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IV. Introduction.

1. Clinical problem, background and hypothesis:

Thermal Therapy or Hyperthermia (sustained tissue temperature at 40.5°C - 44°C)
adjuvant to radiation has been shown in the laboratory to increase cell killing (1 - 17).
Clinical investigations show that the combination of hyperthermia with radiation therapy
or with cytotoxic agents improve the complete response rate of many cancers (18 - 20).
A large European randomized study with over 300 patients with recurrent or primary
inoperable breast cancer showed an overall complete response rate of 60 % when
using radiation plus hyperthermia as compared to 40 % for radiation alone (21). The
investigators in that study emphasize that current general purpose hyperthermia
treatment devices may be inadequate for the treatment of relatively deep tumors in
intact breast. Novel and optimized technology that allows reaching hyperthermic
temperatures to the whole breast or to any tumor bearing volume in the breast is thus
essential to reach adequate thermal dose and meet the goals of this proposal. We wish
to accomplish hyperthermia treatment of the breast by using a multi-frequency high
resolution site-specific ultrasound applicator.

Contract DAMD 17-93-C-3098 supports the development of a technique for adjuvant
treatment of breast cancer using hyperthermia generated by a site-specific ultrasound
device. Ultrasound is capable of penetrating soft tissues to produce deep heating. The
research also supports a clinical study of the safety and efficacy of using hyperthermia
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. Breast cancer patients with these histologies have a higher risk of local
Eggurrence after treatment with radiation alone than patients without these histologies

- 32).

Intraductal carcinoma is characterized by cancer cells spreading within the lactiferous
ducts. Itis 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 (26). It is well known that thermal therapy, in contrast to

radiation, is more effective in killing hypoxic cells as compared to well oxygenated cells
(33, 34, 35).

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 hyperthermia and irradiation. This will extend the
indications for breast conserving therapy and eliminate the need for mastectomy for
many patients. There may be a population of patients with early stage breast cancer,
where the hyperthermia treatment can replace radiation treatments and eliminate
radiation associated toxicities to normal tissues in the treated breast, in the opposite
breast, and toxicities to heart and lungs.

The research also postulates that the hyperthermia is most effectively and controllably
delivered to the breast tissue using a breast site specific ultrasound applicator.
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During year 01 and 02 (April 1, 1993 to March 31 1995), the breast treatment applicator
and the associated complex instrumentation system was designed, fabricated and in
part tested. This has been described in detail in previous Annual Progress Reports.
The third contract year began on April 1, 1995. Due to unforeseen technical, scientific,
and regulatory problems, this research has taken significantly more time than originally
anticipated. As a result, | have requested and received a No-Cost extension of this
program on two occasions, first from April 1, 1996 to December 31 1996 and the
second time from January 1, 1997 to May 31, 1998. In spite of a delay in progress, the
quality of the treatment system is excellent and the hypothesis and goals of this
program remain the same.

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 prone position and the breast submerged
into a water bath, the breast tissue can be surrounded with an array of ultrasound
transducers and achieve tangential incidence of the ultrasound beam relative to the
chest wall. Tangential incidence is desired to avoid interaction between the ribcage 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 hyperthermia target volume can be the whole breast, a quadrant of the breast,
or even a smaller specific tumor mass. Energy deposition, which may heat sensitive
regions, such 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 T_ > 40.5°C (T,
means the temperature reached by 90% of the sensors) and Tmax< 45°C, the device
must be able to heat the breast tissue within an even more narrow temperature range
(42°C - 44 C) over a reasonable range of tissue perfusion (i.e. 30 to 200 mi, kg1 min )

2. Specific Research Objectives.

The first research objective is to build a cylindrical, multi-transducer, dual frequency,
intensity controlled ultrasound therapy system and applicator for treatment of breast
cancer. The device 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 V.2.A. The intensity control of the applicator must

permit heating within a narrow temperature range, i.e. 42 °C< T < 44°C. Many

scientific and technical problems associated with the individual subsystems have now
been solved and the sophisticated system has been assembled in the laboratories at
the Dornier Medical Systems, Inc., Champaign, lllinois.

A second objective is to develop an effective pre-treatment planning and real-time

treatment control system. One aspect of this effort is to perform the thermal therapy
using dense thermometry. It is essential for the assessment of outcome that

6
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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 for
Technology (MIT) under the direction of Dr. F. Bowman, who is a consultant to our
contract (36). To augment the dense thermometry mapping, we have implemented a
technique for real time imaging of the breast surface. This is important for monitoring of
the location of the breast tissue within the treatment cavity and thus for control of power
deposition in the breast.

A third objective is to develop ultrasound thermal therapy protocols. These protocols

and the investigational device exemption from the food and drug administration are
completed and described in the body of the report.

V. BODY OF ANNUAL REPORT

1. Program Organization.

This contract was originally sponsored by the New England Deaconess Hospital
(NEDH); a Harvard Medical School (HMS) affiliated hospital in Boston, Massachusetts.
In 1996, the NEDH and another HMS affiliated hospital, The Beth Israel Hospital
merged into one institution with the name Beth Israel Deaconess Medical Center
(BIDMC). BIDMC is now the sponsor of this contract. 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 (hyperthermia) services the BIDMC, the
Dana Farber Cancer Institute (DFCI), Brigham and Women's Hospital (BWH) and
Children's Hospital (CH). These hospitals are all affiliated with Harvard Medical School.

In addition the JCRT provides service to several community hospitals in Boston and the
South Eastern part of Massachusetts. An important aspect of this program is that this
treatment technology will be available to women in the outreach community where
academic medicine is not normally available.

All clinical work will be done at the BIDMC and at DFCI. Clinical research protocols
used by the JCRT member hospital network require IRB approval from the participating
hospitals. The DFCI 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 hyperthermia, using this device, from DFCI and from the sponsoring
hospital BIDMC.

Theoretical simulations and treatment planning require large computational resources.
This work will take place at the BIDMC or DFCI using a distributed computer network
with a centrally located 60 Gigabyte server.

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 has been 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. The breast treatment system has been
completed, and is currently awaiting shipment to its clinical site in Boston.
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2. Summary of Progress to May 31%t 1997.

A. Introduction.

Appendix | is the institutional application to the Food and Drug Administration (FDA) for
an Investigational Device Exemption (IDE), and associated correspondence with FDA.
This document (Appendix |) contains all work performed under this contract related to
technical progress, and the clinical protocols approved by the hospital Internal Review
Boards (IRB). Appendix | does not include the extensive acceptance testing of the
system, which is separately described on page 13 in the progress report. To avoid
excessive redundancy between this progress report and Appendix |, frequent reference
will be made to this document.

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 hyperthermia and irradiation. This will extend the
indications for breast conserving therapy and eliminate the need for mastectomy for
many patients. The hyperthermia treatment is most effectively and controllably

delivered to the breast tissue using a site specific ultrasound Breast Therapy System
(BTS).

Toxicities associated with hyperthermia are well documented (12, 13, 37). One major
concern addressed in the design of the system is that women that have undergone
lumpectomy or surgical biopsy are left with a scar cavity within the breast. Scar tissue,
in general, has much lower perfusion than surrounding normail tissue. Clinical
experience has revealed that the poorly perfused scar tissue can easily over-heat
during hyperthermia that can cause a burn or a blister as an undesired toxicity. The
BTS must have very accurate temporal and spatial power control to reduce the
temperature in and around the scar tissue. To achieve this level of control and spatial

resolution, 384, 1.5x1.5 cm2 square transducers are incorporated in the cylindrical site-
specific applicator. The control of these ultrasound therapy transducers is augmented
by minimally invasive thermometry and non-invasive monltorlng The power level to
each transducer is independently controlled.

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. These
criteria were described in the Introduction on page 6.

B. Completion of the hyperthermia Breast Treatment System (BTS).

To reach the clinical goal, defined on page NN, we have designed, built, and tested a
Breast Therapy System (BTS), which now is ready for clinical use. Although the system
is described in detail in Appendix | a brief summary is given here. Figure 1 shows the
completed BTS.




. . DAMD17-93-C-3098

Figure 1. Completed BTS. All electronics and control édmputers are mounted in the
center column of the machine.

The BTS consists of several subsystems. The major subsystems and their
relationships are shown schematically in Figure 2.

. RF Power T/R MUX
Subsystem Modules

Cylindrical
Transducer
Agray

Receiver
Keyboard  |-— Subsystem
Mouse —e / \
L, PC to PC Instrument
» Control Computer Interface / Computer Trgz;tvr?;nt
\
Monitor [+ J
Thermistor
Printer 4 Thermometry |~ Theimmo-slectiid
Subsystem Needle Cooler
Cooling
Subsystem
Controller
Operator Console Patient Table
Assembly

Figure 2. Schematic drawing of the BTS subsystems. _
The individual systems are briefly described below using the terminology from Figure 2.
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1. The ultrasound breast applicator consists of the cylindrical transducer array and the
treatment cavity (Appendix 1, pages 143 - 148). The cylindrical transducer array
surrounds the breast, which is submerged into the treatment cavity. The applicator
is schematically illustrated in Figure 3 and a photograph of the completed applicator
on the table frame is shown in Figure 4. The array consists of eight individual rings,
which are stacked with water-tight seals between each ring. Each ring
accommodates 48 transducers. Each transducer has a square emitting face with
dimensions of 1.5 cmx1.5 cm. Computer simulations (38 - 40) show that three
different frequencies are needed to achieve sufficient control of the heating pattern.
Table 1 shows the number of rings, transducers per ring and the frequencies of the
transducers in each ring. Table 2 shows the expected ring activation for the
treatment of a large breast and a small breast. Each transducer was fabricated with
the crystal mounted in a machined transducer housing, sealed watertight and faced
with a matching layer. Each transducer was individually tested to determine
operating acoustic efficiency, center frequency and bandwidth. More details are
available in the Systems Description Manual (Appendix | page 139).

Cylindrical Transducer Amay

1/4 of ring |
[ e
1/8 of ring
| ™

Number
of Ring
48 1
[\
20
\\\ —_—//
20
48 3 \ “lolsin as|z2[as]20] 5] 45/
'\.\\ —’//
20
\\\_ __._//
48 5 \} 20 {45 2| 5|20 (as]o0|as|20] 20 45/
\_\\ —_’//
25
48 6 \ Closlolos]s|os]as|os]| | 45/
\\\ I .
\ 25 45 45 /
25 : 25
\ 2 | s /
25 25
48 8 1 17 45 25 |us|as|astas :,/
25 45

Figure 3. Applicator shown schematically.

10




DAMD17-93-C-3098
7#@

TRy S T

Figure 4. Completed applicator transducer array mounted on table frame. The Agar-
]S_Braphite breast phantom is submerged into the treatment cavity. Also see
igure 5.

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 2.0/24 48
2 4.5/24 2.0/24 48
3 4.5/24 2.0/24 48
4 4.5/24 2.0/24 48
5 4.5/24 2.5124 48
6 4.5/24 2.5/24 48
7 4.5/24 2.5/24 48
8 4.5/24 2.5/24 48

TOTAL 384

Table |. Description of transducers and frequencies in each ring.
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Total Cylinder I.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

Table 2. lllustration of how many rings and transducer elements in each ring that will be
activated when treating a large breast and a small breast respectively.

2. Systems control is performed by a control computer and an instrument computer
(Appendix 1 pages 172 - 175). 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 on the start-up screen,
including access to treatment planning software, file handling utilities, diagnostic
mode selection, treatment record printing and treatment initiation.

Prior to the beginning of 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 outline, the number and locations of temperature
sensors, temperature and thermal dose for each sensor, scar tissue location and
patient information. Since the external contour of the breast is monitored in real
time prior to and during treatment, the breast contour(s) with sensor location, scar
tissue location and thermal dose information is displayed on an operators screen.
Guided by this information, the operator may manually select and control the power
on any transducer or group of transducers (e.g. reduce power deposition directly
over the scar).

Temperatures and thermal dose are determined in two ways. The thermistor
thermometry subsystem supports the use of multisensor (14 sensors) temperature
probes that are placed in the breast tissue following guidelines from the Radiation
Therapy Oncology Group (RTOG) (41 - 43). The thermometry subsystem provides
real time temperature information and real time thermal dose data (i.e. CEMT1p,

which stands for the Cumulative Equivalent Minutes for 10% of the sensors reaching
43°C).

3. The RF power subsystem, the receiver subsystem, and the cooling subsystem

12
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controller are important electronic modules of the system. A description of these
systems is available in the Systems Description Manual (Appendix 1 Page 159 and
171).

4. The patient table assembly (Appendix 1, pages 148 - 154) is shown in Figures 1.
The patient table is designed similar to a stereotactic breast biopsy table, allowing
the breast to be suspended through an opening in the table top. Its specifications
are described in Appendix 1, Table 3 on page 152. The table top consists of sheet
steel with a tubular steel outer frame fabricated to provide for insertion of a 1.5”
foam padding.

The central column or “pedestal” beneath the table houses all of the system
electronics, and the appearance of the total system is clean appealing, and without
any clutter of cables and instruments.

5. Experimental studies have been performed throughout the whole development
phase of the BTS. The studies have demonstrated that the BTS can deliver a

power deposition capable of achieving uniform temperatures within 20C. This is
achieved by using individual amplifier power control and three ultrasound transducer
frequencies; 2.0 MHz, 2.5 MHz and 4.5 MHz. The range of power control is
expected to be greater than the clinical requirements. 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 studies also demonstrated the system's ability to
control power deposition in each octant, quadrant, half and whole volume of the
breast. The experiments also demonstrated deep and shallow heating control and
individual transducer control. Our experiments did not show any unpredictable hot
or cold areas (38) (Also attached in Appendix 1, Figure 11 on page 123). This
demonstrates that there are no constructive or destructive interferences between
the ultrasound transducers that would create hot or cold areas. We have therefore
concluded that the electronic design and the multiplexer switching arrangements
have been successfully implemented.

C. Acceptance testing of BTS.

Experimental methods:

The hardware and software modules of the BTS were assembled and ready for
acceptance testing in February/March 1996. The research team from the JCRT-BIDMC
traveled to Champaign, lllinois, where the BTS has been designed and manufactured.
The team spent a total of eight days carefully analyzing the system with respect to its
ability to safely deliver hyperthermia to breast phantoms. A large number of
measurements were performed and later analyzed. However, the system was not
accepted by the research team during the February/March visit. There were significant
problems with the control algorithm which prevented adequate control of the power
deposition, and caused software crashes of the system. The software problems were
fixed during the summer of 1996 and the team returned for testing in August of 1996, at
which time the system was accepted.

In order to increase the density of temperature sensors available for dense
thermometry and mapping of thermal dose distributions, a 32-channel thermometry
system was brought from BIDMC supplementing the 84 channel thermometry system
built into the BTS.

13
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The BTS was tested using non-perfused phantoms designed to mimic the physical
shape and ultrasound properties of the intact female breast. The phantoms were
constructed from a latex membrane, shaped like an average breast, filled with an Agar-
graphite-alcohol mixture formulated to yield a velocity of sound of 15640 m/sec and an
absorption coefficient of 0.75 dB/cm both at 1 MHz. The phantom mixture, which is
prepared hot, solidifies after being filled into the latex membrane and being allowed to
cool down.

The phantom experiments were primarily designed to test the basic design philosophy
of the BTS. The hyperthermia applicator was constructed with half the transducers
operating at a low frequency of 2.0 to 2.5 MHz and the other half at a high frequency of
4.5 MHz. The low frequency transducers were designed to deposit energy at the core
of the breast, and the high frequency transducers to deposit power at the treatment
volume boundaries thereby compensating for thermal conduction to the non-heated
surroundings of the breast. During patient treatments, all transducers will be activated
initially in order to raise the temperature in all of the target area. When the core of the
target area reaches therapeutic levels, the power to the low frequency transducers will
be decreased thus lowering the power delivered to the core of the target area. During
the remainder of the treatment the power delivered to the high frequency transducers
will be controlled to compensate for thermal conduction from the surface of the breast
to the coupling water and maintaining therapeutic temperatures in the surface of the
breast.

The tests were also designed to test ability of the BTS to treat any part of the breast
including any quadrant of the breast, any half of the breast, or the whole breast.

Correlation between power deposition fields and temperature fields are dependent
upon the exact perfusion (or blood flow) patterns in the breast. Due to the non-
perfused nature of the phantom, the main emphasis of these experiments was placed
on measuring power deposition field in the phantoms. In hyperthermia, power
deposition is commonly measured as Specific Absorption Rate (SAR) with the unit
Jikg,sec. If temperature measurements are performed immediately after a power field
has been imposed on the phantom, and before any significant temperature gradient has
build up, then SAR = c/p * dT/dt., where c is the specific heat capacity and p is the
specific density of the phantom material. Both these factors are physical constants of
the phantom material, which leaves SAR proportional to the rate of temperature rise
dT/dt measured in units of °C per unit time.

During experiments the phantoms were heavily instrumented with temperature probes
containing up to 14 temperature sensors each. Up to 5 probes, each with 14
temperature sensors, were carefully implanted in the phantoms for each experiment
and their exact position in the phantom determined. Figure 5 shows a photograph of the
phantom and the temperature probes, and figure 4 shows the phantom submersed into
the cylindrical treatment cavity.

14




DAMD17-93-C-3098

Figure 5. Agar-Graphite phantom with array of 14 sensor probes.

Figure 6 illustrates, a schematic view of the phantom placed in the treatment cavity of
the degassed water filled applicator.

Ultrasound
Transducers

Probe A

Mimmicking
Phantom

Coupling 1
Water L
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Probe A
—

Figure 6. The top figure shows a sagittal cut and the figure below is a coronal cut
through the applicator-phantom setup. The top schematic drawing shows the breast
mimicking phantom submerged in the ultrasound transducer cylinder. The cylinder is
filled with degassed coupling water. Below, the heavy circle indicates the transducer
array, where all transducers are engaged, and the thin circle indicates the breast
phantom outline. This probe configuration is one of several used for whole breast
exposure experiment. The probe marked A was implanted in a position of the phantom,
where the diameter is 12.7 cm.

As an example of our results, we will analyze four different sets of data shown in figures

7 - 14. Many different treatment geometries were measured, and the results below
represent about 10 % of the total number of data sets.

Results and discussion:

Figure 7 shows a family of relative power deposition (SAR) profiles as measured by
probe A. The rate of temperature rise was determined by monitoring the temperature at
each sensor point during application of a power field. This experiment was subdivided
into 3 power applications. In the first application (shown as filled diamonds), all the high
frequency transducers were engaged to assess the ability to deposit power in the
surface of the phantom in order to compensate for thermal conduction to the coupling
water. It is clear from the “diamond” curve that most power is deposited at the surface
of the breast phantom leaving less power deposition in the center (about 6 cm deep). In
the second application (shown as filled squares), all the low frequency transducers
were engaged to assess the ability to deposit power to the core of the phantom. This is
also evident from the curve showing a power deposition peak in the center of the
phantom at about 6 cm. In the third measurements (shown as filled triangles), all
transducers were engaged at a ration of two parts power to the high frequency
transducers and one part power to the low frequency transducers with the purpose of
testing the ability to deposit power (SAR) both at the surface and at depth in the
phantom. If this ratio of power deposition is retained for about 10 minutes, the thermal
conduction will generate a relatively uniform temperature distribution reaching a quasi
steady state condition. Figure 8 shows the temperature rise in the breast phantom
resulting from the non-uniform power deposition (SAR) shown in Figure 7.
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Figure 7. This figure shows a family of relative power deposition profiles measured by probe A
in figure 6. This profile is measured through the center of the breast phantom at a position where
the diameter of the phantom is 12.7 cm. The diamonds indicates the power being mostly
deposited at the surface (edge) of the phantom due to the 4.5 MHz high frequency, the squares
indicate that the 2.0 MHz low frequency mostly deposits power at the core of the phantom, and
the triangles shows the ability to combine the low and high frequencies in order to achieve a
more uniform power deposition profile.
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Figure 8. This figure show the steady state temperature profile achieved during the
experiment in shown in figure 7. Initially power (SAR) was delivered to both the low and
high frequency transducers. After the temperature had increased by 4°C at the center
of the phantom, the low frequency transducers were decreased and controlled for
maximum uniformity of the temperature profile.
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Figure 8 demonstrates that the system is capable of delivering uniform temperature
distribution to within +/- 0.5 °C in this plane throughout the breast phantom.

