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(57) Abstract: A method for non-invasively classifying a tumorous modification of a tissue according to different stages of the tumorous
modification comprises the steps of: a) receiving raw magnetic resonance imaging (MRI) data that has been recorded by applying at
least one diffusion weighted imaging (DWI) sequence using three to nine ditferent b-values to a tissue being suspicious to a tumorous
modification without application of a contrast agent; b) extracting at least two quantitication scheme parameters from the raw MRI
data by using at least one quantification scheme, wherein each of the quantification scheme parameters is related to a microstructural
property of the tissue; c) applying a weight to each quantification scheme parameter, wherein the weight is dependent on a kind of
the tissue and on the quantification scheme, whereby a set of weighted quantification scheme parameters is obtained; d) determining a
scoring value by combining the weighted quantification scheme parameters within the set, wherein each of the weighted quantification
scheme parameters is used only once for determining the scoring value; and e) classifying the tumorous modification of the tissue
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into one of at least two classes according to the scoring value. The method and a corresponding classification device are capable of
performing non-invasive tissue characterization without contrast agent administration in a highly accurate manner while supplementary
information related to conventional imaging properties and clinical information can further increase the high diagnostic accuracy. They
are used in their entirety for classifying the tumorous modification of the tissue.
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Method and device for non-invasively classifying a tumorous modification of a tissue

Technical field of the invention

The invention relates to a method and a device for non-invasively classifying a tumorous
modification of a tissue, in particular of a human tissue, preferably without an administration of
contrast agents or ionizing irradiation. The method and the device according to the present
invention specifically may be used in the field of oncologic imaging. However, other applications
are possible.

Related art

Tissue characterization in the field of oncologic imaging by using non-invasive imaging
modalities is still a challenging task. Modalities which are currently available for detecting and
characterizing suspicious changes of a tissue include ultrasound, x-ray imaging, computer
tomography, positron emission tomography (PET), and magnetic resonance imaging (MRI),
whereby MRI is increasingly used in oncologic imaging [1]. Using MRI for detecting and
characterizing suspicious change of a tissue commonly includes sophisticated examination
protocols as well as an intravenous application of a contrast agent, in particular, a compound
comprising gadolinium, which may, however, imply risks for allergic reactions, nephrogenic
systemic fibrosis, and gadolinium deposition in the brain [2-7].

In addition, invasive biopsy is still required in a number of cases in order to gain tissue probes
for histopathological analyses, such as in breast MRI [8, 9] and prostate MRI [10]. The reason
for this observation is based on findings that many lesions in a tissue can only be properly
characterized by using histopathological specimens as results from oncologic imaging often,
still, remain relatively unspecific. As a result, many false positive findings which cause invasive
procedures in healthy persons still occur. On the other hand, anxiety, stress and potential side-
effects, such as bleeding, scars, or fistulas, could be prevented if a biopsy and a subsequent
histopathological analysis could be avoided.

A new approach applies MRI sequences configured for mapping water diffusion [11]. This
approach is based on the assumption that water diffusion is related to tissue properties. By way
of example, water has been considered not to move as freely in malignant tissue as in benign
tissue as a result of a restricted possibility of diffusion between densely packed cell
conglomerates. Using diffusion weighted imaging (DWI) in connection with a proper setting of
the corresponding MRI sequences may, thus, be advantageous in characterizing tissue
changes by means of non-invasive imaging.

In addition, an in-depth analysis of DWI images might be used for further insights into tissue
properties which are correlated with histopathology. By applying different fitting models, DWI
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has been reported to allow assessing microstructural tissue properties which correlate to
isolated aspects of the tissue, including tissue cellularity, such as indicated by an apparent
diffusion coefficient (ADC), or tissue integrity, such as indicated by Kurtosis [12-16]. However,
known guantification schemes which are used for microstructural DWI correlates are, in general,
be considered as individual approaches which are directed to tissue characterization by using
absolute quantification values of solitary parameters for each quantification scheme. As a result,
the guantification schemes parameters obtained in this fashion proved to be of limited
diagnostic value and, usually, required a further invasive biopsy.

A similar approach [17] is provided by a mathematical model which characterizes water
diffusion in vascular, EES, and intracellular compartments in tumors. For this purpose, a sum of
three parametric models is calculated, wherein each parametric model describes a diffusion
magnetic resonance signal in a separate population of water from one of the three components,
wherein a first signal arises from intracellular water trapped inside cells while a second signal
arises from EES water adjacent to, but outside cells and blood vessels and a third signal arises
from water in blood undergoing microcirculation in a capillary network. This model does not
incorporate an exchange between the three water populations, thus, each quantification
scheme is treated individually.

In a further approach [18] DWI of prostate and/or bladder cancer patients scheduled for radical
prostatectomy were acquired and used to compute the apparent diffusion coefficient (ADC), an
intravoxel incoherent motion (IVIM: the pure diffusion coefficient Dy, the pseudo-diffusion fraction
F» and the pseudo-diffusion coefficient D,), and high b-value parameters within the index lesion.
These parameters were, subsequently, used in a separate fashion or combined in a logistic
regression model in order to differentiate lesions. In a similar manner, using a fractional order
calculus model (FROC) in brain imaging was evaluated using an imaging protocol with more
than 10 b-values to extract two parameters (D as an approximation of the apparent diffusion
coefficient and B) which, separately or combined with a logistic regression model, was used for
differentiating high grade from low grade brain lesions [19].

A similar method for prostate cancer detection is presented in [20] which is based on texture
features which are extracted from a grid that is placed on diffusion weighted imaging (DWI)
parametric maps, in particular, parametric maps from monoexponential AOCm, kurtosis AOCk
and K. Hereinafter, the texture maps were divided in cubes, and median texture features were
calculated for each cube. The obtained features were used to train prediction models, wherein
an area under the curve (AUC) value was used to assess the prediction efficiency. In total, 875
texture features were extracted in this manner using Gabor filter, GLCM, LBP, Haar transform,
and Hu moments. In addition, statistical features were calculated. As a result, AUC values of
0.81 to 0.85 could be demonstrated.

Problem to be solved
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It is therefore an objective of the present invention to provide a method and a device for non-
invasively classifying a tumorous modification of a tissue, in particular of a human tissue, which
at least partially avoid the disadvantages of known methods and devices.

Hereby, it is a particular objective of the present invention to allow comprehensively
characterizing different microstructural properties of the tissue by using a single non-invasive,
contrast-agent free, and radiation-free examination for gaining insight in suspicious
microstructural changes of the tissue in a highly accurate and fast manner, which may
especially be adapted for use in clinical routine.

Summary of the invention

This problem is solved by a method and a device for non-invasively classifying a tumorous
modification of a tissue, in particular of a human tissue, according to the subject-matter of the
independent claims. Preferred embodiments of the invention, which may be realized in an
isolated way or in any arbitrary combination, are disclosed in the dependent claims.

As used in the present specification, the term “comprising” or grammatical variations thereof,
are to be taken to specify the presence of stated features, integers, steps or components or
groups thereof, but do not preclude the presence or addition of one or more other features,
integers, steps, components or groups thereof. The same applies to the term “having” or
grammatical variations thereof, which is used as a synonym for the term “comprising”.

In a first aspect of the present invention, a computer-implemented method for non-invasively
classifying a tumorous modification of a tissue, preferably a tissue provided by an animal, more
preferably by a mammal, and, most preferably by a human, into one of at least two classes,
wherein each class refers to a different stage of the tumorous modification, is disclosed. Herein,
the method according to the present invention comprises at least the following steps a) to step
e), wherein, however, additional steps may further be performed. In one embodiment, steps a)
to e) may be performed in a sequential approach, commencing with step a), continuing with
steps b), ¢) and d) in this order, and finishing with step e), wherein, however, a subsequent step
may at least partially be performed concurrently with a previous step. In an alternative
embodiment, the mentioned steps may be performed in an integrative approach or in a mixed
approach combining the sequential approach and the integrative approach, in particular, for
minimizing time and/or storing space required for performing the present method.

In particular, the method comprises the steps of:

a) receiving raw magnetic resonance imaging (MRI) data that has been recorded by
applying at least one diffusion weighted imaging (DWI) sequence using three to nine different
b-values to a tissue being suspicious to a tumorous modification without application of a
contrast agent;
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b) extracting at least two quantification scheme parameters from the raw MRI data by
using at least one quantification scheme, wherein each of the quantification scheme
parameters is related to a microstructural property of the tissue;

C) applying a weight to each quantification scheme parameter, wherein the weight is
dependent on a kind of the tissue and on the quantification scheme, whereby a set of weighted
guantification scheme parameters is obtained;

d) determining a scoring value by combining the weighted quantification scheme
parameters within the set, wherein each of the weighted quantification scheme parameters is
used only once for determining the scoring value; and

e) classifying the tumorous modification of the tissue into one of at least two classes
according to the scoring value.

