50E-04 164
4 63.000 0.90 1.21E-03 166
3 63.000 0.60 9.81E-04 167
2 63.000 1.12 1.51E-03 166
1 63.000 2.55 4.17E-03 166
Center 2.000 2.10 8.93E-02 166
-1 63.000 1.60 2.62E-03 167
-2 63.000 1.12 1.51E-03 167
-3 63.000 , 0.66 1.08E-03 166
-4 63.000 0.96 1.30E-03 166
-5 63.000 v 0.64 1.05E-03 164
-6 63.000 0.32 4.32E-04 154
-7 63.000 1.05 1.72E-03 152
-8 63.000 0.74 9.98E-04 144

Odd Numbers denote adjacent crystals at the DIFFERENT resonance frequencies than the

Center. Even numbers denote crystals at the SAME frequency as the Center.

The reference used for data normalization was the smallest input voltage of 0.085 V.

The input voltage range spans from 0.085V to 71V or 58db for all measurements.
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Transducer 1 without Breast Target

FQ

VORIED

Actual Actual Actual Normalized Normalized | Transmission
Input Fundamental Harmonic Fundamental Harmonic Time
Voltage Voltage Voltage Voltage Voltage microsec.
8 #DIV/0!
7 #DIV/0!
6 13.500 1.85 1.16E-02
5 68.000 1.70 2.13E-03
4 13.500 1.80 1.13E-02
3 68.000 1.90 2.38E-03
2 1.400 3.80 2.31E-01
1 13.500 5.40 3.40E-02
Center 0.103 7.00 5.78E+00
-1 13.500 4.70 2.96E-02 000
-2 1.400 4.20 2.55E-01 000
-3 68.000 2.10 2.63E-03 000
-4 68.000 5.20 6.50E-03 000
-5 68.000 1.10 1.38E-03 000
-6 13.500 1.70 1.07E-02 000
-7 0.000 #DIV/O! 000
-8 0.000 #DIV/O! 000
Transducer 1 with Breast Target
Actual Actual Actual Normalized Normalized | Transmission
Input Fundamental Harmonic Fundamental Harmonic Time
Voltage Voltage Voltage Voltage Voltage microsec.
8 #DIV/0!
7 #DIV/0!
6 68.000 0.90 1.13E-03
5 68.000 0.48 7.27E-04
4 68.000 1.50 1.88E-03
3 68.000 0.24 3.64E-04
2. 13.500 3.40 2.14E-02
1 68.000 2.55 3.86E-03
Center 0.500 3.20 5.44E-01
-1 ‘| 68.000 2.20 3.33E-03 000
-2 13.500 3.90 2.46E-02 000
-3 68.000 0.24 3.64E-04 000
-4 68.000 0.74 9.25E-04 000
-5 68.000 0.42 6.36E-04 000
-6 68.000 2.20 2.75E-03 000
-7 0.000 #DIV/0! 000
-8 0.000 #DIV/0! 000

Odd Numbers denote adjacent crystals at the DIFFERENT resonance frequencies than the
Center. Even numbers denote crystals at the SAME frequency as the Center.

The reference used for data normalization was the smallest input voltage of 0.085 V.

The input voltage range spans from 0.085V to 71V or 58db for all measurements.
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Transducer 5 without Breast Target

Actual Actual Actual Normalized Normalized { Transmission
Input Fundamental Harmonic Fundamental Harmonic Time
Voltage Voltage Voltage Voltage Voltage microsec.
8 #DIV/O!
7 #DIV/0!
6 13.500 1.30 8.19E-03 154
5 68.000 2.45 3.06E-03 158
4 13.500 1.60 1.01E-02 162
3 13.500 1.80 1.13E-02 165
2 1.400 3.40 2.06E-01 168
1 1.400 1.70 1.03E-01 168
Center 0.103 6.80 5.61E+00 168
-1 1.400 1.65 1.00E-01 168
-2 1.400 3.60 2.19E-01 168
-3 68.000 2.70 3.38E-03 164
-4 13.500 3.60 2.27E-02 162
-5 68.000 2.35 2.94E-03 158
-6 13.500 1.90 1.20E-02 154
-7 0.000 #DIV/0! 000
-8 0.000 #DIV/0! 000
Transducer 5 with Breast Target
Actual Actual Actual Normalized Normalized | Transmission
input Fundamental Harmonic Fundamental Harmonic Time
Voltage Voltage Voltage Voltage Voltage microsec.
8 #DIV/0!
7 : #DIV/0!
6 68.000 0.80 1.00E-03 154
5 68.000 0.60 , 9.09E-04 160
4 68.000 0.84 1.05E-03 161
3 68.000 0.30 4. 54E-04 165
2 13.500 2.00 1.26E-02 167
1 68.000 5.20 7.88E-03 168
Center . 0.500 3.20 5.44E-01 168
-1 68.000 4.20 6.36E-03 168
-2 13.500 1.90 1.20E-02 167
-3 68.000 0.28 4.24E-04 166
-4 68.000 1.90 2.38E-03 161
-5 68.000 0.58 8.79E-04 160
-6 68.000 2.80 3.50E-03 158
-7 0.000 #DIV/O! 000
-8 0.000 #DIV/0! 000

0Odd Numbers denote adjacent crystals at the DIFFERENT resonance frequencies than the
Center. Even numbers denote crystals at the SAME frequency as the Center.

The reference used for data normalization was the smallest input voltage of 0.085 V.

The input voltage range spans from 0.085V to 71V or 58db for all measurements.
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Transducer 18 without Breast Target

Actual Actual Actual Normalized Normalized | Transmission
Input Fundamental Harmonic Fundamental Harmonic Time
Voltage Voltage Voltage Voltage Voltage microsec.
8 #DIV/O!
7 #DIV/O!
6 63.000 1.10 1.48E-03 - 158
5 - 63.000 3.60 4.86E-03 158
4 63.000 1.10 1.48E-03 162
3 63.000 6.00 8.10E-03 164
2 12.000 4.10 2.90E-02 167
1 2.000 2.10 8.93E-02 168
Center 0.085 3.00 3.00E+00 : 168
-1 2.000 1.20 5.10E-02 168
-2 12.000 4.00 2.83E-02 168
-3 63.000 6.30 8.50E-03 165
-4 63.000 2.60 3.51E-03 162
-5 63.000 1.60 2.16E-03 1568
-6 63.000 1.40 1.89E£-03 158
-7 0.000 #DIV/0! 000
-8 0.000 #DIV/0! 000
Transducer 18 with Breast Target
Actual Actual Actual Normalized Normalized | Transmission
Input Fundamental Harmonic Fundamental Harmonic Time
Voltage Voltage Voltage Voltage Voltage microsec.
8 #DIV/O!
7 #DIV/0!
6 63.000 0.16 2.16E-04 158
5 63.000 0.56 9.16E-04 158
4 63.000 0.13 1.75E-04 164
3 63.000 0.20 3.27E-04 166
2 63.000 0.32 , 4.32E-04 167
1 12.000 ' 1.80 1.55E-02 168
Center . 2.000 1 2.45 1.04E-01 168
-1 63.000 5.70 9.32E-03 168
-2 63.000 0.24 3.24E-04 167
-3 63.000 0.32 5.23E-04 166
-4 63.000 0.12 1.62E-04 165
-5 63.000 0.16 2.62E-04 162
-6 63.000 0.18 2.43E-04 156
-7 0.000 #DIV/O! 000
-8 0.000 #DIV/0! 000

Odd Numbers denote adjacent crystals at the DIFFERENT resonance frequencies than the
Center. Even numbers denote crystals at the SAME frequency as the Center.

The reference used for data normalization was the smallest input voltage of 0.085 V.

The input voltage range spans from 0.085V to 71V or 58db for all measurements.
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Transducer 22 without Breast Target

VAR IE D

Actual Actual Actual Normalized Normalized | Transmission

input Fundamental Harmonic Fundamental Harmonic Time
Voltage Voltage Voltage Voltage Voltage microsec.
6 63.000 1.40 1.89E-03 160
5 63.000 3.60 4.86E-03 162
4 63.000 1.10 1.48E-03 164
3 63.000 5.30 7.15E-03 166
2 12.000 6.00 4.25E-02 168
1 2.000 3.00 1.28E-01 168
Center 0.085 1.30 1.30E+00 168
-1 2.000 0.90 3.83E-02 168
-2 12.000 5.80 4,11E-02 167
-3 12.000 3.00 2.13E-02 166
-4 63.000 1.70 2.29E-03 164
-5 63.000 4.60 6.21E-03 162
-6 63.000 2.50 3.37E-03 154
Transducer 22 with Breast Target

Actual Actual Actual Normalized Normalized | Transmission

Input Fundamental Harmonic Fundamental Harmonic Time
Voltage Voltage Voltage Voltage Voltage microsec.

6 63.000 0.10 1.35E-04 160
5 63.000 0.64 1.05E-03 162
4 63.000 0.00E+00 164
3 63.000 0.30 4.90E-04 166
2 63.000 0.36 4.86E-04 168
1 12.000 3.20 2.75E-02 168
Center 12.000 6.10 4 .32E-02 168
-1 63.000 2.05 3.35E-03 168
-2 63.000 0.30 4.05E-04 167
-3 63.000 0.50 8.17E-04 166
-4 63.000 0.00E+00 166
-5 63.000 0.34 5.56E-04 162
-6 63.000 0.20 2.70E-04 154

Odd Numbers denote adjacent crystals at the DIFFERENT resonance frequencies than the
Center. Even numbers denote crystals at the SAME frequency as the Center.

The reference used for data normalization was the smalliest input voltage of 0.085 V.

