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MULTI-FOCI SONICATIONS FOR HYPERTHERMIA TREATMENTS USING

MAGNETIC RESONANCE-GUIDED FOCUSED ULTRASOUND

The present application relates to apparatus and methods for hyperthermia

treatment using multi-foci sonications.

Mild hyperthermia (HT) is a therapeutic technique in which tissue is heated to

temperatures above body temperature and below ablative temperatures, for example,

38-45°C. These mild hyperthermia treatments may result in physiological, e.g., perfusion,

and cellular, e.g., gene expression, changes that improve the therapeutic effectiveness when

used in conjunction with chemotherapy or radiation therapy. Mild hyperthermia induces a

multitude of changes, which provide clinical benefits that make it synergistic with many

chemotherapeutic agents and radiation therapy. In addition to physiological and cellular

changes, hyperthermia may be used with temperature responsive, as well as non-responsive,

drug delivery systems to reduce toxicity and improve overall efficacy. One solution for

reducing toxicity involves targeting the tumor with temperature sensitive liposomal drug

delivery. At normal body temperature (~37°C) temperature sensitive liposomes are relatively

stable, while at mild hyperthermic temperatures of about 38-45°C, temperature sensitive

liposomes exhibit drug release within 10-20 seconds.

There are a number of currently available devices that can heat target tissue to

the mild hyperthermic range. One example is radiofrequency (RF) applicators, which are

tuned antennas to transmit RF energy into the body. RF applicators are best used to heat

deep-seated tumors due the long wavelengths of RF. Microwave applicators are also used,

but are typically used only for superficial tumors due to their short wavelength. Hot water

baths, lasers, and magnetic fluids have also been used. These suffer from drawbacks such as

invasive nature, limited or superficial heating, hot and cold spots, inaccurate or spatially

uneven heating, and a lack of spatiotemporal feedback control. Local hyperthermia is also

performed by magnetic resonance-guided high intensity focused ultrasound (MR-HIFU), in

which a focused ultrasound spot is swept rapidly to achieve hyperthermia and MR is used to

monitor the treatment. The focused spot tends to temporarily heat tissue to temperatures

above the target temperature at the exact focal spot location before moving to the next



location. Moreover, single, high intensity focal spots may also more easily cause deleterious

mechanical tissue damage.

Using high intensity focused ultrasound can result in both thermal and non

thermal (mechanical) bioeffects, both of which arise from a complex interaction of

propagating ultrasound waves with tissue. High intensity focused ultrasound (HIFU)

bioeffects can be manipulated and/or controlled by ultrasound output power, frequency, duty

cycle, sonication duration, and focal spot characteristics. Thermal effects due to ultrasound

absorption and conversion to heat through vibrational excitation of tissue lead to rapid, highly

localized temperature elevation. The mechanical effects that are unique to HIFU include

acoustic radiation forces and acoustic cavitation. The radiation forces may lead to local

tissue displacement, shear strain, and streaming, while cavitation effects are mediated by

bubble activity - collapsing or oscillating bubbles lead to locally induced stress and high

energy release, possibly resulting in and assisting thermal coagulation and necrosis. The

mechanical ultrasound effects may be exploited to improve ablation efficiency, or improve

drug delivery with or without the addition of micro bubbles in certain applications.

MRI provides in vivo temperature maps during a HIFU sonication. Real-time

evaluation of temperature elevations can be monitored in the temperature maps and the

power, duration, frequency or trajectory (i.e. the spatiotemporal pattern) of the sonication can

be adjusted accordingly.

The present application presents approaches for sustained mild hyperthermia

over an extended period of time using a multi-foci sonication approach to control temperature

accuracy and uniformity, to confine heated volumes, and to lower peak acoustic pressures in

the heated region. The present application refines the multi-foci heating strategy as a tool for

mild hyperthermia applications, such as in clinical oncology. However, the multi-foci heating

strategy may also have other applications such as in MR-HIFU thermal ablations.

