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METHOD AND APPARATUS FOR FEEDBACK CONTROL OF HIFU

TREATMENTS

CROSS-REFERENCE TO RELATED APPLICATION

This application claims the benefit of U.S. Provisional Application No.

61/108,435, filed October 24, 2008, which is herein incorporated by reference in its

entirety.

BACKGROUND

As an alternative to surgical treatment of pathological tissue wherein the diseased

region is physically removed from the body, there is an increased interest in treating

tissue in situ with a minimally invasive process. One such process that can selectively

treat diseased tissue in a non-invasive manner is high intensity focused ultrasound

(HIFU). With HIFU, high intensity acoustic signals are directed at a target treatment site

in order to subject the tissue to a rapid increase in temperature and/or to mechanical

destruction due to interaction with the applied acoustic signals. The treated tissue may

form one or more "lesions" that are typically left in the body and may be absorbed

through normal physiological processes.

When HIFU therapy is applied to a desired tissue site, variations in tissue depth

and other properties such as diffraction, attenuation, sound speed, or other tissue-related

parameters along the acoustic propagation path affect the amount of energy deposited.

These variations cause corresponding variations in the size and nature of the resulting

lesions created. Treatment regimens that are solely based on applying a predetermined

dose of HIFU energy may therefore achieve inconsistent results due to these variations.

As an example, the transabdominal treatment of uterine fibroids with HIFU

requires passing acoustic HIFU energy through multiple tissue layers of varying depth

that have diverse properties (e.g. skin, fat, muscle, fluid in bladder, uterine wall and the

fibroid itself). If not carefully controlled, the application of HIFU energy to the treatment

site may cause undesired damage to tissue surrounding the fibroid as well as inconsistent

results within the treatment site.

Prior art in the field of "cavitation detection" has included monitoring the

amplitude and/or energy of bubble reflections in an attempt to monitor the progression of

HIFU treatment. One typical implementation of cavitation detection in prior art is to halt

or reduce application of HIFU power upon the first instance of bubble detection at any



point along the treatment path, in order to avoid distorted or exaggerated lesion volumes

that often result from the onset of uncontrolled cavitation or boiling. However, this usage

can severely limit the efficacy of resultant HIFU lesions because this type of

indiscriminant bubble detection without regard for the spatial distribution of such bubbles

can result in premature cessation of HIFU power long before the lesion has filled the

desired target volume.

Another proposed technique used in prior art involves the use of standard imaging

ultrasound to monitor the "hyperecho" (i.e. reflections off bubbles in the tissue that are

displayed as regions of enhanced brightness on standard B-mode ultrasound images).

Visual observation of the hyperecho, however, does not quantify the amplitude or energy

of the signal reflected from a given region and is therefore also unreliable in predicting

the location and extent of the HIFU lesions created.

Finally, some HIFU therapies rely on MRI to monitor temperature as a proxy for

HIFU lesion formation. However, this method is extremely expensive (MRI systems

typically cost $1-3M), it is not real time since several seconds are required between MRI

acquisitions, and the measured temperature is not considered accurate enough to

automatically control HIFU parameters such as treatment duration.

Given these problems, there is a need for a more reliable and cost effective

method to monitor the formation of HIFU lesions at varying depths and in tissue with

statically or dynamically varying properties.

SUMMARY

To address the above mentioned problems and others, the technology disclosed

herein is a feedback mechanism for a HIFU therapy system that operates to predict when

treatment of a desired tissue site is complete or is potentially spreading to tissue beyond

the treatment site. In one embodiment, the feedback mechanism operates to limit the total

energy delivered to the tissue site by stopping treatment or otherwise modifying one or

more HIFU parameters (i.e. therapy transducer acoustic power) when it is detected that a

lesion is progressing outside the bounds of the intended treatment region (e.g., into a pre-

focal area located proximal to the HIFU transducer).

In accordance with one embodiment of the disclosed technology, the feedback

mechanism is based on "bloom detection". Bloom is a general term describing a change

in the properties of HIFU treated tissue that grow outward from the treatment region over

time. A bloom signal is a signal created in response to the HIFU signals transmitted from



either a HIFU transducer or some other special-purpose transmitter. The bloom signal is

received at either the HIFU transducer or another special-purpose receiver. The disclosed

technology uses techniques that detect and monitor the extent of the bloom and that use

the information to control the subsequent application of HIFU energy.

