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(57) Abstract: The invention relates a method and an apparatus of predicting or planning a temperature distribution (52) in a
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¢) determining and/or predicting the temperature (52) or heat distribution in at least a part of the body using the model of the body
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Method and apparatus for estimating temperature in a body

Field of the invention

The present invention relates to a method and to an apparatus for estimating a temperature

distribution in a body such as a biologic tissue or lifeless material.

Background of the invention

The problem of temperature measurement in a body, such as biologic or living tissue, gener-
ally goes with an invasive process. However, the introduction of a foreign body into the tissue
leads to obvious inconveniences. Until now, several physical processes have been considered

with the aim of solving this problem.

Microwave radiometry for example appears to be well suited for temperature investigations of
moderately deep-seated tissues. However, a major drawback of this process is related to the

noise power emitted by a lossy material, which limits the depth of tissues under investigation.

In active ultrasound methods, a search for appropriate parameters for temperature sensing is a
very difficult task. Ulirasound speed in tissue varies with temperature because the density of
the tissue varies with temperature. However, the density varies also due to temperature inde-
pendent tissue properties such as fat or water content, multipath-scattering and multiple re-

flections.
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Summary of the invention

It is an object of the invention to provide a reliable method and apparatus for predicting or

calculating the temperature in a body, such as for example biologic tissue.

This object is solved by the method and the apparatus as defined in the independent claims.

Preferred embodiments are defined in the dependent claims.

According to an aspect of the invention, a method of predicting or planning a temperature
distribution in a biologic tissue such as a body is suggested. The temperature distribution is
related to the space and time dependency of the temperature. The space dependency may con-
cern the variation of temperature inside the body as a function of position. The time depend-
ency may concern the variation of temperature as a function of time. The temperature may
refer to an absolute value of the temperature, as well as to a relative value indicating a tem-
perature value at a first position and/or first time as being higher or lower than or equal fo a

temperature value at a second position and/or second time.

Predicting a temperature distribution may refer to determining, calculating or obtaining the
value distribution at present time, as well as forecasting the distribution at a future time. Plan-
ning a temperature distribution may refer to setting or changing parameters determining the
process of heat flow in the body, such as the power of a physically available or simulated heat
source, to obtain a desired temperature distribution in the body. Planning a temperature distri~
bution may also refer to simulating a heat transfer into the body to arrange or prepare parame-
ters determining the process of heat flow in the body for a subsequent process such as a surgi-

cal process.

The method comprises the steps of obtaining a model of the body, simulating an application
of heat to at least a part of the body and determining the temperature distribution in at least a

part of the body.

The model of the body obtained in the initial step is related to or directed to or describing a
temperature transport mechanism or temperature distribution in the body. The model may

basically comprise a 2D and/or 3D signal distribution in the body related to a physical feature
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of the body, such as perfusion or blood flow or agent concentration or diffusion coefficients.
A signal value at a point in space and a time complies with a corresponding value of the phys-

ical feature of the body at the specified point and time.

Simulating an application of heat may refer to simulating at the boundary of a simulation
space including at least a part of the body a boundary condition for the heat distribution such
as a heat source or a heat distribution at the boundary of the simulation space. Simulating an
application of heat may additionally refer to simulating the heat propagation inside the simu-
lation space. The simulation space may comprise for example the whole body or the body
plus a part of the body environment or only a part of the body including a targeted tissue or a
part of the body without the targeted tissue or only the targeted tissue. The targeted tissue may

be a tumour or a simulated tumour or a tissue affected by another disease.

Simulating an application of heat may comprise simulating heat from a simulated heat source
such as an electromagnetic field or any other heat transport carrier to the body. The simulated
heat application may be for example focal ultrasound, laser beam, catheter, x-ray, infrared,
microwaves, gamma radiation, or any other radiation with a wave length suitable to apply

thermal energy to tissue, nano particles, colloids, or liposome.

In so doing, applying heat to the body can refer to an application of heat which is not physi-

cally performed, but simulated.

Determining the temperature distribution in the body may refer to determining and/or predict-
ing the temperature or heat distribution in at least a part of the body using the model of the
body, preferably by taking into account the physical or simulated heat source. Advanta-
geously, the information on the physical or expected temperature distribution can facilitate a
treatment planning where thermal variations in tissue are expected, for example in radiother-

apy, to redefine and/or control the heat monitoring set-up.

In an embodiment, determining and/or predicting the temperature or heat distribution in at
least a part of the body may comprise performing thermodynamic simulations to simulate the
heat propagation and/or distribution in the body. For this purpose a thermodynamic frame-

work such as a computer aided design system for thermodynamic simulations can be provided
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being able to simulate the heat propagation and/or distribution in the body. The thermody-
namic framework is a computer program able to perform heat flow simulations in a simulated,
preferably discretized, body or tissue worked up to be processed in the thermodynamic

framework.

For enabling the simulation of an application and/or propagation of heat to at least a part of
the body, the body model is supposed to be entered into the thermodynamic framework. En-
tering the mode} including a geometrical structure of the body as well as other input data such
as boundary conditions and tissue parameters into the framework may enable the program or

framework to simulate a heat flow in the body similar to a real heat flow.

In an optional embodiment, a series of one or more images or imaging sequences of the body
under the application of heat such as an electromagnetic field or any other heat transport car-
rier can be obtained. The images can also be obtained without the application of heat, thus

describing an initial state of the body before applying heat to the body.