Figures 9 and 10 shows the results of from insonating half the breast phantom. Figure
9 shows two cuts through the phantom setup as in figure 6. On the right, this figure
indicates that temperature sensors in probe B are distributed differently than the
sensors in probe A (figure 6) in that it has the temperature sensors concentrated in the
left part of the phantom where the power deposition is expected. The heavy semi-circle
indicated the part of the transducer array that is engaged for this experiment.

Figure 10 shows the resulting family of relative power deposition curves. Again, the
high frequency transducers preferentially deposits power at the edge of the phantom
(left part of diamond symbols), the low frequency transducers mostly at the center of the
phantom (right part of square symbols). A combination of frequencies can be employed
to deposit even amount of power at the surface and to the core of the phantom (circular
symbols).

Figure 11 shows the phantom setup for insonating a quadrant of the breast.
Temperature sensor B is utilized and the heavy quarter circle indicates which
transducers that are engaged. Figure 12 shows the resulting power deposition profiles.
The selective heating to the surface and the core of the phantom is now much less
pronounced due to the fewer transducers and therefore lower geometrical gain of the
setup. It is however still possible to selectively heat the surface or the core of the
phantom.

Ultrasound
Transducers

Y~ ~

n ProbeB
Mimmicking
Phantom

Coupling
Water

Figure 9 shows cuts through the applicator-phantom setup as in figure 6. The
temperature probe shown on the right drawing is placed through the center of the
phantom, with the sensors distributed through the left part of the phantom. The heavy
semicircle on the right schematic drawing indicated that the left half of the transducer
array is engaged.
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Figure 10. This figure shows a family of relative power deposition profiles measured by probe B
in figure 9. This profile is measured through the center of the breast phantom at a position where
the diameter of the phantom is 12.7 cm. The diamonds indicates the power being mostly
deposited at the surface (edge) of the phantom due to the 4.5 MHz high frequency, the squares
indicate that the 2.0 MHz low frequency mostly deposits power at the core of the phantom, and
the circles shows the ability to combine the low and high frequencies in order to achieve a more
uniform power deposition profile.

dT/dt [Clsec]

Figure 11. This figure shows a coronal cut of the experimental setup where one
quadrant of the ultrasound transducers is engaged. Temperature probe B is placed as
in figure 9, and the quadrant of transducers engaged is highlighted on the left of the

schematic.
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Figure 12 shows the relative power deposition profiles through the center of the
irradiated quadrant of the breast. The diamonds indicate the power deposition profile
when the high frequency transducers are engaged. The squares shows the same
properties for the low frequency transducers, and the triangles shows the power
deposition pattern when the transducers are engaged with a power a ration of 1:4 high
to low frequency.

An experiment was performed to assess the deposition of power along the central axis
of the breast phantom. Figure 13 shows the position of temperature probe C for this
experiment. Figure 14 shows the resulting relative power deposition profile. The
sensors at the apex (or tip) of the breast phantom is to the left, and the base of the
phantom is to the right. As expected, the power deposition on the central axis close to
the apex is highest due to a smaller diameter of the phantom at this position. This can
eﬁsily be compensated by increasing the power to the rings closer to the base of the
phantom.

Probe C

M Coupling
i Water L

Figure 13. This figure shows the position of temperature probe C placed to demonstrate the
uniformity of relative power deposition (SAR) along the central axis of the breast phantom. In
this experiment the phantom was insonated with uniform power applied to the upper 5 rings.
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Figure 14. The relative power deposition profile resulting from supplying uniform power
to all transducers in the upper 5 rings. The power delivered to each of the rings can be
adjusted in order to achieve improved uniformity in the power deposition profile.

The temperature distributions have been measured in many coronal and sagittal planes
in the breast phantom with the conclusion that the system has enough power output
and control capability to achieve a uniform three dimensional temperature distribution
throughout the breast phantom. ‘

D. Investigational Device Exemption (IDE) from the Food and Drug
Administration (FDA), and Clinical Protocols.

The clinical study of the capability, limitations, and safety the BTS is planned (device
evaluation). Clinical research protocols for cancer treatments using new devices are
subject to increasingly rigorous scrutiny by the hospital IRB and the U.S. FDA branch
that issues the IDE. Recent federal regulations require the hospital to have an IDE for
any new device used in therapy before the IRB approval. In addition the US Army
Human Use Review and Regulatory Affairs Division require an institutional IDE before
approving the protocol and before granting permission to proceed with the clinical trial.
The process of receiving an IDE and approval of protocols by the hospitals and the
Army, has been very lengthy. As a result, we have received a No-Cost extension of this
program to May 31, 1998.

The progress is as follows:

= The IDE application was completed during the fall of 1996. The first submission
included a pre-IDE visit to the FDA in Rockville, Maryland. Dr. Bornstein from the
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JCRT, Dr. Burdette from DMSI, Mr. Hansen from JCRT, and Dr. Svensson (PI) from
JCRT gave a presentation of this program to FDA officials on October 4", 1996. We
received important feedback to the IDE application. In particular, the wording of our
consent form was significantly changed. The feed back from this meeting was
incorporated into a new version of the IDE application, and was submitted on
December 16, 1996 (Appendix 1, pages 17 - 377. The response from FDA
(Appendix 1 pages 14 - 15) required additional clarification of the IDE application
(Appendix 1, pages 2 - 13), which was submitted on March 7,1997. The approval
from FDA to begin the clinical study and treat 10 patients was received on March 27,
1997.

= The clinical protocol previously submitted and approved by the hospital IRB had to
be resubmitted because of the changes in the consent form required by FDA. The
protocols are now approved by both the BIDMC and the DFCI. See Appendix 1,
pages 52 - 103.

= The approved clinical protocol was submitted to the US Army Human Use Review
and Regulatory Affairs Division for approval. We received a lengthy response
requiring several additional changes. Unfortunately, some of the requested
changes were in direct conflict with the internal policies at the DFCI and could not be
immediately implemented. The proposed changes are now being reviewed by the
General Counsel of the hospital. The clinical trial cannot begin until the changes
requested by the Army are either implemented or withdrawn. This process has
significantly delayed the patient studies for which we have requested a No-Cost
extension to May 31%' 1998.

VI. Conclusion and importance:

This report demonstrates that the technical component of the Contract DAMD17-93-
C3098 has been completed. A site-specific hyperthermia breast treatment system
(BTS) has been built and accepted for clinical use. The system is capable of delivering
hyperthermia as an adjuvant modality to the whole breast volume, and to a portion of
the breast which can be as small as a quadrant of the breast.

During the design, building and testing of the system, we experienced difficult technical,
scientific, and regulatory challenges requiring complex solutions before the system
could be completed and accepted. This has resulted in delays in the program and we
have been approved for a No-Cost extension to May 31, 1998, to be able to begin the
clinical studies. The process to acquire an Institutional IDE was very lengthy, but finally
we were approved in March 1997. One remaining problem is that the US Army Human
Use Review and Regulatory Affairs Division has requested changes in our IDE and
hospital approved treatment protocols that are inconsistent with our hospital protocol
policies, and a legal review of the Army requirements are currently underway. As soon
as these issues are resolved, we will start patient accrual for a device evaluation and
Phase | study.

The importance of this work is our attempt to address two of the goals suggested by the
1993 Institute of Medicine Report, that was used by the USAMRMC to formulate its
Broad Agency Announcements (BAA).

One of the goals is to identify new biologically based therapies to move away from
todays relatively toxic treatments, and to offer more precise intervention that can
eradicate the cancer, perhaps at its earliest stage, to improve local control, conserve
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the breast and reduce toxicity. The rationale for choosing adjuvant hyperthermia
treatment of early stage breast cancer (DCIS and EIC) is based on the hypoxic
environment in the target region that causes tumor cells to be less sensitive to the
killing effects of radiation and more sensitive to the killing effects of hyperthermia.
Therefore, hyperthermia has the potential of increasing local control without adding
toxicity and may eliminate in many cases the need for disfiguring mastectomy. There
may in fact be a population of patients with early stage breast cancer, where the
hyperthermia can replace radiation treatments and eliminate radiation associated
toxicities to normal tissues in the treated breast, in the opposite breast, and toxicities to
heart and lungs.

The second goal relates to the mission of the Joint Center for Radiation Therapy
(JCRT) to reach out beyond its academic headquarters at Harvard Medical School and
provide cancer management in community hospitals that were previously under
serviced. One objective of the USAMRMC breast research program is to support
efforts to disseminate novel treatment approaches to women who are older, less
affluent and more diverse than those women who normally enroll in academically based
trials. We intend to make the hyperthermia treatment facility a regional resource that will
include at least five community hospitals in a more ethnically diverse environment
outside of Boston. Hyperthermia is particularly suitable for a regional approach, since
only two treatment visits are needed for each patient.
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Goran K. Svensson, Ph.D.
Director of Physics .
Dana-Farber Cancer Instituts
44 Binney Street

Boston, Massachusetts 02115

Re: G970001/801
Breast Ultrasound Therapy System (BTS)
Dated: March 7, 1997
Received: March 10, 1997

Dear Dr. Svensson:

The Food and Drug Administration (FDA) has reviewed the supplement to your
investigational device exemptions (IDE) application. You have corrected the
deficiencies cited in our January 17, 1997 conditional approval letter.
Therefore, your application is approved and you may continue your
investigation at the institution enrolled in your investigation where you have
obtained institutional review board (IRB) approval and submitted certification
of IRB approval to FDA. Your investigation is limited to 1 institutions and
‘ 15 subjects.

If you have any questions, please contact John C. Monahan at 301) 594-1212.

Sineerely yours,

WJ/‘&W‘”
/,7»' Lillian Yin, Ph.D.

Director, Division of Reproductive,
Abdominal, Ear, Nose and Throat,
and Radiological Devices

Office of Device Evaluation

Center for Devices and
Radiological Health
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GORAN K SVENSSON, Pu.D.
Associate Professor, Director of Physics

March 7, 1997
IDE Document Mail Center (HFZ-401)

Center for Devices and Radiological Health
Food and Drug Administration

9200 Corporate Boulevard

Rockville MD 20850

RE: Amendment to IDE G970001
Breast Ultrasound Therapy System

Dear Madame/Sir:

This amendment to IDE #G970001 is in response to your letter of January 1997. All
changes requested to the informed consent form have been executed. Please find
appended 3 copies of the updated patient consent form with the requested changes
highlighted and letters confirming IRB approval.

Sincerely yours -

Z 9 -

Goran K. Svensson

Enclosures:  Updated Informed Consent Form
IRB Confirmation from Dana-Farber Cancer Institute
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Revisions - Major Changes -- (Révision date 2/ 10/97)
95-006 Radiation and Thermal Therapy for Extensive Intraductal

Carcinoma

Please be advised that "major changes" with the current issue date of 02/10/97 have been made -
to the above mentioned protocol. These revisions were reviewed by the Human Protection —
Committee (HPC) on 03/06/97 and now have IRB approval.

Please note that the existing protocol will be updated with the appropriate replacement pages.

If there are any questions, please contact me at 2-3029.
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Bruce Bornstein, MD
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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 10-15% 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.
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Intraductal carcinoma may be moge resistant to radiation therépy 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
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 uéual results of radiation therapy
for many tumors, including recurrént 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 treatinent 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’

FORM =

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.
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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 vou will receive two thermal therapy treatments. Each treatment will
require at least two hours of préparation time prior to treatment. The heat treatment
requires you to lav on vour stomach on a soft flat table for approximately two hours.
Therefore, on the dav of thermal therapy you must plan for a total of approximately 5
hours from the time vou arrive for therapy to the time you vare ready to leave. The
device used to generate heat prbduces 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
occasionally discomfort or pain. The level of discomfort or pain is currently unknown
and may be mild, moderate, or severe. If you experience any intolerable discomfort or

pain we will modify or stop the treatment to aftempt to relieve your symptoms. You

MM =946012 Ll 101596
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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 treatment
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 decidve what radiation dose you
receive. On the basis of experience, we believe that the efféctiveness 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 régular 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
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.
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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 mayv have injurious effects.

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 momehtary 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

TORM = 96012 % 101594
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the thermometry probe path in the breast, but this would be rafe, 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 Therapv (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 therﬁ. You may also become
uncomfortable from lving on your stomach, in the treatment position. We will attempt

to make you comfortable.

During treatment, vour 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 receiv_iﬁg 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 acute
(short-term) side effects associated with the use of thermal therapy and radiation

. therapy to be controllable and reversible. We do, however, erhphasize that we cannot
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rule out any unsuspected short-term or long-term 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.

In the long-term, 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 phvsician and further heat treatment sessions will be stopped until

such problems have resolved.

In addition, in the future, tissue changes, such as fibrosis (scar tissue), necrosis (dead
tissue), and ulceration, in the treated breast could happen at any time following
treatment, be permanént and require additional surgery. Some of these long-term
effects such as fibrosis could make follow-up examinations of vour 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.
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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.

CONTRAINDICATIONS

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

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 vou become pregnant, you would automatically be excluded from

radiation therapy and this protocol study.
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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,
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 phvsical 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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PATIENT lDfm ICATION

PATIENT'S NAME:
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INFORMED CONSENT FOR RESEARCH

You may receive care or have studies performed at either the Brigham & Women's Hospital ("BWH?") or the Dana-Farber Cancer
Institute, Inc. ("DFCIT), cofiectively, the Hospitals. Your medical record may be made available to health care professionals at
the Hospitals and may be reviewed by Hospital staff members. Except as provided below, information in your medical record
will be kept confidential. Tre resutts of the study, coded so that only those affiliated with the Hospitals will know which patient
the data represents, will be reporied to the study sponsor (and/or its agent), to regulatory agencies such as the FDA, and in

scientific presentations and publications. ltis also possible that your medical and research record, including seasitive infor-
mation and/or identifving rriommation, may be inspected and/or copied by the study sponsor (and/or its agent), the FDA, other

federal or state govemmen: agencies, or hospital accrediting agencies, in the ccurse of carrying out their duties. If your record
is inspected or copied by = stecy sponsor (and/or its agent), or by any of these agencies, the Hospitals will use reasonable

efions to protect your prnvacy a2 the confidentiality of your medical information.
If you are injured as a resut oi 1ais study, you will be provided with the necessary care. This care does not imply negligence
on the pan of the Hosprzks. ‘n’wr-'e aoplicable, the Hospitals reserve the right to bill third-party payors for services rendered.

The Hospitals will not provsc= you with any additional compensation as a result of such injuries.

. If you have questions zhowt vour-reztment, the research, your rights, injuries which occur, it you believe you have not been
adequately informed of the risks, benefits, or altemative treatment options, or if you fee! any pressure to enroll in this research
study of continue to particiczie zcainst your wishes, please speak to a representative of the Human Protection Committee at
the DFCI (617-632-302%)

I have been fully informe< i the puese of the research, the expected duration of my participation, the procedures to be fol-
lowed, and which procsoses a7z in vcc‘uoatlonal and which are standard. | have been given a description of the expected dis-
comforts, risks. and ber=s, tne zhamative procecures available, and the risks and benefits of those altemative procedures.
| voluntarity agree to pcr-::;t: in this research study and understand that | am free to withdraw my consent and end my par-
ticipation at any time, wisw prejudice of any kind. i understand that if | have questions at any time, they will be answered. |
have been given a copy of Te Iniormed Consent document describing the protocol.

SIGNATURE OF PATIENT/RESEARCH SUBJECT OR PERSON.LEGALLY DATE
AUTHORIZED TO CONSENT FOR PATIENT/RESEARCH SUBJECT

PRINTED NAME AND RELATIONSHIP TO PATIENT/RESEARCH SUBJECT -

SIGNATURE OF WITNESS PRINTED NAME - ’ : DATE

| have fully explained o the patient/research subject (or the person named above authorized to consent for the
patient/research subject) the purpose of this research study, the expected duration of his or her participation, the ‘procedures
to be followed, and which procedures are investigational and which are standard. | have given the patient/research subject a
description of the expected discomdorts, risks, and berefits, the alttemative procedures available, and the risks and benefits of
those aftemative procedures. | have asked whether any quesuons have arisen regarding the procedures and have answered
. those questions to the best of my ahdity.

PHYSICIAN'S SIGNATURE AND PRINTED NAME DATE
(! Non-Treatment: Resszrar's or Approved Desicnee’s Signature and Printed Name)
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Goran K. Svensson, Ph.D.
Danas-Farber Cancer Institute.*”
44 Binney Street

Boston, Massachusetts 02115

Re: G970001
Breast Ultrasound Therapy System
Indications for Use: For hyperthermia of the breast in conjunction with
radiation therapy.
Dated: November 27, 1996
Received: December 20, 1997
HCFA Reimbursement Category: B3

Dear Dr. Svensson:

The Food and Drug Administration (FDA) has reviewed your investigational device
exemptions (IDE) application. Your application is conditionally approved, and
you may begin your investigation at the Joint Center for Radiation Therapy,
Boston Massachusetts, using a revised informed consent document which corrects

deficiency numbers 1, 2, and 3 after you have obtained institutional review board
‘ (IRB) approval and submitted certification of IRB approval to FDA. Your
investigation is limited to 1 institution and 15 subjects.

This approval is being granted on the condition that, within 45 days from the
date of this letter, you submit information correcting the following

deficiencies:

1. Please revise page 1 of the informed consent document to remove the
statement comparing breast conservation to mastectomy with respect to
survival. Since the treatment being used in this study has not been

established as an alternative for this particular subset of patients the
above statement could give the subjects an unrealistic impression of the
risks involved in not undergoing standard surgical treatment.

2. Please revise the following statement on page 3-4 that states "during heat
treatments you will experience warmth and occasionally mild discomfort."
This statement should be revised to more. accurately reflect the fact that
the extent to which patients will experience discomfort or pain is
currently unknown and may be mild, moderate or severe.

3. Your statement on page 7 that most side effects associated with thermal
therapy and radiation are expected to be "controllable and reversible" is
inconsistent with the potential long-term tissue damage described on the
next page. Please revise this statement to indicate that a real potential

} for severe and permanent damage does exist and that additional surgery

. could be necessary to treat such injuries.
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This information should be identified as an IDE supplement referencing the IDE
number above, and must be submitted in triplicate to:

IDE Document Mail Center (HFZ-401)

Center for.Pevices and Radiological Health

Food and Drug Administration

9200 Corporate Boulevard

Rockville, MD 20850

If you do not provide this information within 45 days from the date of this
letter, we may take steps to propose withdrawal of approval of your IDE
application.

