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(54) Title of the Invention: A method of computer-assisted analysis of one or more tissue sections of the human

or animal body

Abstract Title: Computer assisted analysis of tissue sections for a digital stain test

(57) A method for computer-assisted analysis of tissue sections for preparing a digital stain test is disclosed. A mask of
the tissue sections contains values for a plurality of measurement positions (e.g. image pixels) which depends on
the predetermined clinical picture (e.g. presence of tumour cells). Spatially resolved hyperspectral data (particularly
MALDI mass spectrometry or Raman spectroscopy data) of the tissue sections are processed, and multiple base
spectra (e.g. loadings) are calculated by methods such as non-negative matrix factorisation or principal component
analysis. The base spectra are correlated with the hyperspectral data to obtain correlation values for each
measurement position. A regression model is calculated describing the mask based on the correlation values. The
regression model and the base spectra that are generated can then be applied in a digital stain test to spatially
resolved hyperspectral data of new tissue sections in order to generate a mask of the diseased tissue zones in the

new tissue sections.
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A method for computer-assisted analysis of one or more tissue sections of the

human or animal body

Description

The invention relates to a method for computer-assisted analysis of one or more tis-
sue sections of the human or animal body and a method for computer-assisted per-

forming a digital stain test .

In classical pathology, tissue samples are analysed for the purpose of establishing a
diagnosis or prognosis of certain medical indications. To this end, tissue sections are
processed using biochemical procedures such as HE staining (Hematoxylin-Eosin
Staining), immunohistochemical stain tests (also abbreviated to IHC tests) or mo-
lecular test procedures. With these procedures, diseased tissue is marked in the tissue
section so that the visual inspection and diagnosis are supported. In THC tests, for
example, antibodies are deposited on a tissue section to enable visual identification

of biomarkers that are specific to certain clinical pictures.

Mass spectrometric methods for identifying mutated tissue structures are also known
from the prior art. Imaging methods originating in mass spectrometry, such as

DESI or MALDI, are often used for this. In this context, a full spectrum of mass-to-
charge ratios in the range from a few hundred to 10 kDa is captured for each pixel of
a tissue section. In this way, a mass spectrum is created that contains one spatial co-
ordinate and one spectral mass-to-charge coordinate in each case. But until now it
has not been possible to extract the information contained in this mass spectrometry
data in a way that enables mass spectrometric analysis to replace the conventional

histological stain test.
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The object of the invention is to analyse the hyperspectral data obtained from one or
more tissue sections in such a way that said data can be used to conduct digital, that
is to say computer-assisted stain tests. It is a further object of the invention to create a

method for conducting a digital stain test.

This object is solved with the method according to respective patent claims 1 and 10,
and with the apparatus according to respective patent claims 13 and 14. Preferred

embodiments of the invention are defined in the dependent claims.

The method according to the invention is used for the computer-assisted analysis of
one or more tissue sections of the human or animal body. Each such tissue section
was removed from the body by means of biopsy and is processed outside of the
body, and once removed the tissue is not returned to the body. Here and in the fol-
lowing, the concept of tissue section is to be interpreted broadly. In particular, a tis-
sue section may also represent a tissue-microarray, in which a number of tissue sam-
ples (also called "tissue cores"), preferably taken from different patients, are deposit-
ed on a sample carrier. The analysis according to the invention is used to prepare a
digital stain test in which tissue zones exhibiting a predetermined clinical picture in a

tissue section under test are identified with computer assistance.

In the following, the individual features of the method will be explained as steps a) to
e). These steps are intended solely to help the reader understand the interrelationships
among the features of the method, they do not necessarily correlate to a chronologi-

cal sequence in the performance of the steps.

In a step a), spatially resolved (digital) hyperspectral data from one or more prede-
termined tissue sections to be analysed is read in, wherein the one or more tissue
sections have tissue zones with a predetermined clinical picture. The hyperspectral
data contains respective spectra for a plurality of spatial (particularly two-
dimensional) measurement positions in the one or more predetermined tissue sec-

tions, wherein each spectrum represents the composition of the one or more prede-
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termined tissue sections at a measurement position in the form of a vector consisting
of intensity values for a plurality of channels, wherein an intensity value is a detected

physical parameter for the corresponding channel.

In the case of the analysis of multiple predetermined tissue sections, the measure-
ment positions can be differentiated across all of the tissue sections. In other words,
in this case the total number of measurement positions is equal to the sum of all
measurement positions contained in the tissue sections, even if measurement posi-
tions have the same spatial coordinates in different tissue sections. In order to distin-
guish between measurement positions from different tissue sections, an index speci-
fying the respective tissue section may be used. The tissue sections are preferably
taken from different patients (i.e. different people or animals). In a preferred variant
of the invention, between 50 and 100 tissue sections are analysed using the method
according to the invention. With an increasing number of tissue sections, the digital
stain test carried out on the basis of the results from the analysis method becomes

more reliable.

The digital hyperspectral data referred to above may have been captured beforehand
and stored in a digital memory, from which they are read out in step a). However, the
method according to the invention may also include the step of capturing the hyper-

spectral data by means of a suitable spectrometer.