In accordance with one aspect, a mild hyperthermia treatment apparatus is

provided. The apparatus includes an imager, which generates a planning image and

temperature maps of a target region. The apparatus further includes a phased array of

ultrasonic transducers. An array of ultrasonic transducer drivers individually drives the

ultrasonic transducers of the phased array to generate multi-foci sonications in the target

region. One or more processors are programmed to receive a target temperature profile and

calculate power, frequency, and relative phase for the transducer drivers of the ultrasonic

transducer array which is calculated to cause the phased array of ultrasonic transducers to



generate a multi-foci sonication pattern configured to heat the target region with the target

temperature profile.

In accordance with another aspect, a method of mild hyperthermia treatment is

provided. A planning image is generated which encompasses a target region of a subject to

receive the mild hyperthermia treatment. A target temperature profile is created for the target

region. Powers, frequency, and relative phases are calculated for driving a phased array of

ultrasonic transducers to generate a multi-foci sonication pattern in the target region in

accordance with the temperature profile.

In accordance with another aspect, a mild hyperthermia treatment apparatus is

provided which includes an imager and a scan controller which controls the imager to

generate a planning image and temperature maps of a target region. An array of ultrasonic

transducer drivers drives a phased array of ultrasonic transducers individually to generate

multiple, simultaneous focal spots in a target region. A planning console displays the

planning image and has an input by which a clinician inputs a target temperature profile and a

target location (area or volume). An ultrasound controller receives the target temperature

profile and calculates power, frequency, and relative phase for the transducer drivers which

are calculated to cause the phased array of ultrasonic transducers to generate a multi-foci

sonication pattern to heat the target region to the target temperature profile.

Still further advantages of the present invention will be appreciated to those of

ordinary skill in the art upon reading and understand the following detailed description.

The invention may take form in various components and arrangements of

components, and in various steps and arrangements of steps. The drawings are only for

purposes of illustrating the preferred embodiments and are not to be construed as limiting the

invention.

FIG. 1 is a diagrammatic illustration of a system for magnetic resonance-

guided multi-foci sonications for mild hyperthermia treatments;

FIG. 2A is a simulated acoustic pressure field for a single point deflection

4 mm to the left of center;

FIG. 2B is a simulation of a multi-foci sonication with 16 simultaneous foci

spaced evenly at a circle with an 8 mm diameter;

FIG. 2C illustrates a sagittal image plane, i.e., in the beam path direction,

corresponding to the single point sonication of FIG. 2A;



FIG. 2D is a sagittal image plane image corresponding to the multi-foci

sonication pattern of FIG. 2B;

FIG. 3A illustrates an acoustic pressure map for a single focal point sonication

4 mm to the left of the image origin coordinates;

FIG. 3B illustrates an acoustic pressure map for the 16 foci pattern of FIG. 2B;

FIG. 3C illustrates a phase map for the single focus sonication of FIG. 3A;

FIG. 3D illustrates a phase map of the 16 foci pattern of FIG. 3B;

FIG. 4A illustrates a simulated coronal temperature distribution map obtained

by using an 8 mm sonication trajectory in which a single point is swept temporally across

16 focal points sufficiently rapidly to achieve effective thermal averaging;

FIG. 4B illustrates the sagittal temperature distribution map from the

sonication of FIG. 4A;

FIG. 4C illustrates a simulated coronal temperature distribution map obtained

by using a multi-foci sonication pattern with 16 concurrent foci;

FIG. 4D illustrates a sagittal simulated temperature distribution map from the

multi-foci sonication pattern of FIG. 4C;

FIG. 5A illustrates coronal tumor mapping on a proton density weighted

planning image;

FIG. 5B illustrates a coronal temperature map of achieved temperatures

overlaid on the planning image during mild hyperthermia treatment showing a typical

temperature distribution after 3 minutes of heating;

FIG. 5C is a sagittal image corresponding to FIG. 5A;

FIG. 5D is a sagittal temperature map corresponding to the coronal

temperature distribution map of FIG. 5B;