Thus, the present method refers to a characterization of tissues by applying non-invasive
imaging modalities. As generally used, the term “tissue” refers to a partition of an animal body,
preferably of a mammal body, and, more preferred of a human body, which comprises an
ensemble of similar cells having a similar origin and which are assembled together to jointly
performing a particular function in the body. Consequently, the tissue can be considered as a
cellular organization which is arranged at an intermediate level between a single cell and a
complete organ, wherein the organ can be considered as being formed by functionally arranging
a plurality of tissues.

In general, an invasive study of tissues is known as “histology” or, in connection with disease,
as “histopathology”. As described below in more detail, histopathological analyses have been
used in order to demonstrate that results obtained for the tissues by the non-invasive
characterization according to the present invention confirm with actual findings in the suspicious
tissues.

In addition, a particular histopathological analysis may, preferably, be applied in order to provide
a training data set, wherein the term “training data set” refers to a set of data which comprises
data being determined according to the method as described herein that have been confirmed
by histopathological analysis. Consequently, the training data set may, preferably, be applied in
order to determine the respective weights to be applied for a particular kind of the tissue and a
selected quantification scheme.

In contrast hereto, the term “non-invasive” refers to an in vivo method of studying one or more
tissues, wherein the tissue under investigation is able to remain in the body during the study
and does, herein, not receive any treatment by a contrast agent, such as by a gadolinium-
comprising compound. Thus, in contrast to a histopathological analysis, a non-invasive method
allows determining one or more properties of the tissue without removing it from the body of a
person or an animal. As mentioned above, the non-invasive methods, in particular, include
ultrasound, x-ray imaging, computer tomography, positron emission tomography (PET), and
magnetic resonance imaging (MRI), whereby MRI is used as the preferred non-invasive method
according to the present invention.
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As further mentioned above, the preferred non-invasive method for characterizing tissue
changes comprises diffusion weighted imaging (DWI) in connection with a proper setting of MRI
sequences which are, especially, configured for mapping water diffusion. This approach reflects
that water diffusion can reasonably be assumed to be related to those tissue properties which
appear relevant with regard to a tumorous modification of the tissue. As generally used, the
term “tumorous modification” refers to a change of a particular tissue which can be attributed to
a presence of a tumor in the particular tissue. Since the presence of a tumor tends to reorganize
the cells in the particular tissue, such as, directed to generating more densely packed cell
conglomerates, a movement of water molecules may be slightly impaired by the presence of a
tumor in the particular tissue. Consequently, diffusion may slightly be impaired between the cell
conglomerates, thus, resulting in a decrease of diffusion-related properties of the particular
tissue.

The tumorous modification can, in general, be assigned to a presence of cancer within the
tissue. The term “cancer” in the context of this invention refers to a disease of an animal, in
particular of a mammal, and, especially of a human, which is characterized by an uncontrolled
growth by a group of body cells, usually denoted as “cancer cells”. This uncontrolled growth
may be accompanied by intrusion into and destruction of surrounding tissue (i.e. “invasion”) and
possibly spread of cancer cells to other locations in the body (i.e. “metastasis”). Preferably, the
cancer may be selected from the list consisting of: acute lymphoblastic leukemia, acute myeloid
leukemia, adrenocortical carcinoma, aids-related lymphoma, anal cancer, appendix cancer,
astrocytoma, atypical teratoid, basal cell carcinoma, bile duct cancer, bladder cancer, brain
stem glioma, breast cancer, burkitt lymphoma, carcinoid tumor, cerebellar astrocytoma, cervical
cancer, chordoma, chronic lymphocytic leukemia, chronic myelogenous leukemia, colon cancer,
colorectal cancer, craniopharyngioma, endometrial cancer, ependymoblastoma, ependymoma,
esophageal cancer, extracranial germ cell tumor, extragonadal germ cell tumor, extrahepatic
bile duct cancer, gallbladder cancer, gastric cancer, gastrointestinal stromal tumor, gestational
trophoblastic tumor, hairy cell leukemia, head and neck cancer, hepatocellular cancer, hodgkin
lymphoma, hypopharyngeal cancer, hypothalamic and visual pathway glioma, intraocular
melanoma, kaposi sarcoma, laryngeal cancer, medulloblastoma, medulloepithelioma,
melanoma, merkel cell carcinoma, mesothelioma, mouth cancer, multiple endocrine neoplasia
syndrome, multiple myeloma, mycosis fungoides, nasal cavity and paranasal sinus cancer,
nasopharyngeal cancer, neuroblastoma, non-hodgkin lymphoma, non-small cell lung cancer,
oral cancer, oropharyngeal cancer, osteosarcoma, ovarian cancer, ovarian epithelial cancer,
ovarian germ cell tumor, ovarian low malignant potential tumor, pancreatic cancer,
papillomatosis, paranasal sinus and nasal cavity cancer, parathyroid cancer, penile cancer,
pharyngeal cancer, pheochromocytoma, pituitary tumor, pleuropulmonary blastoma, primary
central nervous system lymphoma, prostate cancer, rectal cancer, renal cell cancer,
retinoblastoma, rhabdomyosarcoma, salivary gland cancer, sézary syndrome, small cell lung
cancer, small intestine cancer, soft tissue sarcoma, squamous cell carcinoma, squamous neck
cancer, testicular cancer, throat cancer, thymic carcinoma, thymoma, thyroid cancer, urethral
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cancer, uterine sarcoma, vaginal cancer, vulvar cancer, waldenstrom macroglobulinemia, and
wilms tumor.

In particular, the tumorous modification which can, preferably, be classified according to the
present invention may be selected from the group consisting of female breast cancer and
cervical cancer and male prostate cancer. Corresponding results which have been achieved by
respectively modified tissues are illustrated below. However, the present invention may also be
applicable to other kinds of tumorous modification, such as a tumorous modification which may
be due to one or more of the above-mentioned types of cancer.

According to the present invention, the tumorous modification of a tissue is classified in a
manner that it is, according to the properties of the tumorous modification in relation to the
scope of the selected classes, sorted into one of at least two classes. Herein, the term “class”
refers to a different stage of the tumorous modification which may be selected depending on a
particular kind of tumorous modification, wherein the term “stage” refers to a particular grade to
which specific a cancer can be assigned to. Preferably, each class comprises a scope which
may be defined in a fashion that the classification leads to a single defined result. By way of
example, the tumorous modification may be sorted into one of the two classes benign or
malignant, wherein the term “malignant” relates to a particular tissue modification which is not
self-limited in growth, capable of invading into adjacent tissues, and capable of spreading to
distant tissues while the term “benign” refers to a particular tissue modification which does not
comprise any of the mentioned properties of the malignant stage. Alternatively, the tumorous
modification may be sorted into one of the three classes benign, clinically insignificant, or
clinically significant, wherein the term “benign” is defined as above, the term “clinically
insignificant” refers to a malignant stage which is, however, not considered as being subject to
surgical intervention while the term “clinically significant” refers to a malignant stage which is
considered as being subject to surgical intervention. However, especially depending on the
particular kind of tumorous modification, further kinds of classes may also be feasible for
classifying the tumorous modification of a tissue according to the purposes of the present
invention.

Further, the method according to the present invention is a computer-implemented method. As
generally used, the term “computer-implemented method” refers to a method which involves a
programmable apparatus, in particular, a computer, a computer network, or a readable medium
carrying a program, whereby one or more of the features of the invention are preformed by
means of at least one program. With particular regard to the present invention, the present
method is, thus, being performed on a programmable apparatus which is configured for this
purpose, such as by providing a particular computer program. As a result, the present method
may, as demonstrated below in more detail, particularly affect the efficiency of classifying the
tumorous modification, thereby providing highly reliable results based on a non-invasively
investigation and evaluation of the of the tissue, thus, avoiding false positive findings which may
result in invasive procedures in healthy persons as well as anxiety, stress and potential side-
effects, such as bleeding, scars, or fistulas, due to a biopsy.
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According to step a), raw magnetic resonance imaging (MRI) data are received. As generally
used, the terms “magnetic resonance imaging” or “MRI” refer to a process which is, in particular,
used for obtaining images (“MRI images”) of an animal body, preferably of a mammal body,
and, more preferred of a human body, or a partition thereof, such as a particular organ or tissue,
in both health and disease, wherein the desired MRI images are generated by applying a
magnetic resonance imaging device (“MRI device”) being configured for providing strong
magnetic fields, magnetic field gradients and electromagnetic waves in the radiofrequency
spectral range. For this purpose, the raw data may be acquired by using a known MRI device
and a strength of the magnetic field of 1 Tto 7 T, such as 1.5 T or 3 T. Herein, the animal body,
preferably the mammal body, and, more preferred, the human body, or a partition thereof, such
as the particular organ or tissue, has not been treated by application of any contrast agent, such
as a gadolinium-comprising compound, prior to or concurrently with acquiring the raw MRI data
used for obtaining the desired MRI images.