The input voltage range spans from 0.085V to 71V or 58db for all measurements.
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SCHEMA

PHASE 1
DEVICEEVALUATION STUDY

Radiation and Thermal Therapy for Extensive Intraductal Carcinoma

(in patients undergoing definitive radiation therapy for breast cancer)

Patients with: | o
Infiltrating ductal carcinoma of the breast R Radiation Thera
with an extensive intraductal component (EIC &) E 6100 cGy / 6 weeks
o G ;
Ductal carcinoma in situ (DCIS) of the breast S ‘ Hyperthermia
& T T =40-43 ©C X 45 min. x 2 Tx
¢ re-excision with residual tumor g (no target volume
* positive or close (<2 mm) margins temperature > 43 °C)
-
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+1.0 INTRODUCTION

The use of radiation therapy in combination with breast-conserving surgery has
been established as a standard option for patients with early-stage breast cancer (1).
The goal of this approach is to eradicate the cancer locally and to preserve the
cosmetic appearance of the breast. This is achieved by resecting the tumor in the
breast and using moderate doses of irradiation to destroy any remaining cancer cells
in the breast. Randomized studies have demonstrated equivalent survival for
patients treated with mastectomy and with breast conserving surgery and irradiation
2,3).

11 Invasive Breast Cancer

Local recurrence of the cancer following breast-conserving treatment is seen in
about 10 -15% of cases and, most commonly, these recurrences are treated by
mastectomy (4). Studies from our institution, and elsewhere, have demonstrated
that the likelihood of local recurrence is related to the presence and extent of the
intraductal component of the cancer (5-9). Those cancers with an extensive
intraductal component (EIC) have a much higher risk of local recurrence compared
with those without an EIC. Boyages and colleagues at the Joint Center for Radiation
Therapy (JCRT) found a recurrence rate of 26% (43/166) for patients with EIC-
positive tumors compared to 7% (29/418) for EIC-negative tumors (p=0.0001) 9).
Schnitt reviewed 181 patients treated at the JCRT with conservative surgery and
radiation therapy and whose final microscopic margins of resection were evaluable
(10). No recurrences were observed in 18 patients with EIC-positive cancers with
negative, close, or focally positive margins. However, among 12 EIC-positive
patients with more than focally positive margins (cancer present at the margins in
more than three low-power fields) 50% had a true recurrence or marginal miss. On
the basis of these findings, the use of breast conserving treatment in patients with
cancer containing an EIC and more than focally positive margins is not
recommended. Most commonly, these patients are treated by mastectomy.

1.2 Non-Invasive Breast Cancer

Ductal carcinoma in situ, (intraductal carcinoma, DCIS) is a heterogeneous group of
lesions whose common histologic feature is the proliferation of presumably
malignant epithelial cells confined to the mammary ducts and lobules without
demonstrable evidence of invasion through the basement membrane into the
surrounding stroma. The treatment options for woman with DCIS include
mastectomy, conservative surgery (CS) and radiation therapy (RT), or conservative
surgery alone. Mastectomy for DCIS is associated with excellent disease-free and
overall survival but, as with invasive cancers many women desire breast
conservation. However, little information is available on the long-term results of
breast-conserving treatment with either conservative surgery alone or conservative
surgery combined with radiotherapy.




The NSABP B-17 trial is the only randomized study comparing CS with CS & RT
that has reported results (59). With relatively short follow-up (mean, 43 months),
the 5-year actuarial risk of local failure was 20.9% in 391 patients treated with CS
alone, compared to 10.4% in 399 patients treated with CS & RT.

Figure 1 shows the results of treatment. The length of follow-up and the number of
patients treated is limited, however these results suggest that there is a high risk of
local recurrence over time. Overall, 50% of the recurrences were invasive. The
results also suggest that RT reduces the rate of local recurrence. Possible prognostic
factors (e.g., histology) have not been analyzed in this series yet. Similar findings
have been found in single institution retrospective studies of either conservative
surgery alone or conservative surgery and radiation therapy (11-14).

Figure 1.
30 Noninvasive Cancer Invasive Cancer Other First Events

2 3
8 25 77 711 y
c
Y 13 1 J
5 No. of events No. of events No. of events
E 15§ 032 39 o032 13 o020 3
© e 20 11 8 * 23
2 10 . 11 3
gal P =0.055 P<0.001 ] P=082
: 5 - - - - -
E
3 M__’—_._/'—‘ 1
(&) 0

o 1 2 3 4 50 1 2 3 4 50 1 2 3 4 5
Years after Surgery

Cumulative Incidence of Noninvasive and Invasive Ipsilaterat Breast Cancers and of All Other First Events in Women Treated
by Lumpectomy (C) or Lumpectomy and Radiation Therapy (@).
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from Fisher et al. (59)

1.3 Why are breast cancers containing intraductal carcinoma less effectively
managed by radiation therapy?

Breast conserving treatment is an important option for many women with breast
cancer. Invasive breast cancers with an EIC or pure non-invasive intraductal breast
cancers have a much higher risk of local recurrence as compared to breast cancers
without these histologies. Prior experience has shown that breast cancers with an
intraductal component are less effectively managed by radiation therapy (4-14).

The reason for the association between pure DCIS or an EIC-postive invasive breast
cancer and recurrence are not well established. There is some evidence to suggest
that these cancers may be more extensive in the breast than other cancers and that
the doses of irradiation consistent with maintaining the cosmetic appearance is
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.often insufficient to destroy the numerous remaining cancer cells in these patients
(5). It has also been noted that intraductal carcinoma is characterized by
proliferation of cancer cells within breast ducts typically showing central necrosis.
Lindley, et al., examined the histologic features predictive for an increased risk of
early local recurrence in 272 patients after treatment with conservative surgery and
radiation therapy with pathologic data available (8). In 213 EIC-negative patients 21
(10%) had local recurrence compared to 13 of 59 patients (22%) with EIC-positive
cancers. Furthermore, when the EIC-positive group was examined for the presence
of extensive necrosis (comedonecrosis), they found that the recurrence rate was 50%
(9/18) in this subgroup compared to 10% (4/41) for the group without extensive
necrosis. This necrosis is related to the absence of blood supply within the ducts and
has been shown to correspond to hypoxemic regions based on the calculation of
oxygen diffusion (15). This is in agreement with evidence that even in microscopic
tumors there can be hypoxic areas (pO) < 12 mmHg) (16). Since hypoxia is known to
increase radioresistance by as much as a factor of 3, it is possible that this may
account, in part, for the poor results seen with irradiation in these patients (17, 18).
Okunieff et al., recently reported that tumor oxygenation alone was sufficient to
account for the slope of the observed dose response curve for human breast
carcinoma (60). Moreover, the oxygen tension distribution is a critical modifier of
radiation treatment response.

It is also known that heat is effective at killing cells in an hypoxic environment (18-
21). In fact, the synergistic effect of heat and radiation on hypoxic tumor cells both in
vivo and in vitro has been well demonstrated (19, 22, 23). Most studies find a
greater interaction between these modalities when x-rays and heat are delivered as
close together as possible, but potentiation is seen even for treatments given greater
than an hour apart (23-25). Thus, patients with extensive amounts intraductal
carcinoma may significantly benefit from a combined approach using thermal
therapy and irradiation.

It is reasonable to anticipate that combined use of thermal therapy and radiation
therapy may be more effective than radiation therapy alone (19, 22). Thus, it is of
great clinical significance that this combined treatment approach extends breast
conserving therapy to high risk breast cancer patients, offering the prospect of
avoiding mastectomy for many patients.

14 Hyperthermia

Hyperthermia is a potent radiosensitizing agent. It is the use of temperatures above
37 OC (98.6 OF) to treat tumors. Temperatures are typically prescribed in the range of
40 9C to 43 0C (104-109 OF) when hyperthermia is combined with radiation or drugs.
The investigation of hyperthermia in the laboratory is extensive. Hyperthermia has
been shown in vitro to kill tumor cells (26) and markedly sensitize cells to the
cytotoxicity of radiation (27) and chemotherapy (28). Cells are particularly sensitive
to hyperthermia when they are at low pH or when they have insufficient nutrition.
These are environmental conditions that reduce cell killing by radiation (19-21).




. This provides the rationale for the potential therapeutic gain when hyperthermia is
used alone or with radiation therapy (29). In the clinic, the results using
hyperthermia alone have been disappointing. This has been the basis of a shift away
from the use of hyperthermia as a sole modality of cancer therapy to hyperthermia
being used in conjunction with radiation therapy or chemotherapy (30-33). The
majority of early clinical studies of hyperthermia were not concerned with the
feasibility of a particular technical approach, but rather efficacy and toxicity.
Therefore, the capability of many devices to deliver heat uniformly to a specific
target volume is unknown. In addition, most clinical studies of hyperthermia were
done before the development of hyperthermia quality assurance guidelines (34-36).
Not only were many of the techniques of heating inadequate, but also the sparse and
artifact prone thermometry to measure temperature was inadequate. Few devices
were designed and manufactured to optimize therapy to a specific tumor site, but
rather were designed as machines that could treat everything. These devices were
claimed to treat most tumor sites, but unfortunately they treated no tumor site well.
In the field of radiation oncology, linear accelerators can treat most sites remarkably
well, however, there are some sites that demand modification of the accelerator to
afford therapy tailored to that site; e.g., the brain leading to the development of
stereotactic radiotherapy and radiosurgery. The same is even more true of
hyperthermia given the limited depths of heat penetration and the effect of biologic
parameters, such as blood flow, on heating ability. Despite the technical limitations
of hyperthermia some conclusions can be drawn.