FIG. 6A illustrates mean (solid), 10th percentile, and 90th percentile (dashed)

temperatures within an 8 mm treatment cell over a 5 minute sonication in vivo using a single

focus sweep approach;

FIG. 6B illustrates mean (solid), and 10th and 90th percentile (dashed)

temperatures within an 8 mm treatment cell over a 5 minute sonication using a multi-foci

approach in which the target temperature range is indicated as a gray box;

FIG. 7 illustrates a time-average mean temperature radial line profile centered

on an 8 mm treatment cell of a tumor for both single focus (solid) and multi-foci (dashed)

sonication approaches;



FIG. 8A illustrates a time-averaged spatial temperature distribution in a

coronal plane for an 8 mm treatment cell for a single focus sweep sonication approach within

a tumor;

FIG. 8B illustrates a time-averaged spatial temperature distribution in a

coronal plane for an 8 mm treatment cell using a multi-foci sonication approach within a

tumor;

FIG. 8C illustrates the time-averaged temperature distribution in the sagittal

plane corresponding to FIG. 8A;

FIG. 8D illustrates the time-averaged spatial temperature distribution in the

sagittal plane corresponding to FIG. 8B; and

FIG. 9 is a flow chart illustrating computer processing or treatment steps for

multi-foci sonication induced mild hyperthermia.

The optimal temperature for most mild hyperthermia applications is in the

40-45°C. range. Temperatures below 40°C typically have limited effect and temperatures

greater than 45°C may shut down tissue perfusion. By contrast, in ablation techniques, the

temperature is raised to level capable of inducing necrosis, typically greater than 55°C, and

then letting the tissue cool. Overheating of the target tissue to be ablated is not detrimental.

The present mild hyperthermia technique maintains the temperature in the target region at the

desired level, e.g., between 40.5°C and 41.0°C, for a long duration, typically 3-45 minutes or

more. During this time, the power, frequency, and trajectory are adjusted to obtain an

optimal heating uniformity in the target volume for e.g. homogeneous tissue sensitization or

drug delivery.

The effects of HIFU on tissue are highly dependent on the acoustic intensity of

the focal region, with different mechanisms of HIFU energy propagation dominating at high

and low acoustic intensities. When operating at low acoustic intensities, the acoustic field is

predominantly linear, the waves have harmonic shape, and acoustic intensity is proportional

to the pressure squared. At the higher acoustic intensity levels, the peak negative

(rarefaction) pressure correlates well with the onset of cavitation effects and nonlinear wave

propagation leads to the generation of higher harmonics, asymmetric distortion of pressure

waveforms, and ultimately, to the forming of steep shock fronts. The nonlinear broadening

of the spectrum to higher frequencies and the formation of shocks can significantly increase

local absorption of the acoustic energy, especially in the focal region. This absorption of

acoustic energy drastically increases the local heating rate. The unpredictable nature of



nonlinear acoustic propagation and mechanical bioeffects raise potential concerns for clinical

applications in a diverse patient population, even when a focus point of high intensity is

scanned rapidly. Mild hyperthermia attempts to avoid direct tissue damage due to both

mechanical and thermal bioeffects. Rather, mild hyperthermia aims at only sensitizing the

tissue to adjuvant therapies, such as thermally activated drug therapies.

With reference to FIG. 1, a magnetic resonance guided mild hyperthermia

treatment system 10 includes a magnetic resonance imaging system 12 and an ultrasonic

probe 14. The magnetic resonance imaging system includes a main magnet 20 for generating

a temporally constant B o main magnetic field through an imaging region 22. Gradient

magnetic coils 24 are selectively pulsed to generate magnetic field gradients across the main

magnetic field. Whole body radio frequency (RF) coils 26 are controlled to induce magnetic

resonance in a subject in the imaging region. The induced magnetic resonance signals are

received by the whole body RF coils 26 or by a local RF coil 28.

