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Description

TECHNICAL FIELD

[0001] The invention relates to the determination of the distribution of sonically dispersive elements within a subject,
in particular to the determination of this distribution using medical imaging.

BACKGROUND OF THE INVENTION

[0002] It may the technologically or medically beneficial to know understand microstructure of an object or tissue. For
instance knowing the number of particles or blood vessels within a particular volume or cross section may impart
information descriptive of the structure or even be useful in assisting in diagnosis of a pathology.
[0003] In PCT patent application WO 00/70362 Magnetic Resonance Elastography is used to measure Young’s mod-
ulus at a single frequency using longitudinal waves.
[0004] In Sinkus et. al. " Viscoelastic shear properties of in vivo breast lesions measured by MR elastography," Magnetic
Resonance Imaging 23 (2005) 159-165 a technique for measuring the shear viscosity and shear modulus using magnetic
resonance imaging.
[0005] Magnetic Resonance Elastography is reviewed in the journal article Mariappan et. al., "Magnetic Resonance
Elastography: A Review," Clin. Anat. 2010 July; 23(5) 497-511; doi:10.1002/ca.21006.In Jing Guo et. al. "Paper; Fractal
network dimension and viscoelastic powerlaw behavior: II. An experimental study of struture-mimicking phantoms by
magnetic resonance elastography;", Physics in Medicine and Biology, vol. 57, no. 21, 4041-4053, XP020223661,
doi:10.1088/0031-9155/57/12/4023 a method of determining a power law relationship of sonically dispersive elements
is disclosed.