141 Hyperthermia for Breast Cancer

A major clinical use of hyperthermia in patients with breast cancer is the treatment
of chest wall recurrence following mastectomy. The long-term local control rate of
recurrent chest wall lesions using radiation therapy alone is less than 50%. The
combination of hyperthermia with radiation therapy, for infiltrating carcinomas,
has resulted in complete response rates of 57-93% (37-46), which are superior to
those seen in many series using radiotherapy alone (47-533). For example, in a study
by the Radiation Therapy Oncology Group (RTOG) of twice-weekly hyperthermia
and radiotherapy (given in conventional fractionation to 60-66 Gy), complete
regression was seen in 85% of patients (n=54) with locally recurrent breast cancer
(39). Among the small number of patients followed for 2 years, complete response
was maintained in nearly all evaluable patients. Lindholm and associates (40)
reported on 11 patients with multiple superficial recurrent breast cancers. The
complete response rate for 17 lesions treated with radiation therapy and
hyperthermia was 65% compared to only 35% for 17 matched lesions given
radiation alone (p=0.0253). Other investigators have reported similar results (41-46).

In summary, for gross tumor nodules (infiltrating carcinomas) response rates of 70%
to over 90% have been reported in patients treated with low-dose radiotherapy and
hyperthermia, with many or most patients achieving maintained complete
response and acceptable complication rates (37, 38, 40-46, 54-56).
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. More recently Kapp and colleagues (57) reported on the use of thermoradiotherapy
for residual microscopic infiltrating breast cancer after local regional recurrence.
They treated 262 fields in 89 patients and had a 68% three-year actuarial local-control
rate. The number of acute and long term complications was small. For example,
blisters developed after only 22 of 445 treatments (5%) and were usually self-limited.
This is the first clinical report to suggest that hyperthermia may be given in the
adjuvant setting of recurrent breast cancer.

1.5  Clinical Study

Our specific goal is to develop the thermal therapy technologies required to
optimize the synergistic efficacy between heat and radiation for patients with
infiltrating breast cancer containing an extensive intraductal component or for
patients with extensive pure intraductal carcinoma. The data suggests that
intraductal carcinoma is frequently necrotic or associated with necrosis and that this
may be secondary to hypoxia (8, 15, 16, 60). The hypoxic environment of intraductal
carcinoma may explain the relative radioresistance of tumors with extensive
amounts of infraductal tumor (17, 18). Since heat is effective at killing cells in an
hypoxic environment it is reasonable to anticipate that combined use of
hyperthermia and radiation therapy may be more effective than radiation therapy
alone (18-24).

Thermal therapy of the breast will be accomplished by a site specific multi-
transducer ultrasound array applicator, developed under contract with the U.S.
Army, USAMRDC Contract # DAMD 17-93-C-3098. A description of the applicator is
given in the next section. The specific clinical study we propose is a Phase I - Device
Evaluation Study to establish our ability to safely deliver heat to the breast using this
new device (58). The purpose is to determine if we can control heat delivery and

deliver heat uniformly.

Once we have established our ability to uniformly heat the breast can we then begin
a Phase 1/1I clinical study to establish a safe and effective treatment protocol for
combining thermal therapy and irradiation. We will test the hypothesis that
patients with breast cancer containing an extensive intraductal component or with
extensive pure intraductal carcinoma will have a reduced risk for local recurrence
from a combined and non-disfiguring treatment approach using irradiation and
thermal therapy. It will be of great clinical significance if this combined treatment
approach extends breast conserving therapy to high risk breast cancer patients,
offering the prospect of avoiding mastectomy for many patients.

1.6 Hardware: Treatment System

The device consists of the hardware components illustrated in Figure 2. A breast
site-specific cylindrical array applicator of ultrasound transducers is used for thermal
therapy induction and for multiple monitoring functions. The "heart" of the




hardware consists of the cylindrical array of transducers that deposits power into the
breast tissue for therapy and monitors the dynamic course of the treatment.

The ultrasound transducers are geometrically arranged and operated to provide
several monitoring functions. One important monitoring function is to determine
the breast contour and the location of the breast within the treatment cylinder.

The system consists of an Instrument Computer (Figure 2) which provides all direct
control and data interaction with the RF power subsystem, receiver subsystem,
transmit/ receive/multiplexing modules, thermistor thermometry subsystem, and
cooling subsystem. The system electronics, instrument computer, and cylindrical
transducer array/treatment cavity are integrated into a patient table

assembly / subsystem, which provides a comfortable treatment support for the
patient, accurate positioning of the breast within the treatment cavity, and
convenient means for consolidating system components and functions.

Figure 3 is a schematic of the patient support system. The RF power subsystem
generates the drive power for the transducers during therapy and is used for pulse-
echo imaging of the breast contour and for ultrasound velocity measurements
during a brief period every 4 seconds when the therapy is gated "off." The
transmit/ receive/ multiplexing modules select which transducers are active for
receiving or transmitting at any given moment during therapy.

The thermometry subsystem is used to provide high density (14 sensors per needle)

invasive thermistor thermometry information within the breast regions of interest.
This is a stand-alone module, which will be integrated into the overall system in the
future.

The cooling subsystem consists of thermoelectric coolers attached to the cylindrical
array shell and a temperature controller interfaced to the instrument computer.
The ‘control computer, including all operator interfaces, display and treatment
recording functions, is located separately in the operator console.

17 Food and Drug Administration Investigational Device Exemption

Pending Institutional Review Board approval, this protocol will be included as a
part of the FDA Investigational Device Exemption application for this new device.
This study can not begin until after FDA approval is granted.

1.8  Future Studies

If the treatment device achieves tolerable hyperthermia in the breast target volume
we plan to do a Phase I/II Study examining the long-term toxicity and efficacy of
treatment. The findings of the current study may make necessary a change in the
number of hyperthermia treatments or the duration of treatment required to
achieve the cliniclly recommended therapeutic goal of T9g at 10 minutes equivalent

to 43 OC.
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Figure 2. System hardware block diagram.




2.0

3.0

11

OBJECTIVES

2.1

Evaluate the capabilities and limitations of the breast treatment device
to deliver homogeneous heat therapy in a specified quadrant, half, or
whole breast.

2.2  Evaluate the acute and long-term toxicity and cosmetic outcome of
thermal therapy combined with radiation therapy to treat early breast
cancer.

PATIENT SELECTION

3.1 Histologic confirmation of breast cancer with all 3 criteria below:

3.11 Patients must have either:

A). Infiltrating ductal carcinoma with an extensive
intraductal component (EIC+)
or
B). Ductal carcinoma in situ (DCIS) without invasion.

3.12 A re-excision of the biopsy cavity must show residual non-
invasive tumor.

3.13 Margins of the re-excision must be positive or close (< 2 mm).

3.2  Breast imaging:

3.21 Preoperative film-screen mammography.

322 Postoperative mammograms may be valuable in assessing the
extent of residual disease (if in question) for patients presenting
with microcalcifications.

3.23 Postoperative MRI of the breast as a baseline, prior to treatment
is suggested, but not mandatory.

3.3 Staging studies:

3.31 Chest x-ray.

3.32 Bone scan, only for patients with infiltrating ductal carcinoma.

34 EKG

35 CBC with differential and platelet count. PTT and PT. (Bleeding time

in patients with platelet counts <100,000.)




3.6

3.7
3.8
3.9

3.10

Age >18 years.

Karnofsky Performance Status >70 (capable of self care) [Appendix A].
Expected survival of at least 3 months.

Ihformed consent obtained.

Criteria for ineligibility:

3.10.1 Abnormal bleeding propensity that would make thermal probe
placement excessively hazardous.

3.10.2 Previous treatment:
3.10.2.1 Previous radiotherapy to ipsilateral breast.
3.10.2.2 Chemotherapy in the previous 2 weeks.

3.10.3 Patients with severe insulin-dependent diabetes mellitus, and
evidence of neuropathy or vasculopathy.

3.10.4 Patients with unstable cardiac status including:
3.10.4.1 Unstable angina pectoris on medication.

3.10.4.2 Patients with documented myocardial infarction
within six months of protocol entry.

3.10.4.3 Congestive heart failure requiring medication.
3.10.44 Patients on anti-arrhythmic drugs.

3.10.4.5 Severe hypertension (diastolic BP > 100 on
medication).

3.10.5 Severe cerebrovascular disease (multiple CVA or CVA within 6
months).

3.10.6 Pregnancy.

3.10.7 Inability to give informed consent.

40 PATIENT ENTRY

4.1
4.2

Confirm eligibility (Pathology checklist).

Contact Study Chair to enter a patient on study.
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The Study Chair will contact the Quality Control Center(QCC), J810,
(617) 632-3761, FAX (617) 632-2295 before the patient begins treatment
with the following information:

-Your name and telephone number
-Protocol name and number

-Date treatment begins

-Patient name

-Date of birth

-Patient ID number

-Primary physician

-Primary treatment institution

50 TREATMENT PROGRAMS

This is a pilot study. Specifically it is a device evaluation study of a new ultrasound
thermal therapy machine for the treatment of the breast. This is one of the few
devices designed and built to specifically treat a single site with hyperthermia and
possibly the only device made to treat the breast. The treatment programs objective
is to integrate thermal therapy into a course of “standard” breast irradiation.

5.1

52

Timing and sequencing of treatment.

5.1 Radiation therapy will begin within 8 weeks of the patients' last
breast surgery. If systemic chemotherapy is given prior to
definitive radiation therapy then radiation therapy can begin
more than 8 weeks after the patients’ last breast surgery.

5.2 Thermal therapy will be given twice during the course of whole
breast irradiation. Hyperthermia will be delivered one time per
week during any two of the five weeks of external beam whole
breast irradiation. Thermal therapy can not be given on the first
or second day of radiation therapy, but can commence anytime
after the second radiation treatment. The two treatments must
be separated by a minimum of 72 hours.