A magnetic resonance scan controller 30 controls the gradient and RF coils to

apply a selected magnetic resonance proton density imaging protocol and a thermal imaging

protocol such as a fast field echo-echo planar imaging (FFE-EPI) sequence utilizing proton

resonance frequency shift (PRFS). A magnetic resonance reconstruction system 32

reconstructs the received resonance signals into a proton-density-weighted planning image 34

prior to treatment and into a series of MR thermal image maps 36 during ultrasonic treatment.

A clinician uses a planning terminal 38 to plan the spatial and thermal properties of the mild

hyperthermia treatment to provide spatial and thermal treatment profiles, which are stored in

a treatment profile memory 40. The ultrasound controller 42 calculates a multi-foci

sonication pattern (explained below in greater detail in conjunction with FIG. 9) that achieves

the selected spatial and thermal profiles.

The ultrasound probe 14 includes phased array ultrasound transducers 50, such

as a 256-element transducer array. The ultrasound probe 14, in the illustrated embodiment, is

disposed in a patient support 44, which is movably mounted to transport the patient and the

ultrasound transducer into the examination region 22 of the magnetic resonance imaging

system 12. Driving electronics including an array of ultrasonic transducer drivers 52 are

provided, each driver parallel to a corresponding transducer, for providing the appropriate

power and frequency to each ultrasonic transducer individually with an appropriate relative

phase to deliver the multi-foci sonication pattern calculated by the ultrasound controller 42.

The ultrasound transducers are individually controlled. The driving electronics can be used

to direct the multi-foci beam to different spatial locations, different depths, and different



relative power levels around the profile. Optionally, a mechanical aiming device 54 is

provided for mechanically adjusting the angle and location of the ultrasound probe, hence the

relative location of the multi-foci beam within the patient. The driving electronics enable the

creation of the desired focal pattern through the generation of simultaneous multiple foci

associated with low levels of secondary maxima. In one embodiment, an acoustic coupling

56 is carried by the transducer array to contract and interface with the patient.

The ultrasonic controller 42 and the driving electronics 54 control the array of

ultrasound transducers to sonicate any of a multiplicity of freely configurable patterns. For

example, the patterns may include a circular array of foci with diameters of the circle from

4-32 mm. To heat a larger volume, two or more of the circles can be sonicated

simultaneously or alternately. For more complex patterns, the ultrasound controller 42

calculates the appropriate driving voltages and potential for each of the transducers of the

array individually. Alternately, the ultrasound controller can be preprogrammed with a

plurality of patterns: one-dimensional, two-dimensional, and/or three-dimensional. These

patterns can be scaled and combined, as needed, to match the shape and size of the volume

that is to be heated. The operator may specify a target region that is then decomposed into a

set of sonication patterns with shapes determined to for the heating to best conform to the

target region. The frequency, the sonication target size, and the sonication depth are also

adjustable.

The ultrasound controller and the driving electronics control the transducers to

generate patterns, which contain a plurality of foci that are sonicated simultaneously. The

patterns with a spread, which ranges from about 4 mm to about 32 mm in width are suitable

for most clinical applications. However, this width can be increased by adjusting the

geometry, or by increasing the number or size of the transducer elements.

By contrast, for thermal ablation, it is desirable to achieve a rapid, highly

localized temperature rise in the target region in order to limit undesirable temperature

elevation in surrounding tissue. A well-defined heating pattern with a high energy efficiency

maximizes the ratio between the ablation volume and near-field heating. Steep temperature

gradients improve lesion delineation. Provided that the ablation is complete, temperature

uniformity is not necessary. Consequently, the sweeping of a single high-intensity focused

point for increasing the ablation volume is beneficial for ablation. Low-level cavitation and

Shockwave formation, which are induced at the focus by high acoustic pressure levels may be

beneficial in further improving the heating efficiency of the ablation. Collateral damage to

surrounding tissues should be avoided.