In one embodiment, echo signals (e.g. backscatter signals) that are created in

response to applied HIFU signals are detected and analyzed to determine an amount of

energy delivered to a location within the body. In one embodiment, the bloom signal is a

leading edge of an averaged backscatter signal that is detected and monitored as it moves

towards the HIFU transducer. Once the leading edge reaches a predetermined location

where it is desired to stop treatment, the HIFU treatment is stopped or reduced in power.

The bloom signal can be comprised of high-amplitude acoustic signals passively

reflecting and/or actively emanating from boiling or cavitation activity. This class of

bloom signal results from the presence of gas or vapor bodies in the tissue that arise from

the combined mechanical and thermal effects of HIFU application. However, the bloom

signal is not limited to the detection of bubble-related activity. The bloom signal can also

be created due to other HIFU-induced effects in the tissue such as, but not limited to,

changes in stiffness, speed of sound, diffraction, attenuation, harmonic content and/or

reflectivity due to non-bubble causes.

In another embodiment, the bloom signal does not physically migrate outward

during treatment (e.g., move toward the transducer), but instead is reflected in some

change in a characteristic of the received backscatter signal. For example, in another

embodiment, the harmonic content of the reflected signal is detected and monitored

during treatment. Once the harmonic content reaches a certain value or ratio at a

particular spatial location, then treatment is halted.

In another embodiment, the applied HIFU causes the angular distribution of the

frequency components in the backscatter signals to change. The angular distribution of

the backscatter signal is measured during treatment and treatment is halted when the

angular distribution reaches a particular value or if the distribution changes by more than

a particular value.

In another embodiment, the attenuation of the tissue in the treatment site changes

with applied HIFU. The attenuation is measured during treatment and treatment is

modified when the attenuation reaches a threshold or varies by more than a threshold

amount.



In yet another embodiment, the power of the HIFU signal required to saturate a

characteristic of the backscatter signal changes with applied HIFU. The power level

required to saturate the characteristic is measured and treatment is modified when the

power level required reaches a threshold or varies by more than a threshold amount.

In still another embodiment of the disclosed technology, the cumulative energy

distribution function (i.e. the accumulated backscatter energy of the HIFU signals as a

function of depth) of the tissue at the treatment site varies with applied HIFU. The

cumulative energy distribution function is calculated and monitored during treatment.

Once the energy absorbed at a predetermined location reaches a threshold or the

cumulative energy distribution function changes by more than a threshold amount,

treatment is modified.

This summary is provided to introduce a selection of concepts in a simplified

form that are further described below in the Detailed Description. This summary is not

intended to identify key features of the claimed subject matter, nor is it intended to be

used as an aid in determining the scope of the claimed subject matter.

DESCRIPTION OF THE DRAWINGS

The foregoing aspects and many of the attendant advantages of this invention will

become more readily appreciated as the same become better understood by reference to

the following detailed description, when taken in conjunction with the accompanying

drawings, wherein:

FIGURE 1 illustrates a block diagram of a HIFU treatment system in accordance

with one embodiment of the disclosed technology;

FIGURE 2A illustrates a raw, reflected backscatter signal created in response to

an applied HIFU signal;

FIGURE 2B illustrates an integrated backscatter envelope that is below a

threshold level in accordance with one embodiment of the disclosed technology;

FIGURE 2C illustrates an integrated backscatter envelope that is at a threshold

level in accordance with an embodiment of the disclosed technology;

FIGURE 2D illustrates an integrated backscatter envelope that is above a

threshold level in accordance with an embodiment of the disclosed technology;

FIGURES 3A and 3B illustrate a plot of an acoustic backscatter signal that

migrates over time, and the lesion growth corresponding to this signal migration, for use



in controlling HIFU energy delivered to a treatment site in accordance with another

embodiment of the disclosed technology;

FIGURE 4A illustrates a number of backscatter signal data for a number of HIFU

firings that are used in bloom detection in accordance with the disclosed technology;

FIGURE 4B illustrates a weighting function determined from the changes in

amplitude of the backscatter signals versus depth for each of the signals shown in

FIGURE 4A in accordance with an embodiment of the disclosed technology;

FIGURE 4C illustrates a weighting function determined from the energy in each

backscatter signal detected in FIGURE 4A;

FIGURE 4D illustrates the backscatter signals shown in FIGURE 4A after

weighting with the weighting functions shown in FIGURE 4B and 4C;

FIGURES 4E and 4F show a difference in the backscatter signals with and

without weighting functions applied;

FIGURES 4G and 4H show a variability in multiple weighted, backscatter signals

and backscatter signals that are weighted by their energy;