With particular regard to the present invention, the raw data have been recorded by applying at
least one diffusion weighted imaging (DWI) sequence using at least three different

b-values, in particular, three to nine different b-values, to the tissue which may be considered as
suspicious to a tumorous modification. In general, diffusion may be considered as a further
relaxation mechanism in addition to the known T1 and T2 mechanisms in MRI. As already
mentioned above, the diffusion weighted imaging (DWI) sequences are MRI sequences which
are, especially, configured for mapping water diffusion in the tissue being investigated. As
generally used, the term “MRI sequence” refers to a predefined succession of radiofrequency
pulses and related magnetic field gradients, wherein the succession and the particular
parameters with respect to each radiofrequency pulse and each related magnetic field gradient
are configured in order to provide at least one particular MRI image which is, especially,
configured for a particular purpose, wherein the particular purpose is related to diffusion
weighting in the case of the present invention. By way of example, DWI sequences can be
provided by using technical equipment associated to the MRI device, such as coils with a
particular numbers of channels. The raw data can be acquired by employing a particular DWI
sequence, such as epiDWI, resolveDWI, or DWIBS. However, other kinds of sequences may
also be feasible. Herein, a particular setting may be used for the selected DWI sequence which
may be adjusted to a slice thickness, a fat saturation or to a different parameter. However, other
kinds of DWI sequence may also be feasible. As used herein, the term “raw data”, thus, refers
to primary data which are provided by the MRI device, such as a particular MRI image or at
least one specific parameter which is related to the particular MRI image, whereby the
parameters of the selected DWI sequence and the related particular setting are, additionally
taken into account. Hereby, the raw data has, in general, not been subjected to processing by
software designated for such a purpose.

A specific parameter which is used in recording a particular DWI sequence is a so-called
“b-value”. Herein, the term “b-value” refers to a factor which is correlated with a magnetic field
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gradient being used for generating at least one DWI, whereby a higher b-value, in general,
correlates with stronger diffusion effects.

Using the ‘traditional monoexponential model’ as a quantification scheme, a signal S which
may be obtained after applying a diffusion gradient to a tissue may, specifically, be estimated
according to Equation (1) as

§=5Sp-e PP, (1)

wherein Sy is a baseline magnetic resonance signal, Da a diffusion coefficient also denoted as
“‘ADC” in the “traditional monoexponential model” quantification scheme, and b the related b-
value. By selecting a particular b-value prior to imaging, the degree of diffusion weighting may,
thus, be, chosen. Since the term e -*P in Equation (1) is a dimensionless number, the unit for b is
the inverse of the unit for Da. As a result, b is expressed as value of time per area. For further
details concerning the b-value, reference may, for example, be made at
www.mriguestions.com/what-is-the-b-value.html (as viewed on February 17, 2017).

Alternatively or in addition, the b-value may be determined in a quantification scheme based on
‘diffusional kurtosis imaging’ (DKI) according to Equation (2) as

1
S — SO ‘e (_bDK+Eb2DIZ(KK)’ (2)

wherein Sy is the baseline magnetic resonance signal, Dk or AKC the diffusion, Kk the kurtosis
coefficient in the DKI quantification scheme, and b the related b-value. By using a different
guantification scheme, such as one of the further quantification schemes as mentioned below in
more detail, a different relationship for the b-value may be applicable.

In a particularly preferred embodiment of the present invention, the at least one DWI sequence
is obtained by using at least three different b-values, preferably three to nine different

b-values, more preferred three to six different b-values, specifically three to four different b-
values. Herein, the number of b-values can be used either by applying three to nine different
DWI sequences, each DWI sequence having one of the different b-values or by simulating
and/or determining a final number of three to nine b-values out of a lower or higher number of b-
values as acquired in a manner familiar in the art. Herein, the higher number of b-values may
also include zero or void measurements, in which the DWI| acquisition might be expanded by an
additional b-value or other type of acquisition without the dedicated need for calculating DWI
guantification schemes and its parameters, for example, a particular sequence may be repeated
with the same b-values or a considerably similar b-values differing by less than 50 s/ mm?, such
as by less than 10 s/ mm?, such as by only 1-2 s/ mm?, thus, delivering virtually the same result.
By way of example, three different b-values may be set to 0, to 750 s/mm?, and to 1500 s/mm?2,
or the four different b-values may be set to 0, to 50 s/mm?, to 500 s/mm?, and to 1500 s/mm?.
Herein, two adjacent b-values may, preferably, be separated from each other by at least 50 s/
mm?2. However, other kinds of b-values, in particular of 0 to 4000 s/mm?, may also be chosen for
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the purpose of recording diffusion properties of the tissue under investigation which may allow
obtaining quantitative raw data which can, subsequently, be used for comprehensively
characterizing the tissue properties. In accordance with the objective of the present invention, it
may, however, be advantageous to keep the number of b-values and, thus, the number of
consecutively applied DWI sequences as low as possible, in particular, in order to achieve an
examination time as short as possible for performing step a) in order to qualify the present
method for use in clinical routine.

As a result, the raw MRI data are received for the at least one DWI sequence for further
processing in the subsequent step b). As generally used, the term “receiving data” refers to a
process of obtaining data, such the MRI raw data, by the programmable apparatus used for
performing the method steps of the present invention, wherein the raw data are stored and
prepared for the further processing. In addition, pre-processing steps, such as removing
outliers, may also be applied to the raw data prior to further processing in the subsequently
described step b).

According to step b), at least one quantification schemes, preferably one to five quantification
schemes, more preferred two to four quantification schemes, are used for extracting at least two
quantification scheme parameters {k;,p;; i = 1..n,n = 2}, preferably two to twenty
guantification scheme parameters, more preferred two to ten quantification scheme parameters,
from the raw MRI data. Herein, the quantification scheme may, preferably, be selected from
‘diffusional kurtosis imaging’ (DKI), “traditional monoexponential model’, ‘intravoxel incoherent
motions’ (IVIM), or ‘fractional order calculus’ (FROC), whereas the quantification scheme
parameter may, preferably, be selected from ADC; AKC; D-IVIM, or f-IVIM. It may be
emphasized here that the “traditional monoexponential model’ is often also denoted by the
same term “ADC” which, strictly speaking, denotes the corresponding quantification scheme
parameter obtained by using the traditional monoexponential model as described above in more
detail. By way of example, a first quantification scheme parameter ADC or D, may, preferably,
be extracted from Equation (1) while a second quantification scheme parameter diffusion
kurtosis coefficient Dx or AKC may, preferably, be extracted from Equation (2). However using
other kinds of quantification schemes or other corresponding quantification scheme parameters
may also be feasible.

As used herein, the term “quantification scheme” refers to a process of generating quantified
information from the raw MRI data as received by applying the at least one DWI| sequence in
accordance with step a). In other words, generating the quantified information includes a step of
transformation of the raw data by using the at least one quantification schemes for the DWI
sequence. Since the quantified information is obtained by using the DWI sequence and DWI
has been reported to allow assessing microstructural tissue properties, the quantified
information, i.e. each of the quantification scheme parameters, which may be generated by
applying the at least one quantification scheme is, therefore, related to a microstructural
property of the tissue considered as suspicious to a tumorous modification. By way of example,
the tissue might be characterized by using only a single quantification scheme, a first
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guantification scheme and a second quantification scheme, the first, the second, and a third
quantification scheme, or the first, the second, the third, and a fourth quantification scheme in
any combination.