The images of a series may be obtained at subsequent, preferably equidistant, time steps, thus
perceiving or generating a time dependency of the tissue parameters or heat distribution in the
body. When dealing with 2D images, the series of images shows the time dependency of 2D

tissue parameters or heat distribution in a plane cutting the body.

An imaging sequence of the body may refer to several 2D images in parallel, preferably equi-
distant, planes cutting the body basically simultaneously to obtain a 3D image of the body.
Consequently, the images of a series of imaging sequences may refer to a time dependency of

the 3D tissue parameters or heat distribution in the body.

Determining the temperature or heat distribution in at least a part of the body may also com-
prise adding the series of images or imaging sequences to the model of the body. Adding an
image to the model may refer to obtaining from a signal distribution of an image, representing
a physical feature of the body such as a concentration of contrast agent in blood, a signal dis-
tribution representing another physical feature of the body such perfusion. Thus, the model of
the body may comprise a data set representing 2D and/or 3D time dependent data, for exam-

ple perfusion distributions, of the body. Feeding the model into the thermodynamic frame-



10

15

20

25

30

WO 2011/091847 PCT/EP2010/050977

work of the body enables the calculation of the heat and/or temperature distribution in the
body. The model can be amended at any time by adding supplementary data to the model,
thus enabling to take into consideration new information such as a thermoablation or a surgi-

cal intervention on the targeted tissue

According to an aspect of the invention, a method of controlling or monitoring a temperature
distribution in a body is suggested. The body can be the whole physical body of a patient or
animal, or a part of the body such as an organ, for example liver, knee or brain, a or a lump of

biological, human or animal, preferably living, tissue.

Controlling the temperature distribution in the body may be valuable with a process of heat
treatment of the body, especially thermal ablation therapy. Such a therapy may be applied to
effect local overheating of a preferably deep-seated human tumour for destructing the tumour,
to cure a cardiac arrhythmia such as supraventricular tachycardia or Wolff-Parkinson-White,
to treat a coronary heart disease, to eliminate marrow cells in preparation for a bone marrow

transplant, or to treat neurological disorders, for example Parkinson's disease.

Controlling the temperature distribution in the body may consequently refer to setting up the
parameters of a heat source applying heat to the body so that a defined or desired spatial dis-
tribution or temporal progression of heat in the body is obtained. With tumour ablation or
nekrosis for example the desired temperature distribution can be as far as possible at least 80

degrees Celsius inside the tumour and less than 41 degrees outside the tumour.

Monitoring the temperature distribution may refer to watching and/or surveying and/or fore-
casting the temperature distribution in the body with the scope of estimating whether the cur-
rent and/or forecasted temperature distribution in the body corresponds to the defined or de-

sired temperature distribution.

The method comprises the steps of obtaining a model of the body, applying heat to the body

and determining the temperature distribution in the body.

Obtaining a model of the body may concern a model related to or directed to or describing a

temperature transport mechanism or temperature distribution in the body. The model may
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basically comprise a 2D and/or 3D signal distribution in the body related to a physical feature
of the body, such as perfusion or blood flow or agent concentration or diffusion coefficients.
A signal value at a point in space and a time complies with a corresponding value of the phys-
ical feature of the body at the specified point and time. The temperature or heat distribution in
the body may correlate with the distribution of the physical feature of the body, so that a sig-
nal distribution in the body may correlate with the temperature or heat distribution in the

body. The model comprises data which is not influenced by any application of heat.

Applying heat to the body may refer to bringing a heat source to or in the vicinity of the body
so that the heat may reach or penetrate the body. The heat source can be the source of an elec-
tromagnetic field or any other heat transport carrier, Such a heat transport carrier may be for
example focal ultrasound, laser beam, catheter, x-ray, infrared, microwaves, gamma radiation,
or any other radiation with a wave length suitable to apply thermal energy to tissue, nano pat-

ticles, colloids, or liposome.

The application of heat to the body may concern the whole body or the body plus a part of the
body environment or only a part of the body including a targeted tissue or a part of the body
without the targeted tissue or only the targeted tissue. The targeted tissue may be a tumour or

a simulated tumour or a tissue affected by any other disease.

From the parameters of the heat source, a thermal boundary condition related to the body can
be obtained, for example the heat and/or temperature distribution at the boundary of a tissue
under consideration, for example the outer skin of the body or part of the body such as an or-
gan. If optionally the heat source transmits heat so, that the heat is supposed to focus in the
targeted tissue, for example in the volume of a tumour, then the heat distribution on the tissue
under consideration permits an appropriate calculation of the heat distribution using the ther-
modynamic simulation framework. Reference is made to L.Zhu and C. Diao. — Pilot point
temperature regulation for thermal lesion control during ultrasound thermal therapy.
Med.Biol.Eng.-.Compt., 2001, 39, 681-687 [10] which is included by reference for details of
calculating the heat distribution inside brain tissue accounting for an arbitrary heat source.
Relevant physical parameters like specific heat capacity of each point in space can be deter-
mined by MRI (e.g. presence of water as prominent factor to modify the specific heat capac-~

ity). For example, in paper [11] the authors describe the calculation of the electrical conduc-
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tivity in brain tissue with MRI techniques. It exists a direct relation between electrical and
thermal conductivity which is well known (see Wiedmann-Franz Law). Further parameters
may be determined by the use of a reference body. As parameters may vary in different types
of tissue, those types of tissue may be segmented and clustered in the MR images to relate
those clusters to values determined by using reference bodies. To account for heat transfer,
blood volume and blood flow derived from perfusion imaging can be incorporated. The direc-
tional heat transport through a voxel can be determined by the (averaged) thermal conductiv-

ity value, the dimensions of the voxel and AT.