We would like to point out that FDA approval of your IDE application does not
imply that this investigation will develop sufficient safety and effectiveness
data to assure FDA approval of a premarket approval (PMA) application for this
device. You may obtain the guideline for the preparation of a PMA application,
entitled "Premarket Approval (PMA) Manual," from the Division of Small
Manufacturers Assistance at its toll-free number (800) 638-2041 or (301) 443-
6597.

We have enclosed the guidance document entitled "Sponsor's Responsibilities for
a Significant Risk Device Investigation" to help you understand the functions and
duties of a sponsor. Alsoc enclosed is the guidance document "Investigators'
Responsibilities for a Significant Risk Device Investigation" which you should
provide to participating investigators.

If you have any questions, please contact John C. Monahan at (301) 594-1212.

Sincerely yours,

¢7" Lillian Yin, Ph.D.

Director, Division of Reproductive,
Abdominal, Ear, Nose and Throat,
and Radiological Devices

Office of Device Evaluation

Center for Devices and

Radioclogical Health

Enclosures

(1) Sponsor's Responsibilities for a Significant Risk Device Investigation
(2) Guideline for the Monitoring of Clinical Investigations
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Joint Center for Radiation Therapy
Harvard Medical School

Beth Israel Hospital

Brigham and Women’s Hospital
Children’s Hospital
Dana-Farber Cancer Institute
Deaconess Hospital

Joint Center for Radiation Therapy
Department of Radiation Oncglogy
Harvard Medical School ‘
330 Brookline Avenue

Boston, Massachusetts 02215

Telephone 617-667-9570
Facsimile 617-667-9599
gsvensson@jcrt.dfei harvard.edu

GORAN K. SVENSSON, PH.D.

Associate Professor, Director of Physics

Document Mail Center November 27, 1996
U.S. Food and Drug Administration

Center for Devices and Radiological Health

9200 Corporate BLVD

Rockville, MD 20850

Dear Sir/Madame:

Please find enclosed three copies of an institutional IDE application for the use of an
ultrasound device for hyperthermia of breast cancer. On October 4, 1996, the research
team from Dana Farber Cancer Institute traveled to FDA for a Pre-IDE visit to review the
application. The enclosed IDE application includes all the very useful advice received
during the Pre-IDE visit.

Thank you for your attention to this matter.

Yours Sincerely

2 Co,
8 bee -

Goran K Svensson, Ph.D.
Pl for this project.
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Application for an Investigational Device Exemption
for a Significant Risk Device

Food and Drug Administration
Center for Devices and Radiological Health
Document Mail Center (HFZ-470)
9200 Corporate Blvd.

Rockville, MD 20850

Project: Use of Combination Thermal Therapy and Radiation in Breast Conserving
Treatment of Breast Cancer

Device: Breast Ultrasound Therapy System

Dana-Farber Cancer Institute
44 Binney Street
Boston, MA 02115

‘Sponsor:/eru /fa Date: DW /¢, 199C

B.W. Janicki, Ph.D.
Director of Research
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I. Introduction

Dana-Farber Cancer Institute (DFCI) is requesting an institutional Investigational Device
Exemption (IDE) for the ultrasound Breast Therapy System (BTS), a computerized cylindrical multi-
element ultrasonic hyperthermia system. This system is a custom-built device fabricated to DFCI
specifications by Dornier Medical Systems, Inc..

I.a. Background

Heat has the ability to kill cancer cells as does ionizing radiation and chemotherapeutic drugs.
Studies of the safety and the efficaey of using hyperthermia 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 will be conducted. This IDE application focuses
on a Device Evaluation to determine if the custom built BTS can heat to the desired thermal dose
without causing local pain and heat related toxicities [14]. We will also evaluate the user
interaction with the BTS, the thermometry system and the ability to control the local energy
deposition.

~

Intraductal carcinoma is characterized by cancer cells spreading within the lactiferous ducts. 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. It has been
demonstrated [4] that thermal therapy, in contrast to radiation, is more effective in killing hypoxic
cells as compared to well oxygenated cells. Breast cancer patients with these histologies have a
higher risk of local recurrence [10].

The clinical rationale and hypothesis for treating intraductal carcinoma 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 may elmunate the need for mastectomy for many patients.

In the future we may also treat non- inflammatory stage I patients and patient with ipsilateral
local recurrence after radiation therapy. A European phase III study with over 300 patients -
randomizing to radiation-alone or radiation and hyperthermia shows an overall complete response rate
of 60% for the combined treatments as compared to 40% for radiation therapy alone [29].

Ultrasound hyperthermia is a common method of heat delivery. High power ultrasound
devices have the ability to deliver heat down to 7 cm depth for planar non-focused transducers
and to 10-15 cm depth for focused devices [3]. A device using ultrasound generated by arrays of
planar non-focused transducers received a PMA from the FDA in 1989 (Sonotherm 1000;
Labthermics Technologies). This device has been successful in tumor therapy of many types of
solid tumor cancers. Several ultrasound systems for deep-seated tumor therapy have been
designed and reported in the literature [7,9,11,12,13,16,17,18,20,21,27,28].- However, it is often
difficult to find suitable treatment insonation portals with avallable general purpose heating
devices. This is due to limitations in the use of ultrasound including the presence of intervening
critical organs and other tissue heterogeneities, such as muscle-bone interfaces, which-can create
painful overheating or sheer stresses. In addition, air cavities do not conduct the ultrasonic wave
energy and thus present another obstacle to heat delivery in some anatomical locations.

The experience using these general purpose devices is therefore mixed, e‘sp.ecially with respect to

20




the patients’ sense of discomfort and pain during therapy. For example, a six-transducer fixed beam
ultrasound system, developed by the group at Stanford University, has been reported [9]. This device
has transducers mounted on a spherical shell with a 26 cm radius of curvature. The device is capable
of heating a therapeutic volume approximately 8 cm wide and 6 cm deep located at 10 cm depth.
Almost 50% of the patients treated reported some degree of pain. The level of pain was related to
anatomical site, powér level, frequency, and geometric arrangement of the transducers.

In another report, a commercial diagnostic ultrasound scanner was modified for hyperthermia
therapy [11,12]. The system uses four large focused ultrasound transducers operating at 1 MHz and
scanned under computer control. Test results from this device show that it can heat perfused tissue
down to depth of at least 10 cm, and that uniform temperature can be produced in volumes up to 5
cm in diameter.

The team that presents this IDE application has worked on hyperthermia devices since
approximately 1987. Dr. Burdette developed the Sonotherm-1000 when he was the president of
Labthermics Inc. Dr. Burdette in collaboration with the research team at Dana-Farber Cancer
Institute developed the Focused Segmented Ultrasound Machine (FSUM) for delivering hyperthermia
to deep tumors at maximum depth of 15 cm. The system consists of 56, 1 MHz transducers mounted
on a spherical shell focused at 24 cm radius. This development was sponsored by NCI and the device
received an Investigational Device Exemption in February of 1994. The FSUM is a general purpose
device which has been used for the treatment of various abdominal and axillary tumors.

Treatment of breast cancer (intact breast) using hyperthermia cannot be adequately done with
FSUM or any other general purpose device. The main problem is effective coupling of the FSUM
applicator to the breast and the anteriorly directed ultrasound beam which will cause undesirable
interaction in the bony ribcage. Also, the spherical geometry used in this applicator is not suitable for
heating the whole breast. -

We therefore postulated that hyperthermia is most effectively and controllably delivered to the
breast tissue using a breast site specific ultrasound applicator where the ultrasound transducers are
arranged in a cylindrical geometry, thus completely covermg the breast tissue when the patient is
placed in a prone position.

We proposed the site specrﬁc BTS to, and received. ﬁmdmg from, the U S. Army Medlcal
Research and Material Command (USAMRMC). ' :

The technical rationale and criteria for the design of the ultrasound apphcator are derived from the
specific tissue characteristics and features of the female 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 air cavities 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 ultrasound transducers and
achieve tangential incidence of the ultrasound beam relative to the chest wall. Tangential
incidence (relative to the chest wall) is desired to avoid interaction between the ribcage and
the ultrasound pressure wave.

c. There are no major blood vessels that carry away heat from the breast tissue, which could
reduce the ability to deliver uniform therapeutic heat.
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d. The hyperthermia target volume can be the whole breast, a quadrant of the breast, or even a
smaller specific tumor mass. Energy deposition, which may heat sensitive regions such as a
lumpectomy scar, must be minimized or avoided. It is therefore essential that the energy
deposition be controlled and focused on specific sites within the breast tissue. Ultrasound
permitting this level of control is achieved by the cylindrical applicator design of the BTS.

The work so far has been focused on the specifications, design, fabrication, and phantom testing
of the BTS. With this IDE application we propose proceeding to a device evaluation on human
subjects.

Dr. Goran K. Svensson, Director of Physics at the Harvard Joint Center for Radiation Therapy
(JCRT) is available to answer questions in reference to this IDE application. Dr. Svensson can be
reached by telephone at (617) 667-9570, by fax at (617) 667-9599, or by mail at JCRT, Harvard
Medical School, 330 Brookline Avenue., Boston, MA 02215.

I1. Néme and address of sponsor.

Bernard W. Janicki, Ph.D.
Director of Research
Dana-Farber Cancer Institute
44 Binney Street
Boston, MA 02115

(617) 632-3488

IIL. Report of Prlor Investlgatlon

The BTS incorporates a cylindrically mounted transducer array apphcator which provides
accurate computer-assisted control of the energy deposmon and a therapeutic temperature
distribution for hypertherniia therapy. Preliminary results illustrate an advantage for this system -
over other clinical systems currently available. The experimental data to support this conclusion
are reported herein. The work to date has included the design, modehng, fabncanon, and
laboratory testmg of the BTS for hyperthermia therapy.

IILa. Blbllography
Published articles and abstracts pertaining to the Breast Ultrasound Therapy System

A. Burdette EC, Hansen JL, Neubauer PL, Foard WW, Grossman LJ, Bornstein BA, Svensson
GK. “Real-Time Computer Controlled Ultrasound Therapy and Monitoring System for
Breast Cancer Treatment”. Proceedings of the VII International Congress on Hyperthemnc
Oncology, Rome, Italy, April 1996. _

B. Hansen JL, Burdette EC, Neubauer P, Lu X-Q, Bornstein BA, Svensson GK. “Experimental
Verification of a Cylindrical Multi-Transducer Ultrasound Breast Hyperthermia Treatment
System”. Proceedings of the VII International Congress on Hyperthermic Oncology, Rome,
Italy, April 1996.
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C. Lu X-Q,, Burdette E.C., Bornstein B:A., Hansen J.L., Svensson G.K. “Design of an
ultrasonic therapy system for breast cancer treatment” Int. J. Hyperthermia, Vol 12:3, 375-
399, 1996.

D. Lu X-Q, Svensson GK, Hansen JL, Bornstein BA, Harris JR, Burdette EC, Slayton M, Barth
P. “Design of an,ultrasonic hyperthermia unit for breast cancer treatment”. 14th Annual
Meeting of the North American Hyperthermia Society, Nashville, Tennessee, 1994.

E. Svensson GK, Lu, X-Q, Hansen JL, Bornstein BA, Burdette EC. “Simulation of a multi-
transducer, dual frequency ultrasound applicator for hyperthermia treatment of breast cancer”.

Proceedings of the IEEE Int'l Symposxum on Electromagnetic Compatibility, Sendai, Japan
May 1994. In Press.

IIL.b. Published and unpublished adverse information

None.

IIL.c. Other unpublished information

None.

III.d. Non clinical laboratory data

The performance of the system was evaluated in the laboratory by thoroughly testing the
electronics components, by extensive computer modeling of the therapy applicator, in vitro by
insonating into absorbing AGAR-graphite breast phantoms, and through dynamic thermal
modeling of the breast over a wide range of perfusion values. '

IIL.d.1. Laboratory Experimental Studies

Each electronic system component was individually tested to verify adherence to design
specifications, sub-system assemblies were tested, and ﬁnally, complete system performance tests
were conducted

II.d.1i. RF Generator and Amplifier Tests

A block dlagram of the RF Generator-Amplifier is shown in Flgure 1. - The design consists of
an onboard VCO connected through-an on/off channel gate to a driver stage which is in turn -
connected to the output driver (amplifier) stage. The design operates in Class D-E using a bipolar
driver and dual switched FETs in the output stage. The output power is variable from 0 watts to
approximately 10 watts and is controlled by a linear voltage regulator circuit. The linear voltage.
regulator and on/off gate are controlled via an onboard micro-controller which is controlled by the
system computer. Each RF Generator-Amplifier in the breast therapy system is individually
controlled.

The RF Generator-Amplifier design has been developed with numerous design variations and
board configurations being tested. The final configuration incorporates 4 channels per circuit
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card. A total of 24 cards provide 96 channels which are multiplexed 1:4 to drive the individual
array transducers (384 total). The RF system is described in detail in Section IV.d.2.v.

. Control

Computer |.
RF : Linear
Generator Voltage
" Regulator
, T/R
VCO .| ON/OFF Output .| Output MUX
gate Pre-Driver "I Driver "

Figure 1. RF Generator-Amplifier block diagram.

Operating specifications and test results for the RF Generator-Amplifier are consistent with
design criteria. These are summarized as follows:

Specifications:

.  Square wave generator consisting of a computer controlled Voltage Controlled Oscillators
(Frequency range 1 to 5 MHz)
On/Off gating ‘
10 Watt continuous power output computer controlled with a DC/DC linear voltage
regulator.
o Short circuit current limiting

Test results:

Frequency range of 0.8 to 6.2 MHz with little signal degradation
10 to 15 Watt output over full frequency range
12 Watt continuous at 2.0 MHz

- 10 Watt continuous at 4.5 MHz

Gating and current limiting function operating as designed.
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III.d. 1.11. Multiplexer-Transnﬁt-Recéive Switch Tests

The multiplexer switches the RF Generator-Amplifier outputs among different transducers and
also selects transducers in the "receive" mode through the multiplexer's transmit-receive select
function. Each multiplexer-transmit-receive switch connects to four transducers. Test results for
the transmit-receive switch function are shown in Figure 2. Note there is minimal power output
attenuation through the switch.
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Figure 2. Multiplex-Transmit-Receive switch function test results. Top oscilloscope trace shows
the input signal to the T/R switch, and the bottom trace the output signal in transmit position.

1.d. 1 .ii. 16-Channel Transmit-Multiplex-Receive Board

Boards were constructed and tested which integrate control of 16 transducers into a single
circuit card, which is designated the Transmit-Multiplex-Receive (TMR) board. On these cards
are 4 RF Generator-Amplifier channels, 4 separate 4-channel multiplexer/transmit-receive
switches, and a receiver section. These are illustrated in the block diagram of Figure 3.

The receivers are used for monitoring tissue attenuation and for measuring reflected signals
for determination of the breast contours. The TMR board is used to acquire acoustic information
regarding the breast tissue during therapy. This information will be used as a real-time monitor of
the treatment.
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Figure 3. Multiplexer-Transmit-Receive board block diagram

III.d.2. Theoretical Simulation of the Breast Ultrasound Applicator

The cylindrical ultrasound applicator has been extensively characterized by using a validated
computer model to optimize the physical size of the transducers and the excitation frequencies
(references C, D, E, and Appendix C). The specific design of the applicator (number and
frequency of transducers) is a direct result of this extensive modeling effort.

II1.d.2.i. Methodology

The thermal treatment of the breast will be done with the patient in prone position. The breast
is submerged through a hole in the treatment table into a water filled cylindrical applicator housing
as shown in Figure 4. A cylindrical array of individually controlled ultrasound transducers
surround the breast (Figure 5). The ultrasound wave enters the breast tissue tangential to the
chest wall to eliminate or minimize the interaction with the ribs. To accommodate a large sized
breast, the diameter of the cylindrical array is 25 cm. This is enough of a margin to accommodate
asymmetry in the breast contour and alignment of the breast in the cylinder. The cylindrical
applicator consists of a stack of 8 rings, each being approximately 1.7 cm high. Each ring contains
48 transducers, alternating between low frequency and high frequency transducers. Each ring
deposits power in a plane parallel to the chest wall and the heating effect of each ring is relatively
independent of adjacent rings. This property facilitates local control of the heating pattern.
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Figure 4. Schematic drawing of the treatment couch with the applicator positioned under the
opening in the table top.
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Figure 5. Schematic diagram of the cylindrical applicator. The applicator is constructed from
- 8 rings, each containing 48 transducers alternating between high and low frequency.
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The clinical specifications and capabilities of the breast applicator are listed in Section IV.d.1.
The technical specifications and operating parameters for the cylindrical array were determined by
computer simulations using several common treatment conditions. A Hewlett-Packard 9000/735
workstation made these complex and lengthy calculations practical. A detailed description of the
three-dimensional acoustic and thermal computer model and the results of this simulation are
found in reference C and in Appendix C..

-

III.d.2.ii. Conclusions .-

I

There is a significant normal variation in the numerical values of ultrasound interaction
parameters and heat transfer parameters in tissue. There are also uncertainties in these values. A
range of operating characteristics of the breast applicator accounting for these variations and
uncertainties has been determined by computer simulations. We concluded that to achieve the
therapeutic goals, we need to build a multiple frequency transducer array. A low ultrasound
frequency, in the range of 1.5 - 2.5 MHz, is needed to compensate for the heat removed by the
blood flow and permits an initial quick temperature elevation at depth in the breast tissue. Due to
variations in the breast tissue attenuation, a broad frequency band for the low frequency
transducers is desired. High frequency ultrasound, in the range of 4 - 4.7 MHz, is needed to
maintain a steep temperature gradient near the surface of the target volume. The high and low
frequency transducers are mounted alternately in each ring. Each ring offers power and frequency
control sufficient to heat the whole breast or a quadrant of the breast to a minimum ot 42°C
without exceeding 44°C.

IIL.d.3. Breast Phantom Studies

The BTS was tested, under a variety of different transducer emission conditions, to evaluate
design performance of the treatment applicator. The ultrasound field was measured by heating
ultrasound absorbing graphite-AGAR breast phantoms using built-in thermocouple sensors
(Reference B). : ‘

These tests permitted critical examination of the hardware and software design, including
temporal multiplexing of the therapy transducers. A schematic drawing depicting the setup for
these tests is shown in Figure 6. Equipment utilized in the testing includes the treatment
applicator, RF generating and multiplexing circuitry, T/R switching circuitry, and Instrument
Computer system. ‘

The system's Instrument Computer controlled the excitation of consecutive ultrasound
transducers to "sweep around" the ring at least once per two second interval. The same interval
applies when multiple rings are excited (i.e. time is not extended). Heating of phantoms has been
studied with extensive invasive thermometry used to characterize performance. Conditions as
close as possible to modeled parameters from the simulation studies were created and
comparisons made between the simulation study results and measured results in phantoms.
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Figure 6. Schematic drawing of the phantom setup. The breast phantom is placed in the
ultrasound transducer cavity, and degassed coupling water is added to displace all air between the
ultrasound transducers and the phantom.

IL.d.3.i Phantom Construction

Several breast tissue mimicking phantoms were manufactured from breast shaped latex
membranes salvaged from ultrasound guided biopsy phantoms. The membranes were mounted in
a sturdy frame, and a mixture of heated distilled water, agar, powdered graphite, and n-Propanol
was poured into the membrane [19]. When returned to room temperature the phantoms solidifies.
The composition of the phantom materials was chosen to yield an ultrasound attenuation of 0.75
dB/cm/MHz, a specific density of 1.076 g/cm?, specific heat capacity of 0.776 calories/g/ °C, and
thermal conductivity of 0.015 calories/cm/MHz [6,15].