The hyperspectral data is preferably mass spectrometry data, particularly "MALDI"
mass spectrometry data (MALDI = Matrix-Assisted Laser Desorption/Ionization). In
mass spectrometry data, the channels are mass-to-charge ratios, and the physical pa-
rameter detected for the corresponding channel represents the number of molecules
detected for the corresponding mass-to-charge ratio. Even so, the hyperspectral data
may also represent other data, such as data obtained from Raman spectroscopy. In
the case of Raman spectroscopy, the channels represent frequencies of light that is
reflected or scattered on the tissue sample, and the physical parameter is the intensity

of this reflected or scattered light.
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In a step b) of the method according to the invention, a (digital) mask of the one or
more predetermined tissue sections containing scale values for each of the plurality
of measurement positions is read in, wherein zones of the one or more predetermined
tissue sections with scale values that differ from (e.g. are higher than) the rest of the
zone in the one or more tissue sections are zones with the predetermined clinical pic-
ture. The digital mask may have been derived from a conventional histological stain
test and particularly from an immunohistochemical stain test of the one or more tis-
sue sections to be analysed. If multiple tissue sections are to be analysed, the mask
includes respective submasks for each tissue section. The measurement positions in
the submasks are correlated with corresponding measurement positions in the respec-
tive tissue sections. As was stated earlier, the measurement positions in this context
are differentiated across all of the tissue sections, and thus also across all of the sub-
masks. The digital mask is usually stored in a digital memory beforehead, and the
data is read out from this memory in the form of the corresponding scale values. The
scale values may originate from a discrete or continuous value range depending on
the variant. Optionally, the scale values may also only have the values O and 1,
wherein the value O stands for a tissue zone without the clinical picture, and the value

1 stands for a tissue zone with the clinical picture, or vice versa.

In a step c) of the method according to the invention, multiple base spectra in the
space of the hyperspectral data vectors or in a space of derived vectors are deter-
mined using a method for calculating base vectors. The derived vectors are calculat-
ed from the hyperspectral data for each measurement position. Special variants of the
calculation of the derived vectors are described in the following text and in claim 3.
The base spectra are the base vectors. The number of base spectra is preferably be-
tween 5 and 12. A method for determining base vectors is understood to be a proce-
dure that calculates base vectors in such a way that the vectors of the hyperspectral
data or the derived vectors can be represented by combinations (particularly linear
combinations) of the base vectors. Preferred variants of methods for determining

base vectors are described in the following text.
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In a step d) of the method according to the invention, the base spectra are correlated
with the vectors of the hyperspectral data or with the derived vectors at each meas-
urement position, with the result that a plurality of correlation values for respective
base spectra is obtained for each measurement position. Thus, a correlation value
exists for each measurement position and each base spectrum. Methods for correlat-
ing vectors are well known. The correlation value is preferably the scalar product
between normalised vectors, that is to say between vectors that are multiplied with
the reciprocal of their magnitude. In this case, the correlation value lies between -1
and 1. Alternatively, the correlation value may also be the absolute value of the sca-
lar product. In this case, the correlation value lies between 0 and 1 and may be inter-
preted as a measurement of similarity between the vectors, wherein the vectors be-

come more similar as the correlation value becomes larger.

Finally, in a step e), a regression model (i.e., corresponding parameters of the regres-
sion model) is determined with the aid of a regression method. The regression model
describes the mask based on the plurality of correlation values for the respective
measurement positions. Finally, the regression model with its parameters and the

base vectors are stored digitally for use when the digital stain test is carried out later.

The results from the method according to the invention in the form of the base vec-
tors and the regression model can be used to enable computer-assisted stain tests of
new tissue sections to be carried out easily, in order to determine whether tissue
zones with the predetermined clinical picture are contained in said tissue sections.
The concept of the stain test is to be interpreted broadly. In particular, it is not abso-
lutely necessary for the stain test to colour code tissue zones that contain the prede-
termined clinical picture, instead the coding may be effected generally by means of

the scale values described previously.

As described in step ¢) above, in one variant of the procedure according to the inven-

tion, the method for determining base vectors may be applied directly in the space of
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the hyperspectral data vectors. In this case, results that enable the performance of
digital stain tests may be obtained easily without specific information about the bio-
markers present in diseased tissue zones. Regardless of this, the base spectra may
optionally also be determined in a space of derived vectors, which are determined or
calculated from the hyperspectral data for each measurement position. Information
about the molecular compositions present in the diseased tissue is preferably used for
this purpose, as is the case in the variant of the method according to the invention

that will be explained in the following.

In a special variant of the method according to the invention, in which in step c¢) the
base spectra are determined in a space from derived vectors, a derived vector is cal-

culated for each measurement position as explained in the following.