SUMMARY OF THE INVENTION

[0006] The invention provides for a medical apparatus, a computer program product and a method in the independent
claims. Embodiments are given in the dependent claims.
[0007] As will be appreciated by one skilled in the art, aspects of the present invention may be embodied as an
apparatus, method or computer program product. Accordingly, aspects of the present invention may take the form of
an entirely hardware embodiment, an entirely software embodiment (including firmware, resident software, microcode,
etc.) or an embodiment combining software and hardware aspects that may all generally be referred to herein as a
"circuit," "module" or "system." Furthermore, aspects of the present invention may take the form of a computer program
product embodied in one or more computer readable medium(s) having computer executable code embodied thereon.
[0008] Any combination of one or more computer readable medium(s) may be utilized. The computer readable medium
may be a computer readable signal medium or a computer readable storage medium. A ’computer-readable storage
medium’ as used herein encompasses any tangible storage medium which may store instructions which are executable
by a processor of a computing device. The computer-readable storage medium may be referred to as a computer-
readable non-transitory storage medium. The computer-readable storage medium may also be referred to as a tangible
computer readable medium. In some embodiments, a computer-readable storage medium may also be able to store
data which is able to be accessed by the processor of the computing device. Examples of computer-readable storage
media include, but are not limited to: a floppy disk, a magnetic hard disk drive, a solid state hard disk, flash memory, a
USB thumb drive, Random Access Memory (RAM), Read Only Memory (ROM), an optical disk, a magneto-optical disk,
and the register file of the processor. Examples of optical disks include Compact Disks (CD) and Digital Versatile Disks
(DVD), for example CD-ROM, CD-RW, CD-R, DVD-ROM, DVD-RW, or DVD-R disks. The term computer readable-
storage medium also refers to various types of recording media capable of being accessed by the computer device via
a network or communication link. For example a data may be retrieved over a modem, over the internet, or over a local
area network. Computer executable code embodied on a computer readable medium may be transmitted using any
appropriate medium, including but not limited to wireless, wireline, optical fiber cable, RF, etc., or any suitable combination
of the foregoing.
[0009] A computer readable signal medium may include a propagated data signal with computer executable code
embodied therein, for example, in baseband or as part of a carrier wave. Such a propagated signal may take any of a
variety of forms, including, but not limited to, electro-magnetic, optical, or any suitable combination thereof. A computer
readable signal medium may be any computer readable medium that is not a computer readable storage medium and
that can communicate, propagate, or transport a program for use by or in connection with an instruction execution
system, apparatus, or device.
[0010] ’Computer memory’ or ’memory’ is an example of a computer-readable storage medium. Computer memory
is any memory which is directly accessible to a processor. ’Computer storage’ or ’storage’ is a further example of a
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computer-readable storage medium. Computer storage is any non-volatile computer-readable storage medium. In some
embodiments computer storage may also be computer memory or vice versa.
[0011] A ’processor’ as used herein encompasses an electronic component which is able to execute a program or
machine executable instruction or computer executable code. References to the computing device comprising "a proc-
essor" should be interpreted as possibly containing more than one processor or processing core. The processor may
for instance be a multi-core processor. A processor may also refer to a collection of processors within a single computer
system or distributed amongst multiple computer systems. The term computing device should also be interpreted to
possibly refer to a collection or network of computing devices each comprising a processor or processors. The computer
executable code may be executed by multiple processors that may be within the same computing device or which may
even be distributed across multiple computing devices.
[0012] Computer executable code may comprise machine executable instructions or a program which causes a proc-
essor to perform an aspect of the present invention. Computer executable code for carrying out operations for aspects
of the present invention may be written in any combination of one or more programming languages, including an object
oriented programming language such as Java, Smalltalk, C++ or the like and conventional procedural programming
languages, such as the "C" programming language or similar programming languages and compiled into machine
executable instructions. In some instances the computer executable code may be in the form of a high level language
or in a pre-compiled form and be used in conjunction with an interpreter which generates the machine executable
instructions on the fly.
[0013] The computer executable code may execute entirely on the user’s computer, partly on the user’s computer, as
a stand-alone software package, partly on the user’s computer and partly on a remote computer or entirely on the remote
computer or server. In the latter scenario, the remote computer may be connected to the user’s computer through any
type of network, including a local area network (LAN) or a wide area network (WAN), or the connection may be made
to an external computer (for example, through the Internet using an Internet Service Provider).
[0014] Aspects of the present invention are described with reference to flowchart illustrations and/or block diagrams
of methods, apparatus (systems) and computer program products according to embodiments of the invention. It will be
understood that each block or a portion of the blocks of the flowchart, illustrations, and/or block diagrams, can be
implemented by computer program instructions in form of computer executable code when applicable. It is further under
stood that, when not mutually exclusive, combinations of blocks in different flowcharts, illustrations, and/or block diagrams
may be combined. These computer program instructions may be provided to a processor of a general purpose computer,
special purpose computer, or other programmable data processing apparatus to produce a machine, such that the
instructions, which execute via the processor of the computer or other programmable data processing apparatus, create
means for implementing the functions/acts specified in the flowchart and/or block diagram block or blocks.
[0015] These computer program instructions may also be stored in a computer readable medium that can direct a
computer, other programmable data processing apparatus, or other devices to function in a particular manner, such that
the instructions stored in the computer readable medium produce an article of manufacture including instructions which
implement the function/act specified in the flowchart and/or block diagram block or blocks.
[0016] The computer program instructions may also be loaded onto a computer, other programmable data processing
apparatus, or other devices to cause a series of operational steps to be performed on the computer, other programmable
apparatus or other devices to produce a computer implemented process such that the instructions which execute on
the computer or other programmable apparatus provide processes for implementing the functions/acts specified in the
flowchart and/or block diagram block or blocks.
[0017] A ’user interface’ as used herein is an interface which allows a user or operator to interact with a computer or
computer system. A ’user interface’ may also be referred to as a ’human interface device.’ A user interface may provide
information or data to the operator and/or receive information or data from the operator. A user interface may enable
input from an operator to be received by the computer and may provide output to the user from the computer. In other
words, the user interface may allow an operator to control or manipulate a computer and the interface may allow the
computer indicate the effects of the operator’s control or manipulation. The display of data or information on a display
or a graphical user interface is an example of providing information to an operator. The receiving of data through a
keyboard, mouse, trackball, touchpad, pointing stick, graphics tablet, joystick, gamepad, webcam, headset, gear sticks,
steering wheel, pedals, wired glove, dance pad, remote control, and accelerometer are all examples of user interface
components which enable the receiving of information or data from an operator.
[0018] A ’hardware interface’ as used herein encompasses an interface which enables the processor of a computer
system to interact with and/or control an external computing device and/or apparatus. A hardware interface may allow
a processor to send control signals or instructions to an external computing device and/or apparatus. A hardware interface
may also enable a processor to exchange data with an external computing device and/or apparatus. Examples of a
hardware interface include, but are not limited to: a universal serial bus, IEEE 1394 port, parallel port, IEEE 1284 port,
serial port, RS-232 port, IEEE-488 port, Bluetooth connection, Wireless local area network connection, TCP/IP connec-
tion, Ethernet connection, control voltage interface, MIDI interface, analog input interface, and digital input interface.
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[0019] A ’display’ or ’display device’ as used herein encompasses an output device or a user interface adapted for
displaying images or data. A display may output visual, audio, and or tactile data. Examples of a display include, but
are not limited to: a computer monitor, a television screen, a touch screen, tactile electronic display, Braille screen,
[0020] Cathode ray tube (CRT), Storage tube, Bistable display, Electronic paper, Vector display, Flat panel display,
Vacuum fluorescent display (VF), Light-emitting diode (LED) displays, Electroluminescent display (ELD), Plasma display
panels (PDP), Liquid crystal display (LCD), Organic light-emitting diode displays (OLED), a projector, and Head-mounted
display.
[0021] An ’ultrasound window’ as used herein encompasses a window which is able to transmit ultrasonic waves or
energy. Typically a thin film or membrane is used as an ultrasound window. The ultrasound window may for example
be made of a thin membrane of BoPET (Biaxially-oriented polyethylene terephthalate).
[0022] Medical image data is defined herein as two or three dimensional data that has been acquired using a medical
imaging scanner. A medical imaging scanner is defined herein as a apparatus adapted for acquiring information about
the physical structure of a patient and construct sets of two dimensional or three dimensional medical image data.
Medical image data can be used to construct visualizations which are useful for diagnosis by a physician. This visualization
can be performed using a computer.
[0023] Magnetic Resonance (MR) data is defined herein as being the recorded measurements of radio frequency
signals emitted by atomic spins by the antenna of a Magnetic resonance apparatus during a magnetic resonance imaging
scan. A Magnetic Resonance Imaging (MRI) image is defined herein as being the reconstructed two or three dimensional
visualization of anatomic data contained within the magnetic resonance imaging data. This visualization can be performed
using a computer.
[0024] Magnetic Resonance Elastography data is Magnetic Resonance data that has been acquired in the course of
performing magnetic resonance elastography.
[0025] In one aspect the invention provides for a medical apparatus for determining the concentration distribution of
sonically dispersive elements within a subject. A sonically dispersive element as used herein encompasses a particle
or structure within the subject which has an acoustic impedance that is sufficiently different from the surrounding medium
that it causes the dispersion of acoustic waves.
[0026] The medical apparatus comprises a memory for storing machine-executable instructions and a processor for
executing the machine-executable instructions. Execution of the instructions causes the processor to receive shear
wave data descriptive of the propagation of shear waves within the subject for at least two frequencies. The shear wave
data may take different forms but it is at least descriptive of the propagation of the shear waves in time and at least two
different propagation frequencies or generation frequencies for the shear wave. Execution of the instructions further
causes the processor to determine a mechanical property of the subject using the shear wave data at each of the at
least two frequencies. The mechanical property used herein is a mechanical property which can be derived from the
propagation of the shear waves. The mechanical property may have a spatial dependence. The shear wave data may
also be spatially descriptive also.
[0027] Execution of the instructions further causes the processor to determine a power law relationship between the
at least two frequencies and the mechanical property. A power law relationship as used herein is the conventional
mathematical usage. Essentially the mechanical property has a dependency on the frequency raised to a power. Exe-
cution of the instructions further causes the processor to determine the concentration distribution of the sonically dis-
persive elements within the subject using the power law relationship and calibration data. This embodiment may be
beneficial because the microstructure or essentially the concentration of the sonically dispersive elements within the
subject can be determined solely by the propagation of the shear waves within the subject. Information about the
concentration of a single type of dispersive element can be determined as well as information about dispersive elements
which have a distribution of sizes. This could include mixtures of different types of dispersive elements also. The micro-
structure may be characterized in terms of a grain size distribution, which would be descriptive of the concentration of
several sizes of dispersive elements.
[0028] This may have various uses such as detecting the concentration of particles within a matrix or even may have
medical applications such as detecting the density of blood vessels or other objects within a subject. It could also be
useful for inferring information about the nature of the dispersive elements. For instance the size and density of blood
vessels may follow a particular distribution within a subject. Knowing this information may be useful for diagnostic or
research purposes.
[0029] The calibration data may take different forms, for instance the calibration data may be determined by taking
empirical measurements on subjects within known concentrations or it may also be determined theoretically studying
the scattering or modeling the scattering of the shear waves from the sonically dispersive elements.
[0030] In another embodiment the medical apparatus further comprises a medical imaging system for measuring the
shear wave data. Execution of the machine-executable instructions causes the processor to acquire the shear wave
data using the medical imaging system. The medical imaging system as used herein is any imaging system which is
able to non-invasively detect the traveling of shear waves within the subject. Examples would include an ultrasound
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system and a magnetic resonance imaging system.
[0031] In another embodiment the medical imaging system is an ultrasound system. The ultrasound system is operable
to acquire ultrasound data. The ultrasound system is operable to determine the shear wave by tracking speckle patterns
in the ultrasound data. Speckle pattern is an intensity pattern in the ultrasound image which is produced by mutual
interferences from a variety of wave fronts. As such the speckle pattern is dependent upon the internal structure of the
subject. As the subject moves internally due to a shear wave the speckle patterns in the image will move. This tracking
the position of the speckle patterns allows the determination of the internal movement of the subject. This can be used
to create a mapping of the traveling of the shear wave fronts through the subject. In this way the shear wave data can
be derived directly from the ultrasound data. This embodiment may be beneficial because ultrasound is non-invasive
and enables the measurement of the shear wave data without any damage to the subject.
[0032] In another embodiment the medical imaging system is a magnetic resonance imaging system. The magnetic
resonance imaging system is operable to acquire magnetic resonance elastography data. The magnetic resonance
imaging system is operable to determine the shear wave data using the magnetic resonance elastography data. Magnetic
resonance elasotraphy is explained in detail in the journal article Rump et. al., "Fractional Encoding of Harmonic Modtions
in MR Elastography," Magnetic Resonance in Medicine, 57: 388-395 (2007). The fractional MRE techniques described
in this article are applicable to the present invention.
[0033] This embodiment may be beneficial because magnetic resonance imaging is able to measure the harmonic
motion of the internal structure of the subject very accurately. This will enable the measurement of the shear wave
propagation in different portions of the subject as a function of time.
[0034] In another embodiment the medical apparatus further comprises a vibration system operable for inducing shear
waves in the subject. Execution of the machine-executable instructions further cause the processor to cause shear
waves in the subject using the vibration system. The shear wave data is descriptive of the shear waves created by the
vibration system. This embodiment is particularly advantageous because the medical apparatus is able to generate
shear waves in the subject and acquire the shear wave data automatically.
[0035] In another embodiment the vibration system is an ultrasound transducer or a mechanical actuator.
[0036] In another embodiment the vibration system is a high-intensity focused ultrasound system. The high-intensity
focused ultrasound system is operable for inducing the shear waves using sonic radiation force. The frequency at which
high-intensity focused ultrasound systems operate may be too high to be used to generate shear waves directly. However,
the ultrasound focused at the focal point of the high-intensity focused ultrasound system may be pulsed or modulated.
This pulsing or modulating generates a sonic radiation force which varies in times. This embodiment may be particularly
beneficial because the shear waves can be selectively generated originating at a particular point within the subject. This
may be particularly useful if a certain portion of the subject wants to be studied internally.
[0037] In another embodiment the vibration system is operable to generate shear waves with a frequency between
10 Hz to 1000 Hz. This embodiment may be particularly valuable because this is a frequency at which shear waves may
be generated at within tissue.
[0038] In another embodiment the shear wave data, the mechanical property, the power law relationship, and the
concentration distribution of the sonically dispersive elements have a two-dimensional spatial dependence or a three-
dimensional spatial dependence. This embodiment may be advantageous because it may be beneficial to know the two
or three-dimensional distribution of the sonically dispersive elements within the subject.
[0039] In another embodiment execution of the machine-executable instructions further cause the processor to perform
any one of the following: store the concentration distribution of the sonically dispersive elements in the memory, display
the concentration distribution of the sonically dispersive elements on a display, send the concentration distribution of
the sonically dispersive elements to a computer system via a computer network, and combinations thereof.
[0040] In some embodiments the concentration distribution of the sonically dispersive element may be displayed with
other graphical information such as a medical image or images acquired using the magnetic resonance imaging system
or a diagnostic ultrasound system.
[0041] In another embodiment execution of the machine-executable instructions further cause the processor to gen-
erate the calibration data by modeling the scattering of shear waves by the sonically dispersive elements as a function
of the shear wave frequency. The size of the sonically dispersive elements may also be varied in the model. In a numerical
model, it is also easy to choose a distribution of sizes and/or a distribution of concentrations when performing the
modeling. In this way the analysis can be extended to cases where the dispersive elements have a distribution of sizes
instead.
[0042] Essentially the mechanical property can be determined as a function of frequency by modeling the system.
This for instance may be achieved in a variety of different ways. For instance a finite difference model which includes
dispersive elements within a surrounding matrix may be used. In another embodiment a box counting algorithm may be
used to determine a fractal dimension which is used in an ordinary differential equation to predict the frequency depend-
ence of the power law for the mechanical property.
[0043] In another embodiment the mechanical property is any one of the following: elasticity, viscosity, the propagation
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or propagation speed, the attenuation of the shear wave, and the dispersion relation of the shear wave.
[0044] In another aspect the invention provides for a computer program product comprising machine-executable
instructions for execution by a processor controlling a medical apparatus. The medical apparatus is operable for deter-
mining the concentration distribution of sonically dispersive elements within a subject. Execution of the instructions
causes the processor to receive shear wave data descriptive of the propagation of shear waves within the subject for
at least two frequencies. Execution of the instructions further causes the processor to determine a mechanical property
of the subject using the shear wave data at each of the at least two frequencies. Execution of the instructions further
causes the processor to determine a power law relationship between the at least two frequencies and the mechanical
property. Execution of the instructions further causes the processor to determine the concentration distribution of the
sonically dispersive elements within the subject using the power law relationship and calibration data.
[0045] In another aspect the invention provides for a method of determining the concentration distribution of sonically
dispersive elements within a subject. The method comprises the steps of receiving shear wave data descriptive of the
propagation of shear waves within the subject for at least two frequencies. The method further comprises the steps of
determining the mechanical property of the subject using the shear wave data at each of the at least two frequencies.
The method further comprises the step of determining a power law relationship between the at least two frequencies
and the mechanical property. The method further comprises the step of determining the concentration distribution of the
sonically dispersive elements within the subject using the power law relationship and the calibration data.
[0046] In another embodiment the method further comprises the step of measuring the calibration power law relation-
ship for multiple frequencies as a function of the concentration distribution of dispersive elements. So essentially at
different frequencies of generating the shear waves the power law relationship can be determined empirically by using
subjects or phantoms which contain different concentrations of dispersive elements or different concentration distributions
of dispersive elements. The method further comprises the step of determining the calibration data empirically using the
calibration power law relationship. If the concentration distribution of the dispersive elements and their size are known
a priority then these measurements can be made and can be used to directly determine the calibration data empirically.
[0047] It is understood that one or more of the aforementioned embodiments of the invention may be combined as
long as the combined embodiments are not mutually exclusive.