The phantoms were instrumented in several patterns to test different aspects of the applicators
heating capabilities. 18 gauge temperature probes, each containing 14 thermistor temperature
sensors, were placed in different planes parallel to the base of the phantom (where the chest wall
would be located in a patient). Following instrumentation, the phantom was placed in the center
of the treatment cylinder.

Experimental studies were conducted to determine if temperature uniformity could be
expected to within a 2°C variation throughout a 12.7 cm diameter breast tissue-equivalent
phantom. In each experiment, temperatures were recorded from 6 probes each containing 14
sensors. The positioning of the sensors is indicated in Figure 6.

II1.d.3.ii  Results

Predicting the temperature field in a blood perfused breast from the measurements in a non-
perfused phantom is very complex. For this reason we decided primarily to investigate the power
deposition or Specific Absorption Rate (SAR) patterns in the phantom. SAR is deduced from the
temperature rise dT/dt (measured immediately after the power is engaged and before significant
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thermal gradients can develop in the phantom) multiplied by the specific density and the heat
capacity of the phantom material. Computer models indicates that to produce a uniform
temperature distribution, initially a uniform SAR distribution is required. However, after
therapeutic temperatures have been reached, the power delivered to the core of the breast has to
be decreased to prevent overheating. Therefore, the measurements were performed in 3 steps: 1)
the low frequency transducers were engaged to quantify the power deposition at the core; 2) the
high frequency transducers were engaged to quantify the power deposition at the surface; 3) both
low and high frequency transducers were engaged and adjusted to create a variable power
deposition profile over the extent of the breast phantom. All measurements were repeated for one
quadrant, one half, and the wholeub.reast.

Figure 7 shows the SAR profile through the center of the breast at a level where the phantom
diameter is 8.7 cm (also see figure 6). The schematic indicates the placement of the temperature
probe, and the graph shows the individual SAR profile for high frequency, low frequency, and a
2 : 1 combination of high and low frequency. The low frequency profile demonstrated, that we
are able to preferentially deposit posit power at the core of the breast, the high frequency profile
demonstrates the ability to preferentially deposit power at the surface of the phantom, and the
combination profile shows the ability to combine the two frequencies to achieve a balance
between depositing power at the core and the surface.
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Figure 7. SAR profiles through the breast phantom close to the center of the breast. The
schematic drawing to the left indicates the experimental setup. The heavy circle indicated the
position of the transducer array with all transducers engaged, the thin circle in the center indicates
the outline of the breast phantom, and the temperature probe is indicated by a line with circles
indicating temperature measurement points.

The graph on the right shows a family of curves representing the profile of the temperature rise
(and by inference power deposition) as a function of ultrasound frequency combinations. The
diamond symbols shows the power deposition profile when the 2.0 MHz low frequency
transducers are engaged, the triangular symbols the profile when the 4.5 MHz high frequency
transducers are engaged, and the squares the profile with a high to low frequency ratio of 2:1.




Figure 8 demonstrates the systems ability to achieve the same features at a position in the
breast closer to the chest wall, where the phantom has a diameter of 12.7 cm. Again we are able
to selectively deposit power at the surface of the breast, at the core, or to balance out the power
deposition between these locations. Figure 9 shows the steady state temperature profile (in the
non-perfused phantom) achieved by comblmng the SAR profiles in figure 8. Please note that the
temperature goal in phantom experiments is different from 42-44°C. Here we try to achieve a
uniform temperature distribution apprommately 6°C above the base line temperature of the
phantom.
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Figure 8. The ability to heat a large diameter breast is demonstrated. On the schematic drawing
on the left, the temperature probe is shown placed through the center of the phantom at a level
where the phantom has a diameter of 12.7 cm. The heavy circle indicates that the full transducer
array is engaged. :

In the graph on the right are shown a family of SAR curves. The diamond symbols represents the
profile when the 4.5 MHz high frequency transducers are engaged, the squares the profile when
the 2.0 MHz low frequency transducers are engaged, and the crosses are measurements of a hxgh
frequency to low frequency power ration of 2 : 1.

The ability to heat half of a breast is _demonstrat;ed' in figure 10. Again the SAR profiles
achieved with the different frequency combinations are separated, and the graph indicates the
ability to selectively heat the surface of the breast, the center of the breast, or any combination of
the two. :

One comparison of phantom measurements to computer models is shown if figure 11. The
measurement was taken at a location where the phantom diameter is 9.7 cm, and the computer
simulation was set up to dissemble the geometrical parameters and physical properties of the
phantom experiment. The computer simulation is indicated in a solid line, and the phantom
measurements are indicated by diamond symbols. In this figure all modeled and measured data
has been calculated to absolute SAR values. The most prominent reason for the discrepancy
between the modeled and the measured data is due to the limitation in the spatial resolution of the
measured data. Any measurement records the temperature rise in a volume of finite size, whereas
the computer model can calculate the temperature variation in much smaller volumes.
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Figure 9. Temperature profile (in a non-perfused breast phantom) after a steady state has been
reached with the power deposition pattern indicated in figure 8.
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Figure 10. A schematic drawing of the phantom setup is shown on the left. The heavy semi eircle
indicates that half the transducer array is engaged for insonation into the thin circle representation
of the breast phantom. Probe 1 is placed through the center of the phantom at the level of ring 3.
The graph on the right shows the corresponding temperature rise profiles. The diamonds shows
the profile when the 4.5 MHz high frequency transducers are engaged, the squares when the 2.0
MHz low frequency transducers are engaged, and the circles when the transducers are engaged
with a ration of 2 parts high to 1 part low frequency. ‘

I11.d.3.iii _Conclusion

From these studies, it has been demonstrated, that the BTS can deposit the required
ultrasound power profiles throughout the central region of a female breast, and that the BTS can
deliver power to the surface of the breast to compensate for thermal conduction to the ultrasound
coupling medium without overheating the core of the breast. We feel confident that the BTS will
be able to raise the breast target volume temperature to 42-44 °C with relative uniformity, and
maintain this temperature.
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Figure 11 show a graph comparing computer model with phantom experiments. The power -
deposition profiles are calculated and measured through the center of the phantom where all
transducers are engaged at a ratio of 8 parts high frequency to 1 part low frequency. All data are
absolute and true specific absorption rate power deposition values.

II1.d.4. Animal Tests.

None. In consultation with Robert Hopkins, III, D.V.M. we have concluded that there is no
meaningful animal breast model available to test the cylindrical applicator. However, under an
approved DFCI animal protocol, and under the supervision of Dr. Hopkins, we have used 8 pigs
over the last three to four years in terminal animal tests of the FSUM device. The FSUM is a
spherically focused device with planar transducers as compared to the BTS, which is a
cylindrically focused device with planar transducers. In these tests, we have validated the accuracy
of the thermometry system and the computer models being used for the planning of the breast
system. We believe that the experiences from the numerous FSUM animal studies can safely be
extrapolated to the breast treatment system.

IV. Investigational plan.

IV.a. Purpose

The ultrasound Breast Therapy System is intended for use in thermal therapy of breast cancer.
It is engineered and designed to provide precise application of ultrasound energy to induce local
hyperthermia in tumor sites within breasts up to 15 cm diameter and 13 cm or less "length”. Once
the machine is proven to provide sufficient and safe control capabilities in the Phase I Device
Evaluation and toxicity study, we expect to move to a Phase I/II study of the potential efficacy of
this device




The objectives of this investigation are:

Establish criteria for clinical operation and therapeutic application of the BTS.

. Demonstrate the safety of the BTS for thermal therapy when used in accordance with
operating instructions, and clinical protocol guidelines.

3. Determine site-specific normal tissue toxicities of hyperthermia induced with the BTS used in

conjunction with radiation therapy.

4. Demonstrate efficacy of breast thermal therapy as an adjuvant therapy in combination with

radiation therapy in a phase II clinical study protocol (second stage of study after completion

of initial device evaluation). -

N

IV.b. Protocol

The clinical protocol is a Phase I (toxicity/feasibility) study combining ultrasound
hyperthermia and radiation therapy. The complete clinical protocol as approved by the
Institutional Review Board of the DFCI is provided in Appendix A.

The investigator will keep the following information on each patient:

1. Past medical history.

2. The result of diagnostic tests.

3. Documents evidencing informed consent.

4. Records detailing other concurrent therapies or corrective therapy for device-related
adverse effects for each patient.

5. Therapy observations on each patient noting general condition, condition prior to each
therapy session, during session, and after the sessions.

6. Therapy record including the date, time and length of each therapy session along with any
observed complaints or adverse effects of therapy.

7. Documents specifying the nature of and reason for any and all deviations from the
protocol.

8. Report of any adverse effects.

IV.c. Risk analysis
1. Description and analysis of the nature and incidence of increased risk to subjects:
Foreseeable risks are:
a) excessive localized heating of normal tissue located .adjac‘e-nt to the treatment volume,
_ b) potential for blisters or bums of the skin surface.

As with all ultrasound hyperthemua devices, the BTS could produce localized pain or
discomfort. The pam usually is relieved as soon as the applicator power is reduced or
turned off.

2. Means by which these risks will be minimized and corrective .therapy for anticipated
adverse effects:

Careful pre;planriing of the treatment to optimize the insonation pattern, as well as
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operator training will minimize the risks to therapy. Control of the insonation pattern
during treatment will minimize risks by:

a) intensity distribution control,

b) interactive monitoring of temperatures at multiple sites in tumor and normal tissue,
and ,

c) independent control of power in each of the transducers comprising the applicator
array.

3. Justification and benefits of the investigation:

Studies involving hyperthermia-in conjunction with conventional therapies for cancer have
consistently reported a significant increase in one tumor response rate over the rate for a single
therapy administered alone [1,5,22]. In some cases, complete regression of the tumor and
remission of the disease has been reported, in others, formerly inoperable tumors have regressed
and were rendered operable as a result of the combined therapies. In addition several authors
reported an improved duration of response with the combination of hyperthermia and radiation
therapy. It is possible that the radiation therapy dose may be reduced when given in combination
with hyperthermia, which is especially useful in patients that have previously been treated with
radiation therapy to that location.

The national collaborative RTOG Study 84-01 and various institutional studies [3,8,13,23,
24,25,26,28] have demonstrated the feasibility and safety of regional deep hyperthermia using a
variety of heating devices. Acceptable acute normal tissue side effects have been reported and
continue to be reported in the preliminary analysis of RTOG Study 89-08 evaluating radiation and
deep hyperthermia. These studies have also demonstrated that it is very difficult to achieve
temperature elevation objectives. The first clinical protocol designed to prospectively evaluate
the toxicity of radiation therapy and deep hyperthermia induced by the FSUM. It was fashioned
after the current RTOG Study 89-08 and incorporates many of its features to allow ready
comparison of this device to those already in Phase II use {[26]. The BTS is a new apparatus
which is breast site-specific, that can be controlled and is able to preferentially heat sub-regions of .
the breast, while hopefully avoiding the heating of surrounding normal tissue. Once the system is
proven safe in this Phase I toxicity and feasibility evaluation, we plan to move to a Phase I/II
study of the potential feasibility and efficacy of this promising new technology.

IV.d. Description of the device.
IV.d.1. Specifications

Design specifications for the breast therapy applicator include the ability to treat a wide range
of breast sizes while providing control of power deposition in a manner which permits therapy of
the entire breast or of a pre-defined sub-region, such as a quadrant of the breast. The applicator
must be able to accommodate sizes of the breast ranging from a few cm diameter up to a
maximum of about 15 cm at the base and still provide control of treatment within a narrow
temperature range (42°C - 44°C) over a reasonably wide range of tissue perfusion, i.e. 30 to 200
ml, kg "', min . The breast system includes the ability to monitor temperature and other vital
tissue characteristics by using minimally invasive techniques, later to be extended to non-invasive
monitoring techniques.




Based on these requirements, design specifications were developed for the breast therapy
applicator. Included in the criteria is the patient positioning spec1ﬁcat10n which is essential in
defining the applicator geometry.

Design Specifications:

Prone patient position with breast extended downward.

Cylindrical applicator geometry surrounding breast target.

Ability to accommodate breast- diameters of 15 cm or less, measured at the chest wall.
Ability to accommodate treatment of breast length between 3 cm and 13 cm.

Spatial resolution control of therapy field to within 1.5 cm vertically and to within one
quadrant of the breast.

Optimize temperature distribution and minimize any potential toxicity to the breast by:

a. providing temperature control of the breast surface using the surrounding temperature
controlled water bath. ‘ '

b. provide means for monitoring of the operation of the applicator using opposing pairs
of transducers to measure the energy transmitted through the breast.

c. provide means for accommodating probes for invasive measurements of temperature
during therapy

d. provide means for using reflected ultrasound energy to define the contour of the breast
and determine its position within the applicator.

IVd2 Device Description

IV.

d.2.i. General System Description and Intended Use

The BTS is intended for use in thermal therapy of breast cancer. Thermal therapy is attained
by means of a breast site-specific ultrasound applicator coupled with minimally-invasive and non-
invasive thermometry.

The device consists of the hardware components illustrated in Figure 12. 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 in IV.d.2.ii.

The ultrasound transducers are geometrically arranged and operated to provide several

monitoring functions. The monitoring functions are comprised of:

1.

2.

3.

Dlagnostlc pulse-echo monitoring to determine breast contour and location w1thm the
treatment cylinder

Through-transmission monitoring of power during therapy for determination of absorbed
power distribution (SAR) in the breast tissue bemg monitored

Measurement of "time-of- ﬂlght" 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

3b




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 a convenient means for
consolidating system components and functions.

The Patient Table subsystem is discussed further in subsection IV.d.2.iii. The RF Power
Subsystem generates the drive power for the transducers during therapy and is used for pulse-
echo imaging of the breast contour. The T/R MUX Modules select which transducers are active
for receiving or transmitting at any given moment during therapy. The Thermometry Subsystem
is used to provide relatively high density (14 sensors in each of 5 needles) invasive thermistor
thermometry information within the breast regions of interest. The Cooling Subsystem consists of
thermoelectric coolers connected to the cylinder cavity 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.

RF Power T/R MUX
Subsystem Modules

Cyfindrical
Transducer
Amay

Receiver
Keyboard ' | Subsystem

Mouse
Instrument
Computer

PC to PC
Interface

Treatment
Cavity

Control Computer

Monitor

Thermistor

Printer Thermometry Thermo-slectrid
Subsystem Needle Cooler

Cooling
Subsystem e
Controlter

Operator Console Patient Table
Assembly

Figure 12. System hardware block diagram
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IV.d.2.ii. Transducer Array Applicator Subsystem

The Transducer Array Subsystem is illustrated schematically in Figure 5 and photographically
in figure 13. The array consists of 8 individual rings which are "stacked" with water-tight seals
between rings. Each Ting accommodates 48 transducers. The exact configuration and operating
characteristics of the cylindrical transducer array has been extensively studied using theoretical
computer simulations described in section II1.d.2. Each transducer is square having dimensions of
1.5cm x 1.5¢m on a side. Spacing between transducers along vertical dimension of the cylinder is
2.4mm. Therefore, 8 rings accommodates breast "lengths" of 13 cm or less.

“-‘-.--'- B ] .-Q.% o
(d ,D.
. ”.

Figure 13. A photograph of the un-shrouded ultfasoundvtransducer'array. 384 transducer
surfaces are mounted on the inside of a 25 cm diameter cylinder. Visible are the external
electrical connections and the coaxial cables supplying RF power to the transducers.

IV.d.2.iii. Patient Table Subsystem

The patient table subsystem in shown in the two perspective illustrations in Figures 14 and a
photograph is shown in Figure 15. 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. The table top consists of sheet steel with a tubular steel outer
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frame fabricated to provide for 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
éasily 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.

Specifications for fhe patient table subsystem are indicated in Table 1.

Figure 14. Perspective drawings of the patient table subsystem.

Table 1. Treatment table specifications:

Table top overall length 78"

Table top height 37"

Load capacity 300 Ibs.

Table top hole size 10" diameter (25.4 cm)

X-Y Applicator positioning: +2.5" Vernier drive
+6.0" Vernier drive

180° Vernier drive

Structure material Stainless steel

Paint Non-toxic texture

Table top cover 1 %" foam with Naugahyde cover
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Figure 15 shows a photograph of the table top system mounted on the instrument stand. The
shrouded transducer array is visible below an opening in the right side of the table top.

1V.d.2.iv. System Control and Computer Subsystems

Upon power up of the system, the treatment software will execute 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 are 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 output power can be delivered in case of an
emergency.

Prior to initiation of 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 BTS will perform the treatment in a computer-assisted manual mode. The user selects
different target tissue regions on the computer screen and sets a new target temperature value for
each region. The computer system will then recommend which ultrasound transducers output
power needs to be adjusted to accommodate the users request. The operator makes the actual
transducer and power selections.

ATN
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Treatment progress and status information will be 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 user will not be required to determine power levels for the individual
transducers since temperature distribution information is continually available on a graphics
screen. The user will have the capability to specify the target temperatures for locations where
implanted sensors are placed as well as other locations in the target volume. ‘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.

The computational functions of the system are divided between two computers, the Treatment
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
Sub-system, Cooling Sub-system, Thermometry Sub-system, and the Pause Switch. The system
software diagram is shown in Figure 16.

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

The Instrument Computer implements the user control and measurement interfaces to other
hardware portions of the treatment instrument, is located in the patient table sub-system 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 was implemented as PC- AT compatible computer (Intel 80486 CPU
based) filled with interface cards. -

IV.d.2.v. RF Power Subsystem (TMR Boards)

This subsystem resides on the 24 Transmit-Multiplex-Receive (TMR) boards and consists of
96 independent RF amplifiers driven by 96 separate oscillator sources. Each oscillator consists of
a computer-controlled voltage controlled oscillator (VCO) operating over the frequency range
1 - 5MHz. Each of the independent RF amplifiers incorporates its own voltage _
control/regulator circuit which provides independent computer control of amplitude (output
power level) for each amplifier channel as described in section III.d.1 and figure-1. Each-RF
amplifier output'is connected to a T/R MUX input circuit. A block diagram of the TMR board is
shown in Figure 3. -Also located on each TMR board is the receiver circuit used for pulse-echo
and attenuation measurements.
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Figure 16. System Software block diagram

IV.d.2.vi. Thermometry Subsystem

The thermometry utilized for invasive measurements in the breast is a multi-channel
thermistor-based Profilometer system [2] (stand-alone module incorporated into therapy system)
which provides a large number of sensor points within a single needle probe. The probes used to
measure temperature are thermistors mounted on needles, molded into catheters, or other designs
as desired. Stainless steel needles are planned for use with this system. These are 19 ga. needles,
each contain 14 thermistor sensors. The length of the probes and the spacing of the temperature
sensors can be tailored to the individual patient. This range of probe configurations permits
selection of a probe appropriate for the particular site being monitored. The multi-channel
temperature instrument monitors and records up to 6 multi-channel temperature probes. Each
probe can measure temperature at up to 14 sites (thermistors), resulting in a total of 6*14 = 84
measurement sites.

The present instrumentation has a resolution down to 0.1 degree Celsius, and the
temperatures from all channels are sampled once every 2 seconds. The thermometry sub-system

42




consists of a medically isolated driver card for each channel, a controller card, and an interface
card, which are illustrated in Figure 17. Each channel card contains excitation and signal

conditioning circuitry for the sensors. The controller card coordinates the different channel cards.