Determining the temperature distribution in the body may refer to determining and/or predict-
ing the temperature or heat distribution in the body using the model of the body and the ther-
mal boundary condition which takes into account the heat source. Advantageously, the infor-
mation on the current or forecasted temperature distribution can facilitate a treatment planning
where thermal variations in tissue are expected, for example in radiotherapy, to redefine

and/or control the heat monitoring set-up.

In a preferable embodiment, a dose of contrast agent or tracer such as gadolinium, flavones
acetic or 5,6-dimethylxantenone-4-acetic acid or any perfluorocarbon or derivative thereof
can be fed into the body. The conirast agent can be administered for example orally or as a
bolus intravenous injection. Feeding the contrast agent is particularly advantageous with a

magnetic resonance technique focused on imaging the blood perfusion in the body.

The characterization of tumor vasculature with magnetic resonance (MR) contrast agents can
use a low-molecular-weight paramagnetic gadolinium (III) chelate that extravasates in the
absence of a blood-brain barrier, but cannot permeate viable cell membranes. Such a contrast
agent alters the MR signal due to his effect on the relaxation processes of tissue water pro-
tons. The unpaired elections in this contrast agent provide an efficient mechanism for spin-
lattice relaxation of water protons when the water molecule binds in the first or second coor-
dination sphere of the contrast agent complex. As a consequence, the spin-lattice relaxation
rate R;, which is the reciprocal of the first-order time constant for spin-lattice relaxation Ty, is
decreased in proportion to the contrast agent concentration. The decreased R; leads to an in-

crease in MRI signal intensity.
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In an optional embodiment, one or more temperature probes can be attached to a specific part
of the body to measure or obtain the absolute temperature of that part of the body. Such a
probe can be placed onto the body, for example on the skin of a patient. The probe can also be
placed into or inside of the body, for example by means of a catheter. The measured tempera-
ture can be regarded as a reference temperature and can be used to calibrate a temperature

distribution obtained from the model of the body.

In an embodiment, obtaining a model of the body can comprise obtaining a series of one or
more images or imaging sequences of the body preferably enabling the calculation of perfu-
sion and/or diffusion properties of the body. The series showing images obtained at subse-
quent time steps can enable the model to show dynamic processes such as a spin-lattice re-
laxation of water protons, which is typical to magnetic resonance imaging (MRI). At the dy-
namic contrast enhanced (DCE) MRI, for example, the signal distribution of the images may

lead to a perfusion distribution of the body.

In an embodiment, a perfusion model of the body obtained with MRI, preferably with DCE-
MRI can be used as the model of the body. DCE-MRI involves acquisition of a series of T1-
weighted images before, during, and after feeding of the contrast agent. The change in signal
over time measured by DCE-MRI reflects the exchange of contrast agent between vascular
space and, since the contrast agent does not penetrate viable cells, extravascular-extracellular
space. A blood perfusion value at a point in space and time inside the body can be obtained
from a pixel value of an image at that point in space and time, the pigel value representing

preferably a blood plasma contrast agent concentration at that point in space and time.

The exchange depends upon the capillary blood flow or perfusion (F), initial extraction ratio
(E), which is an index characterizing the tissue, Hematocrit (H), contrast agent distribution
volume, which is commonly assumed to equal the fractional volume (Ve) of extravascular-
extracellular space (EES), contrast agent concentration in tissue (Cy) as a function of time (1),
contrast agent concentration in blood plasma (Cy), and transfer constant K™ The contrast

agent concentration in tissue can thus be written as:

%%= EF(T-““HM}( p—g_:) 1
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or

C() = F{d— H) [ C(m)e e dx 2)

whereas K% = F{1 — H_). Equation (1) is part of a mixed flow permeability-limited mod-
el and equation (2) is part of a generalized kinetic model (Tofts. et al. [1]). Other formulations

of the contrast agent concentration, depending on the known tissue parameters and the bound-

ary conditions, are according to [1] also possible.

Alternatively, a perfusion model of the body obtained with delayed contrast enhanced MRI or

with magnetic resonance spectroscopy, can be used as the model of the body.

In another embodiment, a perfusion mode! of the body obtained with computer or X ray tomo-
graphy can be used as the model of the body. Analogously to classical x ray imaging, the
computer tomography is based on the weakening of x rays while passing through the exam-
ined tissue. The measurements of radiation attenuation caused by the tissue are recorded in a
large number of projections. In addition to the purely anatomical information, reference on
the blood perfusion can be also obtained. To this end a time sequence of images of the con-
sidered anatomical region is obtained. If during such a dynamic investigation a contrast agent
is fed to the body, it is possible to obtain the time and space dependent distribution of the pes-

fusion in the tissue (habilitation treatise [2])

In an embodiment, a model based on diffusion coefficients obtained with magnetic resonance
imaging can be used as the model of the body. For this purpose the temperature dependence
of the translational self-diffusion coefficient and viscosity are established on the basis of the
Stokes-Einstein relationship (Simpson, Carr [1]). When an object is subjected to changing
temperatures, these temperature changes induce changes in the diffusion coefficient which
can be calculated from differentiating the Stokes-Einstein equation as long as the variations of

the activation energy with the temperature are small.