As further used herein, the term “extracting” refers to applying the selected number of
quantification schemes by using any process which is known in the art as being suitable for a
quantification of DWI sequences, in particular but not limited to ‘diffusional kurtosis imaging’
(DKI), “traditional monoexponential model’, ‘intravoxel incoherent motions’ (IVIM), or “fractional
order calculus’ (FROC). Herein DKI, in general, takes into account a non-Gaussianity of a
distribution. While the traditional monoexponential model assumes a monoexponential decay of
the diffusion signal, IVIM takes into account that flowing blood may contribute to the diffusion
signal by employing a biexponential model, wherein a faster decaying exponential may be
separable from a slower exponential decay reflecting true water diffusion. Further, the FROC
analysis is adapted to determine a tissue heterogeneity in detected lesions within the tissue.

In particular, a fitting procedure may, preferably, be applied for quantitatively determining the
desired quantification scheme parameter from the applied quantification scheme, wherein other
methods may also be feasible. However, only such quantification scheme parameters are
determined which are related to a microstructural property of the tissue. As described below in
more detail, the present method explicitly uses a single statistical parameter for each of the
selected quantification scheme parameters. Neither a fixed combination of static statistical
parameters nor a repetitive combination of varying statistical parameters, both of which may be
computed by mathematical variations of the quantification scheme parameters, is included in
the method according to the present invention. As a result, further possible quantification
scheme parameters which are only based on a mathematical manipulation of the original
guantification scheme parameters, such as by forming a mean, a median, a range, a maximum,
or a minimum value by using two or more already determined quantification scheme
parameters, are not taken into account here. As a result, a reduced computation time may also
be achieved, thus, contributing to prepare the present method for clinical use. According to the
objective of the present invention, it may be, particularly, advantageous to keep the number of
guantification scheme parameters within a reasonable limit, in particular between two and
twenty, specifically between two and ten, in order to be able to achieve a comprehensive
characterization of the different microstructural properties of the tissue during an evaluation time
as short as possible in order to qualify the method as described herein for use in clinical routine.
As a result, this procedure allows to closely approximate true microstructural tissue properties
by application of DWI imaging since complex derived modifications, in particular, by using more
than one statistical parameter, in particular a set of statistical parameters, derived from
guantification scheme parameters as, for example, found in modern mathematical
computational models, including but not limited to Skewness or Kurtosis, has proven not to
closely reflect true tissue microstructural properties. Thus, as already mentioned above, by
using the at least one quantification scheme, the at least two quantification scheme parameters
are extracted from the raw MRI data, wherein the resulting quantification scheme parameters
may be used in the subsequently described step ¢).
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According to step ¢), a weight is applied to each quantification scheme parameter in a manner
that a set of weighted quantification scheme parameters {k;,p;; i = 1..n,n = 2} is obtained.
Herein, the set of weighted quantification scheme parameters comprises the at least two
quantification scheme parameters, preferably two to twenty quantification scheme parameters,
more preferred two to ten quantification scheme parameters, which have been extracted from
the raw MRI data in accordance with step b), wherein each of the quantification scheme
parameters p; has been furnished with a particular weight k;, wherein each weight k;is
dependent on a kind of the tissue under investigation and on the quantification scheme applied
for determining the respective quantification scheme parameters p.

As generally used, the term “weight” refers to a factor which is applied in order to quantitatively
express a particular property of each of a number of parameters which are comprised within a
set. Herein, the weighting may, preferably, be adapted to at least one of: a tumor entity, a tumor
subgroup, a particular quantification scheme, or a raw data training set, by which the weighted
quantification of DWI sequences may be further improved. By way of example, the
quantification scheme parameter p1 may have a different weighting than the quantification
scheme parameter p2 although both may be determined from a single quantification scheme
while, further, both weightings k1, ko may differ between different kinds of tissues under
investigation, e.g., they might be different for a breast tissue, a cervical tissue, and a prostate
tissue. A number of examples regarding the quantification scheme parameters p; and the
corresponding weights k; will be provided below. In order to provide a reliable set of weights, a
training data set as described above may, preferably, be applied in order to determine the
respective weights to be applied for a particular kind of the tissue and a selected quantification
scheme.

In a preferred embodiment, at least one statistical approach can be used here for an
assessment of the quantification schemes and the corresponding weightings. Herein, a specific
guantification scheme may be processed for at least one of: a single voxel, a group of adjacent
voxels, the lesion only, or the whole organ associated with the suspicious lesion. In particular,
statistical parameters may be used which may be, especially, be selected from a mean, a
median, a variance, or an entropy. However, other kinds of processes and/or other statistical
approaches, such as those known to the persons familiar in the art, may also be applicable.

According to step d), a scoring value Q is determined by combining the weighted quantification
scheme parameters within the set of weighted quantification scheme parameters {k;,p;; i =
1..n,n = 2}. As generally used, the term “scoring value” refers to a quantitative information
which is applicable for classification purposes, wherein, as disclosed below in more detail, the
quantity of the scoring value may, preferably, be compared with at least one score cut-off value
in order to arrive at the class which corresponds to a particular scoring value. Herein, each of
the extracted and, subsequently, weighted quantification scheme parameters is used only once
for determining the scoring value. As a result, this feature implies that only a single statistical
parameter, specifically a minimum, a maximum, a range, a mean, a median or a different
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statistical parameter, which may be related to or applied to a particular quantification scheme
parameter, can, in particular, be included in determining the scoring value Q.

As a preferred example for determining the scoring value Q, the weighted quantification scheme
parameters within the set {k;,p;; i =1..n,n = 2} may be combined in accordance with
Equation (3) as

= ko + X1 ki pi, (3)

i.e. by summing up the n selected weighted quantification scheme parameters k; - p;. However,
further schemes may also be applicable for reasonably combining the weighted quantification
scheme parameters.

In a further preferred embodiment, a set of m weighted additional data {#},q;, j = 1...m} apart
from the set of n weighted quantification scheme parameters {k;,p;; i=1..n,n = 2} as
described above may be used to determine the scoring value. In this particular embodiment, the
scoring value Q may, preferably, be determined according to Equation (4) by

= ko + X2 ki pi+ X4 ), (4)

which can be considered as a straight-forward modification of Equation (3). In particular, the
additional data may be acquired by further modalities which may be used for tissue
characterization, preferably by a non-invasive imaging modality, in particular, by ultrasound, x-
ray imaging, computer tomography, positron emission tomography (PET), and/or conventional
MRI, especially conventional MR sequencing. Alternatively or in addition, at least one further
commonly used magnetic resonance imaging sequence may, additionally, be applied for
sequencing. Alternatively or in addition, the additional data may comprise clinical data, in
particular patient age, patient weight, patient origin, history of cancer in patient and/or family, a
risk scoring model (such as a GAIL-model for breast cancer), an exposure to at least one risk
factor potentially increasing the risk of having a malignancy (such as smoking, irradiation,
exposure to chemical or biological substances), an infectious disease, a region of a lesion, at
least one blood parameter, or a genetic analysis. However, other kinds of clinical data may also
be applicable for this purpose.

According to step e), the tumorous modification of the tissue under investigation is classified
into one of at least two classes according to the scoring value Q. Hereby, the tumorous tissue
modification may be assigned to a particular class by comparing the scoring value Q with at
least one score cut-off value. As mentioned above, the term “score cut-off value” refers to a
numerical value which is adapted for being used in discriminating between two adjacent
classes. By way of example, the single score cut-off value may be set to “0”, whereupon each
positive scoring value Q may be assigned into a first class while each negative scoring value Q
may be assigned into a second class being different from the first class. In a further example in
which a discrimination between s > 2 classes may be employed, at least s - 1 score cut-off
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values may be applied for achieving the desired discrimination. However, other kinds of score
cut-off values may also be feasible.

Although the method as described herein does not require an application of any contrast agent
which may be administered to a patient comprising the tissue to be examined, still, relatively
short examination and evaluation times can be achieved by concentrating the evaluation of the
raw MRI data on those quantification scheme parameters which are actually related to
microstructural properties of the tissue under examination. In particular, examination times of
0.5 min to 35 min, preferably of 5 min to 15 min, are preferred, wherein the term “examination
time” refers to a period of time which is required for treating the tissue according to step a) with
the at least one diffusion weighted imaging (DWI) sequence as applied by the MRI device. The
further steps method b) to €) can, subsequently, be performed during a separate period of time
which may be denoted by the term “evaluation time”, during which a presence of the patient is,
typically, not required. In particular due to the relatively short examination times as indicated
above, the method as described herein appears to qualify for use in clinical routine.