FIGURES 5A and 5B shows how the angular distribution of frequency

components in a detected backscatter signal can vary with applied HIFU and can be used

to control the HIFU treatment delivered in accordance with another embodiment of the

disclosed technology;

FIGURE 6 shows variations in a power level required to saturate a characteristic

of a received backscatter signal that can be used to control the HIFU treatment delivered

in accordance with another embodiment of the disclosed technology;

FIGURES 7A and 7B show how changes in attenuation can be determined and

used to control the HIFU treatment delivered in accordance with another embodiment of

the disclosed technology; and

FIGURES 8A and 8B illustrate how a cumulative energy distribution function of a

backscatter signal changes with applied HIFU and can be used to control the HIFU

treatment delivered in accordance with another embodiment of the disclosed technology.

DETAILED DESCRIPTION

The technology disclosed herein uses a transducer to detect changes in echo

signals due to the application of HIFU energy that is applied to a treatment site. A

processor analyzes these changes in order to determine when treatment is complete and to

assess the spatial extent of a HIFU lesion along or at an arbitrary angle to the acoustic



beam axis. In one embodiment, the technology relates to a method of detecting,

acquiring, and processing echo signals created by acoustic transmitter(s)/receiver(s) in

response tissue changes due to HIFU application in a manner that produces useful human

perceptible and/or automatic feedback signals to indicate how thoroughly a treatment

region has been treated. HIFU therapy can be stopped or modified by use of this

feedback signal so as to produce more consistent therapeutic effects regardless of

variations in the propagation path or local tissue parameters.

In several of the embodiments described below, the delivery of HIFU signals to a

treatment site is controlled based on detected HIFU-related changes in tissue properties.

For instance, HIFU-induced gas or vapor bubbles can contribute to an increased

reflectivity of HIFU signals, both of which tend to migrate toward the HIFU transducer as

the treatment progresses. However, the disclosed technology is not limited to detection

of bubble-related activity, since HIFU can induce a variety of other changes that may be

detectable by analyzing the reflected HIFU signal. Such changes may include (but are

not limited to) changes in stiffness, speed of sound, diffraction, attenuation, harmonic

content, and/or reflectivity due to non-bubble causes. Monitoring the changes in a

backscatter signal created in response to applied HIFU signals (including measures

related to both its energy and location) is referred to herein as "bloom detection."

This technology described herein also provides the ability to remotely assess the

resultant lesion dimension along or at an arbitrary angle to the acoustic axis by

quantifying the spatial extent of a reflected signal, including (but not limited to) its extent

proximal to the treatment site. This feature can be used to non-invasively estimate lesion

sizes (e.g. lesion lengths or volumes). This application of bloom detection to non-

invasively assess the physical extent of the developing lesion provides an advantage over

conventional ultrasound imaging techniques, which typically lack sufficient sensitivity to

distinguish HIFU lesions from surrounding undamaged tissue. By monitoring the position

and amplitude (or related metrics) of a leading edge of a backscatter signal throughout

treatment, the spatial extent of the treated tissue region can be tracked in real-time.

In one embodiment, the disclosed technology uses a transducer to receive HIFU

energy reflected from the treatment region. Signals produced by the transducer are

analyzed with a computer or other programmed processor to determine when treatment is

complete and to assess the spatial extent of the HIFU lesion. The signal representing the

reflected HIFU energy is further used to limit the total energy delivered to the treatment



region, by stopping or modifying the treatment when regions proximal to the treatment

site are detected to contain increased energy.

FIGURE 1 illustrates a block diagram of a HIFU ultrasound treatment system that

can be used to implement the disclosed technology. The system 10 includes a computer

20, which may be a stand alone or networked computer system. The computer 20

includes one or more processors that are programmed to implement the techniques

described in detail below. As will be appreciated by those of ordinary skill in the art, the

computer 20 (or processors) may be incorporated within an ultrasound signal processor.

The computer 20 is in communication with a HIFU controller 24 that produces the

driving signals applied to a HIFU transducer 26. The HIFU transducer 26 generates

corresponding HIFU signals that are directed to a treatment zone of the transducer. The

transducer may have a fixed treatment zone or a treatment zone that is mechanically or

electrically steerable. In addition, the HIFU transducer may be steered with a mechanical

wobbler that causes the treatment zone to move in a pattern while creating lesions. In one

embodiment, the treatment zone of the HIFU transducer 26 is moved in a circular pattern

around the perimeter of an elemental treatment volume to be created at a treatment site as

HIFU energy is being applied in order to directly ablate the perimeter and indirectly

ablate the center of a treatment site by thermal conduction. A suitable mechanical

wobbler and method of creating HIFU lesions are disclosed in U.S. Patent application No.