For mild hyperthermia, the heating strategy is very different. Mechanical

effects, such as shock waves, high acoustic pressure gradients, and cavitation, should be at

least be minimized if not altogether avoided. Rather, for mild hyperthermia, the goal is

merely to elevate the local tissue temperature while avoiding direct tissue damage. In mild

hyperthermia, heating uniformity within a relatively narrow temperature range achieves

similar bioeffects throughout the target volume. However, due to the low temperatures of

mild hyperthermia, thermal damage to the skin or tissues nearby to the target is unlikely.

Multi-foci sonication patterns distribute the acoustic pressure at any given

time over a large area. Although this might reduce heating efficiency and cause treatment

borders to be less well defined, the distributed acoustic pressure is still advantageous for mild

hyperthermia treatments as for example temporal temperature peaks are better avoided. The

driving electronics are used to steer and focus the multi-foci beam to the prescribed shape of

the target volume.

The ultrasound controller 42 compares the current MR thermal map 36 with

the treatment profile 40 and controls the driving electronics to adjust the power delivered to

the individual transducers of the ultrasound array to maintain the actual thermal profile as

close as possible to the desired treatment profile while keeping peak pressure below a given

threshold to avoid mechanical damage. The magnetic resonance system and the magnetic

resonance thermal map 36 provide a feedback loop to control the temperature uniformity

while limiting the peak pressure in the target region. To minimize the peak pressure, the

peak pressure can be estimated using acoustic simulations compatible with a heterogeneous

medium, for example, a stochastic ray tracer that is also rapid. In one embodiment, the

transducers are driven to create minimal heating in the target region and the feedback loop

iteratively brings the actual temperatures up into conformity with the target temperature

profile.

The multi-foci mild hyperthermia sonication with MR-HIFU reduces the

possible risks associated with high instantaneous pressures while obtaining a homogeneous

temperature distribution in the target region. The present technique achieves accurate and

precise heating within the target region with significantly lower acoustic pressures and better

spatial control over heating compared to a single focus spot sweep sonication technique. The

reduction in acoustic pressure and the improvement in spatial control render multi-foci

heating as an advantageous tool for mild hyperthermia applications for clinical oncology.

By contrast, binary ablation feedback strategies when applied to mild

hyperthermia, e.g., a rapidly scanning spot, are either incapable of maintaining mild



hyperthermia for a long duration, incapable of lowering peak acoustic pressures, or result in

an inferior accuracy and/or spatiotemporal uniformity of heating.

FIG. 2B illustrates an exemplary multi-foci sonication pattern. FIG. 2A, by

comparison, illustrates a single focus spot. More specifically, FIGS. A &2B are acoustic

pressure maps obtained through computer simulations. As can be seen from the pressure

scale at the right, the multi-foci sonication pattern of FIG. 2B distributes a smaller pressure

over a wide area; whereas, the single spot of FIG. 2A creates a much higher pressure in a

more localized area. FIGS. 2C & 2D illustrate the acoustic pressure map in a dimension

orthogonal to the acoustic pressure maps of FIGS. 2A & 2B, respectively. In the illustrated

embodiment, multi-foci sonication results in about a 70% reduction in peak acoustic pressure.

FIGS. 3A & 3B again compare measurements of acoustic pressure maps of a

single focal point versus a multi-foci sonication pattern. FIGS. 3C & 3D are phase maps for

the single focus and multi-foci sonication patterns.

FIGS. 4A-4D compare the heating characteristics of single and multi-foci

sonication patterns through computer simulations. The multi-foci and single focus sweep

sonications were evaluated in a binary feedback controlled MR-HIFU volumetric mild

hyperthermia simulation. As will be seen by comparing FIGS. 4C & 4D for the multi-foci

sonication pattern sonication with FIGS. 4A & 4B for the single focus sweep sonication, the

multi-foci sonication pattern results in a more homogeneous temperature distribution with

less temperature overshoot 60 above the target temperature range, 40.5°-41°C. in the

illustrated example.