5.13 On the day of thermal therapy radiation will follow
hyperthermia by 30-60 minutes.

Radiation therapy:

521 Megavoltage linear accelerators with dose rates of between 200-
400 c¢Gy/min will be used.

5.22 The dose to the breast: 4500 cGy in 25 fractions (180 cGy/day),
5x/week.
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5.23

5.24
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Boost dose: 1600 ¢Gy in 8 fractions, 5x/ week; if electron beam
therapy is used it is prescribed to the 80% isodose line.

Regional nodes (when treated): Supraclavicular +/- axillary
nodes, dose: 4500 cGy in 25 fractions (180 cGy/ day), 5x/ week. An
additional axillary boost if indicated is permitted. Internal
mammary nodes when treated are included in the tangential
fields.

Thermal therapy:

5.31

5.32

5.33

5.34

5.35

5.36

Equipment: Hyperthermia will be delivered by the ultrasonic
breast treatment system developed under contract from the U.S.
Army Medical Research and Development Command.
Treatment is delivered with the patient in the prone position
and her treated breast submersed into water. The treatment
cylinder contains of degassed water has a disposable liner that is
discarded or sterilized after each treatment session.

The target volume is the quadrant of the breast that contains the

 biopsy cavity. If the biopsy cavity occupies two quadrants e.g.,

biopsy cavities located at 3, 6, 9, or 12 o'clock then the target
volume is both quadrants (half the breast).

The treatment volume prescription temperature is 40 0Cto43
OC for 45 minutes.

Hyperthermia treatment duration is defined as starting 10

minutes after onset of power application or attainment of 40 °C
in any part of the target volume, if the latter occurs in fewer than
10 minutes. After the starting time, treatment will continue for
45 minutes.

Ultrasound applicator transducer power will be increased until
any one of the following occurs:

5.35.1 The recording of a target volume temperature > 43 °C for
more than 1 continuous minute.

5.35.2 The maximum tolerated power level is reached.

Conditions dictating reduction of applied power and/or
cessation of treatment:

5.36.1 Patient request.

5.36.2 Intractable pain or chest pain.
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5.36.3 Monitored normal tissue temperature > 43 °C.

5.36.4 Pulse > 160.

5.36.5 Blood Pressure:
5.36.5.1 Systolic > 180 mmHg, diastolic > 100 mmHg,
5.36.5.2 Systolic < 90 mmHg, diastolic < 50 mmHg.

5.36.6 Altered mental status.

5.36.7 Systemic Temperature > 40 °C.

Thermometry:

Target volume temperatures will be monitored continuously by
interstitial and external temperature probes. Probes are placed
interstitially using local anesthesia.

5.41

5.42

We will attempt to place two invasive thermometry probes, each
containing 1 to 14 sensors, orthogonally with the target volume.
Thermometry sensors will also be placed superficially on the
surface of the breast.

Thermometry probe location:

5.42.1 The location of the regions for thermometry and the paths
of insertion of the probes will be selected during therapy
planning. RTOG guidelines (34-36) and methodology for
estimating probe paths and location will be used
compatible with patient safety.

5.42.2 Suggested specific locations to sample temperature
include:

5.42.2.1 The biopsy cavity region, especially at the edges
and center of the cavity. This is measured with
the invasive probe.

5.42.2.2 At surgical scars, especially the biopsy cavity scar.
This is typically measured with the non-
invasive superficial skin sensors.

5.42.2.3 Measurements at the surface of the nipple.

5.42.2.4 Predicted "hot spots” within the breast,
determined by treatment planning.
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5.43 Thermometry probe insertion:

5.43.1 Diagnostic ultrasound will be attempted for probe
placement in all patients (unless probes can be placed
safely by clinical or by radiographic means and also be
compatible with the requirements of treatment planning).

5.43.2 The thermometric probes will be inserted along the pre-
selected tracks and inserted to the desired depth under
diagnostic ultrasound guidance with patients in the prone
treatment position.

5.43.3 After insertion, the location of the probes relative to the
breast and target volume will be visualized with the
ultrasound treatment unit.

5.43.4 A photograph will be taken to document the
thermometry probe position prior to each treatment
session.

544 A minimum of 28 invasive temperature points per treatment
will be attempted.

5.45 Temperature sensors:

5.45.1 All temperatures will be measured by NIST traceable
Sensors.

5.45.2 Thermocouples or thermistors in 18-22 gauge needle
probes with 1-14 sensors per needle will be used for static

points [see Appendix BJ.

5.45.3 At the completion of the hyperthermia treatment session,
the temperature sensing probes will be removed.

Other invasive sensors:

5.51 In selected cases, thermocouple/ thermistor probes will be
replaced by the Enhanced Thermal Diffusion Probe that, in
addition to temperature, measures thermal conductivity,
thermal diffusivity, and tissue blood flow [see Appendix B].

5.52 In selected cases, oxygen tension will be measured in the target
volume, scar/biopsy cavity region both pre- and post-treatment.
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Additional monitoring;:

5.61

5.62
5.63

5.64

The P.L or a physician designated by the P.I. will be in attendance
during every treatment.

The treatment nurse will monitor vital signs continuously.

During treatment, the patient's pulse rate and EKG will be
continually monitored. An automatic blood pressure device
will obtain blood pressure every 5 minutes.

General anesthesia cannot be used, but light sedation (e.g.
Ativan, Percocet, etc.) can be employed as well as previously
prescribed analgesics. All patients, however, must be able to
discern mild to moderate treatment-associated pain in order to
avoid potentially severe thermal injury.

Adverse reactions and their management

5.71

Anticipated toxicities:

5.71.1 RADIATION THERAPY; related morbidity is discussed
with the patient using a separate radiation therapy
consent form. However, common immediate side effects
include fatigue and skin redness and irritation in the
treated breast. In patients that receive chemotherapy prior
to treatment on this protocol, they may experience
myelosupression.

5.71.2 THERMAL THERAPY; related morbidity includes acute
pain in the treatment region secondary to treatment. Also
associated with treatment are possible, burns, blisters,
itching, or fever during the treatment session. If any of
these are observed, it may be possible to change the
heating pattern to eliminate the effect. Patients may feel
warm or sweat. After the hyperthermia session it is
possible to develop pain, burns, or blisters that might
persist. Patients may become uncomfortable from lying in
the prone treatment position

Late tissue changes, such as fibrosis, necrosis, ulceration,
and vascular changes, in the treated breast could be seen.
Some of these effect such as fibrosis could make follow-up
examinations of the breast more difficult.
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5.71.3 THERMOMETRY, related morbidity include pain during
probe insertion, despite local anesthesia. As with any
invasive procedure, there is a risk of bleeding or infection.

5.72 Toxicity management:

We expect most side effects associated with the use of thermal
therapy and radiation therapy to be controllable. Thermal
therapy related pain, warmth, and other acute effects are
commonly eliminated by adjustment of the heating pattern or
energy. Some burns and skin ulcers can be observed after
superficial hyperthermia (heat) treatments to persist for more
than 6 months in about 15% of patients who receive burns.
These are usually treated with complete resolution of symptoms
in the majority of cases by routine skin care management.

Unfortunately, possible late tissue changes are not reversible and
if they develop may make follow-up examinations of the treated
breast more difficult.

573 Criteria for Removal frem Study:
5.73.1 Patient decision to withdraw from study.

5.73.2 Patient noncompliance with the requirements of the
protocol.

5.73.3 A patient may be removed from this study if it is believed
that the constraints of this protocol are detrimental to the
patient's health or the ability to deliver planned radiation
therapy to the breast.

5.73.4 Patients who are unable to tolerate therapy because of the
side effects of hyperthermia delivery (pain, tachycardia,
anxiety, etc.) will have treatment terminated.

5.73.5 Cessation of radiation therapy for any cause will result in
the termination of hyperthermia treatments.
60 FEDERAL REPORTING REQUIREMENTS FOR ADVERSE REACTIONS

6.1  Unanticipated adverse device effects

6.11 The Protocol Chairman shall submit to the sponsor (U. S. Army
Medical Research & Development Command) and to the
reviewing IRB's a report of any unanticipated adverse device
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effect occurring during an investigation as soon as possible, but
in no event later than 10 working days after the investigator first

learns of the effect.

6.12 The sponsor who conducts an evaluation of an unanticipated
adverse device effect shall report the results of such evaluation
to FDA and to all reviewing IRB's and participating investigators
within 10 working days after the sponsor first receives notice of
the effect. Thereafter the sponsor shall submit such additional

reports concerning the effect as FDA requests.

70 REQUIRED DATA

7.1 Data to be collected:

At
Data Set Study
Entry

Day of
Thermal
Therapy

At
Follow-up*

Age

X

Histologic confirmation

Mammograms

xt

Chest X-ray

Pad Pt Iad i B

Bone Scan:

H
¥

MRI of Breast X

xx

EKG

CBC

Platelets

LFT's

[PT and PIT

P Pt P P Pt Pl

Quadrant of breast initially containing the tumor

Capability of device to heat breast target volume

Side effects of therapy

Tumor control (Measurements within the breast) X

X
X
X

Survival

X
X
X

t An ipsilateral mammogram of the treated breast will be done approximately 6 months after the
patients pre-treatment mammogram. Then bilateral mammograms will be done 6 months later and

repeated yearly after that.

* The first follow-up appointment will be one month after treatment. The patient will then return for

follow-up every 3 months for 2 years and then every 6 months after that.