Hyperspectral data (determined either theoretically or experimentally) is prespecified
for a plurality of molecular compositions relating to the predetermined clinical pic-
ture. In a preferred embodiment, such a molecular composition represents a prede-
termined peptide and its isotopes. In the case of mass spectrometry data, the hyper-
spectral data of a peptide is represented by the mass spectrum of the peptide for the
various mass-to-charge ratios of its isotopes. Optionally, a molecular composition
may also relate to several peptides or other molecules that are represented by hyper-
spectral data and particularly by a corresponding mass spectrum. The molecular
compositions and the associated hyperspectral data were determined beforehand us-
ing suitable procedures, wherein such procedures are not a part of the invention and

will therefore not be explained in any greater detail.

The hyperspectral data for a molecular composition generally contains a vector in the
form of a spectrum of intensity values for a predetermined number of channels from
the plurality of channels that is characteristic for the molecular composition. The
number of the channels usually represents a fraction of the channels of the hyper-

spectral data read in in step a) above.
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In a following step, the spectra that are characteristic for the molecular composition
are correlated with the spectra of the read in hyperspectral data at the respective
measurement positions where, as described above, this correlation may be performed
on the basis of the scalar product of the normalised vectors. Not all the channels,
only the predetermined number of channels is taken into account for the correlation.
The result of the correlation is a vector consisting of multiple correlation coefficients
and being the derived vector for each measurement position, wherein a correlation
coefficient is provided for each molecular composition. Advantageously, between 10

and 200 correlation coefficients exist for each measurement position.

Thus, in the variant of the method according to the invention described above, vec-
tors consisting of the correlation coefficients are obtained from the original hyper-
spectral data, and these vectors describe the correlation with previously known mo-
lecular compositions. In steps c) to e), these derived vectors then undergo further

processing instead of the hyperspectral data.

In a particularly preferred variant, the one or more tissue sections to be analysed are
each tissue sections with enzymatic digestion. The concept of enzymatic digestion is
known from histology. In this process, the tissue section is processed beforehand
biochemically. In particular, in the course of enzymatic digestion larger molecules

are broken down into peptides by enzymes.

In step c¢), methods known from the prior art may be used as the method for deter-
mining base vectors. In a preferred embodiment, non-negative matrix factorization is
used. A Principal Component Analysis (PCA) is also possible. In a particularly pre-
ferred variant, the base vectors are determined by non-negative matrix factorization
with the side condition of sparse population of the matrices determined using non-
negative matrix factorization. In particular, the matrix factorization described in doc-
uments [1] and [2] is used. The entire disclosure of these two documents [1] and [2]

is herewith included in the content of the present application by reference thereto.
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Regression methods known per se can be used in step d) to determine the regression
model. For example a linear regression method may be applied in which correspond-
ing weighting factors are specified for the linear combination of the plurality of cor-
relation values for the respective measurement positions. In a further variant of the
invention, a Support Vector Machine (SVM) regression, known per se, is applied

instead of a linear regression method.

The predetermined clinical picture that is considered in the course of the method de-
scribed above particularly represents the presence of certain tumour cells. The clini-
cal picture thus relates to a tumour disease. However, the clinical picture may also
refer to the presence of insulin islands. In this case, the clinical picture relates to a

diabetic disease.

Besides the above method for computer-assisted analysis of one or more tissue sec-
tions, the invention relates to a method for computer-assisted performing a digital
stain test using base spectra and a regression model, that have been calculated for a
predetermined clinical picture and digitally stored using the analysis method de-
scribed above. In this digital stain test, steps i) to iii) as explained in the following
are carried out, where the numbering of the steps does not necessarily imply a chron-

ological sequence of their performance.

In a step 1), spatially resolved hyperspectral data from a preset tissue section to be
tested is read in, wherein the hyperspectral data contains respective spectra for a plu-
rality of measurement positions in the preset tissue section, wherein a respective
spectrum represents the composition of the preset tissue section at a measurement
position in the form of a vector consisting of intensity values for channels from a
plurality of channels, wherein an intensity value is a detected physical parameter for
the corresponding channel. Again, the hyperspectral data is advantageously mass

spectrometry data or MALDI mass spectrometry data as described above.
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In a step i1), the vectors of the hyperspectral data or derived vectors calculated from
the hyperspectral data are correlated at each measurement position with the base
spectra, the base spectra having been calculated using the analysis method described
above or a preferred variant of said method. In this way, a plurality of correlation
values for respective base spectra is obtained for each measurement position. Again,
the correlation is preferably calculated from normalised vectors with the aid of a sca-

lar product.

Finally, in a step iii), the regression model that was determined using the analysis
method described above or a preferred variant thereof is applied to the correlation
values. In the case of a linear regression model, the correlation values for each meas-
urement position are combined with each other linearly on the basis of the weighting
factors of the model. With the aid of the regression model, a mask is obtained that
contains scale values for each of the plurality of measurement positions, wherein
zones of the preset tissue sections that have scale values differing from those of the

rest of the tissue section are tissue zones with the predetermined clinical picture.

Thus, digital masks containing information in a manner of a stain test may be gener-
ated with the method just described. Preferably, a visualisation is generated on a dis-
play device or screen in such manner that an image of the pixels representing the
measurement positions is created, wherein each pixel encodes the scale value of the
mask determined in step iii) for the measurement position represented by the respec-
tive pixel. In this way, a digital representation corresponding to a conventional stain

test is created.