BRIEF DESCRIPTION OF THE DRAWINGS

[0048] In the following preferred embodiments of the invention will be described, by way of example only, and with
reference to the drawings in which:

Fig. 1 shows a flow chart which illustrates a method according to an embodiment of the invention.
Fig. 2 illustrates an example of a medical apparatus;
Fig. 3 illustrates a further example of a medical apparatus;
Fig. 4 illustrates a further example of a medical apparatus;
Fig. 5 illustrates a further example of a medical apparatus;
Figs. 6 and 7 illustrate a series of images which are used to illustrate a portion of the method of determining the
concentration distribution of the sonically dispersive elements;
Fig. 8 illustrates multiple solutions to the calculation of the particulate concentration;
Fig. 9 shows a flow diagram which illustrates how the correct solution can be determined;
Fig. 10 shows a light microscopy image of a colloidal gel specimen with particulates embedded;
Fig. 11 illustrates an experimental setup;
Fig. 12 shows a plot of experimental data;
Fig. 13 shows a further plot of experimental data;
Fig. 14 shows Box-counting results for different densities of a fixed particle size;
Fig. 15 shows an example of the fractal dimension dƒ as a function of concentration;

Fig. 16 shows the characteristic length ζ (in units of pixels = mm here) as a function of  with D=2; and

Fig. 17 shows the schematic depiction of the two contributions for the total lag-time distribution a(t).