In a further aspect, the present invention refers to a computer program product which comprises
executable instructions for performing a method according to the present invention. For this
purpose, a computer program may comprise instructions provided by means of a computer
program code which are capable of performing any or all of the steps of the methods according
to the present invention and, thus, to establish a classification process when implemented on a
computer or a data processing device. The computer program code may be provided on a data
storage medium or a separate device such as an optical storage medium, e.g., a compact disc,
or directly on a computer or data processing device.

In a further aspect of the present invention, a classification device which is configured for non-
invasively classifying a tumorous modification of a tissue into one of at least two classes,
wherein each class refers to a different stage of the tumorous modification, is disclosed. Herein,
the classification device comprises a receiving unit being adapted for performing at least step a)
of the method according to the present invention and an evaluation unit being configured for
performing at least steps b) to e) of the method according to the present invention.

Consequently, the receiving unit is adapted for receiving raw MRI data being recorded by
applying at least one DWI sequence using three to nine different b-values to a tissue being
suspicious to a tumorous modification without application of a contrast agent to the tissue,
specifically to a body comprising the tissue. In a preferred embodiment as described below in
more detail, the receiving unit may be arranged as a partition of a DWI parameter engine which,
apart from, being adapted for receiving the raw MRI data, may further be configured for
performing at least one further definite task within the evaluation unit of the classification device.
In this particular embodiment, the raw MRI data may be provided by a magnetic resonance
imaging device. However, other arrangements for the receiving unit may also be feasible.



10

15

20

25

30

35

40

WO 2018/153814 PCT/EP2018/054031
14

In a particularly preferred embodiment, the evaluation unit may comprise a DWI parameter
generator, a DWI parameter engine, and a scoring engine. Herein, the DWI parameter
generator may be configured for providing at least one quantification scheme, preferably one to
five quantification schemes, for further processing of the raw MRI data according to step b).
Further, the DWI parameter engine may, in particular, be configured for extracting at least two
quantification scheme parameters, preferably two to twenty quantification scheme parameters,
from the raw MRI data as provided by the diffusion weighted imaging unit by using at least one
guantification scheme as provided by the DWI parameter generator in accordance with step b).
Further, the scoring engine may, especially be configured for providing a set of weighted
quantification scheme parameters {k;,p;; i = 1..n,n = 2} according to step c), which may be
obtained by applying a weight to each quantification scheme parameter as provided by the DWI
parameter engine. Further, the scoring engine may, in particular, be configured for determining
a scoring value by combining the weighted quantification scheme parameters {k;,p;; i =
1..n,n = 2} within the set in accordance with step d). Further, by using the scoring value, the
scoring engine may, thus, also be configured for providing an assessment result being
designated for classifying the tumorous modification of the tissue into one of at least two
classes according to step e). Herein, the assessment result may be outputted to a decision
output, wherein the decision output may comprise any form that may be suitable for providing
and/or presenting the assessment result.

In a further preferred embodiment, the classification device may, further, comprise at least one
optional component. Accordingly, the classification device may, further, comprise an adjacent
context evaluation engine being adapted for providing a set of m weighted additional data
{£;,q;, j = 1..m}apart from the set of n weighted quantification scheme parameters {k;,p;; i =
2 ...n} as provided by the DWI parameter engine on the basis of the raw MRI data to the scoring
engine. As mentioned above, the additional data may be acquired by further modalities which
may be used for tissue characterization, preferably, by a non-invasive imaging modality, in
particular, by ultrasound, x-ray imaging, computer tomography, positron emission tomography
(PET), and/or conventional MRI, especially conventional MR sequencing, especially for
providing optional supplementary information to be included into the analysis of the tissue.
Alternatively or in addition, the the classification device may, further, comprise a clinical
information engine being configured for providing additional clinical data as described
elsewhere herein in more detail.

In a further aspect of the present invention, a classification system is disclosed which comprises
at least one classification device as already described herein and at least a magnetic resonance
imaging (MRI) device. Herein, the MRI device is adapted for providing raw MRI data as
described in step a). For this purpose, the MRI device may comprise at least one magnetic
resonance unit being configured for performing a magnetic resonance examination of the tissue
being suspicious to a tumorous modification. Further, the MRI device may comprise a
sequencing unit being configured for providing MRI sequences in form of at least one DWI
sequence to be used for the magnetic resonance examination of the tissue, preferably in a
sequential manner. Further, the MRI device may comprise a diffusion weighted imaging unit
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being adapted for providing the raw MRI data as recorded by magnetic resonance imaging
device to the classification device.

For further details concerning the classification device and the classification system, reference
may, preferably, be made to the method according to the present invention as disclosed
elsewhere in this document.

The method and the device according to the present invention provide considerable advantages
over known methods and devices. In particular, the method according to the present invention is
capable of providing a comprehensive weighted quantification of multiple microstructural tissue
properties of different tissues using a single imaging sequence without intravenous contrast
administration in a relatively short examination time independently from the magnetic resonance
device used for providing the raw MRI data, wherein the examination is used in its entirety for
classifying a potential tumorous modification of the tissue into one of at the least two classes.
Non-invasive tissue characterization without contrast agent administration can, thus, be
achieved in a highly accurate manner while supplementary information related to conventional
imaging properties and to clinical information can further increase the high diagnostic accuracy.
Although the present method and device could get rid of applying contrast agents, such as
gadolinium-comprising compounds, to patients, still, a relatively short examination time and also
a short evaluation time could, nevertheless, be achieved by concentrating the evaluation of the
raw MRI data on quantification scheme parameters which are related to microstructural
properties of the tissue under examination. As a result, this method and device appear,
particularly, promising for use in clinical routine.

The method and the device according to the present invention, thus, provide opportunities for a
combined weighted complementary quantification of DWI for microstructural correlates to
produce a multi-parametric comprehensive characterization of the underlying tissue using one
imaging sequence as a primary basis. A further combination with supplementary information
may further support this approach. A illustrated below in more detail, a comparable or a higher
diagnostic certainty could be achieved in contrast to current routine performance of using
manual classification systems, such as BI-RADS (Breast Imaging Reading and Documentation
System) [21] and PI-RADS (Prostate Imaging Reading and Documentation System) [22].

In further contrast to routine imaging, the method according to the present invention does not
require long examination protocols, such as caused by either a large number of different image
sequences or a large number of b-values in order to determine the quantification scheme
parameters, contrast agent administration or invasive procedures. Contrast agents are known at
risk for inducing allergic reactions up to severe complications, to potentially induce nephrogenic
systemic fibrosis and gadolinium deposition in the human brain. These side effects need to be
considered when administration of intravenous contrast agent is performed and the use of
contrast agents is increasingly discussed and investigated such as by the FDA Drug Safety
Communication of July 25, 2015. Another aspect of contrast agent administration is the high
costs related to the administration hampering a broader use.
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Long examination times in MRI may significantly increase the cost of the imaging method and
shorten the availability to a broader patient audience, in particular, hinder an introduction of
such methods and devices into clinical routine. In contrast hereto, the present method and
device offer examination times of 0.5 min to 35 min, preferably of 5 min to 15 min, which
considerably differ from examination times as known from experimental or scientific studies
which, typically, exceed 30 min, 1 hour, or even more. Examination times can further be
reduced since conventional imaging protocols commonly need a long reading time by the
radiologist. The method according to the present invention does not only allow reducing peri-
interventional complication rates but might also have a potential to significantly reduce
unnecessary invasive biopsies, cost-effective re-examinations and potential harm not only in
breast, cervix, and prostate malignancies which are considered as the most common tumors in
females and males, respectively. Since invasive biopsies themselves are associated with further
risks, a substantial clinical benefit is expected by using the present method invention.

Short description of the figures

Further optional details and features of the present invention may be derived from the
subsequent description of preferred embodiments, preferably in combination with the dependent
claims. Therein, the respective features may be realized in an isolated way or in arbitrary
combinations. The invention is not restricted to the preferred embodiments. |dentical reference
numbers in the figures refer to identical elements or to elements having identical or similar
functions or to elements corresponding to each other with regard to their functionality.

Figure 1 illustrates microstructural tissue correlates in benign and malignant breast lesions
for three different solitary quantification schemes as extracted from diffusion weighted imaging
(DWI) for comparison purposes (prior art);

Figure 2 illustrates microstructural tissue correlates in benign and malignant prostate
lesions for three different solitary quantification schemes as extracted from DWI| for comparison
purposes (prior art);

Figure 3 illustrates the correlation between patient age and cancer risk for breast lesions
for comparison purposes (prior art);

Figure 4 illustrates a classification system according to the present invention which
comprises a magnetic resonance imaging device and a classification device;

Figure 5 illustrates microstructural tissue correlates in benign and malignant breast lesions
as determined according to the present invention;

Figure 6 illustrates microstructural tissue correlates in clinically insignificant and clinically
significant prostate lesions as determined according to the present invention; and



10

15

20

25

30

35

40

WO 2018/153814 PCT/EP2018/054031
17

Figure 7 illustrates microstructural tissue correlates in clinically insignificant and clinically
significant cervix lesions as determined according to the present invention.