12/573,840, which is herein incorporated by reference. In this instance, the backscatter

signals can be monitored as the treatment zone is moved along the path of a repeated

geometric pattern or around the perimeter of some elemental treatment volume (e.g. a

circle). The backscatter signals may be continually processed, periodically sampled,

and/or spatially averaged (e.g. over the course of a repeating geometric pattern).

In some embodiments, the HIFU transducer 26 and HIFU controller 24 can also

detect backscatter signals created in response to an applied HIFU signal.

In response to an applied HIFU signal, the tissue being treated produces a

backscatter signal that is detected by a second ultrasound transducer 28. In one

embodiment, the second transducer 28 is a polyvinylidene fluoride (PVDF) transducer is

mounted in the center of a HIFU transducer 26 and is used to receive reflected acoustic

energy (e.g. the backscatter signal) from the treatment region. In this embodiment, the

HIFU transducer 26 delivers ultrasound energy (one or more therapy pulses) to the

treatment site to provide a therapeutic effect. HIFU (or interrogational energy from an



alternate acoustic transmitter) is reflected from the treatment site with varying intensities

at different depths due to variations in the tissue parameters and local changes in the

tissue resulting from the incident HIFU pulses. The backscatter signal is detected by the

PVDF transducer that generates a corresponding electrical signal that is passed to a

backscatter data collection system 30 including conventional ultrasound signal processing

hardware (preamplifiers, filters, A/D converters etc.). The backscatter data collection

system 30 receives and digitizes the detected backscatter signals for analysis by the

computer 20. The computer 20 analyzes the detected backscatter signals and produces

control signals that are fed to the HIFU controller 24 to adjust and/or stop the delivery of

HIFU signals in feedback loop. Alternatively, the control signals produced by the

computer 20 can be used to trigger an audible or visual alarm for the physician so that he

or she can manually halt or reduce the power of the HIFU treatment.

The system also includes a display 32 where a physician can view the treatment

process. A computer readable storage media 34 includes instructions that are executable

by the processors of the computer system 20 to implement the technology described. The

computer readable storage media 32 may be a CD, DVD, hard drive, flash drive or a

wired or wireless communication link etc.

In another embodiment, the backscatter HIFU energy reflected from the treatment

site is received by the HIFU transducer 26 itself (rather than separate PVDF transducer)

and then passed to a data collection system 30.

In still another embodiment, the reflected HIFU energy is received by one or more

separate ultrasound receivers 29 (i.e. other than a PVDF or HIFU transducer), such as a

single imaging transducer element, or array of imaging transducer elements. The array of

transducer elements may be clustered together in a defined region relative to the therapy

transducer (e.g. imaging array) or the array of transducer elements may be spread over a

significantly larger region such that multiple receive angles may be used to interrogate

the treatment site. In all of these cases, the received backscatter HIFU signal generates a

corresponding electrical signal that may be passed to the backscatter data collection

system 30 and analyzed by the computer 20. The received electrical signal is processed

to provide feedback as to when the treatment is complete.

In the case where backscattered signals are received by an imaging transducer,

rather than processing the received signals directly, the resulting image produced by the

imaging transducer can be processed to determine when treatment should be halted. The



leading edge of the backscatter signal may be monitored by detecting the change in

brightness in each pixel of the image of the pre-focal region. This could be done visually,

but more preferably via a computer processor, which quantifies the change in brightness

of each displayed pixel and integrates this change within some region of pixels over a

period of time.

FIGURE 2A illustrate a graph of the amplitude of a reflected backscatter signal 50

versus depth from the HIFU transducer. In the example shown, it can be seen that the

backscatter signal has a maximum amplitude at approximately 3.2 cm. in depth due to the

focused nature of the HIFU transducer. To detect the bloom of the backscatter signal 50,

numerous backscatter signals from a set of HIFU firings are received, digitized and stored

in a memory. The backscatter signals from each of the firings are envelope detected and

averaged. In one embodiment, the leading edge of the averaged backscatter signal moves

toward the HIFU transducer as HIFU treatment progresses. To control the application of

HIFU energy, the movement of the leading edge is monitored and treatment is modified,

i.e. halted, when either the leading edge has moved by more than a predetermined amount

or when the energy applied to a predetermined location within the body has reached a

threshold value.