The effect of molecular diffusion in the presence of a magnetic field gradient on MR spin-
echo signals is well known. Diffusion produces a pure amplitude attenuation of the MR signal

due to the loss of phase coherence between processing spins produced by their random walk
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through the gradient. This amplitude attenuation depends only on the diffusion coefficient D
and the gradient. Thus it is possible to obtain the self-diffusion coefficient with MRI meas-

urements, from which the temperature distribution can be obtained.

In an embodiment, a model based on proton-frequency-shift alterations obtained with mag-
netic resonance imaging can be used as the model of the body. With the PRF-shift method of
thermometry, the phase-shift sensitivity or a thermal coefficient is generally modeled as being
a function of the gyromagnetic ratio for H nuclei, the magnetic field strength and the apparent
PRF-thermal coefficient containing contributions from changes in the electron screening con-
stant and magnetic susceptibility. In a conductive material, a transmitted magnetic field will
undergo amplitude attenuation and phase retardation, giving rise to a variation in tip angles
and phase over the body. In particular, the spatial nature of the phase variation in the MR im-
age will depend on the material properties and the imaging coil(s) used to transmit and re-
ceive the RF signal. Temperature induced changes in the material’s electrical conductivity
and, to a lesser extent, permittivity will result in changes in the wave number of the RF wave

and, thus, the phase-retardation of the magnetic field (see [4], [5], [6], [7D.

In another embodiment, a reference model directed to a transport mechanism or reference
temperature distribution in a reference body can be obtained from a data base. The reference
body has well known tissue parameters and distributions of physical features such as perfu-
sion or temperature. The data of the reference body can be used to calibrate the values of a

relative temperature distribution obtained from the model of the body.

In an embodiment, a set of tissue parameters can be obtained from the images of the body
under consideration, The tissue parameters can be for example the permeability surface area
product of the endothelium and/or fractional size of the extravascular extracellular space
and/or hematocrit and/or total permeability of capillary wall and/or permeability surface area
product per unit mass of tissue and/or any other tissue parameter used in the work of Tofts et.
al. [1]. Any other tissue parameters related directly or indirectly to the distribution of contrast
agent or to another physical entity correlated with the signal distribution shown in the images
of the body can be obtained from the model of the body. The method of obtaining the tissue
parameter may consist in establishing a system of preferably linear equations from the equa-

tions (1) or (2) or from similar equations determining a relationship between the measured
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signals of the images and the physical feature correlated with the signals. The procedure may
consist in a) applying for example equation (1) to several contrast agent concentrations corre-
lated with corresponding signal pixels of a image, b) combining the obtained equations to a
system of over-determined linear equation having the tissue parameters as unknowns, and ¢)

solving for the unknowns by an optimization method such as a least squares method.

In another embodiment, an individualized model directed to a temperature transport mecha-
nism or temperature distribution mechanism in the body under consideration can be obtained
from the reference model and the tissue parameters. If for example the geometry of the refer-
ence body is similar to that of the body under consideration, then a 3D rigid and/or non-rigid
registration of the reference model to the model under consideration can be performed. Sub-
sequently, the distribution of the physical feature, for example perfusion, of the reference
model, can be adapted to the model under consideration by taking into consideration the dif-
ferences between the tissue parameters of the body under consideration and the reference

body.

With a perfusion model as the model of the body, a perfusion distribution of the body com-
posing the perfusion model can initially be obtained from a signal distribution of the images

by applying the framework of Tofts et. al. {1] expressed for example by the equations (1) or
2).

Subsequently, the temperature at a point in space and time can be determined from the perfu-
sion at that point in space and time. To achieve this, a tabular dependency of temperature in
space and time from the blood perfusion at that point in space and time can be used. As well,
a tabular dependency of a temperature gradient or a time dependent change of the temperature
at a point from the blood perfusion at that point can be used. Since the reference body has
well known tissue parameters and distributions of physical features such as perfusion or tem-
perature, the value pairs perfusion / temperature, or perfusion / temperature gradient, or perfu-
sion / time dependent change of the temperature, can be obtained from the reference body.

The reference tables obtained this way can be stored in the data base.
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If a temperature value is required which is not comprised in the reference table, numerical
interpolation with piecewise linear or nonlinear functions, e.g. cubic splines, or extrapolation,

can be used.

Preferably, obtaining the temperature at a point in space and time from the perfusion at that
point in space and time can be performed using a bioheat equation such as the Pennes equa-
tion. This relation is based on the fact, that heat transfer at any given point in the tissue is di-
rectly proportional to the local temperature gradient. Taking into consideration the time de-

pendency of the heat transfer, the energy balance for a considered body can be written as:

B = Lk VAT - (T — Ty)) 3)

&t Pty

The equation (3) is known as bioheat equation. Where K is the thermal conductivity, rho is
the blood density, Cv is the specific heat of blood and C the local blood perfusion rate (called
F in equation (1)). See paper [10] for a detailed description of the wtility of this equation that
explains the temperature distribution in brain tissue. Additional terms in the right-hand side
can appear depending on different heat sources (like external radiation field, etc). The de-
pendency of the temperature from a signal distribution obtained from images or from the
model of the body can be determined according to the following sequence: a) obtaining a per-
fusion distribution as well as the tissue parameters of the body from the signal distribution
using one of the equations (1) or (2) or a similar equation, b) obtaining the temperature or heat
distribution in the body from the perfusion distribution and tissue parameters using the equa-
tion (3). Note that according to Tuch et al. (reference [11]) the thermal conductivity can also

be obtained by MRI techniques.