In a variant of the digital stain test just described, results of that embodiment of the
analysis method according to the invention that is based on derived vectors is used.
In this variant of the stain test, derived vectors are correlated in step ii) with the base

spectra, and the derived Vectors are calculated as described in the following.
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For the predetermined clinical picture, hyperspectral data is prespecified for a plu-
rality of molecular compositions, the molecular compositions being defined in the
same way as in the analysis method described above. The hyperspectral data for a
molecular composition thus contains a vector in the form of a spectrum of intensity
values characteristic of the molecular composition for a predetermined number of
channels from the plurality of channels. The spectra that are characteristic of the mo-
lecular composition are correlated with the spectra of the hyperspectral data at the
respective measurement positions read in in step 1), with the result that a vector con-
sisting of multiple correlation coefficients is determined as the derived vector for
each measurement position, wherein one correlation coefficient for each molecular

composition is present for the respective measurement position.

Besides the method described above, the invention further relates to an apparatus for
computer-assisted analysis of one or more tissue sections of the human or animal
body for the purpose of preparing a digital stain test, wherein the apparatus is config-
ured to perform the analysis method described above and/or one or more preferred
variants of said analysis method. In other words, the apparatus comprises means for

carrying out steps a) to e) of the analysis method according to the invention.

The invention also relates to an apparatus for computer-assisted performing a digital
stain test using base spectra and a regression model, which were calculated for a pre-
determined clinical picture and digitally stored using the above analysis method or
one or more preferred variants of said method. The apparatus is configured to carry
out the digital stain test described above or one or more preferred variants of said
stain test. In other words, the apparatus comprises means for carrying out steps 1) to

ii1) of the stain test according to the invention.

The invention additionally relates to a computer program product having a program
code stored in a machine-readable carrier for carrying out a method for computer-

assisted analysis of one or more tissue sections and/or for computer-assisted perform-
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ing a digital stain test according to the invention or preferred variants of the inven-

tion when the program code is run on a computer.

The invention further relates to computer program having a program code for carry-
ing out a method for computer-assisted analysis of one or more tissue sections and/or
for computer-assisted performing a digital stain test according to the invention or

preferred variants of the invention when the program code is run on a computer.

In the following, embodiments of the invention will be described in detail with refer-

ence to the accompanying figures.

In the drawings:

Fig. 1 is a diagram illustrating the steps that are carried out in an embodiment of the

analysis method according to the invention;

Fig 2 is a diagram illustrating the steps that are carried out in an embodiment of the

digital stain test according to the invention;

Fig. 3 is a representation showing the base spectra that are calculated in an embodi-

ment of the analysis method according to the invention;

Fig 4 is arepresentation showing the calculation of a regression model based on the

base spectra of Fig. 3; and

Fig. 5 is a visualization that is generated according to one embodiment of the digital

stain test according to the invention.

In the following, embodiments of the invention will be explained using hyperspectral
data in the form of MALDI mass spectrometry data described above. In the course of

this spectrometry technique, the molecules of the tissue section to be analysed are
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coated with a matrix solution and a laser beam (from a nitrogen laser, for example) is
directed at various measurement positions of the corresponding sample carrier. The
pulses of the laser beam cause particles of ionised molecules to become detached
from the tissue, and the mass-to-charge ratio of these particles is captured in a man-
ner known per se with a mass spectrometer. For this task, for example, a Time of
Flight (TOF) or a Fourier Transform Ion Cyclotron Resonance (FTICR) mass spec-
trometer may be used. However, the methods of the invention described here can
also be applied to other mass spectrometry data if necessary, provided the data con-
tains at various measurement positions locally resolved spectra which reflect the
number of ions detected by the mass spectrometer as a function of the mass-to-
charge ratio. The method of the invention may also be applied generally to hyper-
spectral data (e.g., Raman spectroscopy) provided the data contains locally resolved
intensity vectors with entries for various channels at various measurement positions.
An intensity may comprise the portion of reflected or scattered light at a given wave-

length, for example, wherein the wavelength represents the channel.

The next section will first refer to Fig. 1 to explain a method for analysing a tissue
section, the results from which are then used in the course of a digital stain test, as
will be described afterwards with reference to Fig. 2. Fig. 3 to Fig. 5 show results of
the analysis method and the stain test that were obtained using a tissue section from
the pancreas of a rat. The corresponding tissue sections include insulin islands in the

pancreas, so the tissue sections correspond to the clinical picture for diabetes.

As part of the analysis method embodiment described here, as shown in Fig. 1, a
predetermined tissue section TI that was analysed with MALDI spectrometry de-
scribed above 1s considered. Accordingly to this, respective spectra S;j are present at
a plurality of two-dimensional measurement positions x of the tissue section, wherein
1, j denote the Cartesian coordinates of the respective measurement position. A single
spectrum contains intensity values I for a plurality of channels in the form of m/z
values (i.e., mass-to-charge ratios), each of which represents the number of the mole-

cules detected for the corresponding m/z value. The method described in the follow-
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ing can be transferred to the analysis of multiple tissue sections, in which case the
measurement positions continue beyond the end of the tissue sections. The measure-
ment positions from different tissue sections may be distinguished from each other

for example by the use of an index for the respective tissue section.