In one embodiment, the movement of the averaged backscatter signal toward the

HIFU transducers is measured by integrating the averaged, envelope detected backscatter

signals with the computer to produce information as shown in FIGURE 2B. In this

graph, the integrated backscatter signal 60 has a magnitude that grows with increasing

depth of the tissue as the signal energy is integrated. This depth in tissue can be

calculated based on the mean speed of sound and the time between HIFU pulse

transmission and receipt of the corresponding backscatter signal.

To control the application of HIFU energy, the computer analyzes the magnitude

of the integrated backscatter signal at a predefined depth. This depth is typically the

upper (proximal) boundary of where the lesion being created should stop or where no

further treatment should extend. In the example shown, the magnitude of the integrated

backscatter signal 60 is determined for a depth of 2.55 cm which corresponds to the point

at which it is desired to stop the lesion growth. In FIGURE 2B, the magnitude of the

integrated backscatter signal 60 at the desired depth is compared against a predetermined

threshold 64. If the magnitude is less than the threshold 64, the computer 20 continues

with the HIFU treatment.



FIGURE 2C is a graph that illustrates an example where the integrated backscatter

signal 60 at a depth of 2.55 cm. has a magnitude that equals the predetermined threshold

64. In this case, the computer 20 can produce the feedback signal which is used to halt

the HIFU treatment or reduce its power.

In FIGURE 2D, a graph shows the integrated backscatter signal 60 with a

magnitude at the depth of 2.55 cm. that exceeds the predetermined threshold 64, thereby

indicating that the HIFU lesion has bloomed farther than desired. The resulting lesion

will thus be larger than desired and less predictable/consistent in spatial extent.

As can be seen by viewing the graphs shown in FIGURES 2B-2D, the leading

edge of the integrated backscatter signal is moving proximally toward the HIFU

transducer. The control of the HIFU treatment can therefore also be controlled by

detecting when a certain point on the integrated backscatter signal 60 reaches a

predefined depth in the tissue.

In the graph shown in FIGURE 3A, a leading edge of a backscatter signal is

shown as being received at a distance D initiai from the HIFU transducer. As HIFU energy

is continually applied, it can be seen in FIGURE 3A that the leading edge of the

backscatter signal moves toward the HIFU transducer so that after a period of time the

leading edge is now located a distance, Dfinal, away from the HIFU transducer, where

D f nai is less than D imtiai (i.e., closer to the transducer). Because the leading edge of the

backscatter signal has now moved toward the HIFU transducer, the size of the lesion

created has also increased from an initial length Limtiai to a final length Lfmal, as shown in

FIGURE 3B. The final lesion length Lfinal is proportional to the difference between D final

and Therefore, by knowing the difference (Dfinal - D imtiai) it is possible to estimate

the length of the lesion created. When the length reaches a desired length, HIFU

treatment can be halted. Note that this technique for lesion growth assessment would

require separating any apparent backscatter shift due to temperature-dependent sound

speed changes from the actual physical migration of the leading edge of the backscatter

signal, so as not to overestimate the actual extent to which the lesion expands spatially

over the course of the HIFU treatment.

The movement in the backscatter signals may be caused by a number of physical

phenomena including dynamically changing bubbles, other cavitation activity or

temperature changes. Regardless of the underlying physical cause, the large amplitude

variations in the detected backscatter signal that are used to detect the movement are short



lived and highly variable. Therefore in one embodiment, the backscatter signals are pre-

processed to emphasize the large variations and reduce clutter.

FIGURE 4A illustrates a set of backscatter signals (vectors) that are detected in

response to a group of 210 HIFU firings. Each vector records an amplitude of the

detected backscatter signal at depths between 40 and 80 mm. away from the HIFU

transducer. In the illustration shown, the amplitude is indicated by color where black

represents low amplitude signals and white indicates high amplitude signals. As can be

seen, the highest amplitude backscatter signals occur at approximately 58-65 mm. in

depth between the 100th and 190th firings.

To emphasize the high amplitude signals, a pair of weighting functions is

determined from the detected backscatter signals. FIGURE 4B illustrates a first

weighting function that determines the depth where the highest change in amplitude is

occurring. In one embodiment, a weighting function is determined by calculating the

standard deviation of backscatter signal amplitude at each depth and normalizing the

results. For the backscatter signals shown in FIGURE 4A, the resulting weighting

function 80 is shown in FIGURE 4B. As can be seen the weighting function 80 has a

peak between 58-65 mm. corresponding to the depth where the change in amplitude

(variance) of the backscatter signal is the greatest.