Preferably, obtaining one or more images or imaging sequences of the body can refer to ap-
plying an imaging method such as magnetic resonance, computer tomography, X-rays, or flu-
oroscopic imaging, to the body. The images obtained this way may refer to a state of the body
before or during a therapy such as a thermal or chemo therapy, the body comprising tissue

that needs to be observed such as a tumour.
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Optionally, one or more images or imaging sequences of the body can be retrieved from the
data base. These images may refer to a different state of the body, in which for example the

body does not comprise the tumour.

In an optional embodiment, the relation between thermal and perfusion distribution ingide the
body is based on the thermodynamic energy balance embodied in the Pennes bioheat equa-
tion. The bioheat equation with appropriate boundary conditions yields the temperature distri-
bution throughout the at least part of the body under consideration. Obtaining the thermal dis-
tribution can comprise, although it is not required, the steps of determining an initial perfusion
distribution of the body before applying heat to the body, calculating a temperature distribu-
tion in the body based on the initial perfusion distribution and a heat power input upon com-
mencement of the heat application, and iteratively adjusting the perfusion distribution of the
body based on the calculated temperature distribution and recalculating the temperature dis-

tribution based on the adjusted perfusion distribution and the heat power.

The thermal calculation can be performed by a finite-difference method. The calculation re-
gion is divided into finite-sized sub-volumes of tissue that are taken to be sufficiently small so
as to convert the differential expressions in the energy balance to algebraic expressions with
an sufficient degree of approximation. An algebraic equation is thus obtained for each sub-
volume of tissue. Simultaneous solution of these algebraic equations by standard linear alge-
bra téchniques yields the temperature at the center of each tissue sub-volume, which provides

an approximation of the true, continuous temperature distribution in the tissue.

The time dependent variations of temperature in the body is tracked by subdividing time into
shott, discrete intervals or time steps, such as one second intervals in an exemplary embodi-
ment. The numerical framework for the calculation complies with the state of the art methods

common to thermodynamic simulations.

An initial condition or initial perfusion distribution of the body or targeted tissue can be de-
termined in the first instance with DTE-MRI. This initial condition includes an initial perfu-
sion rate distribution in the body. The initial perfusion distribution, along with a heat power
input can be fed into the thermodynamic simulation framework to solve the bioheat equation

to yield a temperature distribution in the body. The temperature of tissue in the body is util-
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ized to adjust the tissue parameters of the body, since the tissue parameters are highly de-
pendent on temperature. The relationship of the tissue parameters and temperature is based on

in-vitro experimental measurements that are known in the art.

The rate of blood perfusion in the targeted tissue can be dependent on temperature, time of
exposure to elevated temperatures, and the location of the targeted tissue within the body. In
turn, the rate of blood perfusion affects the temperature elevation of tissue in response to con-
tinued exposure to heat. Therefore, in order to accurately model the temperature distribution
in the body, the rate of blood perfusion must be continually updated for each iterative solution
of the bioheat equation. Therefore, a perfusion adjustment is determined, based on the tem-
perature and location of the targeted tissue, to adjust the perfusion rate input to the mathe-

matical model.

In an embodiment, the calculation of the temperature distribution can used for determining a
volume of necrosis in the targeted tissue based on the time and temperature relationship there-
in. The determination of the volume of necrosis, which can be defined as a destruction of a
predetermined percentage, is also important to signify to a treating physician when therapy is
complete and may be discontinued. By accurately modeling temperature and the extent of
necrosis during a treatment session, the total session time can be minimized for each patient,

which is highly desirable to optimize the thermal dosage received by the patient.

Calculation of the fraction of cells that have been destroyed requires knowledge of the chemi-
cal kinetic rate constant for the damage mechanism of cells in the targeted tissue, which varies
strongly with temperature. The rate constant and its variation with temperature are established
by comparing the predictions of the thermal model against experimentally measured tempera-
tures in a number of patients during a thermal therapy procedure. Specifically, the rate con-

stant can be determined using an Arrhenius rate constant model [9].

Preferably, the perfusion distribution of the body can be adjusted based on the determined
volume of necrosis. The determination of a volume of necrosis may signify to a treating phy-

sician when therapy is complete and may be discontinued.
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In an embodiment, the images or imaging sequences can be obtained with magnetic resonance
T1-weighted gradient-echo sequences or with magnetic resonance proton-frequency-shift al-

terations or with x ray tomography.

In another embodiment, absolute temperature values of the body can be obtained by relating
one or more reference temperature values obtained from measurements and/or from the data
base to corresponding one or more temperature values of the temperature model of the body.

The temperature values of the body in the data base can also rely on measurements.

In an embodiment, the calculated and/or forecasted temperature distribution within the body,
especially in the targeted tissue, can be displayed and/or monitored. Displaying such informa-
tion can be useful to signify to a treating physician when therapy is complete and has to be

suspended or interrupted. For the display, a temperature map can be used.

The invention also relates to a computer program, which, when loaded or running on a com-
puter, performs or supports the method or steps as set forth above. Furthermore, the invention
relates to a program storage medium or a computer program product comprising such a pro-

gram.