The interface card handles communication to and from the Instrument Computer. Analog-digital
conversion is handled by a commercially available board in the Instrument Computer.

.= Switching Voo
"~ Muitiplexor TEM
0 Current
0 Sources
2 Local
0 T Controller < Vrewe
]
0 DIA 3
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¢ i
Instrument
14 Channel Computer

Probe

Control Logic

Figure 17. Thermometry subsystem

IV.d.2 vii. Non-Invasive Monitoring Subsystem

As previously discussed, we have chosen to perform real-time measurements of ultrasound
attenuation, velocity and back-scatter in the breast tissue. This offers real-time assessment of the
breast position within the cylinder and of the three-dimensional power deposition, which can be
correlated with temperature.

(1) Contour Monitoring

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 converts this information into image
data that outlines the contour of the breast and prepares it for display. It also maps 3D image
data into a 2D image space for the generation of 2D displays. This sub-system provides
information to the Dynamic Treatment Calibration Subsystem to locate the breast within the
treatment cylinder for detection of breast movement within extreme boundaries set in the
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Configuration file, and for updating the treatment cells in which the contour (surface of the
breast) resides. Figure 18 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. The spatial resolution of this
technique is about 2 mm. By pulsing all of the transducers sequentially one at a time a 3
dimensional contour map of the target tissue located in the applicator can be generated.

(2) Power Absorption/Attentition Monitoring

The Power Absorption Distribution Subsystem calculates the power deposition within the
tissue based on current temperature and power information and absorption models. Figure 19is a
simplified depiction of the "Through Transmission" power measurement.

During treatment, the power 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/cm ) 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 determined 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 magnitude can then be used to determine the amount of
power that was absorbed in the tissue. This feature will not be utilized for direct control of
treatment, but rather for obtaining information which may be useful as an aid to monitoring
treatment. »

IV.d.2.\_riii. Software System

The System Software Block Diagram (refer to Figure 16) shows the system control
implementation approach. System control is divided between two computers, the Treatment
Control Computer and the Instrument Computer. The Treatment Control Computer provides an
operator control interface, measurement interpretation, feedback control, and data recording. The
Instrument Computer provides direct hardware mterfacmg for-collecting temperature
measurements, collecting measured data from receivers, setting control output levels, and
controlling the timing for multiplexing the transducer array.

(1) Operator Interface

The Treatment Control Computer performs several interrelated functions. The operator input
and display subsystem provides control over the treatment and feedback to the user as the
treatment progresses. User control over the treatment is a high interaction level; actual control

44




over the timing, power levels, and frequencies applied to the large numbers of individual
transducer elements is complex and must be controlled rapidly. Therefore, an operator is not
capable of controlling the individual transducer parameters directly.

-4,

TmnsmlthecerNﬂDD
Transrnlt/ReceNed———b[I

Transmit __Jmﬂ”
ReceiveA Time-of-Flight may be determined via:
1) Threshold Technique
—> Pulse-Echo 2) Corelation of digitized waveforms
TOF ~ 33.4 microseconds (MIN) . (echoes)
ReceiveB . -
—p L_ Pulse-Echo

TOF ~ 167 microseconds (MAX)

Figure 18. Schematic illustration of contour mOﬁitoring.

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

The displays to be provided during treatment includes:

1.
2.
3

hd

A breast contour

Display of the temperature probe locations v

2D cross section breast images, each with selected overlays of calculated isotherms,
thermal dose, or temperature.

Hot spot alerting

An optional display of 2D cross sections by location

Continuous time and temperature monitoring displayed as a graph for each temperature
probe
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Figure 19. Schematic illustration of power monitoring.

(2) Treatment Planning

The Treatment Planning Subsystem is responsible for obtaining information from the user
necessary for proper treatment operation. Information required by this subsystem 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 sub-region
locations in the treatment volume, patient name and/or number identifier, and therapy region (or
regions) determination. The treatment plan subsystem maintains this information and prov1des it
to other subsystems.

The Treatment Plan Subsystem will also provide a method for the user to select regions as
small as an octant and select a temperature set-point for the entire octant at once. It further
provides seeding of overall power to each ring. It also provides for selection of sub-regions
within an octant which can be controlled independently. These sub-regions can be utilized to
provide decreased power levels to areas such as scar tissue.

(3) Treatment Control

The Treatment Control Subsystem sets transducer output power based on information
received from the operator assisted by the, Thermal Dose Distribution Subsystem, Treatment Plan
Subsystem, Dynamic Treatment Calibration Subsystem, and Temperature Subsystem. Once

. output power and frequency setting have been determined, the Treatment Control Subsystem
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sends those data to the RF Power Subsystem on the TMR board so that actual power changes can
ve made for the applicator transducers.

The Treatment Control Subsystem operates on treatment sub-regions (volumes) defined by
the user. The actual volume of each treatment sub-region is determined by the treatment plan.

The Treatment Control Subsystem operates in a computer assisted manual mode, with the
user making manual adjustments of the temperature set-points for each treatment cell volume

during the treatment. The default control method will be to heat the breast to 43°C in all
treatment volume cells.

IV.e. Monitoring procedure
A monitor from the DFCI will be appointed and a monitoring procedure will be established.

IV.f. Labeling

Labeling information including the preliminary operating manual are found in Appendix D and E.

IV.g. Informed consent
1. Procedures and time scheduling for obtaining informed consent:

After a subject has been identified as a potential study participant, the subject will be
informed by the investigating physician of the nature of the study and given an information
package containing a complete explanation of the objectives and procedures of the study.
The physician will discuss the study with the subject and clarify any questions that may
exist. The subject will then be asked to sign the informed consent form, indicating his or
her intentions.

2. Outline of documentation and information is provided in Appendix B.
3. The informed consent form itself contains the following items and will be given to the

patient; .
a. An explanation of hyperthermia and how it has been used in cancer therapy in layman's
terms.

b. A detailed list of anticipated adverse effects, measures taken to minimize these effects
and possible corrective therapy applied.

c. A summary of the results of similar studies, detailing the reported response rates and
adverse effects. '

4. Informed consent statements
Informed consent statements are included in Appendix B.
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IV.h. IRB information

The IRB at DFCI Spcrates in full compliance with all HHS and FDA regulations covering the
use of human subjects in research. We have a Multiple Project Assurance (#M 1034) approved by
NIH's OPRR and an IRB (#01) which reviews all protocols used at DFCI.

IV.i. Additional recordsand reports

None.

V. Manufacturing methods, facilities, and control

1.

2.

The device was manufactured by Dornier Medical Systems, Inc., which is inspected by
the FDA for compliance with Good Manufacturing Practice (GMP) regulation (43 FR
7/21/78, pp. 31508-31532 or CFR part 820). The device is a one-of-a-kind custom device
built under contract to DFCI, is not intended for commercial production, and was not
fabricated under strict GMP guidelines. Contact Dr. E.C. Burdette at Dornier Medical
Systems, Inc., 206 N. Randolph, Suite 301, Champaign, Illinois 61820, (217) 355-6070
concerning fabrication of the BTS.

Non-destructive performance testing, including procedures, calibration, and final tests to
be employed to determine that the device has not deteriorated between manufacture and
the time of use are described below.

The device itself is designed to perform "self checks" prior to and during operation.
Diagnostics are run to insure proper computer operation. During therapy, the system
monitors the tumor and normal tissue temperature distribution. Forward and reverse
power on all applicator transducer elements are monitored during therapy. If the forward
power level exceeds the level called for by the therapy control program, the system will
shut down. Also, if the reverse power exceeds a preset percentage of the forward power
for a given applicator element, that channel will automatically shut down. Output power
monitoring is done both in hardware and software. A prominently displayed array of light
emitting diodes indicates at all times if any power is applied to any of the transducer
elements at any time. Any discrepancies will cause a separate circuit to produce a
shutdown of the hardware.

The procedure for inspecting incoming device components and the methods, controls and
other fabrication procedures used for the manufacturing, processing, packaging, and
storage are in accordance with Dornier Medical Systems, Inc. procedures.

VI. Agreement to be signed by investigators.

Not applicable. The institute will assess the clinical and technical expertise of each individual
investigator involved. Signed 1572 forms and CV’s in appendix F.

49




VII. Name and address of IRB chairman

Arthur Skarit MD. (Scientific Chairman)

Richard D'Augusta R.Ph., M.P.A. (Administrative Chairman)
Dana-Farber Cancer Institute

44 Binney Street -
Boston, MA 02115

VIII. Amount charged for the device.

The BTS is a custom device built to specifications determined by the DFCI. Its development
was funded by USARMDC Contract DAMD 17-93-C3098.

IX. Other information.

None.
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SCHEMA

PHASE I
‘DEVICE EVALUATION STUDY

Radiation and Thermal Therapv for Extensive Intraductal Carcinoma

(in patients undergoing definitive radiation therapy for breast cancer)

Patients with:

Infiltrating ductal carcinoma of the breast
with ‘an extensive intraductal component (EIC ®)

Radiation Therapy
6100 cGy / 6 weeks

* re-excision with residual tumor +
* positive or close (s 1 mm) margins Hyperthermia

or T =40-43 OC X 45 min. x 2 Tx

(no target volume
temperature = 43 0C)

Ductal carcinoma in situ (DCIS) of the breast

* re-excision with residual tumor
* positive or close (s 1 mm) margins

AmH 0= mm
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1.0 INTRODUCTION

The use of radiation.therapy in combination with breast-conserving surgery has
been established as a standard optien 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).

1.1 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.
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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.
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Cumulative Incidence of Noninvasive and invasive Ipsilateral Breast Cancers and of All Other First Events in Women Treated
by Lumpectomy (O) or Lumpectomy and Radiation Therapy (@).

P values are for the comparisons of average annual incidence rates between treatment groups.

from Fisher et al. (59)

13  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 (pOy < 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. .

1.4  Hyperthermia

Hyperthermia is a potent radiosensitizing agent. It is the use of temperatures above
37 0C (98.6 OF) to treat tumors. Temperatures are typically prescribed in the range of
40 ©C to 43 ©C (104-109 °F) 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).
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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 mahy 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.

1.41 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 (47-53). 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 intraductal 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 I/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
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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.

1.7  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.

Figure 3. Schematic drawing of treatment table and cavity
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2.0

3.0

-
OBJECTIVES

2.1  Evaluate the capability of the breast treatment device to deliver
homogeneous heat therapy in a specified quadrant or half the breast.

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

PATIENT SELECTION

This protocol is open to all patients fulfilling the eligibility criteria below.
However, the intent of this study is not to be used as a way to offer breast
conservation to those women who would otherwise be treated with
mastectomy. This protocol is only to be considered after the patient and her
physicians have decided to go on with breast conservation as a treatment
choice.

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

3.11 DPatients 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. (Note: residual invasive tumor in addition to
residual non-invasive tumor is permitted.)

3.13 Margins of the re-excision must be positive or close (< 1 mm).
3.2  Breast imaging:
3.21 Preoperative film-screen mammography.
3.22 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.




3.4
3.5

3.6
3.7
3.8
3.9

3.10

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

EKG. "

CBC with differential and platelet count. PTT and PT. (Bleeding time
in patients with platelet counts <100,000.)

Age =18 years.

Karnofsky Performance Status >70 (capable of self care) [Appendix A].

Expected survival of at least 3 months.

Informed 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
3.10.2.2
3.10.2.3

Previous radiotherapy to ipsilateral breast.
Chemotherapy in the previous 2 weeks.

Previous chemotherapy with a regime containing an
anthracycline agent, such as doxorubicin.

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
3.10.4.2

3.10.4.3
3.10.4.4
-3.10.4.5

Unstable angina pectoris on medica_ﬁon.

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

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

Severe hypertension (diastolic BP > 100 on
medication).

3.10.5 Severe cerebrovascular disease (multiple CVA or CVA within 6

months).
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4.0

5.0

3.10.6 Pregnancy.

3.10.7 “Inability to give informed consent.

PATIENT ENTRY

4.1
4.2
4.3

Confirm eligibility” (Pathology checklist).
Contact Study Chair to enter a patient on study.

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

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

Timing and sequencing of treatment.

5.11 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.

5.12  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.
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5.2

5.3

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 cGy/ mjin will be used.

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

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

524 Regional nodes (when treated): Supraclavicular +/- axillary
nodes, dose: 4500 c¢Gy 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 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.

5.32 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).

5.33 The treatment volume prescription temperature is 40 OC to 43
OC for 45 minutes.

534 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.

(o0




6/22/95

5.4

5.35

5.36

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 OC 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.

5.36.3 Monitored normal tissue t'empefature > 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.

541

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.
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5.42.2

Suggested specific locations to sample temperature
include:

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

5.42.22 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.

542.2.4 Predicted "hot spots" within the breast,
determined by treatment planning.

5.43 Thermometry probe insertion:

5.44

5.45

5.43.1

5.43.2

5.43.3

5.43.4

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).

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.

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

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

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

Temperature sSensors:

5.45.1

5.45.2

All temperatures will be measured by NIST traceable
Sensors.

Thermocouples or thermistors in 18-22 gauge needle
probes with 1-14 sensors per needle will be used for static
points [see Appendix B].
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55

5.6

57

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.

Additional monitoring:

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

5.62 The treatment nurse will monitor vital signs continuously.

5.63 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.

5.64 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
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5.72

5.73

' l

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.

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.

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.

Criteria for Removal from Treatment:
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. Intolerable
side effects are defined as:

0
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5.73.41 Any NCI Common Grade 3 or Grade 4 toxicity
except for Blood Pressure changes and Second
Degree Burns.

5.73.5 Patients who refuse a second session of breast
. hyperthermia.

5.73.6 Cessation of radiation therapy for any cause will result in
the termination of hyperthermia treatments.

6.0 FEDERAL REPORTING REQUIREMENTS FOR ADVERSE REACTIONS

6.1  Unanticipated adverse device effects

6.11

6.12

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
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.

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.

+
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5.72

5.73

L
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 wvascular 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.

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.

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.

Criteria for Removal from Treatment:
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. Intolerable
side effects are defined as:
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5.73.4.1 Any NCI Common Grade 3 or Grade 4 toxicity
except for Blood Pressure changes and Second
" Degree Burns.

5.73.5 Patients who refuse a second session of breast
hyperthermia.

5.73.6 Cessation of radiation therapy for any cause will result in
the termination of hyperthermia treatments.

6.0 FEDERAL REPORTING REQUIREMENTS FOR ADVERSE REACTIONS

6.1  Unanticipated adverse device effects

6.11

6.12
o

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
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.

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.”
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7.0 REQUIRED DATA

7.1 Data to B'e collected:

Data Set

At
Study
Entry

Day of
Thermal
Therapy

At
Follow-up”®

Age.

X

Histologic confirmation

Mammograms

.X+

Chest X-ray

Bone Scan

PSP P P

MRI of Breast

pas
¥
x

* %

EKG

CBC

Platelets

LFT's

PT and PTIT

Quadrant of breast initially containing the tumor

P P Bt B P P

'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.

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)

8.0 MODALITY REVIEW

8.1  Evaluation During Treatment Course:

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

intervals:

H
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8.2

83

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 systentic 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. -

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 FJ.

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

2l
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. parameters will be calculated and recorded [Appendix G]. These parameters
‘ include:
Tmin = Mminimum 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 0C

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

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
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 (described in Section 5.73). Short- and long-term toxicities
and cosmetic outcome will also be evaluated in each patient.

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

To ensure that only a limited number of patients experience potentially intolerable
side effects, if "intolerable medical toxicity" (defined in Section 5.73.4.1), is observed
in two patients or if five patients refuse a second session of breast hyperthermia,

. patient accrual will be suspended pending review of results and possible
amendment of treatment procedures.

20
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APPENDIX A
KARNOFSKY PERFORMANCE SCALE

100 Normal; no complaints; .nv 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
polarograpl'uc 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

3




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. :




o

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 ensurés 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.
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Grade 1:

Grade 2:

Gréde 3:

Grade 4:

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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APPENDIX D

RTOG Late Morbidity Scoring Criteria

GRADE 1 - m 2 GRADE ) | QADE 4 |
 JTnRCRRERREESS SR
Stight atrophy Patchy atrophy
Pigmentation change Moderate telangiectasia Marked strophy Vlcerstion
Some hair loss TotaT mair loss Gross telangiectasia |
Moderste fidrosis but Severe faduration and loss
Stight {aduration asymptomatic/Slight of subcutaneous tisstue
(fibrosis) and loss of field contracture/ field contracture >103 Mecrotis
subcutaneous fat < 101 linear reduction Vinesr measurement l
Moderste strophy and Marted strophy with com—
Slight atrophy and uhnghcu;h/ plete dryness/Severe Ulceration
dryness Little mycous telangiectasia | |
Slight dryness of - Moderste dryness of Complete dryness of .
mouth/Good response mouth/Poor response =oyth/No response on Fidrosis
on stimslation on stimulation | stimylation |
Objective meurological
Rild L'Mermitte's Severe L'Hermitte's findings at or below Mono, pars
syndrome syndrome cord level trested quadraplegia

Kild headache/

Koderste headache/

Severe headache/Severe
€IS dysfunction (partial

Sefzures or para-

Slight lethargy N Great lethargy loss of power or lysis/coma

dyskinesia) l |
Symptosatic cataract

Asymptomatic cataract Moderate cornedl yl- Severe keratitis Panoptiaimitis

Kinor corneal ulcers- deration/Minor retim Severe retinopathy or de- Blindness

tion or keratitis opathy or glavcoma | tachment/Severe glavcoms |

Koarseness/S1ight Moderste arytenoid Severe edesa/Severe

arytenoid edema edema/Chondritis chondritis Necrosis

Asymptomatic or mild
sysotoms (dry cough)
Stight radiographic
appearances

Moderate symptomatic
fibrosis or pneumonitis
(severe cough) Low grade
fever/Patchy radiogra-
phic appearances

Severe sywptomatic fidro-
sis or pnevmonitis/Dense
radiographic changes

Severe respiratory
1nsu1f1:1!ncy/Con-
tinuous 0°/Assis-
ted ventilation

Asymptomatic or mild
symotoms/Transient T
wave inversion and ST
changes/Sinus tachy-
cardia >110 (at rest)

Moderate angina on ef-
fort/Mild pericarditis/
Normal heart size/Per-
sistent abnorwmality T
wave and ST changes/
Low ORS

Severe angina/Pericardial
effusion/Constrictive
pericarditis/Moderate
beart failure/Cardiac en-
largement /EKC abnormalities

Tamponade/Severe

" neart failure

Severs coastric-
tive pericarditis

Mild fibrostg/Slight
difficuity 4n swale
lowing solids/Ko pain
on swallowing

Unable to take solid

food normally/Swallowing

semi-golid food/Dilata-
tion may be iIndicated

Severe fibrosis/Able to
swallow only liquids/May
Mve pain oa swallowing
Dilatation required

Kecrosis/Perfora-
tion/Fistula

Kild diarrnea/mild
cramping/Bowel move-
ment 5 times dafly
Stight rectal dis-
charge or bleeding

Moderate diarrhes and
colic/Bowel movement >$
times dafly/Excessive
rectal aucus or iater-
sittent dbleeding

Oostruction or bleeding
requiring surgery

Kecrosis/Perfora-
tion/Fistula

nild lassitude/Rauses
drspepsia/Sligntly sb-
normal liver function

Noderate sysptoms/Some
abnormal liver function
tests/Serva glbumin
normal

Disabling hapatitic 4n-
sufficiency/Liver fuaction
tests grotsly adaormal/low
albumin/Edome or ascites

Recrotis/Hepatic

Transient albuminuria
Mo hypertension/Mild
{mpairment rena) func-
tion/Ures 25-35 mgl
Creatinine 1.8-2.0 mgl
Creat. clearance >75%

Persistent snderste al-
dominuria (2¢)Mi1¢ hy-
pertension/No related
anemia/Moderate impaire
aent rensl function/Urea
»36-60 =gt Crestinine
clearsnce (50-741)

Severe alhuminuria/Severe
kypertensioca/Persistent
anemia (< 10G1) Severe
renal failure/Ures >60 ngl
Creatining >4.0 syl Crea-
tinine clearance < 5§01

Malignant hyper-
tension/Uremic
comz Ured > 1003

ElaioNaX B NoX -]

EOr AR O»X O~ Omamr-mm

Lk X

~O MmN

-

Slight epithelial
atrophy/Minor telan-
giectasia (microsco-
pic hematuria)

Noderste frequency/Gen-
erslized telasngiectasia
Intermittent ascrosco-
pic hematurta

Severe frequency § dysuria
Savere generalized telan-
giectasia (often with
petechise) Frequent hema-
turia. Reduction in blad-
dar capacity (< 150 cc)

Kecresis/Contrac-
tec bladder (capa-
city < 100 cc)
Severe hamorrhagic
cystitis

Asysptomst 1¢/00
growth retardation
Reduced bone density

Noderate pain or tender-
ness/Growth retardation
{rregular bone sclerosis

Severe pain or tenderness
Complete arrest bone growth
Dense bone sclerosis

Recrosis/Spontan-
eous fracture

Milg joint stiffmess
Siight lisitation of
a)vement

Moderate stiffaess/In-
teratttent or mnderate
Joint pain/moderate

l{mitation of sovement

Severe joint stiffmess/
Paia with severe limita-
tion of movement

Necrosis/Complete
fization

RE !