In addition to determining the depth where the change in amplitude of the

backscatter signals is the greatest, one embodiment of the disclosed technology also

determines the vectors of backscatter signals that have the greatest energy. To compute

this, the RMS power of each vector is determined, and normalized for each HIFU firing.

FIGURE 4C illustrates a weighting function 90 produced from the backscatter signals

shown in FIGURE 4A.

After computing the weighting functions, they are used to scale the detected

backscatter signals in order to emphasize the high variance/high energy regions and

depress the low variance/low energy regions. Applying the weighting functions 80 and

90 to the vectors shown in FIGURE 4A results in the weighted backscatter signals shown

in FIGURE 4D. The resulting vectors are then averaged for each firing to produce a

composite envelope detected, averaged backscatter signal that is sufficiently stable for

use in bloom detection.

FIGURE 4E illustrates an averaged backscatter signal 100 using the vectors

shown in FIGURE 4A without weighting by the weighting functions 80 and 90. As can



be seen, there is significant noise in the signal at locations other than between 58-65 mm.

where the variance in the backscatter signal is strongest. In the embodiment shown

above, the leading edge of the averaged backscatter signal is detected and monitored as it

moves toward the HIFU transducer. If the signal 100 were used, it would be difficult to

distinguish between a leading edge 102 where the backscatter signal is strongest and a

leading edge 104 that is noise.

FIGURE 4F shows the results of an averaged, weighted backscatter signal using

the weighting functions 80, 90 described above applied to the vector data shown in

FIGURE 4A. As can be seen, the clutter in the signal is significantly reduced and there is

a clear leading edge 102 of the signal where the changes in the amplitude of the

backscatter signal are the greatest.

Even with weighting the backscatter signals, the variation in the averaged,

weighted backscatter signals calculated for different groups of firings can be significant.

FIGURE 4G illustrates averaged, weighted backscatter signals calculated from 8 different

groups of HIFU firings. To further remove clutter, one embodiment of the disclosed

technology further weights an averaged, weighted backscatter signal by its own energy to

emphasize those signals with large energy and deemphasize those signals with lower

energy. To do this, the energy of each averaged weighted backscatter signal created from

a group of firings is determined. The energies are normalized and each averaged,

weighted backscatter signal is then further weighted by its own energy and the results are

then averaged together.

The result of this further weighting is shown in the graph of FIGURE 4H. As can

be seen in the graph, clutter in the region shallower than 58 mm. is significantly reduced

and there is a very clean leading edge that can be used for bloom detection and

monitoring.

In another embodiment of the disclosed technology, other features of the

backscatter signal are used to generate a feedback signal that indicates treatment is

complete. In the embodiment shown in FIGURES 5A and 5B, variations in angular

distribution of frequency components within a backscatter signal can be used instead of

the movement of leading edge to determine when treatment is complete. FIGURE 5A

illustrates an ultrasound detection system having two receivers, one on axis with the

HIFU transducer and one off axis at angle Φ with respect to the treatment zone of the



transducer. The amount energy detected at the off axis receiver will vary according to the

equation:

where b is the width of the reflecting surface, k is the wave number (2π/λ), and φ

is the angle made between the therapy beam axis and the receiver directional vector to the

target. In this equation, as frequency increases, the wavelength (λ) decreases and causes

a reduction in the angular spread of the energy away from the beam axis. In other words,

more high frequency energy is directed in front of the reflecting surface rather than to the

sides. It is possible to measure the change in angular reflection and to correlate this to the

amount of HIFU treatment completed.

FIGURE 5B shows a graph of how the angular distribution of a ratio (i.e. a second

harmonic to the fundamental frequency of the HIFU signal) is expected to vary prior to

treatment and during/after HIFU treatment. In this example, a curve 110 plots the ratio of

the amount of second harmonic energy to the fundamental energy detected as a function

of angle before treatment. A curve 120 plots the ratio of the second harmonic energy to

the fundamental energy detected during or after treatment. Therefore, by either

measuring the amount of harmonic energy detected at a certain angle or by determining

the shift in the curve (i.e. determining the angle where a predetermined amount of

harmonic energy is detected) it is possible to tell where the tissue is on the curves and

therefore when treatment should be stopped. Shifts in the backscatter as a function of

angle can be determined at multiple spatial locations. The particular relationship between

energy, angle and amount of treatment may be stored in a computer readable memory

based on previously determined clinical or theoretically derived data.