According to a further aspect, the invention relates to an apparatus or system for predicting or
planning a temperature distribution in a body using a model of the body. The system com-
prises a imaging equipment suitable to obtain images of at least a part of the body, a data base
connected to the imaging equipment suitable to store the model of the body and to retrieve the
stored information and a data processing unit connected to the imaging equipment and/or to
the data base. The data processing unit is capable to obtain the model directed to a tempera-

ture transport mechanism or temperature distribution in the body.

In an embodiment, the data processing unit can be suitable to simulate an application of heat

to at least a part of the body.

In another embodiment, the system can comprise a heat source such as a source of an elec-

tromagnetic field or any other heat transport carrier, for example focal ultrasound, laser beam,
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catheter, x-ray, infrared, microwaves, gamma radiation, or any other radiation with a wave

length suitable to apply thermal energy to tissue, nano particles, colloids, or liposome.

In an embodiment, the imaging equipment can be suitable to obtaining images or imaging
sequences with magnetic resonance T1-weighted gradient-echo sequences or with magnetic
resonance proton-frequency-shift alterations or with magnetic resonance tomography or with

x-ray tomography.

The data processing unit can be suitable to determine and/or predict the temperature or heat

distribution in at least a part of the body using the model of the body.

In an embodiment, the model of the body can be a perfusion model of the body obtained with
magnetic resonance imaging or computer tomography, or a model based on diffusion coeffi-

cients or proton-frequency-shift alterations, both being obtained with magnetic resonance im-

aging.

In another embodiment, the data base is suitable to store tissue parameters of the body and/or
a reference perfusion model of a reference body and/or a reference temperature model of a

reference body.

Brief description of the drawings

The accompanying drawings, which are incorporated in and constitute a part of this specifica-
tion, illustrate several embodiments of the invention and together with the description, serve

to explain the principles of the invention.

Fig. 1 illustrates a process of predicting or planning a temperature distribution in a body
according to a first embodiment of the present invention;

Fig.2  illustrates a process of controlling or monitoring a temperature distribution ina
body according to a second embodiment of the present invention;

Fig.3  illustrates the process of predicting or planning a temperature distribution in a body

according to a third embodiment of the present invention; and
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Fig.4  illustrates the process of controlling or monitoring a temperature distribution in a

body according to a fourth embodiment of the present invention.

Detailed description of the preferred embodiments

Reference will now be made in detail to the exemplary embodiments of the invention illus-

trated in the accompanying drawings.

In the embodiment illustrated in Fig. 1, the invention relates to a process of predicting or
planning a temperature distribution 52 in a biologic tissue such as a body. The process com-
prises the steps of obtaining a model of the body 50 (S12), simulating an application of heat
(S18) to the body (S16) and determining the temperature distribution 52 in the body (S16).

The model of the body 50 obtained in the initial step is related to or directed to a temperature
distribution 52 in the body. The model comprises a 2D and/or 3D signal distribution in the
body related to perfusion of the body. The model is obtained either from DTE-MRI images

delivered by an imaging equipment 12, or from a data base 10.

Simulating an application of heat (S14) refers to simulating at the boundary of a simulation
space including at least a part of the body such as the head, knee or another organ of a patient,
a boundary condition for the heat distribution at the boundary of the simulation space. Simu-
lating the application of beat additionally refers to simulating the heat propagation inside the

simulation space. The targeted tissue usually is a tumour.

Determining the temperature distribution 52 in the body (S16) refers to determining and pre-
dicting the temperature or heat distribution in the body using the model of the body 50 by
taking into account the simulated heat source. Simulating the application of heat (S14) re-
quires a thermodynamic framework 18 such as a computer aided design system for thermody-

namic simulations to simulate the heat propagation and/or distribution in the body.

In this embodiment, the heat is not physically applied to the body. Instead, as already men-

tioned, the application of heat is simulated.
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In the embodiment illustrated in Fig. 2, the invention relates to a process of controlling or
monitoring a temperature distribution 52 in a body. The body usually is part of the body such

as an organ, for example liver, knee or brain of a patient.

Controlling the temperature distribution 52 in the body refers to setting up the parameters of
the heat source 24 applying heat to the body so that a defined or desired spatial distribution or
temporal progression of heat in the body is obtained. With tumour ablation or hyperthermia of
a tumour the desired temperature distribution 52 is as far as possible at least 80 degrees Cel-

sius inside the tumour and less than 41 degrees outside the tumour.

The process comprises the steps of obtaining a model of the body 50 (S12), applying heat to
the body (S18), and determining the temperature distribution 52 in the body (516).

Applying heat to the body (S18) refers to bringing the heat source 24 to or in the vicinity of
the body so that the heat may reach or penetrate the body. The heat source 24 is a microwave
source. The heat source generates at the boundary of a simulation space including at least a
part of the body such as the head, knee or another organ of a patient, a boundary condition for
the heat distribution at the boundary of the simulation space. The propagation and distribution

of heat is obtained in the embodiment similarly to the embodiment exemplified in Fig. 1.

The step of obtaining a model of the body 50 (S12) concerns a perfusion model. The perfu-
sion model is obtained from DTE-MRI images delivered by the medical imaging equipment

12 or obtained from the database 10.

Determining the temperature distribution 52 in the body (816) refers to determining and/or
predicting the temperature or heat distribution in the body using the model of the body 50 by
taking into account the heat distribution at the boundary of the simulation space generated by

the heat source 24.

In the embodiment shown in Fig. 2, the heat is physically applied to the body. But above this
physical application of heat, the process of calculating the heat propagation and distribution in
the body based on the heat distribution at the boundary of the simulation space corresponds to

the process shown in Fig. 1.
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In the embodiment illustrated in Fig. 3, the invention relates to a process of predicting or
planning a temperature distribution 52 in a biologic tissue such as a body. This embodiment is

similar to that shown in Fig. 1.