APPENDIX E

Core TOXICITY CRITERIA

GRADE
TOXICITY 4] 1 2 3 4
Blood/Bane Marrov
wBC - =4.0 3.0~-3.9 2.0-2.9 1.0 - 1.9 <1.0
PLT i 75.0 - normal 50.0 -~ 74.9 25.0 - 49.9 <25.0
Hgb WwiL 10.0 - norwa! 8.0 -~ 10.0 6.5 -7.9 <5.5
Grarulocytes/ x2.0 1.5-1.9 1.0 - 1.4 0.5 - 0.9 <0.5
Bands
Lysphocytes =2.0 1.5-1.9 1.0 - 1.4 0.5 - 0.9 <0.5
HemorThage nane amild, no transfusion gross, 1-2 units groas, 3—4 units mmssive, > 4 units
(clinical) transfusion per transfusion per tranefusion per
episode opisode episcde
Infection nane mild moderate severe lite—threstaning
Gastrointestinal
Mausea none able to est intake significantly no significant intake -_—
reascnable intake decreased but can eat
Yomiting none 1 episode in 24 hours - 2-5 episodes in 24 610 episodes in 24 >10 spisodes in 24
hours hours hrs, or requiring
parenteral support
Diarrhea none increase of 2-3 increase of 4-6 increase of 7-9 increase of x=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 diarthes, or need
for parenteral
support :
Stomatitis none painless paintul erythema, paintul erythema, reqiires perenteral
ulcers, edema, or ulcers, eodema, or ulcers, or enteral support
erythams, or mild but can eat and canot eat
soreness
Liver
Bilirubin - WL —_ <1.5x N 1.5-30xM >3.0x N
Transaminase WXL =2.5x N 2.6-50xnm 5.1 ~200x N >20.0x X
(SGOT, SGPT)
Alk Phos or WKL 2.5 x N 2.6-50xN 5.1 -20.0x X >20.0x X
S'‘mucleotidase
Liver—clinical no change - — precona hepatic coms
from
basel ine
Kidney, Bladder
Creatinine WL <1.Sx N 1.5-3.0x¥x 3.1 -6.0xN >»%.0 x N
Proteiruria no 1+ or <0.3 gX or 2= 3 or 4+ or >1.0 gX or nephrotic syndrome
change <3 g/1 0.3 ~-1.0 gX or >10 g/1
3 -10g/1
Hematuria neg micro enly gross, no clots gross ¢+ clots requires transfusion
II Alcpecia no ®ild hair loss pranounced or total —_ —_
loss hair loss
Pulmsaonary none asymptomstic, with dyspnea on dyspnea at hormal dyspnsa at rest
or no abnormality in PFT's significant exertion level of activity
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COMMO TOXICITY CRITERIA

GRADE & ‘
‘TOXICITY 0 1 2 3 4
Heart
Cardiac none asymptomatic, ' recurrent o reqlires treatment reqiires monitoring;
dysrhytimias transient,” requiring persistent, no ot hypotension, oc
no therapy therapy required ventricular
- . tachycardia, oc
ot fibcillation
Cardiac nane asymptomatic, asywptomatic, decline w=ild CHF, responsive severe o refractory
function decline of resting of resting sjection to therapy (w33
ejection fraction by fraction by more than
less than 20X of 20X of baseline value
baseline value ‘ .
Cardiac- none nor-specific T-wave asysptosmatic, ST and angina without acute myocardial
ischemia flattening T-wave changes evidence for infarction
suggesting ischemia infarction
Cardiac— none asysptomatic pericarditis (rub, sysptomatic effusion; tamponade; drainage
pericardial effusion, no chest pain, ECG drainage required urgently required
intervention required changes)
Blood Pressuxe
Hypertension none asywptomatic, recurrent oc requires therapy hypertensive crisis
or no trangsient increase by persistent increase
change > 20 mm Hg (D) oc to by >20 sm Hg (D) oc
B >150/100 if to >150/100 if )
previously WNL. No previously WNIL.. Mo
treatment required treatment required
Rypotension none changes requiring no requires fluid requires therapy and requires therapy and
or no therapy (including replacement or other hospitalization; hospitalization
change transient orthostatic therapy but not resolves within 48 for >48 hrs after
hypotension) hospitalization hrs of stopping the stopping the agent
agent
Beurologic
Neuro—-sensory none mild paresthesias, mild or moderate severe objective -
or no loss of deep tendon objective sensocy sensocy loss or
change reflexes loss; moderate paresthesias that
paresthesias interfere with
function
Neuromotor none sub jective weakness; mild objective objective weakness paralysis
or no no objective findings weakness without vith impairment of
change " significant function
impairment of
function
Neuro-cortical none ‘mild sconolence or moderate somnolence severe somolence, coma, seirures,
agitation or agitation agitation, confusion, toxic psychosis
disorientation, or
hallucinations
Neuro— none slight intention tremocr, locomotor ataxia cerebellar necrosis
carebellar incoordination, dysmetria, slurred
dysdiadokinesis speech, nystagaus
Reur o—mood no mild anxiety ocr moderate anxiety oc severe anxiety oc suicidal ideation
change  depression depression depression
Neur o—headache none mild moderate or severe urelenting and -
but transient severe
Reuro— none mild moderate severe ileus >96 hrs
constipation ot No
change
Neuro—-hearing none asysptomatic, hearing tinnitus hearing loss deafness nNot
or no loss on audicmetry intertfering with correctable
change only function but

correctable with
hearing aid




CorON TOXICITY CRITERIA

GRADE
.WICITY 0 1 2 3 4
Reuro—vigion none -—_— —_ sywptamatic subtotal bl indness
or no loas of vizion
change
Skin none scattered macular or, scattered mscular or general ized extoliative
or no papular eruption o papular eruption or symptomatic macular, dermatitis ocr
change  erythema that is erythesa with pepular, or vesicular ulcerating
asymptomatic peuritus or other eruption dermatitis
associated symptoms
Allergy none transient rash, drug urticaria, drug fever serum sickness, anaphylaxis
fever <38c, 100.4F =38c, 100.4F mild bronchospass, req
bronchospasm parenteral meds
Fever in none 37.1 - 38.0c 38.1 - 40.0c >40.0c >40.0c (104.07) for
absence of 98.7 ~ 100.4F 100.5 - 104.0F >104.0F for > 24 hrs or fever
infection < 24 hrs accompanied by
. i hypotension
Local none - pain pain and swelling, ulceration plastic surgery
’ .with inflammation or indicated
phlebitis
Weight <5.0% 5.0 - 9.9X ©10.0 - 19.9X =20.0%X —_
gain/loss
’nlic ..
Ryperglycemia <116 "116 - 160 161 - 250 251 - 500 >S00 or ketoacidosis
Hypoglyceaia >64 55 - 64 40 - 54 30 - 39 <30
Acylase WNL <1.5 x K 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 x13.5
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
Cosguulation
Fibrinogen WNL 0.99 - 0.75 x N 0.74 - 0.50 x N 0.49 - 0.25 x N <00.24 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 R
Partial WNL 1.01 - 1.66 x N 1.67 - 2.33 x N 2.34 - 3.00x N >3.00 x N
thrombo— .
plastin time




FOLLOW-UP VISIT

Follow-up Visit Form

JOINT CENTER FOR RADIATION THERAPY

APPENDIX F

DEFINITIVE BREAST CANCER TREATMENT

.-

DATE NO.

HOSP.

THERAPY
NO.

v

[]
1

NAME

|f Recurrence Noted, Indicate Site:

b.) breast, separate from primary
c.) axilla

NARRATIVE:

NORMAL TISSUE STATUS:

a.} breast, compatible with primary

Systemic Treatment Since Prior Follow-Up Visit (type)

d.) supraclavicular area
e.) opposite breast
f.) other (state)

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

Shoulder restriction

Supraclavicular fibrosis

Other

Overall Cosmetic Resuit:
Physician — Excelient

Good

Fair Poor

Patient -  Excellent

Good

Fair Poor

STUDIES ORDERED:

NEXT VISIT:

COPIES SENT:

8502.7/81

qL

RADIOTHERAPIST

TN ATRY"

. 3\

oK iy RS gl o

M.D.




6/22/95 -

APPENDIX G Y
HT-Breast-1
| _Equipment Evaluation Form
- for
. Breast Applicator
Last Name: o Mark target area, surgical scar, and probe placement:
First Name: )
Therapy #:
Tr. Date:
Tr. Number:
# Temperature sensors:  Tumor: Normal: Skin:
.Applicator powef: 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 . Tso
Tmax % < 40.0°C
Tpeak % > 43.0°C
% > 43.5°C
% > 44.0°C
Was treatment goal achieved?  Yes No

@ ccesstull treatment defines as % <40.0°C’ < 15% and “% >43.5°C" < 10% and *% >44.0°C’ < 1%)

JLH 195
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Appendix B

Informed Consent
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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: . DFC! 1.D. 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 10-15% 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

soan .
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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 deveioped 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.

OBIECTIVE

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.

"
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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 app‘roximately 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

O tapias KE. 1 0] q\o
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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 treatment

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

Foaes teoris BEL 1) Oi:}‘ Fage No.____ '
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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.

1N
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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 recénstruction 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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CONTRAINDICATIONS

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

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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Design of an ultrasonic therapy systéfn for breast cancer treatment

X-Q. LUt, E. C. BURDETTE], B. A. BORNSTEINTY, J. L. HANSEN{
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{Joint Center for Radiation Therapy, Department of Radiation Oncology,
Harvard Medical School, Boston MA 02115, USA
iDornier Medical Systems Inc., Champaign, IL 61820, USA

(Received 25 April 1995, revised 20 September 1995, accepted 17 October 1995)

This paper describes the design of a novel ultrasonic therapy system dedicated to
the breast cancer treatment and the theoretical investigation of the heating
characteristics of the system. 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 centre. The transducers operate in one of two frequency
bands (1-8—-2-8 MHz and 4-3—4-8 MHz), arranged alternately in each ring. During
treatment the patient is positioned in prone position, with the breast immersed in
water and surrounded by this array. This design was modelled and optimized by
3-D simulations for a variety of treatment conditions. The simulated results
demonstrate that the system has an excellent capability to achieve and maintain
a temperature distribution (41-5-44°C) in 2 quadrant to a whole breast. Initial
experiments using a single ring of transducers has been performed to verify the
power deposition calculation.

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

1 Introduction _

Clinical data show that combination of hyperthermia with radiation therapy or
cytotoxic agents improve complete response rates for the treatment of many cancers
(Kapp and Kapp 1993). A majority of these clinical studies pertain to hyperthermia
treatment of superficial and small tumours (i.e. <4cm in diameter). Considerable
problems still remain when using external hyperthermia applicators for treatment of
deep and large tumours. 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, tumour site specific applicators, that
optimize heat delivery to the tumour, 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 radiation in
patients with an infiltrating breast cancer containing an extensive intraductal
component (EIC) is associated with an increased risk of local failure (Boyages
et al. 1990). Intraductal carcinoma is characterized by a proliferation of cancer cells
within breast ducts typically showing central necrosis, which may correspond to
hypoxic regions as indicated by a morphometric study (Mayr er al. 1991). It is known
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 hyperthermia and radiation therapy. Other potential patients who may benefit
from the hyperthermia treatment include those with local recurrence after
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mastectomy, non-inflammatory stage III 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 (Vernon 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 hyperthermia. 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 treatment of the intact breast. For these
reasons, a dedicated applicator has been designed. The goals are as follows:

(I) The system should be able to produce hyperthermic temperatures in a
treatment volume ranging from a quadrant to the whole breast, and to
maintain a uniform temperature distribution to within ~2°C. The treatment
objective for our application is to reach a minimum temperature of 41-5°C
but not exceed 44°C in a treatment volume. 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 er al. 1992,
Oleson et al. 1993).

(II) The breast treatment system should have the operational flexibility to
accommodate the uncertainties in tissue characteristics, such as ultrasound
attenuation and perfusion rate, and the variability in the patient geometry.

(IIT) It should be easy to use the system 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.
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 determine the
basic configuration of the applicator based on a general physics and clinical
consideration. The second purpose is to develop a theoretical model for ultrasound
power deposition calculation and the three dimensional solution to the bioheat
transfer equation. This model, approximating the systém, offers insights to the
physical process. Based on the model and the available data of the tissue character-
istics, the ultrasound frequency bands are optimized. An initial experiment using a
single transducer ring was performed to verify the ultrasound power deposition. This
experiment also serves as a test for the electronics design.

2. Methods
2.1. Basic design

It is desirable to achieve a uniform hyperthermic temperature region covering the
tumour volume with sharp temperature gradients at the edge towards the normal tissue.
Several investigators (Ocheltree and Frizzell 1987, Roemer 1991) have theoretically
studied the power deposition pattern required to achieve such temperature distribution.
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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 overcomes 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 temperature uniformly in 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 determined that transducers with two different frequencies
surrounding the breast should be used simultaneously. The low frequency is more
penetrating and deposits power deeper into the breast tissue, thus compensating for
the energy removed by blood flow in the interior of the breast. The high frequency,
with a higher attenuation rate, deposits most of the power near the breast surface and
compensates for heat loss to the 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 appropriate combinations of these
two frequencies.

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 surface, a
quadrant of the chest wall base, and two planes inside the breast, for which the same
principle can be used. The breast surface quadrant 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 eight rings with an inner diameter of 25c¢cm (Figure 1). There are 48
transducers (PZT-8) in each of the upper four rings, and this number decreases to 24
in the rest rings toward the apex of the breast. The size of the transducers is
15 x 1-5cm. The gap between two adjacent rings is 0-24 cm. This small size permits
a better spatial control of power deposition. Low frequency and high frequency
transducers are arranged alternately in each ring. Inherent to the design of this device,
the transducers with overlapping fields are driven non-coherently to avoid phase
effect.

The patient lies in a prone position with her breast submerged, through a hole in
treatment table, into the water filled applicator. The water bath, in which the
temperature is controllable from 30 to 40°C, serves the purpose of skin sparing and
provides an excellent coupling for ultrasound propagation.

Due to the considerable uncertainties in various tissue parameters (in particular
the attenuation and perfusion rate), the use of relatively broad frequency-band
transuders is a necessity. This is especially true for the low frequency transducers.
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.

2.2. Simulation
Due to the complexity of the acoustic wave propagation and the bio-heat transfer
process, it is desirable to have a comprehensive numerical model to verify the
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Figure 1. The dual frequency, cylindrical transducer array mounted on a hyperthermia
treatment table. Circulating water in the array is maintained at a constant, adjustable
temperature (30-40°C).

Chest Wall

e —— D

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).

general concept and to guide the detailed design. The modeling efforts consist of
three parts: the geometric model of the breast, 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
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Table 1. Parameters used in the model. Parameters D, H, h are indicated in Figure 2. The
most-likely tissue parameters are based on the published values. A large breast size is used as
the most-likely value.

Parameter Most-likely value Range studied
Attenuation in breast 0-086 (f Pnpem™t) 0-052-0-12
(Foster et al. 1979)

Attenuation in water 0-0002 (f 2np cm™")
(Kaye 1973)

Conductivity in breast 0S(Wm™ K1) 0-3-0-8

(Bowman 1981)

Heat Capacity for unit volume 3000 (J Kg'K7") 3000-3500

Perfusion rate constant in breast © 0-52 (at 37°) 0-52-1-7
1-7 (at 44°) 1.7-3-4
(kg m™3sH

Tyater 37°C 30-40°C

D 15:3 (cm) 10-2, 15-3

H 7-8 (cm) 52,78

h _ 7-5mm 0-12

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 for acoustic field calculation in a
homogeneous medium generated by a rectangular plane source has been reported
(Ocheltree and Frizzell 1989). In this method, the plane source is divided into small
rectangular elements, surrounded by a rigid baffle. The method sums the contribu-
tions to the pressure at a point from all elements. This method can be extended to a
two-layer medium, such as water-tissue or tissue-tissue, 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 (Lu et al. 1995). In the case
of water and breast tissue, the density and speed are 1000Kgm™ and
1519 msec™! at 35°C (Kaye and Laby 1973) for the former, 1020 +40Kgm™
(Duck 1990) and 1553 +£35msec™ (Scherzinger er al. 1989) for the latter.
Therefore, the effect at the interface can be neglected. For a uniformly excited
rectangular plane source, the sound pressure amplitude Pg at a point inside the breast
then can be calculated by:

ipcAd & .
PO — _]pC/\ . Z [% .e—(a,'r.+a,,r,,+jkrw+jkr,,).

n=1

xsinc( o, A ) sinc( kb Aw ) (1)
2rw +1s) 2 +13)

where p is the density, ¢ 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,
AA4 = Ah- Aw is the element size, x, and y, are the coordinates of the field point
with respect to the centre of the element n, ¢, and a, are the attenuation coefficient in
water and breast, r,, and r, are the propagation distances within water and breast.
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The size of Aw and Ah must Be small enough to satisfy the conditions for the
applicable far-field approximations. The distance between the transducer and the
breast is approximately Scm in the applicator, which leads to a condition that
the element size should be I mm or less (Lu er al. 1995). In this calculation a size of
I mm is used. .

The power deposition (PD), i.e. the power absorbed per unit volume in the breast,
can be calculated from the acoustical pressure amplitude P, at a point:

P 02

PD =—— 2
ot @

where the attenuation coefficient oy is used, assuming that the majority of the
attenuated power is absorbed locally.