In a preferred variant, tissue section TI underwent enzymatic digestion before the
MALDI spectrometry procedure, so that the molecules of the tissue section were
broken down suitably by biochemical processes. For this purpose, enzymes are de-
posited on the tissue section and split the molecules in the tissue section into pep-
tides. Enzymatic digestion makes it easier to create clinical pictures on the basis of
mass spectrometry data in a corresponding tissue section. Besides the mass spec-
trometry data S, a (digital) mask M;; of the corresponding tissue section is needed
during the analysis of tissue section TI. This mask defines a scale value, between 0
and 1, for example, for the individual measurement positions x of the tissue section.
The size of the scale value indicates the size of the fraction of molecules matching
the predetermined clinical picture at the respective measurement position. Alterna-
tively, the scale values may also only take the values O and 1, in which the value 0
stands for a tissue zone without the clinical picture and the value 1 stands for a tissue
zone with the clinical picture. Mask M;; may have been obtained from a conventional
immunohistochemical stain test in which biomarkers that are specific for the prede-
termined clinical picture are highlighted visually by means of tissue staining through
the addition of antibodies in the tissue section, and wherein the intensity of the tissue
stain indicates the proportion of biomarkers at the corresponding tissue position. The
results of the immunohistochemical stain test are then converted into the digital data

of mask M.

As was explained above, the input data for the analysis method described here is the
mass spectrometry data S; and the mask M;;, as is shown in step S1 in Fig. 1. This
data is read in in digital form, and the step of obtaining the data and particularly the
capture of the spectra S;; by mass spectrometric means may also constitute a part of

the analysis method.
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In a step S2 of the analysis method, spectral signatures in the form of base spectra are
then calculated from spectra Sj; to differentiate metabolically relevant structures. The
five base spectra BS;, BS;, ..., BSs are shown in Fig. 1 for exemplary purposes,
though more or fewer base spectra can be calculated depending on the variant. The
base spectra are calculated using a known method for determining base vectors in the
vector space of the spectral data. A respective vector in the vector space represents a
single spectrum S at a corresponding measurement position, and the entries of the
vectors are the intensity values at the m/z values. The base spectra represent the base
vectors that are determined using the method. In particular, the base spectra approx-
imate a base in which the spectra S;; are described as a linear combination of the base
spectra. In the embodiment described here, a non-negative matrix factorization with
the side condition of sparse population of the matrices derived therefrom is used to
calculate the base vectors. In this context, the non-negative matrix factorization de-
scribed in document [1] or document [2] is used. The components in the terminology

of document [1] correspond to the base vectors.

In a next step S3, the original spectra S;; are correlated with the base spectra BSy ob-
tained in step S2 on the basis of a scalar product. This means, corresponding correla-
tion values Py for each spectrum S;; and each base vector BSy are obtained as fol-

lows:

Pijx = <Sj;; BS¢>

Correlation value Pjy is normalized to 1 and is located between -1 and 1. For two
identical vectors, the correlation value has the value 1. This is achieved by dividing
vectors S;j and BSi by the magnitude thereof before forming the scalar product, and

thus normalising them.

Finally, in a step S4, a regression model RM is determined by means of a regression

method, which model describes the original mask M;; on the basis of correlation val-



10

15

20

25

15

ues Pji. In the embodiment described here, a linear regression method is used, in
which the mask M;j is approximated by a linear combination of the correlation val-

ues, i.e., the following applies:

Z ckPijk = Mj;
K

The weighting factors ¢ that are defined using the linear regression method are the
parameters of the calculated regression model RM. Any other regression methods
instead of a linear regression method may also be used to calculate a regression mod-
el that describes the mask as a function of the correlation values. In a particularly

preferred embodiment, a Support Vector Machine (SVM) regression method is used.

At the end of the method of Fig. 1, one finally obtains the regression model RM with
corresponding parameters cx and a plurality of base spectra BSg. This information is
stored digitally so that it can be used later in a method for carrying out a digital stain

test. This method will be explained next with reference to Fig. 2.

The starting point for the method of Fig. 2 is step S1', in which mass spectrometry
data SP; with corresponding intensity values I at the respective m/z values is read in
for a plurality of two-dimensional measurement positions y of a tissue section TT'
that is to be tested. Optionally, the mass spectrometric measurement to determine the
spectra SP; may itself be included as part of the method. Either way, the data may
also have been determined beforehand and read out from a digital memory. For tis-
sue section TI', a mask MAj; shall be generated exclusively on the basis of the mass
spectrometry data, and this mask uses appropriate scale values to encode the pres-
ence of a predetermined clinical picture at corresponding measurement positions,

analogously to the mask M;; of Fig. 1.