The initial step consists in feeding a contrast agent or tracer (S10) such as gadolinium (III)
into the body. This step supports the procedure of obtaining DTE-MRI images from a patient,
whereat the contrast agent is supposed to improve the imaging of blood perfusion in the body

of the patient.

The step of obtaining the model of the body 50 (812) comprises the application of a frame-
work establishing a relation between the signal distributions in images obtained with a DTE-
MRI imaging equipment 12 and the perfusion distribution in the body. Such a perfusion
framework 14 is based on equations (1) or (2) or on similar equations establishing the relation

between a signal distribution of a 2D or 3D image and a perfusion distribution.

The step of determining the temperature distribution 52 (516) from the perfusion distribution
of the body comprises the application of a framework establishing a relation between the per-
fusion distribution and the temperature distribution 52 in the body. Such a framework is based
on a bicheat framework 20 such as equation (3). The dependency of the temperature from a
signal distribution obtained from images or from the model of the body 50 is determined after
obtaining a perfusion distribution as well as the tissue parameters of the body from the signal

distribution shown in the DTE-MRI images.

In the embodiment illustrated in Fig. 4, the invention relates to a process of controlling or
monitoring a temperature distribution 52 in a biologic tissue such as a body. This embodiment
is based on that shown in Fig. 2 and is similar to that shown in Fig. 4. The embodiment shown
in Fig. 4 differs from that shown in Fig. 3 in the way of treating the application of het to the
body: In one embodiment (Fig. 3), the application of heat is simulated, in the other (Fig. 4),
the application of heat is physically performed.

Predicting and displaying temperature gradients in tissue together with information of the

biological process triggered by any heat source 24 is implemented in a device and it is based
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on patient-specific information, heat source properties for example focal ultrasound, laser
beam, catheter, x-ray, infrared, microwaves, gamma radiation, or any other radiation with a
wave length suitable to apply thermal energy to tissue, nano particles, colloids, liposome. The
application of heat (S18) is performed by electromagnetic fields and others heat transport car-
riers as well as any administrated agent supporting the heat transfer. In addition, the method
also takes into account physiological tissue properties like heat capacity, vascular permeabil-
ity, hydraulic conductivity, pore fraction and diffusivity. As embodiment the method predicts
temperature and effects not only before and during treatment or heat transfer but also after its

interruption.
An embodiment of the invention consists of the display of exposure time, necrotic tissue den-
sity, swelling degree, tumor size and others physiological or physical properties that can lead

to modification or interruption of the treatment.

The invention is very useful to support treatment planning where thermal variations in tissue

~ are expected (e.g. radiotherapy) to prevent and control side effects caused by an increase in

temperature of tissue as well as to redefine and/or control automatically and in-situ the heat
monitoring set-up. Such a monitoring of the temperature can facilitate many clinical proce-
dures where a certain level of temperature has to be kept for a certain period of time, like ul-

trasound hyperthermia or local stimulation of the immune system and many more.

Any kind of heat source 24 like ultrasound, heat transport particles and other energy carriers
can be used. The calculation of temperature is not solely based on perfusion but also on pa-
tient-specific information (age, sex) and properties like calorific capacity, diffusivity and oth-
er physiological and physical properties. Perfusion variations as well as other physiological
properties are directly obtained by DCE-MRI and/or CT-Perfusion technigues during treat-

ment.

Temperature profiles are obtained by the so-called perfusion techniques (DCE-MRI and/or
CT-Perfusion). Also additional information can be in situ extracted regarding physiological
properties of the tissue (e.g. necrosis, swelling), so it is possible to relate the temperature

change with the underlying biological process. This allows tracking the effects that the heat
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transport entity has on tissue so one would be able to regulate and control in situ the heat

source 24 according to this information.

Any administrated agent or combination supporting or affecting the heat transfer can be ap-
plied and agent specific information is processed to predict and display temperature gradients

in tissue.

Physiological, metabolic, chemical and physical tissue properties like heat capacity, vascular
permeability, hydraulic conductivity, pore fraction and diffusivity are processed to predict and

display temperature gradients in tissue.

The information about the temperature gradients and its effects in tissue is used for treatment
planning purposes, treatment controlling purposes, treatment follow up purposes, diagnostic

purposes
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16
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22
24
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52
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S14
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data base

medical imaging equipment

perfusion framework

data processing unit

thermodynamic framework

bioheat framework

bolus

heat source

model of the body

temperature distribution of the body
simulating a distribution of tracer in the body
obtaining a model of the body

simulating an application of heat to the body
determining the temperature distribution in the body
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Claims

Method of predicting or planning a temperature distribution (52) in a body comprising

the steps of:

a) obtaining a model of the body (50) related to a temperature transport mechanism or

temperature distribution (52) in the body;

b) simulating an application of heat to at least a part of the body such as targeted

tissue;

c) determining and/or predicting the temperature (52) or heat distribution in at least a

part of the body using the model of the body (50).

2. Method according to claim I, wherein determining and/or predicting the temperature

3.

(52) or heat distribution in at least a part of the body comprises:

- performing thermodynamic simulations to simulate the heat propagation and/or

distribution in the body; and/or

- using optionally a series of one or more images or imaging sequences of the body
without or under the application of heat such as an electromagnetic field or any
other heat transport carrier from a heat source and adding the series of images or

imaging sequences to the model of the body (50).