DETAILED DESCRIPTION OF THE EMBODIMENTS

[0049] Like numbered elements in these figures are either equivalent elements or perform the same function. Elements
which have been discussed previously will not necessarily be discussed in later figures if the function is equivalent.
[0050] Fig. 1 shows a flow chart which illustrates a method according to an embodiment of the invention. First in step
100 shear wave data is received which is descriptive of the propagation of shear waves within the subject for at least
two frequencies. Next in step 102 a mechanical property of the subject is determined using the shear wave data at each
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of the at least two frequencies. Then in step 104 a power law relationship between the at least two frequencies and the
mechanical property is determined. Then in step 106 the concentration distribution of the sonically dispersive element
within the subject is determined using the power law relationship and calibration data. For instance a lookup table could
be created which contains entries for various power law relationships values as a function of the concentration distribution
of the sonically dispersive elements.
[0051] It should be noted that in some instances it may be beneficial to use a priori knowledge of the size or approximate
size of the sonically dispersive elements within the subject. In some cases the size of the sonically dispersive elements
may be well known. For instance if the sonically dispersive elements are blood vessels the average or typical size of
blood vessels within the subject may be known beforehand and may be useful also in conjunction with the calibration
data. For instance the calibration data could be for a particular type or distribution of dispersive elements.
[0052] Fig. 2 illustrates an example of a medical apparatus 200. The medical apparatus 200 comprises a computer
202. The computer 202 has a hardware interface 204 connected to a processor 206. The processor 206 is also connected
to a user interface 208 and computer storage 210 and computer memory 212. Within the computer storage 210 is stored
shear wave data 214. The shear wave data 214 is used to drive a mechanical property 216 which is also stored in the
computer storage 210. The computer storage 210 also contains a power law relationship 218 derived or calculated from
the mechanical property 216. The computer storage 210 is also shown as containing a concentration of sonically dis-
persive elements 220 which was calculated using the power law relationship 218 by comparing it to calibration data 222.
The calibration data 222 is also shown as being stored in the computer storage 210. The shear wave data 214, the
mechanical property 216, the power law relationship 218, and the concentration of the sonically dispersive elements
220 or concentration distributrion of the sonically dispersive elements may have a spatial dependence.
[0053] The computer memory 212 is shown as containing a control module 224. The control module 224 enables the
processor 206 to control the operation and function of the medical apparatus 200. In the case of additional components
being added to the medical apparatus 200 such as a mechanical actuator or the system for generating shear waves or
a medical imaging system, the processor 206 may be enabled by the control module 224 to control them via the hardware
interface 204. The computer memory 212 is further shown as containing a shear wave data processing module 226.
The shear wave data processing module 226 contains computer-executable code which enables the processor 206 to
determine the mechanical property 216 from the shear wave data 214.
[0054] The computer memory 212 is further shown as containing a power law determination module 228. The power
law determination module 228 contains computer-executable code which enables the processor 206 to determine the
power law relationship 218 from the mechanical property 216. The computer memory 212 is further shown as containing
a concentration determination module 230. The concentration determination module 230 enables the processor 206 to
determine the concentration of sonically dispersive elements 220 or the concentration distribution of sonically dispersive
elements using the power law relationship 218 and the calibration data 222.
[0055] Finally the computer memory 212 is shown as containing a calibration data generation module 232. The cali-
bration data generation module 232 is an optional module which in some embodiments would be used to theoretically
calculate the calibration data 222. In other embodiments the calibration data generation module may use empirical
measurements to derive or calculate the calibration data 222.
[0056] Fig. 3 shows a further example of a medical imaging system 300. The medical imaging system in Fig. 3 is
similar to that shown in Fig. 2 except there is additionally a medical imaging system 302 and a mechanical actuator 310
are also shown as being included. The medical imaging system 302 is intended to be representative and may be any
medical imaging system which is able to detect shear waves traveling through a subject 306. The medical imaging
system in particular may be representative of a magnetic resonance imaging system or an ultrasound system. There is
a subject 306 shown as reposing on a subject support 308 partially within an imaging zone 304.
[0057] There is a mechanical actuator 310 in contact with the subject 306 which is generating shear waves 314. In
some instances there may be a catheter or object inserted into an orifice to locally generate shear waves also. The
mechanical actuator 310 is connected to a mechanical actuator controller 312 which supplies electrical power or other
actuation for moving the mechanical actuator 310. In the case of a magnetic resonance imaging system the mechanical
actuator controller 312 may for instance provide pneumatic power to the mechanical actuator 310 or may move a non-
magnetic rod. The medical imaging system 302 and the mechanical actuator controller 312 are shown as being connected
to a hardware interface 204. This enables the processor 206 to control the operation and function of the various com-
ponents of the medical imaging system 300.
[0058] The computer storage 210 is shown as containing medical image data 316 that was acquired using the medical
imaging system 302. The computer memory 212 is shown as additionally containing an image processor module 318.
The imaging processing module 318 enables the processor 206 to generate the shear wave data 214 from the medical
image data 316.
[0059] Fig. 4 shows a further example of a medical apparatus 400. In this example the medical imaging system is a
magnetic resonance imaging system 402. The magnetic resonance imaging system comprises a magnet 404. The
magnet 404 is a cylindrical type superconducting magnet with a bore 406 through the center of it.
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[0060] The magnet has a liquid helium cooled cryostat with superconducting coils. It is also possible to use permanent
or resistive magnets. The use of different types of magnets is also possible for instance it is also possible to use both a
split cylindrical magnet and a so called open magnet. A split cylindrical magnet is similar to a standard cylindrical magnet,
except that the cryostat has been split into two sections to allow access to the iso-plane of the magnet, such magnets
may for instance be used in conjunction with charged particle beam therapy. An open magnet has two magnet sections,
one above the other with a space in-between that is large enough to receive a subject: the arrangement of the two
sections area similar to that of a Helmholtz coil. Open magnets are popular, because the subject is less confined. Inside
the cryostat of the cylindrical magnet there is a collection of superconducting coils. Within the bore 406 of the cylindrical
magnet there is an imaging zone 408 where the magnetic field is strong and uniform enough to perform magnetic
resonance imaging. The mechanical actuator 310 is shown as being in the bore of the magnet 406.
[0061] Within the bore 406 of the magnet there is also a set of magnetic field gradient coils 410 which are used for
acquisition of magnetic resonance data to spatially encode magnetic spins within the imaging zone 408 of the magnet
404. The magnetic field gradient coils are connected to a magnetic field gradient coil power supply 412. The magnetic
field gradient coils 410 are intended to be representative. Typically magnetic field gradient coils contain three separate
sets of coils for spatially encoding in three orthogonal spatial directions. A magnetic field gradient power supply 412
supplies current to the magnetic field gradient coils 410. The current supplied to the magnetic field coils is controlled as
a function of time and may be ramped or pulsed.
[0062] Adjacent to the imaging zone 408 is a radio-frequency coil 414 for manipulating the orientations of magnetic
spins within the imaging zone 408 and for receiving radio transmissions from spins also within the imaging zone. The
radio-frequency coil may contain multiple coil elements. The radio-frequency coil may also be referred to as a channel
or an antenna. The radio-frequency coil 414 is connected to a radio frequency transceiver 416. The radio-frequency coil
414 and radio frequency transceiver 416 may be replaced by separate transmit and receive coils and a separate trans-
mitter and receiver. It is understood that the radio-frequency coil 414 and the radio-frequency transceiver 416 are
representative. The radio-frequency coil 414 is intended to also represent a dedicated transmit antenna and a dedicated
receive antenna. Likewise the transceiver 416 may also represent a separate transmitter and receivers.
[0063] The mechanical actuator controller 312, the transceiver 416 and the magnetic field gradient coil power supply
412 are shown as being connected to the hardware interface 204 of the computer 202.
[0064] In this example the medial image data is magnetic resonance data. The computer storage 210 is further shown
as containing a pulse sequence 420. The pulse sequence 420 is a set of commands or information which may be used
to derive a set of commands for controlling the magnetic resonance imaging system 402 to acquire the magnetic reso-
nance data 316. For instance the control module 224 could use the pulse sequence 420 to acquire the magnetic resonance
data 316.
[0065] Fig. 5 shows a medical instrument 500 that is similar to the embodiment shown in Fig. 4. However, in Fig. 5 a
high-intensity focused ultrasound system 506 is used instead of the mechanical actuator. The high-intensity focused
ultrasound system 506 focuses the ultrasound to a point 522. By switching the ultrasound on or off or modulating it shear
waves can be generated within the subject 306. The shear waves 314 can be shown as radiating outwards from the
focal point 522.
[0066] A subject 306 is shown as reposing on a subject support 308. The medical apparatus 200 comprises a high-
intensity focused ultrasound system 506. The high-intensity focused ultrasound system comprises 506 a fluid-filled
chamber 508. Within the fluid-filled chamber 508 is an ultrasound transducer 510. Although it is not shown in this figure
the ultrasound transducer 510 comprises multiple ultrasound transducer elements each capable of generating an indi-
vidual beam of ultrasound. This may be used to steer the location of a focal point 522 electronically by controlling the
phase and/or amplitude of alternating electrical current supplied to each of or groups of the ultrasound transducer
elements. Point 522 represents the adjustable focus of the medical apparatus 500.
[0067] The ultrasound transducer 510 is connected to a mechanism 512 which allows the ultrasound transducer 510
to be repositioned mechanically. The mechanism 512 is connected to a mechanical actuator 514 which is adapted for
actuating the mechanism 512. The mechanical actuator 512 also represents a power supply for supplying electrical
power to the ultrasound transducer 510. In some embodiments the power supply may control the phase and/or amplitude
of electrical power to individual ultrasound transducer elements.
[0068] The ultrasound transducer 510 generates ultrasound which is shown as following the path 516. The ultrasound
516 goes through the fluid-filled chamber 508 and through an ultrasound window 518. In this embodiment the ultrasound
then passes through a gel pad 520. The gel pad 520 is not necessarily present in all embodiments but in this embodiment
there is a recess in the subject support 308 for receiving a gel pad 520. The gel pad 520 helps couple ultrasonic power
between the transducer 510 and the subject 306. After passing through the gel pad 520 the ultrasound 516 is focused
to a sonication volume 522 or target zone.
[0069] The sonication volume 522 may be moved through a combination of mechanically positioning the ultrasonic
transducer 510 and electronically steering the position of the sonication volume 522. By modulating or pulsing the
intensity of ultrasound focused at the focal point 522 shear waves 314 can be induced in the subject.
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[0070] Fig. 6 shows a series of images which are used to illustrate a portion of the method of determining the concen-
tration distribution of the sonically dispersive elements. First image 600 shows a transducer for mechanical actuator 602
in contact with a matrix 604 filled with a variety of particulates 606. The ultrasound transducer 602 is able to induce a
shear wave which is partially dispersed by the particulates 606. Next image 608 shows a shear wave image 608 or shear
wave data that is descriptive of the transport of the shear wave through the matrix 604. A shear wave imaging system
permits to acquire or register shear wave propagation.
[0071] Image 610 represents reconstructed images used for determining the mechanical properties. Dedicated soft-
ware allows the reconstruction of mechanical properties from the theory of wave propagation. This may include but is
not limited to the elasticity, viscosity, propagation, attenuation and the dispersion relation of the waves. Next image 613
shows two plots of the logarithm of the frequency 614 versus the logarithm of the mechanical property 616. A local
volume 612 is indicated in the image 610. The local volume 612 is examined and the mechanical property at that particular
point for this frequency is determined. This is plotted value 618 on the first plot. This is then repeated at multiple frequencies
and the multiple plot values are shown as 620. The experiment is repeated at different frequencies in order to obtain a
frequency dependence of the mechanical property.
[0072] Next, Fig. 7 shows a portion of image 613 again. The multiple values 620 are plotted and a power law fit
indicated by the dashed line is performed. The value of alpha is the slope of this line 702 and represents the power law
fit. Extraction of the power law exponent alpha 702 characterizes the frequency dependence of the mechanical property.
The image 704 illustrates one theoretical model which may be used for interpreting the particulate density in terms of
alpha 702. This plot shows the spatial scale versus a filling factor calculated for a theoretical representation of particulates
dispersed within a matrix. A box counting algorithm is used to characterize the volume or area being examined. On the
spatial scale there is a value 710 which characterizes a transition between a normal fractal filling regime 712 and a
normal Euclidian filling regime 714. The distribution of obstacles which may be for instance blood vessels or particles
in space can be analyzed as a function of the spatial scale that is whether we look at the micrometer, the millimeter or
the centimeter scale. It can be shown for example in image 704 that the filling space where obstacles changes between
a classical geometrical filling and a fractal filling space for a given spatial scale 710. The anomalous part is linked to the
exponent or the slope of alpha. This part is defined by the micro-architecture of the material, hence it is possible to
deduce the details of the micro-architecture from the value of alpha 702 ’This is only feasible when the wavelength of
the shear wave is sufficiently small to sense the fractal filling regime 712.
[0073] Fig. 8 illustrates that there may be multiple solutions to the particulate density. Image 613 is used to represent
calculating alpha again. In plot 800 the concentration distribution versus the value of alpha is shown. There may be two
solutions 802 for a particular measured value of alpha. This value was derived using theoretical derivation of the dispersion
properties of the shear wave: 