In yet another embodiment, other characteristics of the tissue that change with

applied HIFU are used to detect when the tissue is fully treated. FIGURE 6 shows an

example where the ratio of a harmonic (e.g. the second harmonic) to the HIFU

fundamental frequency detected in a backscatter signal saturates with increases in HIFU

transmit power. In this example, a curve 130 represents the saturation curve prior to

treatment and a curve 140 represents the fact that increased energy will be required to



achieve saturation in this same tissue location that is subjected to HIFU. To use the

embodiment shown in FIGURE 6, the initial curve 130 is determined by transmitting a

number of test HIFU pulses at different power levels and detecting the amount of second

harmonic energy and the fundamental energy in the backscatter signal. The ratio for

multiple power levels is determined and forms the curve. Alternatively, the curve 130

could be recalled from a memory based on previously obtained or predicted data. During

treatment, additional test HIFU pulses at different power levels are transmitted into the

tissue, backscatter signals are detected and the ratio of harmonic to fundamental energy in

the signal computed to produce the curve 140. Based on the differences between the

curves 130 and 140, it can be determined when the tissue is fully treated based on

previously determined relationships between the differences in the saturation curves and

tissue treatment amounts. These shifts in the saturation can be computed at multiple

spatial locations and monitored. For example shifts in the saturation curve may be only

important outside of the treatment site.

FIGURES 7A and 7B illustrate a further embodiment of the disclosed technology.

In this embodiment, differences in attenuation that occur in tissue as a result of being

treated with HIFU are used as a measure of when the tissue is fully treated. In the

example shown in FIGURE 7A, the amount of energy in a backscatter signal is detected

at a number of different tissue depths 146, 148, 150, 152, 154 etc. HIFU signals can be

directed at each depth either by moving the transducer if it has a fixed focus or adjusting

the focus of the transducer if, for example, a transducer with electronic beamforming is

used. The difference in the energy of the backscatter signal received from two adjacent

depths is a measure of the attenuation of the tissue between those two depths. In the

graph of FIGURE 7B, the attenuation of each depth prior to treatment is determined and

plotted. During treatment, the attenuation at each depth is again determined and plotted.

A decision about when a treatment site is fully treated can be based on either when the

attenuation at a specific depth in the tissue reaches a predetermined value or by when the

attenuation value changes by more than some predetermined amount. The particular

values of attenuation used to indicate fully treated tissue can be determined

experimentally or theoretically.

FIGURES 8A and 8B illustrate yet another technique for analyzing a

characteristic of a backscatter signal to determine when tissue at a treatment site is fully

treated. FIGURE 8A shows a graph of the cumulative energy distribution function that is



computed for a backscatter signal. As will be appreciated by those of skill in the art, a

cumulative energy distribution function plots the depth at which a percentage of the total

energy of the backscatter signal is contained. In one embodiment, the normalized,

cumulative energy distribution function is determined by the formula:

In the example shown, a curve 180 shows that between the depths of 25 mm. and

approximately 38 mm. 50% of the energy of the back scatter signal is contained.

Between 25mm. and 42 mm. approximately 75% of the energy of the backscatter signal is

contained. As HIFU signals are applied to the tissue, the amount of energy contained at

depths closer to the HIFU transducer will increase. For example, a curve 186 represents

the cumulative energy distribution function of the tissue after or during treatment. The

curve 186 shows that more energy is being deposited toward the HIFU transducer (i.e. the

lesion is blooming ) .

FIGURE 8B shows a plot of cumulative energy distributions taken at the 25%,

50% and 75% values versus treatment time. As can be seen, the depth for each energy

level moves toward the HIFU transducer with increasing treatment time. To determine

when a treatment site is fully treated, cumulative energy distribution functions can be

computed for the backscatter signal created from each group of firings and either the

value at a particular depth determined or the shift in the cumulative energy distribution

function determined.

In the embodiments described above, only one change in a characteristic of the

backscatter signal is used to determine when HIFU treatment is complete. However it

should be appreciated that it is also possible to look at two or more changes in a

characteristic (e.g. attenuation and cumulative energy distribution etc.) to determine when

treatment is complete.

As indicated above, in one embodiment described above, the HIFU treatment

signals are used as the interrogation signals that produce the backscatter signals used to

detect a complete treatment. However, it is also possible to produce the interrogation

signals with another transducer, such as an imaging transducer, or with the HIFU

transducer operating at a lower power. Such interrogation signals can be delivered to the



tissue after the HIFU therapy signals are delivered to the tissue. Changes occurring in the

backscatter signals that are created in response to the interrogation signals can then be

used to determine when treatment is complete. These interrogation signals can be

comprised of either signals from the HIFU transducer or some other special-purpose

interrogation transducer.