Description of Preferred Embodiments

For comparison purposes, Figures 1 to 3 demonstrate that currently available solitary
quantitative parameters based on diffusion weighted imaging (DWI) sequences for
differentiating between benign and malignant tissue in magnetic resonance imaging (MRI) only
exhibit of a rather limited diagnostic value.

In particular, Figure 1 illustrates a scheme 110 which comprises three different receiver
operating curves (ROC) 112, 114, 116 for three different types of solitary quantification
schemes, wherein each of the solitary quantification schemes was applied for determining
microstructural tissue correlates in benign and malignant breast lesions as extracted from
diffusion weighted imaging (DWI). Hereby, each of the curves 112, 114, 116 renders values of a
sensitivity as depicted versus values of 1-specify, wherein each of the curves 112, 114, 116
represents one of the following different solitary quantification schemes, wherein

- the curve 112 refers to ‘diffusional kurtosis imaging’ (DKI)

- the curves 114, 116 refer to ‘fractional order calculus’ (FROC).

As generally used, the term “sensitivity” refers to a true positive rate, in particular, to a
percentage of patients actually having a malignancy and who were correctly identified as having
the malignancy. Further, the term “specificity” refers to a true negative rate, in particular, to a
percentage of patients actually having a benign lesion and who were correctly identified as not
having a malignancy. In addition, quantitative values for respective areas (AUC) 118 as
determined under each of the curves 112, 114, 116 are indicated in the bottom right of Figure 1
and amount to values of 0.81, 0.82, and 0.68, respectively. Consequently, the correlation as
derived from DWI in benign and malignant breast lesions by using solitary quantification
schemes was found not to exceed the value of 82 %.

Similarly, Figure 2 illustrates a further scheme 120 comprising three different ROC curves 122,
124, 126, each representing a particular, different solitary quantification scheme, i.e. ‘diffusional
kurtosis imaging’ (DKI), ‘fractional order calculus’ (FROC) and ‘intravoxel incoherent motions’
(IVIM)), wherein each of the solitary quantification schemes was applied for determining
microstructural tissue correlates in benign and malignant prostate lesions extracted from DWI.
Again, quantitative values for respective areas (AUC) 128 as determined under each of the
ROC curves 122, 124, 126 are indicated in the bottom right of Figure 2 and amount to values of
0.86, 0.76, and 0.81, respectively. Consequently, the correlation as derived from DWI in benign
and malignant prostate lesions by using solitary quantification schemes was found not to
exceed the value of 86 %.



10

15

20

25

30

35

40

WO 2018/153814 PCT/EP2018/054031
18

Further, Figure 3 illustrates a further ROC curve 130 with a further AUC area 132 under the
further ROC curve 130, wherein patent age as a particular example for a clinical indicator may
be employed as a potential addendum for the characterization of suspicious breast lesions.
Again, a quantitative value for the AUC area 132 as determined under the further ROC curve
130 is indicated in the bottom right of Figure 3 and amounts to a value of 0.74. Consequently,
taking only into account the patient age, the correlation between patient age and cancer risk for
breast lesions was found already to assume the value of 74 %.

Figure 4 illustrates a classification system 150 according to the present invention which at least
comprises a magnetic resonance imaging device 152 and a classification device 154.

As schematically depicted in Figure 4, the magnetic resonance imaging device 152 is adapted
for providing raw magnetic resonance imaging (MRI) data as described in step a). For this
purpose, the magnetic resonance imaging device 152 may comprise at least one magnetic
resonance unit 156 which is configured for performing a magnetic resonance examination of a
tissue being suspicious to a tumorous modification. Further, the magnetic resonance imaging
device 152 may comprise a sequencing unit 158 which is configured for providing MRI
sequences in form of at least one diffusion weighted imaging (DWI) sequence to be used for the
magnetic resonance examination of the tissue, preferably in a sequential manner. Further, the
magnetic resonance imaging device 152 may comprise a diffusion weighted imaging unit 160
which is adapted for providing the raw MRI data as recorded by magnetic resonance imaging
device 152 by applying the at least one DWI sequence as generated by the sequencing unit 158
to the tissue being suspicious to the tumorous modification to the classification device 154.

The classification device 154 in the particularly preferred embodiment of Figure 4 comprises a
DWI parameter generator 162, which is configured for providing at least one quantification
schemes, preferably one to five different quantification schemes, more preferred two to four
different quantification schemes, for further processing of the raw MRI data according to step b),
wherein each of the quantification schemes and of quantification scheme parameters,
preferably of two to twenty different quantification scheme parameters, more preferred of two to
ten different quantification scheme parameters, as extracted from the raw MRI data by using the
at least one selected quantification scheme, is related to a microstructural property of the tissue
under investigation. For the purpose of receiving the raw MRI data as recorded by applying the
at least one DWI sequence to the tissue according to step a), the classification device 154
further comprises a DWI parameter engine 164 which is, in addition, configured for extracting at
least two quantification scheme parameters from the raw MRI data as provided by the diffusion
weighted imaging unit 160 by using at least one quantification scheme as provided by the DWI
parameter generator 162 in accordance with step b).

Further, the classification device 154 in the particularly preferred embodiment of Figure 4
comprises a scoring engine 166 which is configured for providing a set of weighted
quantification scheme parameters {k;,p;; i = 1..n,n = 2} according to step c¢), which is
obtained by applying a weight to each quantification scheme parameter as provided by the DWI
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parameter engine 164, wherein the weight is dependent on a kind of the tissue and on the
guantification scheme as provided by the DWI parameter generator 162. Further, the scoring
engine 166 is configured for determining a scoring value by combining the weighted
quantification scheme parameters {k;,p;; i = 1..n, n = 2} within the set in accordance with
step d). Further, the scoring engine 166 is configured for providing an assessment result by
classifying the tumorous modification of the tissue into one of at least two classes according to
the scoring value according to step e). As mentioned above, the tumorous modification, such as
the modification of a breast tissue, may be sorted into one of the two classes benign or
malignant. Alternatively, the tumorous modification, such as the modification of a prostate
tissue, may be sorted into one of the three classes benign, clinically insignificant, or clinically
significant. Further, the assessment result may be outputted to a decision output 168, wherein
the decision output 168 may comprise any form that may be suitable for providing and/or
presenting the assessment result.

In the embodiment as schematically depicted in Figure 4, the DWI parameter generator 162, the
DWI parameter engine 164, and the scoring engine 166 may, jointly, be configured as an
evaluation unit of the classification device 154 while, in this embodiment, the DWI parameter
engine 164 may, additionally, be configured as a receiving unit being designated for receiving
the raw MRI data provided by the resonance imaging device 152 to the classification device
154.

In the preferred embodiment of Figure 4, the classification device 154 may, further, comprise an
adjacent context evaluation engine 170. Herein, the adjacent context evaluation engine 170
may be adapted for providing additional data {g;, j = 1...m} apart from the quantification
scheme parameters {p;; i = 1...n} as provided by the DWI| parameter engine 164 on the basis
of the raw MRI data to the scoring engine 166. In this preferred embodiment, the scoring value
Q may, preferably, be determined according to Equation (4) as presented above. In particular,
the additional data may be acquired by further modalities which may be used for tissue
characterization. For this purpose, the additional data may be provided to the adjacent context
evaluation engine 170 by using a tissue morphology engine 172 which may be adapted for
measuring and post-processing tissue-related data by a non-invasive imaging modality, in
particular, by ultrasound, x-ray imaging, computer tomography, positron emission tomography
(PET), and/or conventional MRI, especially conventional MR sequencing.

Alternatively or in addition, at least one further commonly used magnetic resonance imaging
sequence 174 may, additionally, be applied for sequencing within the sequencing unit 158. In
this embodiment, the further magnetic resonance imaging sequence 174 may, further, be used
in the assessment by the scoring engine 166 to which it may be provided via the adjacent
context evaluation engine 170 as optional supplementary information to be included into the
analysis of the tissue.