In step S2' of the digital stain test, correlation values are now determined in the same

way as in step S3 of Fig. 1, but these correlations values are not based on the scalar
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product between spectra S;; and base vectors BSy, but on the scalar product between
spectra SP;; and base vectors BSi. In other words, corresponding correlation values

Nijk are obtained as follows:
Nijx = <SPj; BS,>

Like the correlation values Py of Fig. 1, the correlation values Njj are also between
-1 and 1. The base vectors BSg processed in step S2' and the regression model RM
processed in the following step S3' are read out from a digital memory and have been

calculated with the method of Fig. 1.

In step S3' of Fig. 2, mask MAj; and its scale values are now calculated on the basis
of correlation values Njjx and with the aid of regression model RM and the parame-
ters ¢y thereof, that is to say it is determined how the correlation values of the spectra
of the tissue sample TI' overlap according to the regression model, thus forming

mask data MAj;. In other words, the mask data is calculated as follows:

MA]] = z CkNijk

k

In this way, tissue zones with a predetermined clinical picture are marked corre-
spondingly with computer-assistance by using the results of the analysis method of
Fig. 1. Mask MAj; is preferably shown on a display device in the form of a digital
image. This image shows tissue section TI' as a plurality of pixels, each of which
corresponds to a measurement position of the tissue section. In this way, each pixel
encodes the corresponding scale value of mask MA;; on the basis of its grayscale or
optionally colour value, so that a colour image is formed, as it is conventionally cal-
culated with an immunohistochemical stain test. According to the invention, howev-
er, no biochemical method steps have to be carried out, the colour image value is

rather derived entirely from mass spectrometric data with the aid of a computer.
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The methods described with reference to Fig. 1 and Fig. 2 represent a "bottom-up"
approach, in which the base spectra are obtained using a purely computer-assisted
method, without the need for any knowledge of the associated molecular composi-
tions in the tissue sample. In a modified variant ("top-down" approach), it is also
possible to determine the base vectors with prior knowledge about the biomarkers
and the corresponding peptides into which the biomarkers are broken down by en-
zymatic digestion. In this context, it was determined or simulated in advance how the
known biomarkers decompose into peptides by the action of enzymatic digestion
(e.g., trypsin). A mass spectrum providing intensity values in the form of the number
of molecules detected for each of the m/z values of the peptide isotopes was also
determined for the chemical composition of a respective peptide. Methods for deter-
mining the corresponding peptides and their spectra are known per se. Since these
methods do not constitute part of the invention, and only the results therefrom are

used in the form of peptide spectra, they will not be described in detail.

Based on this modified embodiment, the individual spectra of the peptides are corre-
lated with the spectra S;; from the mass spectrometry data from Fig. 1 in a prepro-
cessing step. Again, correlation is carried out on the basis of a scalar product, where-
in in order to generate the scalar product the (normalised) m/z values of the peptide
spectra are multiplied with the corresponding (normalised) m/z values of the S spec-
tra, and these products are added together. The correlation values obtained thereby,
which are called correlation coefficients to distinguish them from the correlation val-
ues described above, also lie between 0 and 1. Ultimately, as a result one obtains a
number of correlation coefficients corresponding to the number of peptides for each
measurement position, which coefficients represent derived vectors in the sense of
the patent claims. A method for calculating base vectors, and particularly a non-
negative matrix factorization is applied to these derived vectors consisting of correla-
tion coefficients in the same way as in Fig. 1, wherein the base vectors are now cal-
culated in the vector space of the derived vector. These base vectors are then corre-
lated with the derived vectors instead of the original spectra, which again yield corre-

lation values that — as described previously — are determined in such manner that
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they lie between O and 1. Analogously to step S4 of Fig. 1, a regression model based

on these correlation values is then calculated, which describes mask Mj;.

If the results from the modified embodiment of the analysis method just described
are then used for the digital stain test, derived vectors with corresponding correlation
coefficients are first calculated by correlating the peptide spectra with the original
spectra SP;; before step S2' from Fig. 2 is carried out. Then, analogously to step S2',
the correlation values are calculated, though in this case the derived vectors are used.
Finally, mask MA;; is determined with the regression model in exactly the same way

as in step S3' of Fig. 2.

As was stated above, Fig. 3 to Fig. 5 show the results of an embodiment of the analy-
sis method and of the stain test according to the invention for the tissue section of a
rat pancreas, wherein the pancreas contains insulin islands. The tissue section was
analysed based on a bottom-up approach. A total of ten base spectra were determined
from the original spectra S, and five of these base spectra BS; to BSs are shown in
Fig. 3 for exemplary purposes. For the individual base spectra, the corresponding
correlation values and the coefficients c¢x of a linear regression model were deter-

mined. This is shown in Fig. 4.