** MRI of the breast will be encouraged, but is not mandatory, prior to treatment, at the end of

radiation therapy, at the first month follow-up, and then every 6 months.
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7.2  Data Collection:
Form Submission Time
On Study Within 1 month of patient entry
Thermal Therapy Evaluation |Within 2 weeks of treatment
Summary and Evaluation Within 1 month of completion of therapy
Status Update At each follow-up visit (see above)

80 MODALITYREVIEW

8.1

8.2

Evaluation During Treatment Course:

While treatment is in progress, the following will be done at weekly
intervals:

8.11

8.12
8.13

8.14

Patients will be examined at least once weekly and a treatment
note will be done weekly with particular attention to acute
reactions.

Patient discomfort [see Appendix C].

Acute systemic stress effects will be detailed and quantified as
either non-treatment limiting or treatment limiting by the
clinician.

An end of treatment evaluation and summary must be
completed no later than 1 month after treatment.

Evaluation Post Treatment Course:

8.21

8.22

8.23

The time intervals to the development of late complications,
first relapse, site(s) of relapse, disease-free survival and overall
survival will be recorded.

The first follow-up appointment will be one month after
treatment. The patient will then return for follow-up every 3
months for 2 years and then every 6 months after that.

History and physical examination will be performed at each
follow-up. The investigator shall routinely observe and
document the impact of the treatment on the patient's condition
and provide an assessment in the following areas:

8.23.1 Late tissue changes, such as fibrosis, necrosis, ulceration,
and vascular changes, in the treated breast.
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8.23.2 Toxicity parameters will be recorded and evaluated
according to the RTOG Late Morbidity Scoring Criteria
[Appendix D] and the NCI Common Toxicity Criteria
[Appendix E].

8.23.3 Breast cosmesis will be determined by physical
examination. An attempt shall be made to quantify
normal tissue changes/damage and tumor necrosis
within the treated volume [Appendix F].

8.3 Thermal Dose Assessment:

In order to evaluate the capabilities and limitations of the breast treatment
device to deliver homogeneous heat therapy in a breast we will assess a
number of treatment parameters after each treatment. Several thermal
parameters will be calculated and recorded [Appendix G]. These parameters

include:
Tmn = minimum temperature in the tumor area
Tmax = Maximum temperature in the tumor area
Tave = average temperature in the tumor area

Too = the temperature index for which 90% of all measured
temperature points are above

% < 40.0 = percentage of measured temperature points below 40.0 °C

% > 43.0 = percentage of measured temperature points above 43.0 °C

% > 43.5 = percentage of measured temperature points above 43.5 °C

% > 44.0 = percentage of measured temperature points above 44.0 0C

9.0 STATISTICAL CONSIDERATIONS

" The primary objective of this pilot study is to evaluate the ability of the treatment
device to deliver homogeneous heat therapy to the breast in patients with extensive
intraductal breast cancer. A total of 15 patients, of whom 14 are expected to be fully
evaluable, will be entered on study. Accrual is expected to require 18 months.

The primary endpoint for the device evaluation is the proportion of patients for
whom the treatment goal was achieved (as defined in Section 8.3 and Appendix G)
without intolerable side effects such as persistent pain, or poor cosmetic results
secondary to hyperthermia. With 14 evaluable patients, the probability of failing to
observe an adverse side effect that occurs in the population at a rate of 20% is 0.044.
For rare toxicities occurring in the population at a rate of 10%, this probability is 0.23.

Assuming 14 evaluable patients, the 95% confidence intervals for the proportion of
patients who experience intolerable side effects are as follows:




No. with Proportion with 95% Confidence
Side Effect Side Effect Interval
0 0.00 0.00-0.23
1 0.071 0.0021-0.34
2 0.14 0.018-0.43
3 0.21 0.047-0.51
4 0.29 0.084-0.58
5 0.36 0.13-0.65
6 0.43 0.18-0.71
7 0.50 0.23-0.77

Short- and long-term changes toxicities and cosmetic outcome will be evaluated in
each patient.
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APPENDIX A
KARNOFSKY PERFORMANCE SCALE

100 Normal; no complaints; no evidence of disease

90 Able to carry on normal activity; minor signs or symptoms of disease

80  Normal activity with effort; some sign or symptoms of disease

70 Cares for self; unable to carry on normal activity or do active work

60 Requires occasional assistance, but is able to care for most personal needs
50 Requires considerable assistance and frequent medical care

40  Disabled; requires special care and assistance

30 Severely disabled; hospitalization is indicated, although death not imminent
20 Very sick; hospitalization necessary; active support treatment is necessary
10 Moribund; fatal processes progressing rapidly

0 Dead
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APPENDIX B

Description of Non-Commercial Temperature Probes

1. The Enhanced Thermal Diffusion Probe (ETDP):

The Enhanced Thermal Diffusion Probe (ETDP) system can accurately measure
tissue temperature, thermal conductivity, thermal diffusivity and derive tissue
blood flow. The ETDP measurement instrumentation permits the routine
measurement of microcirculatory and physiologic tissue parameters via a single
invasive probe. The probe is physically no different than the large diameter
temperature measurement probe we use routinely in the hyperthermia clinic. It
simply uses thermistors instead of thermocouples as the measurement elements.
As is the case with all our temperature probes, the power supply is an isolated,
medically certified unit that surpasses UL-544 regulations for isolation voltage and
leakage current for medical and dental devices. In addition, the communication
link between the host computer and the ETDP is optically isolated. Thus, there is no
electrical connection between the ETDP and any of the other equipment in the
hyperthermia center. (Please see the attached diagram at the end of this Appendix.)
This probe is already approved for use in DFCI protocol 91-063.

2. The Oxygen Tension Probe:

The group providing us with the ETDP probe have added the additional ability to
measure oxygen tension via a polarographic cathode that resides in a probe. This
modified probe is available for use when treating patients with hyperthermia and is
approved by the DFCI IRB for use in DFCI protocol 91-063. Of note, a similar probe is
approved for a group of investigators at Brigham and Women's Hospital (BWH) by
the BWH IRB for the measurement of oxygen tension. '

General Electrical: The oxygen tension measurement is via a polarographic cathode
residing in our 16 gauge or 18 gauge probe in conjunction with a conventional gel
coated ECG electrode attached to roughened skin. There are no direct electrical
connections between the instrument and host computer. In addition electrical
isolation of the instrument from the wall ground is provided via use of an UL544
Medical Grade Power Supply. Further isolation of the oxygen tension measurement
circuitry is provided via battery power of that portion of the circuit, and isolation of
the resulting signal using an isolated amplifier. Finally, as done with our current
probe and by the group using the similar probe at BWH we will have the isolation
and safety features confirmed by the Biomedical Engineering Services at BWH.

Polarographic Oxygen Measurements: A -0.6 volt potential is applied to the
polarographic cathode with respect to the anode, and the resulting induced current
(0-10 nanoAmps) is measured and internally converted to oxygen tension by a pre-
determined calibration. The driving voltage used is on the order of magnitude of




30

A ]

galvanic stimulation routinely utilized in neurophysiologic testing and poses no

“added stress or discomfort to the patient. The American Association of Medical
Instruments has set a current limit of 10 microAmps for use in implanted devices,
and the techniques described here typically establish currents no greater than 10
nanoAmps (less than 0.1% of the safety limit). Passive safety circuitry limits current
in the unlikely event of a complete probe and system failure to less than 6
microAmps.

3. Multi-Channel Temperature Probes:

The group providing us with the probe have now been able to manufacture a new
multi-channel temperature instrument that is capable of driving one, two, or three
multi-channel temperature probes. Each probe can measure temperature at up to 14
sites.

Accurate temperature measurement in both tumor and normal tissue is paramount
to delivery of both safe and hopefully effective hyperthermia treatments. Each new
multi-channel sensor probe provides only temperature data, however up to 14 sites
could be monitored simultaneously per "invasive” placement. This is a major step
up from our current commercially available multi-channel probes that can only
measure data at a maximum of three sites. Increasing the number of temperature
points monitored during treatment may allow us to deliver higher tumor
temperatures and provide improved patient comfort.

The probes are either plastic or stainless steel needles, sized from 15 to 20 gauge and
from 10 to 30 cm long, containing 10 to 14 thermistor temperature sensors. Each
thermistor is individually tested for voltage isolation at an FDA-approved, GMP-
certified fabrication facility. The probe instrumentation allows a temperature
resolution down to 10-20 millidegrees Centigrade and temperature can be sampled
{across all sites) at up to 10 times per second.

A range of probe configurations are provided and permits selection of a probe
appropriate for the particular site being monitored. Since there is little change in
the size of the probes from those presently in use, it should not add any additional
patient discomfort.
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. General Electrical: There are no direct electrical connections between the patient
and ground via the instrumentation. Within the measurement instrumentation,
each probe is connected to an individual, electrically isolated probe driver card. The
driver cards are powered by a UL-544 Medical Grade Power Supply and signals to
and from the driver cards are passed through optical isolators and isolation
amplifiers. This isolation ensures that there is no electrical connection between
patient and ground. However, as a further safety precaution, hardware protection
circuitry is provided to shut off power (within 65 microseconds) to a probe if an
“out-of-range” signal is detected due to probe breakage or other mishap. Although
the isolation circuitry described earlier ensures that there is no current path from
the instrument to ground through the patient under such circumstances, this latter
measure provides added assurance of patient safety.

We have shown that the instrument and probes have surpassed the 10 microAmp
patient safety limit for leakage current, set by the American Association of Medical
Instruments for implanted devices via experiments with a BioTek 170 Digital Safety
Analyzer. Of course, as done with our other hyperthermia equipment and probes
we will have the isolation and safety features confirmed by the Biomedical
Engineering Services at BWH, before any patient use.