where Disp is measure if the measurement is within the fractal or Euclidian regime, dƒ is the fractal dimension, d is the
dimension, ω is the frequency being investigated, and t0 is a characteristic time which is equivalent to the radius of the
particulates. When Disp is much greater than one then there is a fractal effect, and when Disp is much less than one
there no fractal effect. A brief outline of the theory of this above equation is contained in the following appendix. In
particular see the portion of Eq. 9 labeled "general weight" in the appendix.
[0074] For a given measurement the concentration or the distribution of concentration may have more than one solution.
To get the concentration from the experimental data the use of a knowledge of the macroscopic pathology may be used
to determine the radius and a priori information may be used to distinguish between the two possible solutions. For
instance it may be known what sort of blood vessels or particulates are inside of the subject. This would allow elimination
of one of the possible solutions.
[0075] Fig. 9 shows a method of determining the correct solution. In step 900 data acquisition and extraction of the
value of αmp is determined, wherein αmp is the power law relationship for the mechanical property mp. Next in step 902
an estimation of the obstacle size and concentration or concentration distribution according to an observed pathology
is determined. Next in step 904 the injection of rOE, the size range of the particulates, and CE, the concentration range,
in the fractal effect formula (Disp, shown above) is performed. Choosing rOE and CE imparts some a priori knowledge
of the microstructure and enables determining the solution.
[0076] If the value of Disp is much less than 1 then branch 906 is selected. In this case there is no fractal effect 908
and it is not possible to extract the concentration 910. In this case the frequency is changed 914 and the method returns
to step 900. In case the value Disp is much greater than 1 912 then there is a fractal effect 924. If CE is much less than
Cmin (the lower minimum concentration solution) then the low concentration 918 is selected. If the concentration is at
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the minimum 920 then there is only one solution and the solution is known. If CE is greater than Cmin then the high
concentration is selected 926. The use of equation Disp is not necessary. Experiments or numerical simulations could
be performed to determine the relation between αmp and the concentration.
[0077] Magnetic Resonance Elastography (MRE) is a technique capable of noninvasively assessing the mechanical
properties of tissues. The assessment of these properties is done indirectly via the measurement of low frequency
mechanical shear waves traversing the tissue. It can be hypothesized that the presence of micro-obstacles - similar to
effects leading to the apparent diffusion coefficient - changes the dispersion relation of propagating shear waves and
hence might influence at the macroscopic scale the apparent mechanical properties of the medium. In diffusion weighted
imaging (DWI), disordered media can lead to two effects: reduction of the typical diffusion length leading to the apparent
diffusion coefficient and/or a mean-square displacement which is not anymore proportional to time but to a fractional
power of time not equal to one (so-called anomalous diffusion). In DWI, micro-structural information is lost due to the
massive averaging that occurs within the imaging voxel and can only be revealed when exploring the tissue using different
b-values. Similarly here, where the propagation of a mechanical wave enters into the diffusive regime due to multiple
scattering effects, the frequency dependence of the mechanical properties could allow the assessment of the sub-voxel
microarchitecture. In this study we investigate the propagation of shear waves in calibrated phantoms containing accu-
rately controlled size distributions of scattering particles and demonstrate for the first time that shear waves are able to
reveal at the macroscopic scale the hidden microarchitecture properties of the material.
[0078] To test this experimentall, gel phantoms were fabricated using an agarose solution at 15 g/L (BRL, Type
5510UB) prepared in a water bath at 80°C. In order to create well defined scattering particle size distributions, colloidal
suspensions of polystyrene microspheres with precisely known diameter (1 mm, 5 mm, 10 mm, 30 mm and 150 mm
diameter, Sigma-Aldrich) and concentrations were added to the gel before solidification. This is shown in Fig. 10.
[0079] Fig. 10 shows a light microscopy image 1000 of a colloidal gel specimen 1004 with particulates embedded
1002. The image was taken at a magnification of 50x using a Leica microscope. Clearly, particles of different sizes can
be identified. The thereby measured diameter distribution per volume corresponds to the expected theoretical value
hence validating the desired microarchitectural properties of the gel.
[0080] The aim was to maintain for all prepared gels a concentration of 8% of spheres (similar to the volume fraction
of blood vessels in tissue). The polystyrene microspheres have an extremely elevated shear modulus (∼MPa) and hence
can serve as microscopic scatterers in the soft gel (∼kPa). Different sample were prepared: gels without spheres serving
as reference, gels with only one type of spheres (so-called monosize gel) and gels with particle size distributions which
followed a power law and hence possessed fractal properties. Different exponents of power-law particle size distributions

(#∼dY, with d the particle diameter) were fabricated ( =-2, -1, 0). A -value of zero indicates a flat distribution meaning
that as many small as large particles are present. MRE was performed on a horizontal 7 T imaging scanner (Pharmascan,
Bruker, Erlangen, Germany). Mechanical vibrations were generated by a toothpick placed in the center of the sample
to induce a circular propagation. An electromagnetic shaker located outside the MR scanner was used to transmit
mechanical vibrations via a flexible carbon fiber rod to the toothpick. This is shown in Fig. 11.
[0081] Fig. 11 shows a schematic description of the experimental setup used. The gel is filled into an insert which is
mounted onto the MRE setup. Fig. 11 shows an example of the experimental setup. There is a electromagnetic shaker
1100 which is connected to a carbon rod 1102. The electromagnetic shaker 1100 causes the carbon rod 1102 to move
in the direction indicated by the arrows 1104. The carbon rod 1102 is connected to a cradle 1106. The cradle 1106
translates the motion of the rod 1104 into a different motion indicated by the arrows 1108. 1108 is transverse to 1104.
A toothpick 1110 is mounted in the cradle 1106. The toothpick 1110 is inserted into a container 1112 that is filled with
a gel 1114 and sealed with parafilm 1116. The toothpick 1110 vibrates up and down inducing shear waves 1118 in the
gel 1114.
[0082] Samples placed around the toothpick 1110 were always at the same height via a home-made support. A surface
receiver coil was placed around the sample at the level of the gel to assure optimal signal-to-noise. For each phantom
a steady-state MRE sequence was applied with a mechanical excitation frequency in the range of 150 to 300 Hz and
the following sequence parameter: 8 dynamics, 7 contiguous transverse slices with slice thickness of 0.4 mm, field of
view = 25 mm x 25 mm, matrix size = 256 x 256, TE/TR = 27-17/427-353 ms and acquisition time in the range of 6 to
10 min depending on the excitation frequency and on the number of motion encoding gradient periods. The MRE
sequence was acquired for the three spatial direction of motion in order to obtain volumetric images of the 3D propagating
mechanical wave inside the phantom. In order to take into account a potential temporal evolution of the gel during the
entire acquisition time (up to 300 mins!), the first experiment was repeated at the end of the acquisition time. This allowed
correcting for potentially drying effect. Data was reconstructed with an isotropic reconstruction technique.
[0083] In examining the experimental results, the complex-shear modulus (G*) of each phantom increased by a max-
imum of 10% between the beginning and the end of the multifrequency-MRE experiment due to aging effects. As
presented in Figure 2, results show that the macroscopic shear modulus is frequency-dependant for the four investigated
samples and follows a power law with |G*(ω)|=α.ωz0. The power coefficient z0 of a gel with the 10 mm-monosize distribution
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of microspheres is almost unchanged as compared to z0 of the reference gel, shown in Figs. 12 and 13.
[0084] Fig. 12 shows a plot of experimental data. Fig. 12 is a plot of the frequency in Hertz 1200 versus the normalized
complex shear modulus 1202. The + marked points 1204 are measurements for gel with 10 mm. The line 1206 is a
power law fit to the data 1204. The points marked with an x 1208 are taken for the reference gel. The line 1210 is a
power law fit to 1208.
[0085] Fig. 13 shows more experimental data. The points labeled 1304 or a + correspond to a fractal of a gamma =
0. The line 1306 is a power law fit to the data 1304. The data marked with an x 1308 is the reference gel. The line 1310
is a power law fit to the data 1308.
[0086] However, in the presence of a fractal distribution of microspheres, z0 increases significantly compared to the
reference gel by a factor of 2.2. All other fractal gels demonstrated equally a significant increase in z0.
[0087] The experimental tests demonstrate that the frequency-dependence of mechanical shear wave diffusion can
allow probing sub-voxel distributions of scattering structures and as a consequence overcome the spatial resolution
limitation relying intrinsically on the MR imaging sensitivity. These experimental results have been theoretically and
numerically via FEM simulations confirmed (not shown). However, in this study mechanical properties of the gel were
critically relying on the fabrication process and only relative slopes of different gels have been compared. The solidification
process of the colloidal gels must be improved and additional imaging modalities should be involved such as CT-scans
in order to image the microspheres distribution in phantoms after solidification of the gel that probably induces micro-
spheres aggregation into fractal flocs. Moreover, the studied gels consisted of very simplified biphasic structural arrange-
ments with particles being about 1000 times stiffer than the background gel. Biological tissue represents a far more
complex arrangement with variations not only in size, but also in stiffness contrast and length distribution. Phantoms
with microspheres exhibiting multi-size distributions and multiple elasticity properties would be better to simulate real
tissue. The here observed effect might play an important role in understanding the influence of microscopic tissue
components on mechanical properties as measured by elastography techniques. It opens the perspective of detecting
and describing micro-inclusions, such as small metastases or neo-vascularisation, from elastography data, which are
not directly detectable by MRE
[0088] While the invention has been illustrated and described in detail in the drawings and foregoing description, such
illustration and description are to be considered illustrative or exemplary and not restrictive; the invention is not limited
to the disclosed embodiments.
[0089] Other variations to the disclosed embodiments can be understood and effected by those skilled in the art in
practicing the claimed invention, from a study of the drawings, the disclosure, and the appended claims. In the claims,
the word "comprising" does not exclude other elements or steps, and the indefinite article "a" or "an" does not exclude
a plurality. A single processor or other unit may fulfill the functions of several items recited in the claims. The mere fact
that certain measures are recited in mutually different dependent claims does not indicate that a combination of these
measured cannot be used to advantage. A computer program may be stored/distributed on a suitable medium, such as
an optical storage medium or a solid-state medium supplied together with or as part of other hardware, but may also be
distributed in other forms, such as via the Internet or other wired or wireless telecommunication systems. Any reference
signs in the claims should not be construed as limiting the scope.