Alternatively or in addition, the additional data may comprise clinical data, in particular patient
age, patient weight, patient origin, history of cancer in patient and/or family, a risk scoring model
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(such as a GAIL-model for breast cancer), exposure to at least one risk factor potentially
increasing the risk of having a malignancy (such as smoking, irradiation, exposure to chemical
or biological substances), an infectious disease, a region of a lesion, at least one blood
parameter, or a genetic analysis, which may be provided to the adjacent context evaluation
engine 170 by using a clinical information engine 176 which may, particularly, be adapted for
this purpose.

By using the adjacent context evaluation engine 170, the additional data can be provided to the
scoring engine 166, where the additional data can be processed by combining them with the
weighted quantification scheme parameters in order to determine the scoring value to be
outputted to the decision output 168 as described above.

Figure 5 illustrates a ROC curve 190 and an AUC area 192 under the ROC curve 190, wherein
the method and the device according the present invention was applied for a tissue suspicious
of breast lesions. Again, a guantitative value for the AUC area 192 as determined under the
further ROC curve 190 is indicated in the bottom right of Figure 5 and amounts to a value of
0.93. Consequently, by using the method and the device according the present invention, the
AUC area 192 assumes the value of 93 % which is significantly higher compared to known
procedures, such as illustrated in Figure 1.

Similarly, Figure 6 illustrates a ROC curve 194 and an AUC area 196 under the ROC curve 194,
wherein the method and the device according the present invention was applied for a tissue
suspicious of prostate lesions. Again, a quantitative value for the AUC area 196 as determined
under the further ROC curve 194 is indicated in the bottom right of Figure 6 and amounts to a
value of 0.93. Consequently, by using the method and the device according the present
invention, the AUC area 196 assumes the value of 93 % which is, again, significantly higher
compared to known procedures, such as illustrated in Figure 2.

In addition, Figure 7 illustrates a ROC curve 198 and an AUC area 200 under the ROC curve
198, wherein the method and the device according the present invention was applied for a
tissue suspicious of cervix lesions. Again, a quantitative value for the AUC area 200 as
determined under the further ROC curve 198 is indicated in the bottom right of Figure 7 and
amounts to a value of 0.95. Consequently, by using the method and the device according the
present invention, the AUC area 200 assumes the value of 95 % which is, also, significantly
higher compared to known procedures, such as illustrated in Figure 2.

Experimental results
Using the method and the device according to the present invention, a clear differentiation

between malignant and benign tissue with regard to possible breast, cervix, and prostate cancer
could be provided for approximately 400 patients.



10

15

20

25

WO 2018/153814 PCT/EP2018/054031
21

Table 1 provides an example of six patients with suspicious breast lesions which were classified
by using the method according to the present invention, wherein each of 8 quantification

scheme parameters p;,i = 1... 8 were weighted with individual weights k;,i = 1 ... 8, from
which a scoring value Q was determined according to Equation (3’) as

Q=ko+X ki pi (3)

i.e. by summing up the 8 selected weighted quantification scheme parameters k; - p;. The
scoring value Q was used to classify the tissue modification into one of the two classes “benign’

and “malignant” by applying a score cut-off value of 0.

Table 1
Pat. | p4 p2 p3 P4 Ps Ps p7 ps Q Hist. BI-
RADS
1 090204 (108 (099 |060 |745 |0.66 |0.16 |-9,86 | malignant | 4
2 067185 094 |0.70 |[0.60 |7.44 |0.58 |0,90 |-8,91 | malignant | 4
3 042093 (080 (052 |0.74 |6.74 | 042 |0.11 |-6,56 | malignant | 4
4 180060 [256 [1.83 |0.79 990 |1.68 |0.09 |5,76 | benign 4
5 2241068 (297 (291 |0.82 |14.80 | 2.02 | 0,20 |5.34 | benign 4
6 2421045 (266 (244 |0.86 |10.75|2.16 | 0.21 |8.21 | benign 4

In a similar manner, Table 2 provides an example of six patients with suspicious prostate
lesions which were, again, classified by using the method according to the present invention,
wherein each of 9 quantification scheme parameters p;,i = 1... 9 were weighted with individual
weights k;,i = 1...9, from which a scoring value Q was determined according to Equation (3”)
as

Q= ko+Zl1ki pi, (3")

i.e. by summing up the 9 selected weighted quantification scheme parameters k; - p;. The
scoring value Q was, again, used to classify the tissue modification into one of the two classes
“benign” and “malignant” by applying a score cut-off value of 0.
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Table 2
Pat. | p1 | p2 Ps P4 Ps Ps pr |ps |Ps | Q Hist. PI-
RADS
1 0.65|1.19 | 1.00 | 0.69 | 0.80 | 6.92 | 0.52 | 0.10 | 5.38 | -4,36 | malign. | 4
2 |061[114 | 127 |0.72 | 0.66 |7.37 | 0.46|0.17 | 5.35 | -4.68 | malign. | 4
3 069|117 [1.32 |0.69 | 0.75 | 6.46 | 0.52| 0.14 | 5.40 | -4.52 | malign. | 4
4 [210]0.70 | 244 | 175 | 0.67 | 7.63 | 1.36 | 0.36 | 6.88 | 9,31 | benign | 4
5 |207/081 (229|191 055|855 |1.21]|0.39|6.82|9.22 |benign |4
6 |219|064 [260 |2.02 |0.68 |8.60 | 1.54|0.31|7.00|8.88 |benign |4

In the following, three further examples are presented for providing further insight into the
method according to the present invention.

Example 1 refers to a patient for prostate cancer by check-up by MRI who was examined after a
digital rectal examination with an unclear palpable finding. The patient underwent a prostate
MRI examination in a 3T MRI device including a routine protocol as suggested by the PI-RADS
ACR protocol. The protocol consisted of morphological sequences without contrast
enhancement (T2-weighted), contrast enhanced sequences (T1-weighted) and a diffusion
weighted imaging (DWI) sequence with multiple b-values according to the present invention.

After MRl examination the prostate was evaluated for a suspicious lesion as described in the PI-
RADS V2 guidelines using the T2-weighted and DWI weighted imaging sequences. A lesion
was detected and classified as a lesion coded with a PI-RADS class 3 (“intermediate”).

The lesion was marked using a segmentation. The raw image data of the lesion was then
processed using three different quantification schemes, i.e. Kurtosis, IVIM and the traditional
monoexponential model, and three different quantification scheme parameters, i.e. Kkurtosis, fivim,
and Dapc, were extracted as described elsewhere in this document. The quantification scheme
parameters were, subsequently, processed to finally receive a weighted scoring of each
quantification scheme parameter resulting in a classifier to predict “clinically significant” or
“clinically insignificant data”. Herein, the weighting for each parameter was obtained of a raw
data training set of approximately 200 patients with histopathologically confirmed lesions.

In particular, 3 quantification scheme parameters p1 = 0.75, p2=1.29, and ps; = 0.15 were
combined with 3 corresponding individual weights k1 = 15.10, ko= 5.37, ks =-4.61 and ko =
-25.09. Based on these data, the scoring value Q could be determined according to Equation
(4)as Q=-25.09 + 15,10« 0.75 + 5,37 « 1.29 + (-4,61) » 0.15 = -7,53. Applying a score cut-off
value of 0, the suspicious prostate lesion was classified into the class “clinically significant”,
which corresponded with the result provided by the histopathology.

Example 2 refers to a further patient for prostate cancer checkup by MRI who was examined
after an elevated blood level of PSA had been found. The patient underwent a prostate MRI
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examination in the 3T MRI device including a routine protocol as suggested by the PI-RADS
ACR protocol. The protocol consisted of morphological sequences without contrast
enhancement (T2-weighted), contrast enhanced sequences (T1-weighted) and a diffusion
weighted imaging (DWI) sequence with multiple b-values according to the present invention.

After MRI examination the prostate was evaluated for a suspicious lesion as described in the PI-
RADS V2 guidelines using the T2-weighted and DWI weighted imaging sequences. A lesion
was detected and classified as a lesion coded with a PI-RADS class 3 (“intermediate”).

The lesion was marked using segmentation. The raw image data of the lesion was then
processed using two different quantification schemes, i.e. Kurtosis, IVIM and the traditional
monoexponential model, and three different quantification scheme parameters, i.e. Kkurtosis, fivim,
and Dapc, were extracted as described in the patent application. The quantification scheme
parameters were, subsequently, processed to finally receive a weighted scoring of each
quantification scheme parameter resulting in a classifier to predict “clinically significant” or
“clinically insignificant data”. Herein the weighting for each parameter was obtained of a raw
data training set of approximately 200 patients with histopathologically confirmed lesions.