We would like to use the multi-channel instrument and all the accompanying
temperature probes in appropriate patients. The additional information provided
by these probes will add to our knowledge of the physiological changes in tumor and
normal tissue during hyperthermia. The use of this thermometry system should
not pose any additional risk or discomfort to our patients. Furthermore, the multi-
channel temperature probe is of great value in the treatment of large deep tumors
where many temperature points must continuously be monitored in order to
provide both safe and effective treatment.
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_ Schematic diagram of the isolated power supply of the ETDP system.
As in the case of all our temperature
probes, the power supply is an

. isolated, medically certified unit that
Ac Muins surpasses UL-544 regulations for
isolation voltage and leakage current
(120 VAC) for medical and dental devices. In
Ground Fault addition, the communication l;ntl;
ircui between the host computer ana the
cireuit Interrupter 2TDP s optically fsolated. Thus,
(120 Vac) there is no electrical connection
between the ETDP and any of the
ED other equipment in the hyperthermia
7 center.
(120 VAC)

Medically-Certified

UL Isolated Power Supply

(UL 544 approved)

10 uA or less leakage at 60 E:z

(5 vdC)

isolated case

TDP100

optical isolation
for RS§-232

] 2
§ i f conpection to
-

patient

00 ground connection

host PC via TDP100, evern in
the event of a
palfunctioning probe

> to host PC
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APPENDIX C

GRADING OF PATIENT DISCOMFORT

During Hyperthermia Session”

Patient volunteers complaint of discomfort, which is tolerable,
or can be relieved by counseling, medication, or positional
changes, without reduction in applied power necessary to
elevate tumor temperature.

Reduction in applied power is necessary, however, all
scheduled sessions are completed, and minimum temperature
elevation evaluability criteria are fulfilled.

One or more scheduled sessions are not completed or are
canceled because of intolerable discomfort, however minimum
temperature elevation evaluability criteria are fulfilled.

Intolerable discomfort prevents fulfillment of minimum
temperature elevation evaluability criteria.

* Taken from RTOG Protocol 89-08. A phase I/1I study to evaluate radiation therapy
and hyperthermia for deep-seated tumors.
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RTOG Late Morbidity Scoring Criteria
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mveaent

timftation of sovement

tion of movement

ORGAR/TISSUE ] | SRADE 1 GRADE 2 | SRADE 3 | GRADE ¢ | GRADE §
l Slight atrophy l Patchy atrophy
1141 None Pigmentation change Moderate telangiectasia arted atrophy Ulceration
| Some hair loss | Total hair loss Sross telangiectasia .
b essvoconvnnncons comee 1
l noderste fidrosis but Severe induration and 1013
SUBCUTANEQUS Slight induration asysptomatic/Slight of subcutaneous tissue
TISSUE None (fidrosis) and less of field contracture/ field contracture >103 Mecrosis
| subcutaneous fat ¢ 103 linear reduction 1inear masurement | |
. [,
' Moderate atrophy and Marked atrophy with cos-
MICOUS MEMBRANE None Slignt atrophy #nd telangiectagia/ plete dryness/Severe Vigceration
dryness . Little mucous | telangiectasia | |
l ! Siignt dryness of - ' moderste dryness of Complete dryness of
SAL IVARY GLANDS None mouth/Good response smouth/Poor response south/No response on Fidbrosis 0
| | on stimlation | on stimulation | stimulation , | i
 ececasvoncecncre]| woces | eee A =o
Objective neurological 1
SPINAL CORD None  Mild L'Mermitte's Severe L 'Hermitte's findings at or delow Nono, pars [
| syndrome | syndrome | cord level treated | quadraplegis |
I Severe headache/Severe 0
SRAIN None  Mild headache/ Moderate headache/ ¢S dysfunction (partial Seizures or pare- 1
Slignt lethargy Great lethargy loss of power OF lysis/coma R
dyskinesia) £
R i B l ! | | == €
Sysptomatic cataract T
EYE None Asymotomatic cataract Moderate corneal ul- Severe keratitis Panopthalmitis L
Minor corneal ulcera- deration/Minor retin- Severe retinopathy or de- 8li.dness Y
| | tion or keratitis opathy or glaucoma | tachaent /Severe glaucoms \ |
Noarseness/Slight Moderate arytenoid Severe edema/Severe ' R
LARYKX | None | arytenoid edems | edema/Chongritis | chondritis ) Necrosis | £
I R | . | ==
Moderate symptomatic A
Asysptomatic or mild fibrosis or pnreumonitis Severe symptomatic fibro- Severe respiratory T
LU Kone symptoms (déry cough) (severe cough) Low grade sis or pneumonitis/Dense 1nsuffi:1!ncy/5m- £
Slight radiographic fever/Patchy radiogra- radiographic changes tinuous O°/Assise 0
| | appearances | phic appearances | | ted ventilation
Moderate angina on ef- 1
Asysptomatic or mild fort/Mild pericarditis/ Severe angina/Pericardial Tasponade/Severe 0
HEART None symptoms/Transient T Norma! heart size/Per- effusion/Constrictive " heart failure
wave inversion and ST sistent abnormality T pericarditis/Moderate Severe constric- R
changes/Sinus tachy- wave and ST changes/ aeart faflure/Cardiac en- tive pericarditis A
| ‘ cardia >110 (at rest) Low ORS 1argement /EXE mli:hs| | ll)
ni1d fidrosis/Slight Unable to take solicd Sevare fibrosis/Adle t0 : A
Al ¢ifficulty in swale food normally/Swallowing swallow only liquids/May Recrosis/Perfora- T
ESOPHAGUS None Towing solids/Mo pain semi-g01id food/Dilata~ Aave pain on swallowing tion/Fistula - 1
l | on swallowing tion may be indicated Dilatation required | T | 0
e cccosvrasnosnsn] escea eoe N o=
Mild diarrnea/Mild noderate diarrhea and
SMALL JLARGE cramping/Bowel move- colic/Bowe] movement >§ L
INTESTINE None ment § times daily times daily/Excessive oestruction or bleeding Necrosis/Perfori- A
Stignt rectal dis- rectal mucus or iater- requiriag surgery tion/Fistula 1
‘ | charge or bleeding . mittent dleeding . . | £
L eeeareramomersse| cesce | PO
' moderate symptoms/Some ' Disadbling hepatitic in-
fone nild lassitude/Naused abmarms! tiver function sufficiency/Liver function Necrosis/Mepatic £
LIVER dyspepsia/Sligntly ab- tests/Serua albusin tests grossly abnormal/Low coma Of oacepha- f
| . sormal liver function normal | sibumin/Edema or ascites lopathy | E
i wee £ o=
! Persistent moderate al- 4
Transient alduminuria puminuria (2¢)/Mi1d hy- Severs albuminuris/Severe 1
LIOREY No Rypertension/Mild partension/No related Nypertension/Persistent Malignant hypere
None {mpairment rensl func- aneata/Moderate fmpaire anemia (< 10G3) Severe tension/Uremic
tion/Ures 25-35 gl sent renal function/Ures  remal failure/Uraa >60 g3 coms Ures > 1002
Crestinine 1.9+2.0 ogt 236-60 ags Creatinine Creatining >4.0 agl Crea-
. \ Creat. clearance >T53 . clearance (50-74%) . tinine cloarance < §03 \ .
i 1 1 ]
' ' Sevare frequency & dysuria
Siight epithelial Noderate frequency/Gen- Severe generalized telan- Necrosis/Contrace
atrophy/Misor telan- eralized telangiectasia gtectasia (often with tec bladder (capa-
SLADDER None giectasia (microsco- Intermittent microsco- patechise) Frequent hems- eity < 100 cc)
pic pematuria) pic hematuria turis. Reduction ia dlad~ Severe hamorrhagic
| | . | der capacity (¢ 180 cc) cystitis i
covee i cocas
Asysptomatic/Mo moderate pain or teader- Severe pain or tenderness '
SOME None growth retardation nets/Gromh retardation Cosplete arrest bome growth Necrosis/Spontane
| . Recuced bone density | Trregular bome scleresis  Dense bone sclerosis esous fracture |
| conasens
Moderate stiffness/in- '
nile joint stiffness termitlent or enderite Severe joint stiffmess/ Necrosis/Compliete
JoIny None Slignt limitation of Joint pain/moderate Pain with severe lisita- fixation
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GRADE
TXICITY 0 1 2 3 4
S = N
Blood/Bone NarTov
R
wBC »s.0 3.0 ~3.9 2.0 -2.9 1.0-1.9 <1.0
PLT L 75.0 ~ normsl 80.0 - 74.9 25.0 - 49.9 <25.0
MHgd wiL 10.0 - norwsl 8.0 - 10.0 6.5~-7.9 <6.5
Granulocytes/ =2.0 1.5 - 1.9 1.0 - 1.4 0.5 - 0.9 <0.5
Bands
Lymphocytes 22.0 1.5 -1.9 1.0 - 1.4 0.5 - 0.9 «<0.5
e
Hemorrhage none mild, no transfusion gross, 1-2 wnits gross, J—4 wnits massive, > 4 units
(clinical) transfusion per transfusion per transfusion per
episode episode episode
| Infection nane mild soderate severe life-threatening
Gestrointastinal
Nauses none able to est intake significantly no significant intake -_
reasanable intake decreased but can eat
vomiting none 1 episode in 24 haurs 2-5 spisodes in 24 6-10 episodes in 24 >10 episodes in 24
hoaurs hours hrs, or requiring
parenteral sipport
Diarrhea nane increase of 2-3 increase of 4-6 increase of 79 increase of =10
stools/day over pre= stools/day, or stools/day, or stools/day or
Rx nocturnal stools, or incontinence, or grossly bloody
moderate cramping severe cramping diarrhea, or need
for parenteral
mpport
Stomatitis none painless peinful erythama, painful erythems, requires parenteral
ulcers, edema, or ulcers, odama, or ulcers, or enteral spport
erythema, or wmild but can eat and carmnot eat
soreness
Liver
Bilirubin WNL -— <1.5x M 1.5-3.0xN >3.0x X
Transsminase i =2.5x N 2.6 -5.0x ¥ §.1 -20.0x M >20.0 x R
(SGOT, SGPT)
Alk Phos or WL 2.5 x N 2.6-50zxN 5.1 ~20.0x M >20.0 x X
S'mucleotidase
Liver—clinical no change — - precoms hepatic coms
from
baseline
| W
Kidnwy, Bladder
P L
Creatinine WL <1.5x N 1.5-3.0x¥ 3.1~-6.0xN >»%.0x N
Proteimuria no i+ or <0.3 gX or 2~ 3 o0or 4+ or >1.0 gX or nephrotic syndrome
change < g/ 0.3 -1.0gXor >10 g/1
3~-10¢g1
Hemstizr ia neg micro only gross, no clots gross ¢+ clots requires transfusion
Alcpecia no ®ild hair loss proncunced or total — -
loss hair loss
L
— — —
Pulmonary none asymptaomstic, with an at normsl dyspnes at rest