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

The standard bio-heat transfer equation (Pennes 1948) is used for the thermal
model. Usefulness and limitations of this model have been discussed by several
authors (Chen 1980, Eberhart et al. 1980, Bowman 1982, Roemer 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 rigorously 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,
Strohbehn 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 (NCRP 1992):

%: (K/c,) VT = (T = To) /7 +q,/c,, (3)

and

T = pycy(wsiCu) " - (4)
where T is the temperature, ¢ is the time, K is the thermal conductivity, Ty is body
temperature (37°C), ¢, and ¢, are the heat capacity per unit volume of tissue and
blood, respectively, 7 is the perfusion time constant, wg, is the perfusion rate constant,
and g, is the heat production rate per unit volume. In the case of ultrasound heating
g, is the value of PD calculated Formula (2). The heat production due to metabolism
is relatively small, and therefore ignored.
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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 geanfetries, boundary and initial conditions.
Once these conditions are clearly defined and the PD 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 PD calculation. The choice of their size is a
compromise between an acceptable accuracy and a reasonable CPU time required. A

time step of 3 s is used, which satisfies the requirement of the stability criterion (Ames .

1977). In this approach the PD values, boundary conditions and tissue parameters, 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 very little perfusion data for breast are available. A
recent report based on seven hyperthermia treatments by use of a modified thermal
clearance technique (Waterman and Kramer 1994) indicates that blood flow can
be in a range from <0-3kgm™>s~! in the first treatment to 1-3kgm™s~' 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 rate constant for anterior thigh and forearm have been measured as
0-48 kgm’3 s7! and 0-59kgm™3s7!, respectively (Sekins and Emery .1982). Thus,
the perfusion rate constant for breast is assumed to be about 0-52kgm™s™!, but
could be as high as 1-7kgm™ s™!. It was further assumed that when the temperature
is elevated to 44°C, the perfusion rate may linearly increase by a factor of two. Even at
this higher value, the perfusion rate is still relatively low compared to other organs.
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 uniformly. Near
the surface, the actual initial temperature may be lower than this value. However, this
initial uncertainty causes no concern, since it has little effect on the temperature
distribution after several minutes of heating. Water temperature is adjustable between
30 and 40°C. It is assumed that the voxels in the superficial breast adjacent to water
are kept at this temperature. When the water is well circulated, this is a practical and
very reasonable approximation. For the boundary condition below the chest wall,
which is outside the ultrasound field, it is assumed that the temperature is maintained
at 37°C at a depth h.

The simulation is performed with the parameter values listed in Table 1. In all
simulated cases the acoustic power from each transducer is adjusted manually by the
operator according to the temperature feedback until the resulting temperature
elevation is satisfied. The two frequencies were optimized by the simulation. The
low frequency was determined to be 2MHz in the first two rings and 2-5MHz
elsewhere. The high frequency was determined to be ~4-5 MHz. The results obtained
using these frequencies are presented in § 3.

2.3. Experiment

Experiments have been conducted using a single ring of transducers. The main
purpose of the experiment was to verify the power deposition calculations. Another
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purpose is to verify that the transducers are driven non-coherently with the designed
electronics.

This transducer ring has 48 transducers ppferated alternately at low (2-0 MHz) and
high (4-5MHz) frequency. The electronic system used to drive the test ring has six
amplifiers, each having its own oscillator (Figure 3A). 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 this experiment, each transducer group is powered for a duration of 55m sec in
a sequential manner. Consequently, one complete cycle is 8 x 55m sec = 440 m sec,
which is less than the time constant relevant to thermal processes (such as 7). The
insonation can therefore be treated as if the transducers are turned on continuously
with a temporally averaged power.

The ultrasonic tissue-mimicking phantom consists of water-based pharmaceutical
gels containing uniform distributions of graphite powder and alcohol (Madsen et al..
1978). The phantom, which has a diameter of 13 cm at the base and a height of 8§ cm, is
immersed in water and surrounded by the transducer ring. The base is covered by a
2mm rubber sheet. The plane in the middle of the ring is 1-35cm below the base.
Multisensor thermocouples, inserted into 20 gauge needles, were used for temperature
measurement. These probes (Dickinson 1985, Hynynen and Edwards 1989) have a
fast response time (0-1s) 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.

As the first step of the experiment, the PDs, normalized to the total output power
of all the amplifiers operating at the same frequency, are determined at each sensor
point. It is calculated from the initial rate of the temperature change from a stable
state, which can be derived from Formula (3) by ignoring the conductivity and
perfusion term and written as:

2= /N = e, 50 /N, 5
where g, is denoted as the normalized PD at each sensor point, N is the total output
power by the amplifiers (2:5 W for 2 MHz transducers and 10 W for 4-5 MHz transducers
in this experiment). AT is the temperature elevation at the sensor point in a small time
interval A¢, which is between 1-11s after the power is turned on. The measured
temperature within the first second is ignored, so that the artifacts can be eliminated.
Normalized PDs 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 temperature distribution
was reached in the plane (~6°C above the baseline) and maintained. The total output
power by the amplifiers to achieve the temperature distribution was found to be 1-9W
for the 2-:0 MHz transducers and 15 W for the 4-5 MHz transducers.

These same experimental conditions were simulated by the methods discussed
previously. The experimental results are compared to the simulations in §3 and
discussed in §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
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Figure 4. PD distribution applied in the simulation. The most-likely parameter values in
Table 1 are used: (A) sagital section passing through the centre of the breast; (B) coronal
section 25-5mm from the chest wall, corresponding to the second transducer ring; (C)
sagital section passing through the centre of the breast due to the low frequency
transducers; (D) sagital section passing through the centre of the breast due to the high

' frequency transducers.
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Figure 4. Continued.

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 therefore can examine 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 the powers are
constant. Figure 4 shows the steady PD distribution for the most-likely case. The
total deposited power is about 42 W. Figure 4A is the sagital view passing through the
centre of the breast. In this plot, five rings with higher PD can be seen, corresponding
to the five transducer rings. Figure 4B is the coronal view at 25-5mm from the chest
wall coincident with the centre of the second transducer ring. For understanding the
operating principles of the device, Figure 4C and D illustrate the power deposition
patterns due to each frequency component. The contributions from each transducer is
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Figure 5. Simulated temperature distribution 40 min after the steady PD shown in Figure 4 is

applied. Maximum temperature is 44-0°C: (A) sagital section passing through the centre of
the breast; (B) coronal section at 25-5mm from the chest wall, corresponding to the second

transducer ring.

also listed in Table 2. The corresponding temperature distributions after 40 min are

shown in Figure 5A and B. ,
Figure 6 plots the temperature evolutions in the line passing through the centre of
the sagital sections and in the horizontal diameter in the coronal plane. The
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Table 2. The power deposition by edch transducer required to maintain 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.
*Twater = 30°C indicates the circulating water temiperature is changed to 30°C. ‘High Perfusion’
indicates the perfusion time constant is changed from 600 s at 37°C to 300s at 44°C. All other
parameters remain as the most-likely values.

Ring Frequency Number of Power deposition (W)/transducer
(MHz) transducers '
M.L. values Tater = 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 03
3 2-5 24 0-16 0-15 0-31
4-5 24 0-20 03 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 0-04 0-04 0-04
4-5 12 0-04 0-10 0-04
Total 41-5 54-8 58-8
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Figure 6. Simulated temperature distribution 10, 20, 40 min after the corresponding PD
shown in Figure 6 is applied and the distribution 3 min after the power is off: (A) the
distribution in a perpendicular line passing through the centre of the sagital section; (B) the
distribution in a perpendicular line passing through the centre of the coronal section.
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temperature distributions 10, 20 and 40 min after the power is on, and the distribution
3min after the power is off are plotted. Note that after 20 min, the temperature
distribution is approaching steady state and™ecomes quite uniform. Also note that
the distribution after power off becomes smooth.

The simulation parameters were changed to examine the effects of boundary
conditions and perfusion rate on the computed temperature distribution. For a better
understanding of the effects of these changes, only one parameter 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 assumed that the perfusion rate is 1 7kgm™>s™! at 37°C, and

{mm)

36.0

-7.5
«78.0

79.5
(mm)
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-78.0 0.0 78.0

Figure 7. Sagital section passing through the centre of the breast for simulated temperature
distribution 40 min after steady PD described in Table 2 is applied (A) water temperature is
changed to 30°C. Other parameters remain as the most-likely values in Table 1; (B) a high
perfusion rate is used (600s at 37°C and 300s at 44°C). Other parameters remain as the
most-likely values in Table 1.
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linearly changes to 3-4kgm™ s™! at 44°C. In either case, the power deposition can be
adjusted such that the temperature distribution remains satisfactory as shown in
Figure 7. It can be noted 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 for scar tissue resulting from lumpectomy or other surgical interventions.
Scar tissue has poor blood supply and very low perfusion rate and, therefore, tends to
be overheated. Such overheating can create undesirable treatment toxicity and one
goal of this design is to have adequate temperature control to avoid such toxicities. To
study this problem, different sizes of biopsy cavities determined by CT scans were
examined. These cases included a biopsy cavity of the size of 12 x 60 x 80 mm? which
was added to the theoretical model. It was assumed that the biopsy volume had no
perfusion and that the attenuation rage and other parameters remain the same.
Obviously, hot spots will occur in this region unless the heating pattern is changed
accordingly. This hot region is shown in Figure 8A where the lumpectomy volume
exists by the same power level as in Figure 4 is applied, and the maximum temperature
reaches 45-3°C. To prevent this overheating of the scar and lumpectomy volume, the
breast treatment applicator must have enough control capacity to reduce the power
deposition locally in the biopsy scar cavity. This is shown in Figure 8B where a
satisfactory temperature distribution is achieved when corrected PD is applied, and
the maximum temperature is 44-0°C.

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 PD pattern from the breast applicator needed to satisfy that
requirement. The corresponding steady state temperature distribution is shown in
Figure 10.

3.2. Experimental results

The measured pseudo-steady state temperature distribution is plotted in
Figure 11. To determine the corresponding power deposition in each sensor
point, the normalized PD (g,), deduced by Equation (4), is multiplied by the total
steady power output (i.e. 1-9W for 2-0MHz and 15W for 4-5MHz). This was
performed separately for high and low frequencies, and their results were added
together. This gives the measured constant power deposition which is shown in
Figure 12.

The power deposition was simulated by the acoustic model. The total absorbed
powers for the low and high frequencies in the simulation were adjusted such that the
calculated PD values in the sensor points match reasonably well with the
measurement as shown in Figure 12. Based upon this calculated PD, the pseudo-
steady state temperature distribution in the whole phantom is calculated. The result
20 min after the steady power was ‘turned on’ in the simulation is shown. The
computed temperature distribution in the sensor positions is superimposed into the
experimental data in Figure 11.

_The total absorbed power used in the simulation is 0-84 and 7-9 W for the low and
high frequency transducers, respectively. These values are lower than the measured
total output powers of the amplifiers (19 and I1SW for low and high frequency
respectively). This difference is expected due to the losses in the cables and
transducers.
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4. Discussion

In this paper we have reported the general design and the simulation models
for the ultrasound applicator for intiict breast treatment. The simulations
demonstrated that a combination of low and high frequencies is capable of
delivering appropriate power deposition to the boundaries and interior of the breast
as shown in Figures 4—10. This capability is enhanced by the small transducer size and
the separate power control for each transducer. As a result, the heat losses due to
conduction and perfusion can be properly compensated, and a uniform temperature
distribution can be achieved and maintained.

The different roles of the high and low frequency transducers for maintaining
uniform temperature can be clearly seen by comparing the data in Table 2, where the
power deposition per transducer with low and high frequencies are listed for three
cases. When the circulating water temperature is changed from 37 to 30°C, the power
of the high frequency source 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 but the water temperature remains at 37°C, the power at the low frequency
has to be increased significantly to overcome the higher perfusion, while only a slight
power change is needed at high frequency.

It has been demonstrated that a target area from a quadrant to a whole breast can
be treated satisfactorily. The application of the treatment system, however, is not
limited to these examples. By combining Figures 5 and 7A, it is clear that a smaller
target volume in the centre can be heated by using low water temperature and/or
reduced high frequency power. Meanwhile, the technique for heating a quadrant may
be used for a smaller arc. By combining the centre area and one or more arcs,
treatment of non-symmetric tumours is also possible. Furthermore, in this paper
results only for a large size breast are shown. Better results were found for a smaller
breast, because a more uniform power deposition can be obtained for a smaller size
breast, where the conduction effect becomes more pronounced.

Since individual transducer rings are stacked together, 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 lack of significant interaction between
adjacent rings simplifies the power control.

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 may be of
limited predictive value for individual patients due to uncertainties in the breast tissue
characteristics. To better understand the magnitude of these uncertainties the tissue
and ultrasound parameters 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 frequency control of the breast applicator has enough range to accommodate
different clinical situations and individual breast tissue variations.

Figure 8. Sagital section of simulated temperature distribution 40 min 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 PD, shown in Figure 4, is applied. The maximum
temperature is 45-3°C; (B) after corrected PD is applied, the maximum temperature is
44-0°C.
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Figure 9. Steady PD 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 centre of the breast;
(B) coronal section at 25-5 mm from the chest wall, corresponding to the second transducer
ring.

The transducer frequencies are determined by the simulation in order to achieve
the heating pattern discussed in §2.1. for the assumed tissue attenuation rate.
Measurements of the acoustic attenuation coefficient for breast tissue show variations
of +40% (Foster and Hunt 1979, Edmonds et al. 1991), which can only be
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Figure 10. Temperature distribution 40 min after the steady PD, shown in Figure 9, is applied:
(A) sagital section passing through the centre of the breast; (B) coronal section at 25-5 mm
from the chest wall, corresponding to the second transducer ring.

compensated by changing the frequency. For a higher attenuation, a lower frequency
should be used, and vise versa. Therefore, a broadband transducer is needed,
especially for the-low frequency. The bandwidth of the transducers is about 30% at
—3dB of maximum. The voltage controlled oscillators (VCO) in the system can
operate between | MHz and 5 MHz, and the desired frequency band can be selected
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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 respectively. The water and room temperature was
maintained at 24°C during the experiment.

by computer control. With these features, the system will be able to compensate for
the uncertainties.

The effect of blood perfusion is a difficult parameter to simulate. Only limited data
are available and it varies significantly with tissue heterogeneity and changing
temperature. Recently reported blood flow data, measured at the same point in a
human breast adenocarcinoma during hyperthermia over four weeks of hyper-
thermia, indicate that the flow rate may change significantly even in the same
measurement point (Waterman and Kramer 1994). The uncertainties in the breast
tissue perfusion, therefore, remains a main concern. Due to these uncertainties, we
simulated the breast applicator over a wide range of temperature dependent perfusion
rates. In the case of high perfusion rate (Figure 7(B)), it is noticed that the 42°C line is
well up into the region being ‘treated’. This is due to the fact that the transducers are
focused at the centre. A relatively hot spot is found in the centre and a cooler area is
between the centre and surface. To correct the problem, the applicator may be
translated a few centimeters away from the centre of the breast, and a circular
movement made around it. The inhomogeneity of the perfusion in the breast is
another clinical concern. The biopsy example shown in Figure 8 demonstrated that
the small transducer size and the individual power control made a compensation
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Figure 12. Measured PD (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.

possible, given that the nature of the inhomogeneity is known.

The simulation used in this work is dynamic. The tissue parameters can be
changed over time and the power deposited by each transducer can be adjusted based
upon the feedback of the temperature distribution. When the time to reach steady
state temperature is considerable (i.e. 10 min or more) or when other factors such as
perfusion are known to vary as a function of temperature and time, the dynamic
simulation allows one to study realistic temperature variations. Important parameters
highly associated with the outcome of the treatment, such as the £Q MIN T, 43
(Oleson et al. 1993), can be estimated.

The single ring experiment was mainly used to verify the power deposition
calculation method. Several factors contributed to the uncertainties in the
experiment. First, the sensor positions are not known exactly due to bending of the
needle probes. The uncertainty is estimated to be < 1cm at the tip of the probes. The
second source of uncertainty is from non-uniformity in the transducer efficiency. The
average efficiencies (RF to ultrasound field) for the transducers are determined to be
70 4 3% for low frequency and 58 £+ 10% for high frequency transducers. Further-
more, inhomogeneities can occur in the phantom material due to evaporation of
water and alcohol. In the simulations, however, it was assumed that all transducers
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were identical and the phantom was homogeneous. Given these uncertainties, the
agreement between the experimental data and the simulations (Figure 12) is fair. A
reasonable uniform temperature distributiqn (within approximately 2°C) was
indeed reached in the experiment and it matches the simulation results well
(Figure 11). The function of the low frequency in the experiment is only to
compensate the heat lost to the neighbouring tissue volume. As a result, the
power needed at low frequency was small (0-84 W), compared with that at high
frequency (7-9 W). Therefore, this is a useful check for the two-frequency concept
discussed in §2.1.

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. No unexpected hot spots were observed. For the multi-ring applicator the
circuits for any two neighbouring rings are independent, which guarantees the validity
of the assumption.

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

The use of the minimally temperature invasive sensors, currently being developed
(Szajda 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. Therefore,
the arrangement of these probes needs to be optimized. To facilitate treatment
planning and control, knowledge of the breast profile is essential. This may be
obtained on-line by employing pulse-echo signals using the same transducers. Two
operating modes (transmit and receive) have been built into the system electronics for
this purpose. It may also be possible to use the methods and algorithms being
developed for on-line control in the treatment (Hartov ez al. 1993, VanBaren and
Ebbini 1995). All of these require further study.

5. Conclusions

A therapeutic ultrasound system dedicated to breast cancer treatment has been
developed. It consists of an array of dual frequency, multilayer transducer rings and
associated electronics, coupled with thermometry and closed-loop control. Its
performance has been modelled and optimized using a comprehensive 3-D
simulation, which offers insights in the physical process and the design criteria. The
simulations demonstrate the system’s capability to deliver a power deposition to
achieve uniform hyperthermia (41-5-44°C) under various perfusion and boundary
conditions. The two frequency bands and the small size transducers provide a
flexibility for treating target volumes with different sizes and shapes. With these




Iy

Design of an ultrasonic therapy system for breast cancer treatment 397

features the designed system is -able to meet clinical needs in breast cancer
treatment.

.-
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EXPERIMENTAL VERIFICATION OF A CYLINDRICAL MULTI-TRANSDUCER ULTRASOUND
BREAST HYPERTHERMIA TREATMENT SYSTEM.

J L. Hansen, EC Burdette*, P. Neubauer*, X-Q. Lu, B.A. Bornstein, G.K. Svensson.

Joint Center for Radiation Therapy, Department of Radiation Oncology, Harvard Medical School,
Boston, MA, USA, and *Domier Medical Systems Inc. Champaign, [L, USA

1. Introduction

The use of limited surgery and radiation therapy for early stage breast cancer achieves breast
conservation with excellent results and relatively low rates of local tumor recurrence. However, a
subgroup of patients with Ductal Carcinoma in Situ (DCIS) has shown increased rates of local
recurrence when treated with breast conservation. DCIS generally has a large number of hypoxic
cells which has proven to respond well to hyperthermia. In addition, the female breast is very well
suited to treatment with ultrasound hyperthermia due to the lack of air cavities or bony structures
within the breast. For these reasons we decided to develop an ultrasound hyperthermia Breast
Therapy System (BTS) dedicated to treatment of the female breast.