In particular, the 3 quantification scheme parameters p1 = 2.06, p2= 0.62, and ps = 0.24 were,
again, combined with the same 3 corresponding individual weights k1 = 15.10, k»=5.37, ks = -
4.61 and ko = -25.09 as in Example 1 above. Based on these data, the scoring value Q could be
determined according to Equation (4) as Q =-25.09 + 15,10 « 2.06 + 5,37 « 0.62 + (-4,61) = 0.24
= 8,24. Applying a score cut-off value of 0, the suspicious prostate lesion was classified into the
class “clinically insignificant”, which corresponded with the result provided by the
histopathology.

Example 3 refers to patient with a suspicious breast lesion who was examined due to a
suspicious finding on X-ray mammography screening. The patient underwent a regular breast
MRI scan using a 1.5 T MRI device. Herein, the acquired image sequences consisted of a
regular breast imaging protocol with unenhanced T1-weighted and T2-weighted sequences,
dynamic contrast enhanced T1-weighted imaging sequences, and a diffusion weighted imaging
(DWI) sequence with multiple b-values according to the present invention.

A lesion was detected that provided an unclear rating according to the BI-RADS classification
scheme (BI-RADS 3). Applying the invention procedure out of the detected and segmented
lesion eight different quantification scheme parameters were extracted using different
guantification schemes, i.e. the traditional monoexponential model, Kurtosis, IVIM, and FROC.
With further allowing the scoring engine to not only use a weighted scoring of the quantification
scheme parameters but also clinical information in terms of the patient age it was possible to
classify this lesion as malignant which, being in contrast to the suggestion of the conventional
BI-RADS criteria, was confirmed by histopathology. The weighting for the scoring engine was
based on training of approximately 200 cases.
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In particular, 8 quantification scheme parameters p1 = 0.57, p>=1.22, p3 = 2.27, p4 = 0.69, ps =
0.52, pe = 11.40, pr = 0.62, and ps = 0.38 were combined with 8 corresponding individual
weights ki = 5.12, k2 =-5.94, and k; = 0.8, k4 = -3.38, ks = -9.95, ke = 0.23, k7 = 4.55, ks =
-10.69 and ko = 3.03. Based on these data, the scoring value Q could be determined according
to Equation (4) as Q= 3,03 + 5,12 « 0.57 + (-5,94) « 1.22 + 0,80 * 2.27 + (-3,38) * 0.69 + (-9,95)
*0.52+0,23-11,40+4,55+0.62 + (-10,69) » 0.38 = -5,61. Applying a score cut-off value of 0,
the suspicious prostate breast was classified into the class “malignant”, which corresponded
with the result provided by the histopathology.

As a result, the method according to the present invention allows determining different scoring
values in malignant lesions compared to scoring values in benign lesions with a significant
difference. The separation between malignant tissue and benign tissue for both prostate and
breast lesions was found to be comparable or superior to conventional classification schemes of
imaging using BI-RADS (Breast Imaging Reading and Documentation System) and PI-RADS
(Prostate Imaging Reading and Documentation System) with conventional imaging protocols
that include a combination of T1-weighted imaging before and after intravenous contrast
administration, conventional DWI with ADC maps, and T2-weighted imaging.

Although limited to the description of using the method and device according to the present

invention in breast and prostate tissue imaging, both the method and device are expected to be
of added value for further kinds of tumorous modification in various tissues.
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Patent Claims

1. A computer-implemented method for non-invasively classifying a tumorous modification
of a tissue into one of at least two classes, wherein each class refers to a different stage of the
tumorous modification, wherein the method comprises the steps of:

a) receiving raw magnetic resonance imaging (MRI) data that has been recorded by
applying at least one diffusion weighted imaging (DWI) sequence using three to nine different
b-values to a tissue being suspicious to a tumorous modification without application of a
contrast agent;

b) extracting at least two quantification scheme parameters from the raw MRI data
by using at least one quantification scheme, wherein each of the quantification scheme
parameters is related to a microstructural property of the tissue;

C) applying a weight to each quantification scheme parameter, wherein the weight is
dependent on a kind of the tissue and on the quantification scheme, whereby a set of weighted
guantification scheme parameters is obtained;

d) determining a scoring value by combining the weighted quantification scheme
parameters within the set, wherein each of the weighted quantification scheme parameters is
used only once for determining the scoring value; and

e) classifying the tumorous modification of the tissue into one of at least two classes
according to the scoring value.

2. The method according to the preceding claim, wherein the tissue is a human tissue in
vivo and wherein the tumorous modification is selected from the group consisting of breast
cancer, cervix cancer, and prostate cancer.

3. The method according to any one of the preceding claims, wherein the stage of the
tumorous modification is selected from one of

- benign or malignant; or

- benign, clinically insignificant, or clinically significant.

4. The method according to any one of the preceding claims, wherein the at least one
diffusion weighted imaging (DWI) sequence uses three to nine different b-values, wherein the b-
value is correlated with a magnetic field gradient as used for generating the DWI sequence.

5. The method according to the preceding claim, wherein the b-value is selected from a
range of 0 to 4000 s/mm?, wherein two adjacent b-values are separated from each other by at
least 50 s/ mm?2.

6. The method according to any one of the preceding claims, wherein the quantification
scheme is selected from ‘diffusional kurtosis imaging’ (DKI), “traditional monoexponential
model’, ‘intravoxel incoherent motions’ (IVIM), or ‘fractional order calculus’ (FROC) , and
wherein the quantification scheme parameter is selected from ADC; AKC; D-IVIM, or f-IVIM.
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7. The method according to any one of the preceding claims, wherein the weight to each
quantification scheme parameter is obtained by analyzing at least one training data set, wherein
the training data set refers to data comprising a confirmed histopathological analysis.

8. The method according to any one of the preceding claims, wherein the scoring value Q
is determined by combining the weighted quantification scheme parameters within the set
{ki,p;; i=1..n,n = 2} in accordance with Equation (3) as

Q=ko+ X2 ki pi, )

9. The method according to any one of the preceding claims, wherein a set of m weighted
additional data {#;,q;, j = 1...mj} is, additionally, used for determining the scoring value in
accordance with Equation (4) by

Q=ko+ X2 ki pi+ X4 q;, (4)

10. The method according to the preceding claim, wherein the additional data is obtained
from at least one of: a non-invasive imaging modality and clinical data.

11. The method according to the preceding claim, wherein the non-invasive imaging
modality comprises at least one of: ultrasound, x-ray imaging, computer tomography, positron
emission tomography (PET), or conventional MR sequencing, and wherein the clinical data
comprises at least one of: patient age, patient weight, patient origin, history of cancer in patient
and/or family, a risk scoring model, an exposure to at least one risk factors potentially
increasing the risk of having a malignancy, an infectious disease, a region of a lesion, at least
one blood parameter, or a genetic analysis.

12. The method according to any one of the preceding claims, wherein the scoring value is
compared with at least one score cut-off value, by which the tumorous modification of the tissue
is classified into one of the at least two classes.

13. A computer program product comprising executable instructions for performing a
method according to any one of the preceding claims.

14. A classification device (154) for non-invasively classifying a tumorous modification of a
tissue into one of at least two classes, wherein each class refers to a different stage of the
tumorous modification, comprising

- a receiving unit for receiving raw magnetic resonance imaging (MRI) data being
recorded by applying at least one diffusion weighted imaging (DWI) sequence using three to
nine different b-values to a tissue being suspicious to a tumorous modification without
application of a contrast agent; and

- an evaluation unit comprising a DWI parameter generator (162), a DWI
parameter engine (164), and a scoring engine (166), wherein, the DWI parameter generator
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(162) is configured for providing at least one quantification scheme for further processing of the
raw MRI data, wherein the DWI parameter engine (164) is configured for extracting at least two
quantification scheme parameters from the raw MRI data by using the quantification scheme,
wherein each of the quantification scheme parameters is related to a microstructural property of
the tissue, and wherein the scoring engine (166) is configured for providing a set of weighted
quantification scheme parameters, for determining a scoring value by combining the weighted
guantification scheme parameters and, by using the scoring value, for classifying the tumorous
modification of the tissue into one of at least two classes.

15. The classification device (154) according to the preceding claim, further comprising a
adjacent context evaluation engine (170) being adapted for providing additional data, wherein
the additional data is obtained from at least one of: a tissue morphology engine (172) and
clinical information engine (176).
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