FIGS. 5A-5D illustrate an example of treatment planning and resulting heating

(temperature maps) in an in vivo study, particularly a RABBIT model with a Vx2 tumor in a

thigh muscle using the multi-foci sonication approach. During planning, the tumor is

identified with a dashed line on the proton density weighted planning images. Target regions

both within the tumor and normal muscle are chosen, note circles 1-5 and 6-10. With

reference to FIGS. 5B & 5D, during treatment, temperature maps, preferably in color, are

overlaid on the dynamic magnitude images. FIGS. 5B & 5D show a typical temperature

distribution after 3 minutes of heating. The ultrasound controller 42 compares these

temperature maps with the temperature profile from the treatment profile memory 40 and

adjusts the power and phase of the energy applied to the ultrasonic transducer array so as to

bring and hold the actual and desired temperature maps in conformity with each other.

FIGS. 6-8 show mean temperature curves, radial line profiles of temperature in

the target region, as well as temperature distribution maps for both multi-foci and single



focus sweep methods in in vivo studies. Note that the temperature 62 using the multi-foci

approach (FIG. 6B) has less overshoot from the target temperature range 64 than a single

focus sweep approach illustrated in FIG. 6A. Similarly, a dashed line in FIG. 7 shows that

the temperature near the center of the heated region is lower and within the target 40.5-41°C

temperature range than the single focus sonication illustrated by the solid line. In FIGS. 8B

& 8D, note that the temperature within the target region as denoted by the dashed circle in

FIG. 8B is primarily in the 40.5°C. range with only two small regions 66 in the 41°C. range.

By contrast, the target region with the single focus sweep sonication results in heating a

substantial portion of the target area to 41°C. and brings a significant area 68 near the center

of the region to the 4 1.5°C. range.

With reference again to FIG. 1 and further reference to FIG. 9, the ultrasound

controller 42 and the magnetic image reconstruction unit 32 include one or more processors,

which are programmed to implement the steps of FIG. 9 . The planning image 34 is generated

at step 70. The planning image is analyzed by a clinician using the planning console 38 and a

treatment profile including a target temperature distribution or profile is generated and stored

in the treatment profile memory 40 at step 72. The processors of the ultrasound controller

receive the target temperature distribution and, at step 74, calculate the power to be applied to

each of the individual transducers of the phased array 50 and the relative phase and frequency

or frequencies with which the power is applied in order to generate the multi-foci sonication

which will achieve the target temperature distribution.

As discussed above, when using high acoustic pressures, the target

temperature may be reached too quickly, e.g., in a matter of microseconds, with respect to the

sampling interval (dynamic imaging frame rate), thereby inducing severe overshoots in the

temperature. Moreover, the relatively high acoustic pressures may be sufficiently high that

the treated tissue could be mechanically damaged by the acoustic pressure waves. At step 76,

maximum pressure constraints are applied to the calculation such that the calculated power

and relative phase maintain the maximum acoustic pressure below clinician selected

constraints. With such constraints, the heating may be slower, e.g., on the order of 10t s of a

second, but the pressure remains acceptably low. To apply the pressure constraints, the

processor can simulate or estimate an acoustic pressure distribution map at step 78. For a

phased-array transducer with N elements, the pressure at a given in M control points at

position r = rm with m = 1, 2, M can be written as



where j = , p is the density, c is the speed of sound, k is the wavenumber, S ' is the

surface of the source, u is the normal velocity of the source surface, and r and r ' are the

observation and source points, respectively. The maximum from the pressure distribution

map is compared with the preselected maximum pressure at step 80. The power and phase to

be applied to each ultrasonic transducer is recalculated or adjusted, as necessary, to meet the

acoustic pressure constraint at step 82. This process can be iteratively applied.