ar no ahnormslity in PFT's
change

dyspnes
significant exertion

level of activity

——
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. GRADE
TOXICITY 0 1 2 3 4
Hemrt
[ — — ——
Cardiac none asymptomatic, recurrent or requires treatment recuires monitoring;
dysrhytimias transient, requiring persistent, no or hypotension, or
no therapy therapy required ventricular
tachycardia, or
tfibrillation
Cardiac none asysptomatic, asymptomatic, decline wild CHF, responsive severe or refractory
function decline of resting of resting ejection to therapy CHF
ejection fraction by fraction by more than
less than 20X of 20X of baseline value
baseline value
Cardiac— none non-specific T-wave asywptamatic, ST and angina without acute myocardial
ischemia flattening T-wvave changes evidence for infarction
suggesting ischemia infarction
Cardiac- nane asysptomatic pericarditis (rub, symptomatic effusion; tasponade; drainage
pericardial effusion, no chest pain, ECG drainage required urgently required
intervention required changes)
L e e
Blood Presssre
Hypertension none asymptomatic, recurrent or requires therapy hypertensive crisis
or no transient increase by persistent increase
change > 20 sm Hg (D) or to by >20 sm Hg (D) or
>150/100 if to >150/100 if
previously WNL. No previously WNL. Ko
treatment required treatment required
Hypotension none changes requiring no requires fluid requires therapy and requires therapy and
or no therapy (including replacement or other hospitaiization; hospitalization
change transient orthostatic therapy but not resolves within 48 for >48 hrs after
hypotension) hospitalization hrs of stopping the stopping the agent
agent
Beuxologic
Neuro-sensory none mild paresthesias, mild or moderate severe cbjective -
or no loss of deep tendon objective sensory sensory loss or
change reflexes loss; moderate paresthesias that
paresthesias interfere with
function
Neur o-motor none subjective weakness; mild objective objective weakness paralysis
or no no cbjective findings weakness without vith impairment of
change T significant function aa
jimpairment of
function
Neuro-cortical none mild samolence or moderate somolence severe somolence, coma, seizures,
agitation or agitation agitation, confusion, toxic psychosis
disorientation, or
hallucinations
Neuro—- none slight intention tresor, locomotor ataxia cerebellar necrosis
cerebel lar incoordination, dysmetria, slurred
dysdiadokinesis speech, nystagmus
Neur o-mood no mild anxiety or moderate anxiety ocr severe anxiety or suicidal ideation
change depression depression depression
Neuro—headache none mild moderate or severe urelenting and —
but transient severe
Reuro- none mild moderate severe ileus >96 hrs
constipation or no
change
Reuro—hearing none asymptomatic, hearing tinmnitus hearing loss deafness not
or no loss on audicmetry interfering with correctable
change only function but
correctable with
hearing aid
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fever <38c, 100.4F

=38¢c, 100.4F mild

bronchospass, req

GRADE
TOXICITY 0 1 2 3 4
e ——

Neuro—-vision none ol - symptamatic subtotal blindness
or no loss of vision
change

L —

Skin none ‘scattered macular or scattered macular or general ized extoliative
or no pepular eruption or pspular eruption or symptomatic macular, dermatitis or
change erythema that is erythema with pspular, or vesicular ulcerating

asysptomatic pruritus or other eruption dermatitis
associated sysptoms
— e — —— — — e ]
Allergy none transient rash, drug urticaria, drug fever serus sickness, anaphylaxis

plastin time

bronchospasm parenteral meds
Fever in none 37.1 - 38.0c 38.1 - 40.0c >40.0c >40.0c (104.0F) for
absence of 98.7 - 100.4F 100.5 - 104.0F >104.0F for > 24 hrs or fever
infection < 24 hrs accompanied by
hypotension
Local none pain pain and swelling, ulceration plastic surgery
with inflammation or indicated
phlebitis
Veight <5.0X 5.0 - 9.9% 10.0 - 19.9% 220.0X -—
gain/loss
Metabolic
Hyperglycemia <116 116 - 160 161 - 250 251 - 500 >500 or ketoacidosis
Hypoglycemia >64 55 - 64 AQ ~ 54 30 - 39 <30
Amylase WNL <1.5 x N 1.5-2.0xN 2.1 - 50xN >5.1 x N
Hypercalcemia <10.6 10.6 - 11.5 11.6 - 12.5 12.6 - 13.5 =13.5
Hypocalcemia >8.4 8.4 - 7.8 7.7-7.0 6.9 - 6.1 6.0
Hypomagnesemia >1.4 1.4 - 1.2 1.1 -0.9 0.8~ 0.6 0.5
Cosgulation - .
Fibrinogen WNL 0.99 - 0.75 x N 0.74 - 0.50 x N 0.49 - 0.25 x N <0.24 x N
Prothrambin WNL 1.01 - 1.25 x N 1.26 - 1.50 x N 1.51 - 2.00 x N >2.00 x N
time
Partial WNL 1.01 - 1.66 x N 1.67 - 2.33xN 2.34 - 3.00xN >3.00 x N
thr ombo—

|




APPENDIX F 38

Follow-up Visit Form

FOLLOW-UP VISIT z
JOINT CENTER FOR RADIATION THERAPY DEFINITIVE BREAST CANCER TREATMENT B&
HOSP. THERAPY E',.

NAME DATE NO. NO. .
=

=

Systemic Treatment Since Prior Follow-Up Visit (type)

If Recurrence Noted, Indicate Site:

a.) breast, compatible with primary d.} supraclavicular area :
b.) breast, separate from primary e.) opposite breast b
c.} axilla f.) other {state) f
NARRATIVE: g
=
=
¥
NORMAL TISSUE STATUS: None - 0 Slight - 1 Moderate - 2 Severe - 3

Breast or chest wall tenderness
Breast retraction

Breast fibrosis

Breast edema

Matchline effect

Matchline effect at hockey stick
Telangiectasia {(indicate site)
Hyperpigmentasia

Arm edema

Shouider restriction
Supraclavicular fibrosis

Other

Overall Cosmetic Result:
Physician — Excelient Good Fair Poor
Patient ~— Excellent Good Fair Poor

STUDIES ORDERED:

NEXT VISIT:

COPIES SENT:

RADIOTHERAPIST
8502-7/81
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APPENDIX G

Form HT-Breast-1

Equipment Evaluation Form

for
Breast Applicator
Last Name: Mark target area, surgical scar, and probe placement:
First Name:
Therapy #:
Tr. Date: i

Tr. Number: ( | \

# Temperature sensors: ~ Tumor: Normal: Skin:
Applicator power: LF HF ‘
# xducers Max Pwr  Ave Pwr # xducers Max Pwr  Ave Pwr
Ring 1:
Ring 2:
Ring 3:
Ring 4:
Ring 5:
Ring 6:
Ring 7:
Ring 8:
Treatment Descriptors:
Tmin Eq43min
Tave Toeo
Tmax % < 40.0°C
Tpeak % > 43.0°C
% > 43.5°C
% > 44.0°C
Was treatment goal achieved?  Yes No

(Successfull treatment defines as ‘% <40.0’ < 15% and ‘% >43.5° < 10% and ‘% >44.0’ < 1%)

JLH 185




DANA-FARBER CANCER INSTITUTE

INFORMED CONSENT
FOR RESEARCH

issue Date:
PROTOCOL NUMBER & TITLE: 95-006
RT + HT for Breast Cancer
SUBJECT/PATIENT NAME; DFCi LD. NUMBER:

RADIATION AND THERMAL THERAPY FOR EXTENSIVE
INTRADUCTAL CARCINOMA OF THE BREAST

INTRODUCTION

Your physician has determined that you either have, invasive breast cancer that

contains an extensive amount of intraductal carcinoma (non-invasive cancer), or that

'your have pure intraductal carcinoma without any associated invasion. Local

recurrence of breast cancer following breast conserving treatment with lumpectomy and
radiation therapy is seen in 10-1 5% of cases. However, breast cancers such as yours,
with an extensive intraductal component may have a higher risk of local recurrence in
the breast than cancers without an extensive intraductal component when treated with
breast conservative therapy. For patients with an extensive intraductal component, the
option of mastectomy may have a lower risk of breast recurrence, but many patients
prefer breast conservation. The overall survival of patients treated with breast

conservation is virtually identical to those treated with mastectomy.