Method of controlling or monitoring a temperature distribution (52) in a body

comprising the steps of:

d) obtaining or providing a model of the body (50) related to a temperature transport

mechanism or temperature distribution (52) in the body;

e) applying heat to at least a part of the body such as targeted tissue;
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f) determining and/or predicting the temperature (52) or heat distribution in the body
using the model of the body (50).

4. Method according to one of the preceding claims, further comprising:

- feeding into the body a dose of conirast agent or tracer such as Gadolinium.

5. Method according to one of the preceding claims, wherein obtaining a model of the

body (50) comprises:

- obtaining a series of one or more images or imaging sequences of the body
preferably enabling the calculation of perfusion and/or diffusion properties of the

body; and/or

- obtaining a perfusion model of the body (50) achieved by magnetic resonance

imaging and/or computer tomography; and/or

- obtaining a model based on diffusion coefficients or proton-frequency-shift

alterations, both being achieved with magnetic resonance imaging.

6. Method according to one of the preceding claims, further comprising:

- obtaining from a database (10) a reference model directed to a transport mechanism

or temperature distribution mechanism in a reference body; and/or

-~ obtaining from the images of the body (50) under consideration a set of tissue
parameters describing the body or parts of the body, such as the permeability
surface area product of the endothelium and/or fractional size of the extravascular

extracellular space; and/or

- obtaining from the reference model and the tissue parameters an individualized
model directed fo a temperature transport mechanism or temperature distribution

mechanism in the body under consideration.

7. Method according to one of the preceding claims, wherein obtaining the temperature
model from a model of the body (50), when using a perfusion model as the model of
the body (50), refers to:
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- obtaining a perfusion distribution of the body or of the model from a signal

distribution of the images;

- using a tabular dependency of a temperature or a temperature gradient or a time
dependent change of the temperature at a point in space and time from the blood

5 perfusion at that point in space and time; and/or

- using a bioheat equation (20) such as the Pennes equation.

8. Method according to one of the preceding claims, further comprising:

- determining an initial perfusion distribution of the body before applying heat to the
body;

10 - calculating a temperature distribution in the body based on the initial perfusion

distribution and a heat power input upon commencement of the heat application;

- iteratively adjusting the perfusion distribution of the body based on the calculated
temperature distribution and recalculating the temperature distribution based on the

adjusted perfusion distribution and the heat power.

15 9. Method according to one of the preceding claims, further comprising:

- determining a volume of necrosis in the targeted tissue based on the time and

temperature relationship therein;

- adjusting the perfusion distribution of the body based on the determined volume of

necrosis.

20 10. Method according to one of the preceding claims, wherein the images or imaging
sequences are obtained with magnetic resonance T1-weighted gradient-echo
sequences, or with magnetic resonance proton-frequency-shift alterations or with x ray

tomography.

11. Method according to one of the preceding claims, further comprising:

25 - obtaining absolute temperature values of the body by relating one or more reference

temperature values obtained from measurements or from the database (10) to
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corresponding one or more temperature values of the temperature model of the

body.

12, Method according to one of the preceding claims, further comprising:

- displaying and/or monitoring the calculated and/or forecasted temperature

5 distribution within the body, especially in the targeted tissue.

13. Computer program which, when loaded or running on a computer, performs or

supports the method of one of the preceding claims.

14. Program storage medium or computer program product comprising the program of the

previous claim.

10 15. System for predicting or planning a temperature distribution (52) in a body using a

model of the body (50), said system comprising;

a imaging equipment (12) suitable to obtain images of at least a part of the body,

- a database (10) connected to the imaging equipment (12) suitable to store images of

the body (50) and to retrieve the stored information,

i5 - a data processing unit (16) connected to the imaging equipment (12) and/or to the
database (10), the data processing unit (16) being capable to obtain a model
directed to a temperature transport mechanism or temperature distribution in the

body, and/or

a device suitable to perform or support the method of one of the claims 1 o 12.

1

20 16. System according to claim 17, wherein

- the data processing unit (16) is suitable to simulate an application of heat to at least

a part of the body.

17. System according to claim 17, wherein

- the system comprises a heat source (24) such as a source of an electromagnetic field
25 or any other heat transport carrier, for example focal ultrasound, laser beam,

catheter, x-ray, infrared, microwaves, gamma radiation, or any other radiation with
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a wave length suitable to apply thermal energy to tissue, nano particles, colloids, or

liposome.

18. System according to one of the preceding three claims, wherein

- the data processing unit (16) is suitable to determine and/or predict the temperature
5 (52) or heat distribution in at least a part of the body using the model of the body
(50), and/or

- the imaging equipment (12) is suitable to obtain images or imaging sequences with
magnetic resonance Tl-weighted gradient-echo sequences or with magnetic
resonance proton-frequency-shift alterations or with magnetic resonance

10 tomography or with x-ray tomography.

19. System according to one of the preceding four claims, wherein

- the model of the body (50) is a perfusion model of the body obtained with nuclear

magnetic resonance or computer tomography, and/or

- the model of the body (50) is a model based on diffusion coefficients or proton-
15 frequency-shift alterations, both being obtained with nuclear magnetic resonance,

and/or

- the database (10) is suitable to store tissue parameters of the body and/or a
reference perfusion model of a reference body and/or a reference temperature

model of a reference body.

20
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