At step 90, the treatment is started. This may involve injecting

chemotherapeutic agents whose activity is enhanced by heat, or drug containing liposomes

whose payload is released at a certain temperature threshold. At step 92, the magnetic

resonance scan controller 30 controls the magnetic resonance scanner 12 to start generating

the temperature maps 36. Each temperature map 36 is optionally superimposed on the

planning image at step 94 and displayed to the clinician, e.g., on the planning console 38. At

step 96, the generated temperature maps are compared with the target temperature

distribution. If the actual and target temperature distributions differ, the power and the

relative phase which is applied to the ultrasonic transducer elements is recalculated or

adjusted at step 98. The recalculated powers and relative phases are constrained by the

maximum pressure constraints at step 76' analogous to step 76 described above. At step 100,

the power and relative phase applied to the ultrasonic transducer elements is adjusted. The

temperature maps continue to be generated, compared to the target temperature profiles, and

the power and relative phase applied to the transducer elements adjusted for the treatment

duration which may, for example, be on the order of 30-45 minutes.

The power and phase applied to the transducers of the phased array 50 can be

static or can vary with time in order to move the multi-foci sonication pattern. This can even

be done midway between the acquisitions of subsequent temperature maps. For example, if

the calculated power and phase results in a circular ring of multi-foci points, the ring can be

rotated for more even temperature distribution. To cover larger areas, the ring or other

patterns of multi-foci are expanded and contracted in radius. The expansion and contraction

can be in steps or swept on a continuum.

Calculating the power, phase and frequency to be applied to the individual

acoustic transducers is also constrained to maintain pressures in the region between the

transducer array and the target region to be kept below preselected maxima. For example,

the phasing of the transducers can be selected such that the pressure fields destructively

interfere in the region between the transducer array and the target region.



The methods described above can advantageously be combined with

mechanical movement or angulation of the transducer for heating at multiple individual

mechanical transducer positions or angles in order to create a larger heated region. This will

be beneficial for heating of larger tumors.

The invention has been described with reference to the preferred

embodiments. Modifications and alterations may occur to others upon reading and

understanding the preceding detailed description. It is intended that the invention be

constructed as including all such modifications and alterations insofar as they come within

the scope of the appended claims or the equivalents thereof.



CLAIMS:

1. A mild hyperthermia treatment apparatus (10) comprising:

an imager (12) which generates a planning image (34);

a phased array of ultrasonic transducers (50);

an array of ultrasonic transducer drivers (52) for individually driving the

ultrasonic transducers of the phased array to generate multi-foci sonications in the target

region;

one or more processors (30, 32, 34) programmed to:

receive a target temperature profile based on the planning

image, and

calculate power, frequency and relative phase for the

transducer drivers of the ultrasonic transducer driver array which can cause

the phased array of ultrasonic transducers to generate a multi-foci sonication

pattern configured to heat the target region with the target temperature profile.

2 . The apparatus according to claim 1, wherein the one or more processors are

further programmed to calculate the powers, frequencies, and relative phases and/or a number

of foci such that the multi-foci sonication profile maintains acoustic pressures in the target

region below maximum acoustic pressures.

3 . The apparatus according to either one of claims 1 and 2, wherein the one or

more processors are further programmed to:

simulate an acoustic pressure distribution map based on the calculated powers

and relative phases;

compare acoustic pressures of the simulated acoustic pressure distribution map

with a preselected maximum acoustic pressure; and

recalculate the powers, and relative phases, frequencies, and/or the number of

foci such that acoustic pressures of the simulated acoustic pressure distribution are below the

preselected maximum acoustic pressure.



4 . The apparatus according to claim 3, wherein the one or more processors are

further programmed to:

from the simulated acoustic pressure distribution, evaluating focal point

quality.

5 . The apparatus according to any one of claims 1-4, wherein the one or more

processors are further programmed to after commencement of the mild hyperthermia

treatment:

generate a temperature map;

compare the generated temperature map with the target temperature profile;

based on temperature differences between the generated temperature map and

the target temperature profile, calculating adjustments to the applied powers, frequencies and

relative phases; and

adjust the applied powers, frequencies and phases.

6 . The apparatus according to any one of claims 1-5, wherein the one or more

processors are further programmed to:

decompose the target region into a set of sonication patterns.