Appendix

Geometrical Characterization of the Material via Box-counting: pair-correlation function

[0090] We will investigate how to characterize a simple homogeneous elastic medium (no viscosity) which is filled
with very stiff particles of a fixed size. For that purpose we will use the box-counting method as shown in Fig.14. Fig. 14
shows Box-counting results for different densities and a fixed particle diameter of 10mm.
This diameter corresponds to 1=log(10) on the x-axis.
[0091] We can identify two distinct regions for this type of composite material which separate at the characteristic
length ζ such that 

where we have introduced dƒ as fractal dimension. This can be considered here as its definition and as such dƒ represents
the power-law exponent within a certain bandwidth.
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[0092] For low densities we observe dƒ ≈ 1 while for higher densities dƒ approaches 2 for those 2D simulations (see
Fig. 15). Fig. 15 shows the fractal dimension dƒ (i.e. slope of non-euclidean part in Fig. 14) as a function of concentration.
[0093] This dependence is not derived from first principles. It is merely an experimental result. However, since the
material does not form any complex aggregates, the characteristic length ζ must follow under these conditions the simple
geometric relationship 

with ρ the density of particles submersed in the homogeneous background. This relationship is shown in Fig. 16.
[0094] In order to evaluate the probability of finding at distance r a particle
(i.e. we are searching the so-called pair-correlation function), we follow the approach of Teixeira, see Teixeira, J. Small-
angle scattering by fractal systems. J. Appl. Cryst 21, 781-785 (1988). The number of particles within the radius r from
the origin can be written as 

[0095] Differentiation of Eqs. 2 and 4leads to the following expression for the probability density function: 

[0096] Apparently, in case of an euclidean distribution with dƒ ≡ D, we find P(r)∼r0 which leads
to N(r)∼rD as expected. If we consider the background of the material as constant and isotropic,
this probability density represents the lag-time distribution for a material since it describes how likely it is to find at distance
r another obstacle. That is the key idea in order to connect this fractal part with the ODA theory. Fig. 16 shows the

characteristic length ζ (in units of pixels = mm here) as a function of  with D=2 here.

[0097] The results of Figs. 14 to 16 hence provide the following parametrizations 

with the concentration ρ in %.
[0098] With this knowledge we can now construct a lag-time distribution which allows to analytically solve the necessary
equations in ODA to calculate the dispersion properties of the propagation β. Hence, the lag-time distribution a(t) is
composed of two terms: one term describing the fractal part and one the classical euclidean part. The limit of validity of
the fractal part is given by the characteristic length ζ which is called in the temporal domain τF=ζ/c0 with c0 the speed
of the wave in the background material. In order to render the equations analytical we use exponential functions for the
suppression. The Euclidean part is accordingly suppressed for small distances by 1- e-t/τF. In order to prevent lag-times
of infinite value, the euclidean part is furthermore suppressed by an exponential function with the characteristic time
constant τD with τF<τD This yields the following lag-time distribution (see Fig. 17): 

where an addition 1/r has been introduced since we want to use the probability density as developed for the dimensionality
D for the ODA theory which operates in 1D!
[0099] Fig. 17 shows the schematic depiction of the two contributions for the total lag-time distribution a(t). The finite
particle size limits the analysis to t > t0 = r0/c0.
[0100] The translation from lag-time distribution to dispersion relation for β necessitates to calculate the Fourier sinus
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transform of a(l), i.e. we need to calculate the characteristic equation (see Gradshteyn, I. S. & Ryzhik, I. M. Table of
Integrals, Series, and Products(Academic Press, Burlington, MA, 2007), 7th edn. p.498/eq.2): 

general weight
[0101] Apparently, for dƒ → D the Fourier sinus integral yields zero. Thus, the multiple reflections from the Euclidean
part of the distribution do not contribute to β. The different terms of Eq. 8 yield hence the following expression for the
propagation of the wave: 

with α a scale factor for the direct beam (which is of the order of τF) and 

LIST OF REFERENCE NUMERALS

[0102]

200 medical apparatus
202 computer
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204 hardware interface
206 processor
208 user interface
210 computer storage
212 computer memory
214 shear wave data
216 mechanical property
218 power law relationship
220 concentration distribution of sonically dispersive elements
222 calibration data
224 control module
226 shear wave data processing module
228 power law determination module
230 concentration determination module
232 calibration data generation module
300 medical apparatus
302 medical imaging system
304 imaging zone
306 subject
308 subject support
310 mechanical actuator
312 mechanical actuator controller
314 shear waves
316 medical image data
318 image processing module
400 medical apparatus
402 magnetic resonance imaging system
404 magnet
406 bore of magnet
408 imaging zone
410 magnetic field gradient coils
412 magnetic field gradient coils power supply
414 radio-frequency coil
416 transceiver
420 pulse sequence
500 medical apparatus
506 high intensity focused ultrasound system
508 fluid filled chamber
510 ultrasound transducer
512 mechanism
514 mechanical actuator/power supply
516 path of ultrasound
518 ultrasound window
520 gel pad
522 focal point
600 excitation step
602 ultrasound transducer
604 matrix
606 particulate
608 shear wave imaging
610 reconstructed images
612 local value
613 plot of mechanical parameter vs. frequency
614 log of frequency
616 log of mechanical property
618 value
620 multiple values
700 power law fit
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702 alpha
704 plot
706 spatial scale
708 filling factor
710 concentration inflection
712 abnormal fractal filling
714 normal Euclidean filling
800 plot
802 two solutions
1000 image
1002 particulates
1004 gel
1100 electromagnetic shaker
1102 carbon rod
1104 mechanical motion of rod
1106 cradle
1108 motion of cradle
1110 toothpick
1112 container
1114 gel
1116 cover
1118 shear waves
1200 frequency Hz
1202 Normalized complex shear modulus
1204 gel with 10 mm microspheres
1206 power law fit to 1204
1208 reference gel
1210 power law fit to 1208
1304 fractal with gamma = 0
1306 power law fit to 1304
1308 reference gel
1310 power law fit to 1308

Claims

1. A medical apparatus (200, 300, 400, 500) for determining the concentration distribution of sonically dispersive
elements (606, 2001) within a subject (306, 604, 1004), wherein the medical apparatus comprises:

• a memory (212) for storing machine executable instructions (224, 226, 228, 230, 232, 318);
• a processor (206) for executing the machine executable instructions, wherein execution of the instructions
cause the processor to:

- receive (100) shear wave data (214) descriptive of the propagation of shear waves (310, 608, 1118) within
the subject for at least two frequencies;
- determine (102) a mechanical property (316, 618, 620) of the subject using the shear wave data at each
of the at least two frequencies;
- determine (104) a power law relationship (218, 702) between the at least two frequencies and the me-
chanical property; and
- determine (106) the concentration distribution of the sonically dispersive elements within the subject using
the power law relationship and calibration data (222, 704, 800).

2. The medical apparatus of claim 1, wherein the medical apparatus further comprises a medical imaging system (302,
402) for measuring the shear wave data, wherein execution of the machine executable instructions cause the
processor to acquire the shear wave data using the medical imaging system.

3. The medical apparatus of claim 2, wherein the medical imaging system is an ultrasound system (302), wherein the
ultrasound system is operable to acquire ultrasound data, wherein the ultrasound system is operable to determine
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the shear wave data by tracking speckle patterns in the ultrasound data.

4. The medical apparatus of claim 2, wherein the medical imaging system is a magnetic resonance imaging system
(302, 402), wherein the magnetic resonance imaging system is operable to acquire magnetic resonance elastography
data, wherein the magnetic resonance imaging system is operable to determine the shear wave data using the
magnetic resonance elastography data.

5. The medical apparatus of any one of claims 2 to 4, wherein the medical apparatus further comprises a vibration
system (310, 506) operable for inducing the shear waves in the subject, wherein execution of the machine executable
instructions further cause the processor to cause shear waves in the subject using the vibration system, and wherein
the shear wave data is descriptive of the shear waves.

6. The medical apparatus of claim 5, wherein the vibration system comprises an ultrasound transducer (510, 602) or
a mechanical actuator (310).

7. The medical apparatus of claim 5, wherein the vibration system comprises a high intensity focused ultrasound
system (506), wherein the high intensity focused ultrasound system is operable for inducing the shear waves using
sonic radiation force.

8. The medical apparatus of any one of claim 5, 6, or 7, wherein the vibration system is operable to generate shear
waves with a frequency of 10 Hz to 1000 Hz.

9. The medical apparatus of any one of the preceding claims, wherein the shear wave data, the mechanical property,
the power law relationship, and the concentration distribution of the sonically dispersive elements have a two-
dimensional spatial dependence or a three-dimensional spatial dependence.