The ten weighting factors ¢k of the regression model for base vectors k =1, ..., 10
are shown in the diagram at top right in Fig. 4. The diagram at bottom right indicates
the superposition of the base spectra corresponding to weighting factors cx, i.e.
Y. cxBSyk. In addition, an extract from the tissue section with corresponding pixels as
image positions x appears in the digital image on the left, and in which the white
borders - only some of which are identified with reference letters L in order to pre-
serve clarity - delineate zones in which insulin islands are present in the tissue sec-
tion. Borders L thus serve to indicate the original mask data, which in the present
case only have scale values of O or 1, wherein scale value O represents a zone without
insulin and scale value 1 indicates an insulin island. The individual pixel values in

the image shown represent the mask data M;; reconstructed from the calculated re-
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gression model, wherein the scale values of the individual pixels are colour coded,
though this is not evident from the black-and-white reproduction in Fig. 4. Even so,
dark pixel values represent large scale values close to 1. It may thus be seen that the

reconstruction is faithful to the original mask data.

Finally, the regression model with the corresponding weighting factors ¢ from Fig. 4
was applied to a new tissue section of the rat pancreas. In other words, MALDI mass
spectrometry data was determined for the new tissue section, and then mask data
MAj; was derived on the basis of steps S2' and S3' of Fig. 2. This mask data is shown
for the new tissue section in Fig. 5. Measurement positions y are again individual,
colour-coded pixels, though again this is not evident from the black-and-white repro-
duction in Fig. 5. However, black pixel values represent large scale values. As be-
fore, insulin islands in Fig. 5 are indicated by corresponding white borders L (only
some of which are designated thereby). Those islands were identified in the real tis-
sue section. As may be seen, the mask data MAj; indicated in Fig. 5 reproduces very

effectively the insulin islands that are actually present in the tissue section.

The embodiments of the invention described in the foregoing have a number of ad-
vantages. In particular, for the first time it is possible to analyse tissue sections solely
on the basis of mass spectrometry methods and so derive pathological tissue zones.
The method may thus at least partially replace time-consuming and expensive im-
munohistochemical tests or other molecular test procedures. To do this, all that is
needed is to make a one-time calculation of a regression model and base spectra
based on an analysis method, and these can then be used to analyse the mass spec-
trometry data. In this way, a digital stain test is provided that identifies diseased tis-
sue zones in a tissue section. The tissue section is preferably presented to the
pathologist in the form of an image in which diseased zones are reproduced on the

basis of colour coding.
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Patent claims

1. A method for computer-assisted analysis of one or more tissue sections (TI) of

the human or animal body for preparing a digital stain test, wherein in the digi-

tal stain test with computer assistance tissue zones that have a predetermined

clinical picture are determined in a tested tissue section (TI'), wherein:

a)

b)

d)

spatially resolved hyperspectral data from one or more predetermined tissue
sections (TI) that are to be analysed and contain tissue zones having the pre-
determined clinical picture is read in, wherein the hyperspectral data con-
tains respective spectra (S;) for a plurality of measurement positions (x) in
the one or more predetermined tissue sections (TI), wherein a respective
spectrum (S;j) represents the composition of the one or more predetermined
tissue sections (TI) at a measurement position (x) in the form or a vector
consisting of intensity values (I) for a plurality of channels (m/z), wherein
an intensity value (I) is a physical parameter detected for the corresponding
channel (m/z),

a mask (M;)) of the one or more predetermined tissue sections (TI) contain-
ing respective scale values for the plurality of measurement positions (x) is
read in, wherein zones of the one or more predetermined tissue sections
(TT) having scale values that differ from the remaining area of the one or
more tissue sections (TI) are tissue zones with the predetermined clinical
picture;

multiple base spectra (BS;, BS;, ..., BSs) in the vector space of the hyper-
spectral data or in a space of derived vectors that are calculated from the
hyperspectral data for each measurement position (x) are determined with
the aid of a method for calculating base vectors;

the base spectra (BS;, BS,, ..., BSs) are correlated with the vectors of the
hyperspectral data or with the derived vectors at each measurement position
(x), with the result that a plurality of correlation values (Pjj) is obtained for

respective base spectra (BS;, BS,, ..., BSs) for each measurement position

(x);
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e) aregression model (RM) describing the mask (M;;) based on the plurality of
correlation values (Pji) for the respective measurement positions (x) is de-
termined with the aid of a regression method, wherein the regression model
(RM) and the base spectra (BS;, BS;, ..., BSs) are stored digitally for use in

carrying out the digital stain test.

The method according to claim 1, characterized in that the hyperspectral data is
mass spectrometry data, particularly Matrix-Assisted Laser Desorp-
tion/lonization (MALDI) mass spectrometry data, in which the channels (m/z)
represent mass-to-charge ratios and the physical parameter detected for the cor-
responding channel (m/z) represents the number of molecules detected for the

corresponding mass-to-charge ratio.