7 . The apparatus according to any one of claims 1-6, wherein the imaging

apparatus is a magnetic resonance scanner (12).

8. The apparatus according to claim 7, wherein the magnetic resonance scanner

(12) includes a scan controller (30) which controls the magnetic resonance scanner to apply a

thermometry imaging sequence utilizing proton resonance frequency shift, Tl, T2/T2*,

diffusion, proton density, or spectroscopic methods.

9 . The apparatus according to any one of claims 1-8, further including a planning

console (38) which displays the planning image and on which a clinician inputs the target

temperature profile.

10. A method of mild hyperthermia treatment comprising:

generating a planning image which encompasses a target region of a subject to

receive the mild hyperthermia treatment;



creating a target temperature profile for the target region based on the planning

image; and

calculating powers, frequencies and relative phases with which to drive a

phased array of ultrasonic transducers (50) to generate a multi-foci sonication pattern in the

target region for heating the target region in accordance with the target temperature profile.

11. The method according to claim 10, wherein calculating the powers and

relative phases further includes:

constraining the powers, frequencies and relative phases such that acoustic

pressures created in and adjacent to the target region of the subject by the multi-foci

sonication pattern are less than a preselected maximum acoustic pressure.

12. The method according to claim 11, wherein constraining the acoustic pressure

to be below the maximum acoustic pressure includes:

simulating an acoustic pressure distribution from the calculated powers and

relative phases;

comparing pressures of the simulated acoustic pressure distribution with the

maximum pressure; and

recalculating the powers, frequencies and relative phases, as necessary, to

bring the acoustic pressures of the simulated pressure distribution below the maximum

acoustic pressure.

13. The method according to any one of claims 10-12, further including:

placing a portion of a subject in contact with the phased array of ultrasonic

transducers (50) and moving at least the portion of the subject in contact with the phased

array of ultrasonic transducers into an imaging region of an imager;

generating a temperature map of the region of the subject in the imaging

region;

comparing the generated temperature map with the target temperature profile;

based on the comparison, adjusting the powers and relative phases applied to

the phased array of ultrasonic transducers to bring the generated temperature map into

conformity with the target temperature profile; and



periodically repeating the generating, comparing, and adjusting steps to

maintain temperatures in the target region in conformity with the target temperature profile

over the mild hyperthermia treatment procedure.

14. The method according to claim 13, wherein adjusting the applied powers,

frequencies and relative phases includes constraining the applied powers and phases such that

acoustic pressures of a simulated acoustic pressure distribution in the subject remain below

the preselected maximum acoustic pressure.

15. The method according to either one of claims 13 and 14, further including:

injecting the subject with a temperature sensitive treatment agent whose

efficacy or local delivery is thermally enhanced, the target temperature profile being

configured to enhance the efficacy or delivery of the therapeutic agent in the target region.

16. The method according to any one of claims 10-15, further including:

constraining powers, frequencies, relative phase, and/or number of foci to

control a shape of the heated target region.

17. The method according to any one of claims 13-16, wherein generating the

temperature map includes applying a thermometry imaging sequence.

18. A non-transitory computer-readable medium carrying software which controls

one or more processors to perform the method of any one of claims 10-17.

19. One or more processors programmed to perform the method according to any

one of claims 10-17.

20. A mild hyperthermia treatment apparatus (10) comprising:

an imager (12) and a scan controller (30) which controls the imager to

generate a planning image (34) and temperature maps (36) of a target region;

a phased array of ultrasonic transducers (50);

an array of ultrasonic transducer drivers (52) for individually driving the

ultrasonic transducers of the phased array to generate sonications for heating a target region;



a planning console (38) on which a clinician views the planning image and

creates a target temperature profile;

an ultrasound controller (42) which:

receives target temperature profile, and

calculates power, frequency, and relative phase for the

transducer drivers of the transducer driver array (50) which are calculated to

cause the phased array of ultrasonic transducers to generate a sonication

pattern to heat the target region to the target temperature profile.
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