10. The medical apparatus of any one of the preceding claims, wherein execution of the machine executable instructions
further cause the processor to perform any one of the following: store the concentration distribution of the sonically
dispersive elements in the memory, display the concentration distribution of the sonically dispersive elements on a
display, send the concentration distribution of the sonically dispersive elements to a computer system via a computer
network, and combinations thereof.

11. The medical apparatus of any one of the preceding claims, wherein execution of the machine executable instructions
further cause the processor to generate the calibration data by modeling the scattering of shear waves by the
sonically dispersive elements as a function of shear wave frequency and/or sonically dispersive element size.

12. The medical apparatus of any one of the preceding claims, wherein the mechanical property is any one of the
following: elasticity, viscosity, propagation, attenuation, and the dispersion relation.

13. A computer program product comprising machine executable instructions for execution by a processor controlling
a medical apparatus (200, 300, 400, 500) for determining the concentration distribution of sonically dispersive
elements (606, 2001) within a subject(306, 604, 1004), wherein execution of the instructions cause the processor to:

- receive (100) shear wave data (214) descriptive of the propagation of shear waves (310, 608, 1118) within
the subject for at least two frequencies;
- determine (102) a mechanical property (316, 618, 620) of the subject using the shear wave data at each of
the at least two frequencies;
- determine (104) a power law relationship (218, 702) between the at least two frequencies and the mechanical
property; and
- determine (106) the concentration distribution of the sonically dispersive elements within the subject using the
power law relationship and calibration data (222, 704, 800).

14. A method of determining the concentration distribution of sonically dispersive elements (606, 2001) within a subject
(306, 604, 1004), wherein the method comprises the steps of:

- receiving (100) shear wave data (214) descriptive of the propagation of shear waves (310, 608, 1118) within
the subject for at least two frequencies;
- determining (102) a mechanical property (316, 618, 620) of the subject using the shear wave data at each of
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the at least two frequencies;
- determining (104) a power law relationship (218, 702) between the at least two frequencies and the mechanical
property; and
- determining (106) the concentration distribution of the sonically dispersive elements within the subject using
the power law relationship and calibration data (222, 704, 800).

15. The method of claim 14, wherein the method further comprises the steps of:

- measuring a calibration power law relationship for multiple frequencies as a function of the concentration
distribution of dispersive elements; and
- determining the calibration data empirically using the calibration power law relationship.

Patentansprüche

1. Medizinisches Gerät (200, 300, 400, 500) zur Bestimmung der Konzentrationsverteilung von akustisch dispersiven
Elementen (606, 2001) in einer Person (306, 604, 1004), wobei das medizinische Gerät Folgendes umfasst:

• einen Speicher (212) zum Speichern von maschinenausführbaren Anweisungen (224, 226, 228, 230, 232, 318);
• einen Prozessor (206) zum Ausführen der maschinenausführbaren Anweisungen, wobei das Ausführen der
Anweisungen den Prozessor veranlasst zum:

- Empfangen (100) von Scherwellendaten (214), die die Ausbreitung von Scherwellen (310, 608, 1118) in
der Person für mindestens zwei Frequenzen beschreiben;
- Ermitteln (102) einer mechanischen Eigenschaft (316, 618, 620) der Person unter Verwendung der Scher-
wellendaten bei jeder der mindestens zwei Frequenzen;
- Ermitteln (104) eines Potenzgesetzzusammenhangs (218, 702) zwischen den mindestens zwei Frequen-
zen und der mechanischen Eigenschaft; und
- Ermitteln (106) der Konzentrationsverteilung der akustisch dispersiven Elemente in der Person unter
Verwendung des Potenzgesetzzusammenhangs und von Kalibrierdaten (222, 704, 800).

2. Medizinisches Gerät nach Anspruch 1, wobei das medizinische Gerät weiterhin ein medizinisches Bildgebungssys-
tem (302, 402) zum Messen der Scherwellendaten umfasst, wobei das Ausführen der maschinenlesbaren Anwei-
sungen den Prozessor veranlasst, die Scherwellendaten mithilfe des medizinischen Bildgebungssystems zu erfas-
sen.

3. Medizinisches Gerät nach Anspruch 2, wobei das medizinische Bildgebungssystem ein Ultraschallsystem (302) ist,
wobei das Ultraschallsystem betriebsfähig ist, Ultraschalldaten zu erfassen, wobei das Ultraschallsystem betriebs-
fähig ist, um die Scherwellendaten durch Verfolgen von Speckle-Mustern in den Ultraschalldaten zu ermitteln.

4. Medizinisches Gerät nach Anspruch 2, wobei das medizinische Bildgebungssystem ein Magnetresonanz-Bildge-
bungssystem (302, 402) ist, wobei das Magnetresonanz-Bildgebungssystem betriebsfähig ist, um Magnetresonanz-
Elastographiedaten zu erfassen, wobei das Magnetresonanz-Bildgebungssystem betriebsfähig ist, um die Scher-
wellendaten unter Verwendung der Magnetresonanz-Elastographiedaten zu ermitteln.

5. Medizinisches Gerät nach einem der Ansprüche 2 bis 4, wobei das medizinische Gerät weiterhin ein Vibrationssystem
(310, 506) umfasst, das betriebsfähig ist, um Scherwellen in die Person zu induzieren, wobei das Ausführen der
maschinenlesbaren Anweisungen weiterhin den Prozessor veranlasst, Scherwellen in der Person mithilfe des Vib-
rationssystems zu verursachen, und wobei die Scherwellendaten die Scherwellen beschreiben.

6. Medizinisches Gerät nach Anspruch 5, wobei das Vibrationssystem einen Ultraschallwandler (510, 602) oder ein
mechanisches Stellglied (310) umfasst.

7. Medizinisches Gerät nach Anspruch 5, wobei das Vibrationssystem ein mit hochintensivem fokussiertem Ultraschall
arbeitendes System (506) ist, wobei das mit hochintensivem fokussiertem Ultraschall arbeitende System betriebs-
fähig ist, um die Scherwellen mithilfe von Schallstrahlungskraft zu induzieren.

8. Medizinisches Gerät nach einem der Ansprüche 5, 6 oder 7, wobei das Vibrationssystem betriebsfähig ist, um
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Scherwellen mit einer Frequenz von 10 Hz bis 1000 Hz zu erzeugen.

9. Medizinisches Gerät nach einem der vorhergehenden Ansprüche, wobei die Scherwellendaten, die mechanische
Eigenschaft, der Potenzgesetzzusammenhang und die Konzentrationsverteilung der akustisch dispersiven Elemen-
te eine zweidimensionale räumliche Abhängigkeit oder eine dreidimensionale räumliche Abhängigkeit aufweisen.

10. Medizinisches Gerät nach einem der vorhergehenden Ansprüche, wobei das Ausführen der maschinenausführbaren
Anweisungen den Prozessor weiterhin veranlasst, eines von Folgendem durchzuführen: Speichern der Konzentra-
tionsverteilung der akustisch dispersiven Elemente in dem Speicher, Anzeigen der Konzentrationsverteilung der
akustisch dispersiven Elemente auf einer Anzeige, Senden der Konzentrationsverteilung der akustisch dispersiven
Elemente an ein Computersystem über ein Computernetzwerk, und Kombinationen hiervon.

11. Medizinisches Gerät nach einem der vorhergehenden Ansprüche, wobei das Ausführen der maschinenlesbaren
Anweisungen weiterhin den Prozessor veranlasst, die Kalibrierdaten zu erzeugen, indem er die Streuung von Scher-
wellen durch die akustisch dispersiven Elemente als eine Funktion der Scherwellenfrequenz und/oder der Größe
des akustisch dispersiven Elements modelliert.

12. Medizinisches Gerät nach einem der vorhergehenden Ansprüche, wobei die mechanische Eigenschaft eine von
Folgenden ist: Elastizität, Viskosität, Ausbreitung, Abschwächung und der Dispersionszusammenhang.

13. Computerprogrammprodukt umfassend maschinenausführbare Anweisungen zur Ausführung durch einen ein me-
dizinisches Gerät (200, 300, 400, 500) steuernden Prozessor, um die Konzentrationsverteilung von akustisch dis-
persiven Elementen (606, 2001) in einer Person (306, 604, 1004) zu ermitteln, wobei das Ausführen der Anweisungen
den Prozessor veranlasst zum

- Empfangen (100) von Scherwellendaten (214), die die Ausbreitung von Scherwellen (310, 608, 1118) in der
Person für mindestens zwei Frequenzen beschreiben;
- Ermitteln (102) einer mechanischen Eigenschaft (316, 618, 620) der Person unter Verwendung der Scher-
wellendaten bei jeder der mindestens zwei Frequenzen;
- Ermitteln (104) eines Potenzgesetzzusammenhangs (218, 702) zwischen den mindestens zwei Frequenzen
und der mechanischen Eigenschaft; und
- Ermitteln (106) der Konzentrationsverteilung der akustisch dispersiven Elemente in der Person unter Verwen-
dung des Potenzgesetzzusammenhangs und von Kalibrierdaten (222, 704, 800).