2. Material & Methods

A schematic drawing of the BTS is shown in figure 1. The patient is placed prone on a padded
treatment couch, with the breast to be treated, extended through an opening in the tabletop. A
cylindrical transducer array applicator is mounted on a three-dimensional translation table
underneath the table opening. The applicator is filled with degassed water, brought up under, and
centered around the breast. A six probe, 84 sensors thermistor based thermometry system is used
to monitor the temperature distribution during therapy. The system is computer controlled and
displays temperatures and thermal dose, as a function of time, in three dimensions. The breast
contour is monitored and displayed in real time throughout the treatment to ensure accurate
geometric alignment of the applicator.

To achieve accurate and flexible control of the power deposition in the breast tissue, the
applicator consists of 384 uitrasound transducers, each 15 x 15 mm, mounted on the inner surface
of a 25 cm diameter cylinder. Alternate transducers are optimized at a low frequency of 2.5 MHz
and a high frequency of 4.0 - 4.5 MHz. The low frequency transducers are depositing energy at
depth in the breast, and the high frequéncy transducers deposit energy superficially and thereby
compensate for thermal conduction to the ultrasound coupling medium. The system is designed to
heat individual quadrants or the whole breast to a uniform temperature between 40 and 42 °C.
The BTS is further discussed by E.C. Burdette et. al. in “Real-Time Computer Controlled
Ultrasound Therapy and Monitoring System for Breast Cancer Treatment”.

The system has been developed and is being extensively tested on non-perfused tissue mimicking
breast phantoms. Several phantoms have been manufactured using the plastic ‘skin’ of ultrasound
guided biopsy breast phantoms manufactured by RMI (Middleton, W1) as a mold. The mold was
filled with a liquid solution of 83% distilled degassed water, 3% agar, 8% n-Propanol, and 6%
graphite powder (all by weight). The mold was set to solidify and 3 temperature probes, each
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containing 14 temperature sensors, were inserted in the phantom. The phantom was positioned in
the transducer array, and the cylinder was filled with degassed coupling water (sce figure 2).

itrasound Temperaiure senser Temperature sensor

Transducers spacing = 0.5 cm spacing = 1.0 cm

ﬁjl;::‘;::l:g . (Diameter 6.5 cm) (Dismeter 12 cm)

[
P T~ ¢/ ~ |
Becun !
Miamicking
Tomvr S vt |
electronics o
Coupling
Water
I
{ ]
Figure 1. Schematic drawing of the Breast Figure 2. Schematic drawing of the BTS

Therapy System. The transducer array is
mounted on a 3 dimensional adjustable table
allowing fine positioning of the array after
the patient is placed in treatment position.

applicator showing the transducer array in 8
rings, the breast phantom placed in the array,
and the location of the temperature probes in
the phantom.

The phantom was insonated for short duration’s of 20-30 seconds, each time heating individual
sectors or the whole breast phantom. The initial temperature rise (compensated for thermal

rtifacts) was evaluated, and the ultrasound power deposition patterns along the temperature
.robes were deduced from the expression SAR = AT/At / ¢, where SAR = specific absorption
rate, AT/At = the temperature rise per unit time, and the specific heat of the phantom material ¢ =
3.26 J/g °C. As a first approximation thermal conduction was ignored due to low thermal
gradients during the initiation of the experiments.

3. Results

Predicting the temperature field in a blood perfused breast from the measurements in a non-
perfused phantom is very complex. For this reason we decided to investigate the power
deposition patterns in the phantom. Computer models indicates that, to produce a uniform
temperature distribution, initially a uniform SAR distribution is required. However, after
therapeutic temperatures have been reached, the power delivered to the core of the breast has to
be decreased to prevent overheating. Therefore, the measurements were performed in 3 steps: 1)
the low frequency transducers were engaged to quantify the power deposition at the core; 2) the
high frequency transducers were engaged to quantify the power deposition at the surface; 3) both
low and high frequency transducers were engaged and adjusted to create a variable power
deposition profile over the extend of the breast phantom. All measurements were repeated for all
sectors and the whole breast.

Figure 3 shows the SAR profiles at the base of the breast, where the breast diameter is 12 cm and
figure 4 the profiles close to the apex of the breast, where the diameter is 6.5 cm. Computer
modeling of the BTS by Lu et. al. indicated, that after reaching temperature equilibrium, a power
ratio of 8 high frequency units to 1 low frequency unit is required to produce a uniform
temperature field. Figure S5 shows the measured SAR profiles at the base of the breast as well as
the computer model for this power ratio. The agreement between theoretical calculations and
experimental results is excellent.
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Figure 3. SAR profile through the center and
close to the base of the breast where the
djameter is 12 cm. The solid line indicates
the SAR profile for the high frequency
transducers at 8% of full power, and the
broken line the SAR profile for the low
frequency transducers at 8% of full power.

Figure 4. SAR profile through the center
and close to the apex of the breast where
the diameter is 6.5 cm. The solid line
indicates the SAR profile for the high
frequency transducers, and the broken line
the SAR profile for the low frequency
transducers.
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Figure 5. SAR profiles through the breast phantom close to the base. The solid line shows the
results of a theoretical calculation using a computer model of the BTS. In this calculation the
power of the high frequency transducers were 8 times the power of the low frequency
transducers. The symbols show the phantom measurements as shown in figure 3 using the same

power ratios as the computer model.

4. Conclusion

We have demonstrated, that the BTS can deposit uniform ultrasound power throughout the
core of a female breast, and that the BTS can deliver power to the surface of the breast to

compensate for thermal conduction to the ultraso
core of the breast. We feel confident, that the BT
temperature to 40-42 °C with relative uniformity,

und coupling medium without overheating the
S will be able to raise the breast target volume
and maintain this temperature.

Supported in part by US Army Research and Material Command contract # DAMD-93-C-3098.

1. X-Q. Ly, E.C. Burdette, B.A. Bornstein, J.L. Hansen, G.K. Svensson. Design of an
Ultrasonic Hyperthermia System for Breast Cancer Treatment, Int. J. of Hyperthermia, 1996,

in press.
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REAL-TIME COMPUTER CONTROLLED ULTRASOUND THERAPY AND
MONITORING SYSTEM FOR BREAST CANCER TREATMENT

E.C. Burdette, J.L. Hansen*, X-Q Lu*, P.L. Neubauer, W.W. Foard, L.J. Grossman, B.A.
: Bornstein*, G.K. Svensson*

Dornier Medical Systems, Inc. Champaign, IL, USA and Joint Center for Radiation Therapy,
Department of Radiation Oncology, Harvard Medical School, Boston, MA, USA*

Introduction

Conservative breast therapy for early stage infiltrating breast cancer consists of flumpectomy and
radiation therapy. However, patients with extensive intraductal component (EIC) of tumor or
patients with Ductal Carcinoma In Situ (DCIS) have shown increased rates of local recurrence
when treated with conservative therapy. EIC+ patients currently face mastectomy as the
recommended treatment course. DCIS and EIC+ have a large fraction of hypoxic cells which
have been shown to be vulnerable to heat and therefore, patients with intraductal disease may
benefit from thermal therapy to the whole breast or to a quadrant of the breast.

System Description

An ultrasound Breast Therapy System (BTS) has been designed for the treatment of the intact
breast. The system incorporates both therapeutic and imaging capabilities utilizing a cylindrical
array applicator which surrounds the breast with the patient in a prone position. The cylindrical
transducer array consists of eight “rings” of transducers surrounding the breast. The transducers
are operated in a time-multiplexed mode to provide both therapy and monitoring functions in real
time. Each ring has 48 transducers operating in alternating low (2-2.5 Mhz) and in high (4.5-5
Mhz) frequency bands.

The patient will lay on the top of the system with the breast descending through a hole in the
table. Needle probes are inserted under local anesthesia. These probes contain thermistors for
temperature measurements and ultrasonic receiver chips to help locate the probes. Thermistors
are also taped to the breast surface. The cylindrical array applicator, filled with water, is then
brought up under the breast and positioned with the aid of a motor to raise and lower the
cylinder, x and y vernier controls and a rotational vernier control. A small video camera mounted
at the bottom of the cylinder is used to maonitor the position.
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The system controls the water bath temperature as patient intotmation'artd a treatment plan are
entered. After this step, the system begins to acquire data from the temperature probes and from
uftrasonic measurements in order to-form a temperature map of the breast. Once an initial map is
produced, therapy can begin- ‘The operator initiates therapy and the system begins to apply
therapy heating power ‘While continuing to maintain a temperature map, thermal dose map, and
ultrasonic power levels map. All necessary information is logged while therapy is in progress. At
the end of the therapy period, the system continues to monitor conditions while the breast returns
to normal temperature levels

3. Data Acquisttion '

The major task of the system is to provide ultrasonic power to the entire breast or to a portion of
the breast in order to produce a desired temperature profile. The temperature range and affected
areas must, therefore, be controlled very closely. In order to accomplish this, it is necessary to
haye good information about the target. Breast location, probe positions, and temperature and
thermal dosimetry are monitored throughout treatment.

A contour of the breast is determined by echo-location where each transducer is used to transmit
and then receive its own transmission. The time-of-flight gives us the breast outline and detects
any motion of the breast.

The system checks the temperature probes’ location by using ultrasonic time-of-flight from a ring
transducer through the receiving transducers in each probe. Multiple measurements are made for
each sensor so that its position may be triangulated. Since the probes are embedded in the breast,
the calculation of the distance becomes complex due to the different ultrasonic velocities through
the water and breast.

The temperature within the breast is known due to direct measurement by as many as 5 probes
each having 14 sensors. The temperature at other points in the breast must be calculated by
interpolation with a thermal model. Thermistor temperature acquisition techniques are used to
monitor the temperature of the water bath and of the interior and exterior of the breast.

The system is also equipped to provide imaging of the breast as well through tomographic
reconstruction of measured ultrasound attenuation. This will allow the operator to position the
patient based on internal as well as external alignment points giving more precise control of the
treatment.

Control Algorithms

The control of the water bath temperature is accomplished by a proportional-integral-derivative
(PID) control loop algorithm. The breast therapy control algorithm, however, is significantly
more complicated. There are 384 effectors (the ultrasonic transducers) plus the water bath. There
are also two frequency bands of transducers. High frequency transducers have a greater effect on
temperatures close to the surface of the breast and the low frequency transducers effect
temperatures nearer the center The algorithm controls the temperature of an active therapy
section of the breast (1. 2. 3. 4 or 8 octants) and any specified “exclusion region” corresponding
potentially to scar tissue PID techniques in conjunction with a “thermal wall” heuristic is the first
order control The exclusion region conforms to the shape of a small grouping of transducers.
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Safety and Fault-Detection =

It is very important not to expose tissue to too high a temperature or to too large a thermal dose.
Three techniques are used in combination te ensure these gafety requirements. First, watchdog
timers are used to indicate to the other coyupute elements that na fault has ogcusted. These timers
are used inside of the multitasking compute elements to indicate that each task is functioning
properly. Secondly, the mechanism of a “system mpde is introduced as a safety interlock. The
“system mode” provides a check on the systery &operat»on by ealy allowing;pperations to occur
within the proper system modes. In this manner, rogug commands for action by an out of control
task will not be acted upon an will cause the system to treat this rogue command as a fault.
Lastly, a coding style that double checks jts awn operation and the operation of other software
modules is used.

Computer System
The computmg system consists of a Pentium PC and an 80486 PC both running the iRMX real-
time operating system and 26 specialized boards containing 80166 microcontrollers running their
application with simple loop schedulers. The Pentium PC runs Microsoft DOS as a task under
iRMX which is used to run Microsoft Windows and the specialized system interaction
application. This application gives operators a window into the system and allows data entry and
control over system operations. The iRMX networking facilities are used to provide a virtual
circuit connection between the macHirtes-and to' delineate application level packets. A proprietary
high-speed serial bus is used td alloW ‘communications between the 80486 PC and the 80166
microcontrollers. A master-slave protocol is used in accordance with the synchronous nature of
the application -- waiting for commands to the microcontrollers to be fulfilled before it can move
on.

System Hardware

The system is modular in design, with 24 citcuit.cards each supporting 16 individual transducers.
A microcontroller on each card controls the :functions, including transmit-receive switches,
transmitter-amplifiers and receiver. The system uses a built-in frequency measuring capability to
fine tune what control voltage needs to be used for each transducer. Each card communicates
with the host instrument computer system via high-speed links. The instrument computer
oversees the function of all cards plus three specialized cards in the system: one with receivers for
transponder crystals located within temperature probes and two for precision phase quadrature
measurements. These signals are routed to the other boards through a buffer board designed for
flat group delay. The Pulse card uses its counter-timer capabilities to produce the duty-cycle
modulated signal that controls a thermoelectric heater/cooler for the water bath temperature
control.  Finally, the card can~be used to generate an arbitrary phase signal for calibration
purposes. The above components, including the instrument computer, power supplies, and water
circulation and heating/cooling system are located within a patient treatment table pedestal which
supports the patient table.
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The ultrasound Breast Therapy System is labeled with the following information:
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Currently the stand of the BTS is labeled with a ‘Caution’ label limiting the use of the device to
laboratory animal and testing experiments only.
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When an IDE for the BTS device has been awarded, the ‘Caution’ label will be replaced with a label
limiting the use of the device to ‘Investigational’ use only.
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The applicator can be positioned exactly around the breast to be treated by a number of controls.
These controls are labeled “Speed”, “Rotation”, “B+F”, “L+R”, and “Up/Down”. In addition, a
camera is placed in the applicator to visually verify the position of the breast. A brightens control
for illumination of the breast is labeled “Intensity”.




An indicator box with a number of light emitting diodes. These diodes light up whenever any of the
24 power boards are emitting power. The diodes are marked “Hi” for high frequency boards and
“Lo” for low frequency boards.

The same box contains an indicator for the temperature control of the degassed coupling water
labeled “Red-Heater” and “Green-Cooler”, and a switch labeled “Pause”. The pause switch, when
depressed, will remove all power from all power boards bypassing of all computers and software.
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I. INTENDED APPLICATION OF. THE BREAST THERAPY SYSTEM

Breast cancer patients with extensive intraductal component (EIC) of tumor
currently face mastectomy as the best treatment course available. EIC is characterized
by proliferation of cancer cells-within the ducts. Mastectomy of the entire breast is
currently indicated due to the high recurrence rate in this type of cancer compared to
cancer without an EIC. These cancer cells have been shown to be vulnerable to heat
and therefore patients with intraductal disease may benefit from thermal therapy.
Another case of interest is treatment of locally advanced breast disease using heat
therapy either for non-resectable lesions or to reduce lesion volume prior to surgery.

An ultrasound system has been designed for the treatment of the intact breast.
It is dedicated to optimizing the synergistic effect between thermal therapy and radiation
in the treatment of early stage breast disease in patients with intraductal disease. The
system incorporates both therapeutic and imaging capabilities utilizing a cylindrical
array applicator which surrounds the breast with the patient in a prone position. The
cylindrical transducer array consists of eight rings of transducers surrounding the
breast. The transducers are operated in a-time-multiplexed mode to provide both
therapy and monitoring functions in real time.

‘ The rings each have 48 transducérs in two different frequency bands with each
- odd numbered transducer operating in the low frequency band and each even
numbered transducer operating in the high frequency band. ~ - -

In operation, a patient will lay on the top of the system with the diseased-breast
descending through a hole in the platform. Probes, in the form of long needies, are
inserted under local anesthesia. These probes contain thermistors for temperature
measurements. Thermistors are also taped to the breast surface. The cylindrical array
applicator, filled with water, is then brought up under the breast and positioned with the
aid of a motor to raise and lower the cylinder, x and y vernier controls and a rotational
vernier control. A small video camera mounted at the bottom of the cylinder is used to
monitor the position of the preast relative to the center of the treatment cylinder.

~I‘4;




fl. BREAST THERAPY SYSTEM DESCRIPTION

The ultrasound Breast Therapy System (BTS) 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 both
therapy and monitoring functions. The monitoring functions are comprised of:
diagnostic pulse-echo monitoring to determine breast contour and location within the
treatment cylinder and through-transmission monitoring of power during therapy for
determination of absorbed power distribution (SAR) in the breast tissue being
monitored. The hardware capability for future addition of the 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 is also included in the BTS.

_ The system consists of an Instrument Computer which provides all direct control

and data interaction with the Transmit-Multiplex-Receive (TMR) Subsystem, including
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.

A. Uitrasound Breast Applicator

- The Transducer Array Subsystem is illustrated graphically in Figure 2. 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 has 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 15mm x 15mm. 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, suspended in water in
the prone position. 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 2. Transducer array configuration arranged in rings of cylinder.
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Figure 3

Photo - Cylindrical Array
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. Table 1. Numbers and distribution of transducers per ring.

CYLINDRICAL ARRAY APPLICATOR DESIGN

Total Cylinder I.D. = 25 cm

Transducer Dimensions: 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. | FQ 1 (MHz)/No. XDCRS | FEQ 2 (MHz)/No. XDCRS | TOTAL XDCRS
1 4.5/24 2.0/24 48
2 4.5/24 2.0/24 48
3 4.5/24 2.0/24 48
4 4.5/24 2.0/24 48
5 4.5/24 2.5/24 48
6 4.5/24 2.5124 48
7 4.5/24 2.5/24 48
8 4.5/24 2.5/24 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 I.D. = 25 cm
Transducer Dimensions: 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)
Large Small
1 48 15 7
2 48 14 6
3 48 12 5
4 48 10 4
5 48 8 3
6 48 7 0
7 48 6 0
8 48 4 0

\u3-




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 has been individually
performance-tested to determine its operating acoustic efficiency, center frequency and
bandwidth. Tables containing the efficiency and frequency bandwidth data for each
transducer in the cylindrical array are presented in Appendix C of this manual.

Each transducer in each ring of the cylinder is “mapped” into both the cylindrical
array and to theTMR board. A diagram of the T/R MUX applicator transducer
interconnections map is provided in Appendix D .

A close up view of the cylindrical array of transducers is shown in Figure 4.
B. Patient Table Subsystem

The patient table subsystem is shown in the two perspective photos in Figures 5
and 6 (indicating front side and rear views, respectively). A close up of the shroud
covering the cylindrical array is shown in Figure 7. 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 central column, or “pedestal”, beneath the table houses all of the system
electronics, 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 8 and 9. 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).

Mg
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Figure 5
Front View of BTS Patient Table

Figure 6
Back __View of BTS Patien_t Table




Figure 7
. Photo - Shroud covering cylindrical array
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TABLE 3

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 Covér:

Other Réquirements:

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.

3
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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 te 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 is 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. Custom
treatment plans can be configured for each patient prior to the actual treatment. These
can be stored in the system and recalled at the time of treatment.

The BTS can perform the treatment in both computer assisted and manual
modes. At any time during treatment, the system operator will be capable of
interrupting the computer and/or provide advice to the computer concerning the
treatment. The operator selects different target tissue regions on the computer screen
and set a-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 operator’s request. Alternatively, the operator can directly control the
power levels to different groups of transducers (1 to 4 groups) comprising any selected
number or to an entire region of the applicator.

Treatment progress and status information is available 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 operator returns to the startup screen so
that printing of the treatment information may be performed, and duplication of the
treatment files may be accomplished.

t:f




D. TMR Subsystem

The TMR (Transm}t-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
(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 MCB daughter board microcontroller (a custom- designed
six-layer surface-mount board). The microcontroller interfaces to the system'’s
Instrument Computer. A block diagram and controller signals map of the TMR
subsystem is shown in Figures 10 and 11, respectively. This comprehensive design,
including T/R switches and receivers plus DSP provisions, provides the capability for
the addition of non-invasive measurements including tomographic reconstruction of
interrogated ring “slices”. .
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