Intraductal carcinoma may be more resistant to radiation therapy and this may account
for the poor results seen with irradiation in these patients. Thermal therapy or
hyperthermia refers to the use of temperatures 42°C (107.6°F) or higher to treat
malignant tumors. Laboratory and clinical reports have demonstrated that heat kills
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DANA-FARBER CANCER INSTITUTE

INFORMED CONSENT
FOR RESEARCH

issue Date:
PROTOCOL NUMBER & TITLE: 95-006
RT + HT for Breast Cancer
SUBJECT/PATIENT NAME; DFCi 1.D. NUMBER:

tumors, if tumors are heated to 43°C (109°F) for 30-60 minutes. Many studies suggest

that the addition of heat may also improve upon the usual results of radiation therapy

for many tumors, including recurrent invasive breast cancer, bladder cancer, and
tumors of the head and neck region. Investigators have found an improvement in
tumor response rates and a lengthened duration of response. This is the first study to

attempt to treat non-invasive breast tumors.

You are being asked to participate in a research project to study the use of thermal
therapy (heat treatments produced by sound waves) for the treatment of breast cancer
with extensive intraductal carcinoma. We have developed the thermal therapy
technologies required to make use of the positive interaction between heat and
radiation. The specific clinical study we propose is a study to optimize and establish
our ability to safely deliver heat to the breast using a new breast thermal therapy device.

The purpose is to determine if we can control heat delivery.

OBJECTIVE

The purpose of this research study is to determine the safety and effectiveness of
generating, and delivering, heat to the breast in combination with radiation therapy.
We want to evaluate what side effects are associated with this treatment. Fifteen

patients will be treated in this research study.

08 tedios KEC 9 Page No 2
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TREATMENT DESCRIPTION

Your radiation oncologist will schedule a radiation therapy treatment planning and an
initial thermal therapy planning session. Both of these are conducted at the Dana
Farber Cancer Institute even though the radiation therapy is carried out at another
hospital. Photographs of the treatment site will be taken during the planning and at

each of the thermal therapy sessions.

'Thermal Therapy: At the Radiation Therapy Planning Department at the Dana Farber
Cancer Institute you will receive two thermal therapy treatments. Each treatment will
require at least two hours of preparation time prior to treatment. The heat treatment
requires you to lay on your stomach on a soft flat table for approximately two hours.
Therefore, on the day of thermal therapy you must plan for a total of approximately 5
hours from the time you arrive for therapy to the time you are ready to leave. The

device used to generate heat produces ultrasonic sound waves to heat the breast. This

device was developed under contract with the U.S. Army Medical Research &
Development Command. This is a new heat treatment device. Your breast will fall
through a cut-out (hole) in the table and rest in a tank of water for the heat treatment.
The ultrasound energy waves enter the quadrant or half of the breast containing the
original lump (tumor) region. The goal will be to reach 40 to 43 °C (104 to 109 °F) in the

breast for 45 minutes. During heat treatments you will experience warmth and

FOR: Tedios BRIV 193 Page No 3
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occasionally mild discomfort. You will have an intravenous line inserted prior to
treatment that may be used to give pain medications if needed. A technologist will be

with you during treatment.

During the heat treatment, temperatures will be measured. Prior to each heat tl;eatment
at least two metal thermometer needle probes will be inserted into the breast. The
thermometer probes help control the temperature in the breast and avoid burns. A
'Radiation Oncologist and Diagnostic Radiologist will place the small needle probes into
the breast through numbed skin under sterile conditions using local anesthesia. The
temperature measuring probes will be removed after each thermal therapy treatment.

The total time for each treatment session will be at least three hours.

Radiation Therapy: In addition to the heat treatments, you will receive radiation
therapy to your breast. Your radiation oncologist will decide what radiation dose you

receive. On the basis of experience, we believe that the effectiveness of the radiation

may be improved with heat. On days when both radiation and thermal therapy are
given, radiation will follow thermal therapy by 30-60 minutes. Radiation will be given
daily, five days a week, for 6 to 6 1/2 weeks.

After the treatment course is completed you will be asked to return at regular intervals
for follow-up visits to evaluate the results of treatment and the potential long-term side

effects. In order to assess your response to treatment certain diagnostic tests will be

s
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done prior to beginning treatment and at intervals following treatment. This may
include blood tests, mammography, breast ultrasound, breast magnetic resonance
imaging (MRI), and other tests determined to be necessary by your physician. They will

be explained to you at the time of your initial evaluation and at follow-up visits.

POTENTIAL BENEFITS

The potential benefits associated with the treatment include a possible reduced risk of
“tumor recurrence. Heat appears to increase the effectiveness of radiation therapy.
However, no guarantee or assurance can be made regarding the results, if any, that may
be obtained since research results cannot be foreseen. Your participation will contribute
to the development of medical knowledge about the treatment of breast cancer and the

use of this thermal therapy device.

If new information develops during the course of your treatment that may be related to

the efficacy or risks of your treatment, you will be informed and options will be
discussed.

POTENTIAL SIDE EFFECTS

Although hyperthermia has the potential to produce beneficial results, it may be of no

benefit and may have injurious effects.

FOR 2
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Thermometer probe placement: Despite local anesthesia to diminish pain during
thermometer probe insertion, you may experience pain at the time of probe. placement.
When local anesthesia is given, you will experience a momentary stinging sensation. As
with any invasive procedure, there is a risk of bleeding, infection, or perforation of
normal structures in or near the region of treatment. There is the small risk of a
permanent scar at the point where the thermometry probe enters the skin of the breast,
but this risk should be small. There is a minor risk that tumor cells could track along
‘the thermometry probe path in the breast, but this would be rare, and be included in the

field receiving radiation therapy treatment.

Radiation Therapy: Your radiation oncologist will describe the possible side effects to
you, and you will be asked to sign a separate consent form for the delivery of the
radiation therapy. However, common immediate side effects include fatigue and skin

redness and irritation in the treated breast. Thermal therapy may also make the normal

tissues more sensitive to the toxic effects of radiation. Thus, all of the tissues that
receive radiation therapy and heat are potentially more prone to radiation injury. Since

this treatment is investigational, it is possible that unforeseen side effects could occur.

Thermal Therapy (heat treatment): Is associated with possible pain, burns, blisters,

nausea, itching, or fever during the treatment session. If any of these is observed, it may

be possible to change the heating pattern to eliminate them. You may also become
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uncomfortable from lying on your stomach, in the treatment position. We will attempt

to make you comfortable.

During treatment, your heart may beat faster and you will probably feel warm and
begin to sweat. Your heart’s electrical pulses and your blood pressure will be
monitored during therapy. You may choose to stop receiving the study treatment at
any time if any of the related side effects is intolerable. In addition if you experience
dizziness, shortness of breath, or chest pain, you must notify your physician
immediately, so that the treatment can be modified or stopped. We expect most side
effects associated with the use of thermal therapy and radiation therapy to be
controllable and reversible. We do, however, emphasize that we cannot rule out any
unsuspected side effect. During this study, provisions and precautions will be taken to

insure your safety throughout the course of treatment.

Should any of the above side effects appear, your physician(s) will take steps to reduce
or eliminate these effects by whatever means are necessary, but there can be no

assurance that such effects can be reduced or eliminated.

After the thermal therapy session it is possible to develop pain, burns, or blisters that
might persist. In addition, infection or ulceration may occur. If persistent pain should

develop, this may represent muscle or nerve injury. You will be evaluated by your
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physician and further heat treatment sessions will be stopped until such problems have

resolved.

Tissue changes, such as fibrosis (scar tissue), necrosis (dead tissue), and ulceration, in
the treated breast could happen at any time following treatment and be permanent.
Some of these effects such as fibrosis could make follow-up examinations of your breast

by you or your physician more difficult. In addition, thermal therapy may make

follow-up mammograms of the breast more difficult to interpret.

This is a new deep-heating device and with all investigational treatments, it is possible

that unforeseen complications could occur.

ALTERNATIVE TREATMENTS

The alternative treatment is mastectomy with or without reconstruction of the breast.
Reconstruction can be done at the time of the mastectomy or at a later time. Another
alternative treatment would be conventional radiation therapy alone. Your physician
has explained these procedures and both their advantages and their disadvantages to

you.
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NTRAINDICATIONS

Thermal therapy is not to be given to patients whose sensitivity to heat sensation has

been significantly decreased in the area to be treated by any means (previous treatment,
anesthesia, diabetic nerve damage, etc.), patients with cardiac pacemakers, and patients
having a known decrease in circulation in the area to be heated. General or regional
anesthetic must not be given with thermal therapy and will not be used in your
treatments. Pain-medication, sedatives, or tranquilizers may be used in your treatments
as long as they do not significantly decrease your awareness of pain sensation in the

treatment area.

FOR WOMEN OF CHILDBEARING POTENTIAL

FOUR VWOV DN A A e e e =

Radiation therapy may have an adverse effect on an unborn child and should not be
performed during pregnancy. You are advised NOT to become pregnant before or
during this study. If you become pregnant, you would automatically be excluded from
radiation therapy and this protocol study.

PARTICIPATION

Your participation is voluntary and you may refuse to participate and/ or withdraw

your consent and discontinue participation in the project at any time without penalty,
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loss of benefits to which you are otherwise entitled, or penalty of prejudice in your

future treatment.

Also, your physician can terminate your participation without your consent at any time
in the event of physical injury or other condition that makes further treatment an

unnecessary risk in the medical opinion of your physician.
CHARGES

You will not be charged for the hyperthermia treatment. However, you will be charged
for the ultrasound examination of the breast that will occur at the time of thermometer
probe placement. You will be charged in the usual fashion for radiation therapy,
doctors visits, and any other portion of your care that is considered standard care. You
are also responsible for payment of all charges for medical procedures to treat

conditions resulting from adverse outcomes related to the study treatment.

.

CONTACT PERSONS

For more information concerning the research and research-related risks or injuries, you

can contact Dr. Bruce Bornstein, the investigator in charge, at (617) 632-3591.
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