14. Verfahren zur Bestimmung der Konzentrationsverteilung von akustisch dispersiven Elementen (606, 2001) in einer
Person (306, 604, 1004), wobei das Ausführen die folgenden Schritte umfasst:

- Empfangen (100) von Scherwellendaten (214), die die Ausbreitung von Scherwellen (310, 608, 1118) in der
Person für mindestens zwei Frequenzen beschreiben;
- Ermitteln (102) einer mechanischen Eigenschaft (316, 618, 620) der Person unter Verwendung der Scher-
wellendaten bei jeder der mindestens zwei Frequenzen;
- Ermitteln (104) eines Potenzgesetzzusammenhangs (218, 702) zwischen den mindestens zwei Frequenzen
und der mechanischen Eigenschaft; und
- Ermitteln (106) der Konzentrationsverteilung der akustisch dispersiven Elemente in der Person unter Verwen-
dung des Potenzgesetzzusammenhangs und von Kalibrierdaten (222, 704, 800).

15. Verfahren nach Anspruch 14, wobei das Verfahren weiterhin die folgenden Schritte umfasst:

- Messen eines Kalibrier-Potenzgesetzzusammenhangs für mehrere Frequenzen als eine Funktion der Kon-
zentrationsverteilung von dispersiven Elementen; und
- Ermitteln der Kalibrierdaten auf empirische Weise mithilfe des Kalibrier-Potenzgesetzzusammenhangs.

Revendications

1. Appareil médical (200, 300, 400, 500) pour déterminer la répartition de la concentration d’éléments dispersifs par
ultrasons (606, 2001) à l’intérieur d’un sujet (306, 604, 1004), dans lequel l’appareil médical comprend :
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• une mémoire (212) pour enregistrer des instructions exécutables par machine (224, 226, 228, 230, 232, 318) ;
• un processeur (206) pour exécuter les instructions exécutables par machine, dans lequel l’exécution des
instructions amène le processeur :

- à recevoir (100) des données d’ondes de cisaillement (214) décrivant la propagation d’ondes de cisaille-
ment (310, 608, 1118) à l’intérieur du sujet pour au moins deux fréquences ;
- à déterminer (102) une propriété mécanique (316, 618, 620) du sujet à l’aide des données d’ondes de
cisaillement pour chacune des au moins deux fréquences ;
- à déterminer (104) une relation de loi de puissance (218, 702) entre les au moins deux fréquences et la
propriété mécanique ; et
- à déterminer (106) la répartition de la concentration des éléments dispersifs par ultrasons à l’intérieur du
sujet à l’aide de la relation de loi de puissance et de données d’étalonnage (222, 704, 800).

2. Appareil médical selon la revendication 1, dans lequel l’appareil médical comprend en outre un système d’imagerie
médicale (302, 402) pour mesurer les données d’ondes de cisaillement, dans lequel l’exécution des instructions
exécutables par machine amène le processeur à acquérir les données d’ondes de cisaillement à l’aide du système
d’imagerie médicale.

3. Appareil médical selon la revendication 2, dans lequel le système d’imagerie médicale est un système à ultrasons
(302), dans lequel le système à ultrasons peut fonctionner pour acquérir des données ultrasonores, dans lequel le
système à ultrasons peut fonctionner pour déterminer les données d’ondes de cisaillement en suivant des formes
de tacheture dans les données ultrasonores.

4. Appareil médical selon la revendication 2, dans lequel le système d’imagerie médicale est un système d’imagerie
par résonance magnétique (302, 402), dans lequel le système d’imagerie par résonance magnétique peut fonctionner
pour acquérir des données d’élastographie par résonance magnétique, dans lequel le système d’imagerie par
résonance magnétique peut fonctionner pour déterminer les données d’ondes de cisaillement à l’aide des données
d’élastographie par résonance magnétique.

5. Appareil médical selon l’une quelconque des revendications 2 à 4, dans lequel l’appareil médical comprend en outre
un système à vibration (310, 506) fonctionnant pour induire les ondes de cisaillement dans le sujet, dans lequel
l’exécution des instructions exécutables par machine amène en outre le processeur à produire des ondes de ci-
saillement dans le sujet à l’aide du système à vibration, et dans lequel les données d’ondes de cisaillement décrivent
les ondes de cisaillement.

6. Appareil médical selon la revendication 5, dans lequel le système à vibration comprend un transducteur à ultrasons
(510, 602) ou un actionneur mécanique (310).

7. Appareil médical selon la revendication 5, dans lequel le système à vibration comprend un système à ultrasons
focalisés de haute intensité (506), dans lequel le système à ultrasons focalisés de haute intensité peut fonctionner
pour induire les ondes de cisaillement à l’aide d’une force de rayonnement sonore.

8. Appareil médical selon l’une quelconque des revendications 5, 6, ou 7, dans lequel le système à vibration peut
fonctionner pour générer des ondes de cisaillement avec une fréquence de 10 Hz à 1 000 Hz.

9. Appareil médical selon l’une quelconque des revendications précédentes, dans lequel les données d’ondes de
cisaillement, la propriété mécanique, la relation de loi de puissance, et la répartition de la concentration des éléments
dispersifs par ultrasons présentent une dépendance spatiale bidimensionnelle et une dépendance spatiale tridi-
mensionnelle.

10. Appareil médical selon l’une quelconque des revendications précédentes, dans lequel l’exécution des instructions
exécutables par machine amène en outre le processeur à réaliser l’une quelconque des actions suivantes : l’enre-
gistrement de la répartition de la concentration des éléments dispersifs par ultrasons dans la mémoire, l’affichage
de la répartition de la concentration des éléments dispersifs par ultrasons sur un dispositif d’affichage, l’envoi de la
répartition de la concentration des éléments dispersifs par ultrasons vers un système informatique par l’intermédiaire
d’un réseau informatique, et une combinaison de celles-ci.

11. Appareil médical selon l’une quelconque des revendications précédentes, dans lequel l’exécution des instructions
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exécutables par machine amène en outre le processeur à générer les données d’étalonnage en modélisant la
diffusion des ondes de cisaillement par les éléments dispersifs par ultrasons en tant que fonction d’une fréquence
d’onde de cisaillement et/ou de taille d’éléments dispersifs par ultrasons.

12. Appareil médical selon l’une quelconque des revendications précédentes, dans lequel la propriété mécanique est
l’une quelconque des propriétés suivantes :

l’élasticité, la viscosité, la propagation, l’atténuation, et la relation de dispersion.

13. Produit de programme informatique comprenant des instructions exécutables par machine pour l’exécution par un
processeur commandant un appareil médical (200, 300, 400, 500) pour déterminer la répartition de la concentration
d’éléments dispersifs par ultrasons (606, 2001) à l’intérieur d’un sujet (306, 604, 1004), dans lequel l’exécution des
instructions amène le processeur :

- à recevoir (100) des données d’ondes de cisaillement (214) décrivant la propagation d’ondes de cisaillement
(310, 608, 1118) à l’intérieur du sujet pour au moins deux fréquences ;
- à déterminer (102) une propriété mécanique (316, 618, 620) du sujet à l’aide des données d’ondes de cisaille-
ment pour chacune des au moins deux fréquences ;
- à déterminer (104) une relation de loi de puissance (218, 702) entre les au moins deux fréquences et la
propriété mécanique ; et
- à déterminer (106) la répartition de la concentration des éléments dispersifs par ultrasons à l’intérieur du sujet
à l’aide de la relation de loi de puissance et des données d’étalonnage (222, 704, 800).

14. Procédé pour déterminer la répartition de la concentration d’éléments dispersifs par ultrasons (606, 2001) à l’intérieur
d’un sujet (306, 604, 1004), dans lequel le procédé comprend les étapes consistant :

- à recevoir (100) des données d’ondes de cisaillement (214) décrivant la propagation des ondes de cisaillement
(310, 608, 1118) à l’intérieur du sujet pour au moins deux fréquences ;
- à déterminer (102) une propriété mécanique (316, 618, 620) du sujet à l’aide des données d’ondes de cisaille-
ment pour chacune des au moins deux fréquences ;
- à déterminer (104) une relation de loi de puissance (218, 702) entre les au moins deux fréquences et la
propriété mécanique ; et
- à déterminer (106) la répartition de la concentration des éléments dispersifs par ultrasons à l’intérieur du sujet
à l’aide de la relation de loi de puissance et des données d’étalonnage (222, 704, 800).

15. Procédé selon la revendication 14, dans lequel le procédé comprend en outre les étapes consistant :

- à mesurer une relation de loi de puissance d’étalonnage pour de multiples fréquences en tant que fonction
de la répartition de la concentration des éléments dispersifs ; et
- à déterminer les données d’étalonnage en utilisant de manière empirique la relation de loi de puissance
d’étalonnage.
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