The method according to one of the preceding claims, characterized in that in

step ¢) the base spectra (BS;, BS,, ..., BSs) are determined in the space of the

derived vectors, wherein a derived vector is calculated for each measurement
position (x) in such manner that

- for the predetermined clinical picture, hyperspectral data is prespecified
for a plurality of molecular compositions, wherein the hyperspectral data
for a molecular composition contains a vector in the form of a spectrum
characteristic of the molecular composition consisting of intensity values
() for a predetermined number of channels (m/z) from the plurality of
channels (m/z);

- the spectra characteristic of the molecular compositions are correlated with
the spectra (S;j) of the read in hyperspectral data at the respective meas-
urement position (x), with the result that a vector consisting of multiple
correlation coefficients is calculated as the derived vector for each meas-

urement position (x).
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The method according to one of the preceding claims, characterized in that the
one or more tissue sections to be analysed are each tissue sections that have

undergone enzymatic digestion.

The method according to one of the preceding claims, characterized in that the
method used in step ¢) for determining base vectors is a non-negative matrix

factorization or a PCA analysis.

The method according to claim 5, characterized in that the non-negative matrix
factorization includes the side condition of sparse population of the matrices

determined using non-negative matrix factorization.

The method according to one of the preceding claims, characterized in that the
regression method used in step e) is a linear regression method or an SVM re-

gression method.

The method according to one of the preceding claims, characterized in that the
mask (Mjj) in step b) is determined from a histological, particularly an im-

munohistochemical stain test of the one or more predetermined tissue sections.

The method according to one of the preceding claims, characterized in that the
predetermined clinical picture represents the presence of predetermined tumour
cells or the presence of insulin islands in the one or more predetermined tissue

sections (TI).

A method for computer-assisted performing a digital stain test using base spec-
tra (BS;, BS,, ..., BSs) and a regression model (RM) that were calculated for a
predetermined clinical picture and digitally stored using a method according to
one of the preceding claims, in which:

1) spatially resolved hyperspectral data from a preset tissue section (TT') to be

tested is read in, wherein the hyperspectral data contains respective spectra
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(Sy)) for a plurality of measurement positions (y) in the preset tissue section
(TT'), wherein a respective spectrum (S;;) represents the composition of the
preset tissue section (TI') at a measurement position (y) in the form or a
vector consisting of intensity values (I) for channels (m/z) from a plurality
of channels (m/z), wherein an intensity value (I) is a physical parameter
detected for the corresponding channel (m/z),

the vectors of the hyperspectral data or derived vectors calculated form the
hyperspectral data are correlated at each measurement position (x) with the
base spectra (BS;, BS,, ..., BS;s) that were determined using a method ac-
cording to one of the preceding claims, with the result that a plurality of
correlation values (Njji) for respective base spectra (BSi, BS,, ..., BSs) is
obtained for each measurement position (y);

the regression model (RM), that was determined using a method according
to one of the preceding claims is applied to the correlation values (Njj),
and a mask (MAjj) is thus obtained that contains respective scale values for
the plurality of measurement positions (y), wherein zones of the preset tis-
sue section (TT') with scalar values that differ from the rest of the tissue

section (TT') are tissue zones with the predetermined clinical picture.

The method according to claim 10, characterized in that a visualization is gen-

erated on a display device in such manner that an image of the pixels represent-

ing the measurement positions (y) is created, wherein each pixel encodes the

associated scale value of the mask (MAjj) determined in step iii) for the meas-

urement position (y) represented by the respective pixel (BP).

The method according to one of claims 10 or 11, characterized in that vectors

derived in step ii) are correlated with the base spectra (BS;, BS,, ..., BSs),

wherein the derived vectors are calculated in such manner that

for the predetermined clinical picture, hyperspectral data is prespecified
for a plurality of molecular compositions, wherein the hyperspectral data

for a molecular composition contains a vector in the form of a spectrum of
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intensity values (I) characteristic of the molecular composition for a prede-
termined number of channels (m/z) from the plurality of channels (m/z);

- the spectra characteristic of the molecular compositions are correlated with
the spectra (S;j) of the hyperspectral data read in in step 1) at the respective
measurement positions (y), with the result that a vector consisting of mul-
tiple correlation coefficients is determined as a derived vector for each

measurement position (y).

An apparatus for computer-assisted analysis of one or more tissue sections (TT)
of the human or animal body for preparing a digital stain test, wherein, during
the digital stain test, tissue zones in a tested tissue section (TT') that have a pre-
determined clinical picture are detected with computer assistance, character-
ized in that the apparatus is configured to carry out a method according to one

of claims 1 to 9.

An apparatus for computer-assisted performing a digital stain test using base
spectra (BS1, BS,, ..., BSs) and a regression model (RM), which were calculat-
ed for a predetermined clinical picture and digitally stored using method ac-
cording to one of claims 1 to 9, characterized in that the apparatus is config-

ured to carry out a method according to one of claims 10 to 12.

Computer program product having a program code stored on a machine-
readable carrier for carrying out a method according to one of claims 1 to 12

when the program code is run on a computer.

Computer program having a program code for carrying out a method according

to one of claims 1 to 12 when the program code is run on a computer.

A method for computer- assisted analysis, substantially as hereinbefore

described with reference to the accompanying drawings.
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18.  An apparatus for computer-assisted performing a digital stain test,
substantially as hereinbefore described with reference to, and as

illustrated by, the accompanying drawings.
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