Although this invention has been described in connection with one or more

preferred embodiments, those of ordinary skill in the art will understand that other

embodiments fall within the scope of the description and claims. Note that throughout

this document, the term "HIFU parameters" should be understood as inclusive of all

variables related to control of HIFU and its tissue effects including (but not limited to):

treatment duration, pulse duration, pulse repetition rate, frequency, peak and average

power level, peak and average amplitude, duty cycle, motion of the treatment zone within

targeted tissue, etc. Also, the terms "energy", "amplitude", or "power" should be

considered interchangeable when assessing the scope of the description and claims

contained herein. And the term "depth" should be considered to be interchangeable with

"tissue depth", "distance from HIFU transducer", or "distance from HIFU treatment zone"



CLAIMS

The embodiments of the invention in which an exclusive property or privilege is

claimed are defined as follows:

1. A high intensity focused ultrasound (HIFU) system for treating tissue at a

treatment site, comprising:

a HIFU transducer and controller for delivering HIFU signals into a treatment site;

a receiver for receiving backscatter signals; and

a processor that is programmed to detect changes in the backscatter signals that

result from the delivery of HIFU signals into the treatment site, wherein the processor is

programmed to produce a feedback control signal that is used to control the delivery of

HIFU signals into the treatment site based on the detected changes in the backscatter

signal.

2 . The system of Claim 1, wherein the processor is programmed to detect

movement of a leading edge of the backscatter signal toward the HIFU transducer.

3 . The system of Claim 1, wherein the processor is programmed to detect

changes in an angular distribution of frequency components in the backscatter signal.

4 . The system of Claim 1, wherein the processor is programmed to detect

changes in attenuation of the tissue at the treatment site from the backscatter signals.

5 . The system of Claim 1, wherein the processor is programmed to detect

changes in a power level required to saturate a characteristic of the backscatter signal.

6 . The system of Claim 1, wherein the processor is programmed to detect

changes in a cumulative energy distribution function of the backscatter signal.

7 . The system of Claim 1, wherein the processor is programmed to process

the backscattered signals to emphasize variations in the backscatter signals.

8. The system of Claim 1, wherein the processor is programmed to produce

an averaged backscatter signal from a number of individual backscatter signals, wherein

the average backscatter signals are weighted to emphasize depths within the individual

backscatter signals that exhibit variances in amplitude.



9 . The system of Claim 8, wherein the individual backscatter signals are

weighted to emphasize individual backscatter signals with greater energy.

10. The system of Claim 1, further comprising a mechanism to steer the

treatment zone of the HIFU transducer around a perimeter of an elemental treatment

volume, wherein the processor is programmed to monitor backscatter signals as the

treatment zone is moved along the perimeter of an elemental treatment volume.

11. The system of Claim 1, wherein the processor is programmed to supply

the feedback control signal to the HIFU controller to modify HIFU treatment.

12. The system of Claim 1, wherein the processor is programmed to supply

the feedback control signal to an alarm that can be perceived by a physician.

13. The system of Claim 1, wherein the backscatter signals are signals created

in response to the HIFU signals delivered to the treatment site.

14. The system of Claim 1, further comprising a transducer for delivering an

interrogation signal to the treatment site, wherein the backscatter signals are signals

created in response to the interrogation signal delivered to the treatment site.

15. A high intensity focused ultrasound (HIFU) system for treating tissue at a

treatment site, comprising:

a HIFU transducer and controller for delivering HIFU signals into a treatment site;

an imaging transducer and a receiver for receiving backscatter signals created as

a result of the delivered HIFU or interrogation signals; and

a processor that is programmed to detect movement of an image of the backscatter

signals toward the HIFU transducer as HIFU signals are delivered into the treatment site,

wherein the processor is programmed to produce a feedback control signal that is used to

control the delivery of HIFU signals into the treatment site based on the detected

movement in the backscatter signal.

16. A method for treating tissue with high intensity focused ultrasound (HIFU)

signals, comprising:

delivering HIFU signals to the treatment site;

receiving backscatter signals; and



detecting changes in the backscatter signals that result from the delivery of HIFU

signals into the treatment site, wherein the processor is programmed to produce a

feedback control signal that is used to control the delivery of HIFU signals into the

treatment zone based on the detected changes in the backscatter signal.
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