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Appendix A Algorithmic details

A.1 Surrogate functions

All models presented in this paper are formulated as minimization problems. Many models include
multiple variables, e.g. the NMF models involve at least K and X, and for the supervised NMF models
B is added. This constitutes a difficulty in finding optimal values, especially since the discussed cost
functions in general are non-convex in the space given by the Cartesian product of the variable spaces. We
approach this by separating over the variables within each minimization step of the iterative algorithms.
Hereby all variables are updated alternatingly, aiming for a set of variable values minimizing the cost
function.

MM algorithms (Majorize-Minimization algorithms), elaborated in Lange [2016], are a commonly used
optimization strategy. The key idea is to shift the minimization to surrogate functions that majorize the
original cost function locally and are desirably easier to minimize.

For a cost function f, a surrogate function g,(z) at point a is characterized by fulfilling the two
conditions

(D) galz) = f(z) vz,
(ii)  gala) = f(a).
By this it is easy to prove that iterating the update rule
1= argmin g, (z), k=0,1,2,... (1)

guarantees a monotonic decrease of f(x[¥1). While this implies convergence of f(z[*), as stated in Lee
and Seung [2001], it does not imply convergence of z[¥!| the minimizing variable itself. Also, this method
possibly does not locate a global but only a local minimum. In practice, however, MM algorithms have
been found to yield good solutions.

In order to use this strategy for our minimum problems, the challenge now is to find surrogate functions
for the employed cost functions. There are some general approaches for obtaining surrogate functions,
including applications of Jensen’s inequality, the Cauchy-Schwarz inequality, and the quadratic upper
bound principle. We are going to utilize the latter.

A.2 Quadratic upper bound principle

As a starting point consider the second-order Taylor polynomial of f(z) around a,

Tpaf(z) = f(a) + (x — )TV f(a) + 5(x — a)THy(a)(z - a).
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Figure Al: Two iterations of a descent achieved by the update rule (1) of the MM algorithm

Replacing the Hessian matrix Hy(a) by another matrix M, whose difference to Hy(a) is positive semidef-
inite, i.e.

vT(M — Hf(a))v >0 Y, a,

generates an upper bound for T, , f(x),
go(z) := f(a)+ (x —a)TVf(a) + %(x —a)TM(x—a) > Ty of(x). (2)

The surrogate function condition (i) gq(x) > f(z) hence is fulfilled if T5 , f(z) > f(x). Since all of our
cost functions are polynomials of at most second degree, the Taylor polynomials T5 , f(x) are equal to the
functions itself. As (ii) g.(a) = f(a) obviously holds, we can use (2) as a surrogate function template.

If M is positive definite, then g, (z) is strictly convex and the calculation of its global minimum point,
which is required by the update rule (1), results from solving Vg, (z) = 0,

Vf(a)+ M(xz—a)=0
& x=a—- M 'Vf(a). (3)

Note that the inverse M ~! is clear to exist by the positive definiteness of M.

When choosing M, it is reasonable to require M ~! to be straightforward to compute. Another quite
important aim originates from the non-negativity constraint on « in (3) imposed when updating K or X.
This can be easily satisfied if the update rule (3) is multiplicative, in the sense that it can be rewritten by
only addition, multiplication and division of the used variables, and particularly not by subtraction. If
this holds for all alternating update rules, the non-negativity of all variables is automatically maintained
throughout the whole algorithm after choosing non-negative initial values. This avoids the need for
projections into the valid spaces, which are commonly used in other optimization algorithms.

For our applications the choice of the diagonal matrix

M= |5, Hr@ai+ A1 (4)

@i i

whose inversion is naturally trivial, will lead to multiplicative update rules. This is owing to the special
relation between the gradients V f(a) and the Hessians Hy(a). Furthermore, in our cases H; has non-
negative components, a property that ensures positive semidefiniteness of M — H ¢ for the proposed choice
of M (Blondel et al. [2008]).



In (4) the parameter A covers the case of ¢;-regularization on the updated variable. Nevertheless for
M to exist and to be positive definite, we need both the numerator and the denominator in (4) to be
non-zero, which leads us to require not only non-negativity but rather strictly positiveness for K and X.
This is not sensible from the perspective of NMF or MALDI imaging, especially since we prefer sparse
pseudo spectra, but is expedient to assume during the algorithm. We technically ensure the positiveness
by adding a small value to each variable component after its regular update. When finally interpreting
the results, a small threshold can be used to gain actual sparsity.

A.3 Update rules

To obtain the update rules for the required variables, firstly the Hessian is calculated and substituted
in (4). This is then substituted in (3), which is rearranged conveniently. The resulting update rules for
models F, FRO, FROIda, and Flog are listed below.

F
YXT
K+ K
TR RXXT
KTY
X+ Xo RTRX
FRO
YXT
K+~ Ko—Fr——
TR ORXXT + K
T
Y Xo KY+(01+02)W
KTKX+0XWTW 40X +vX + A
(0'1 —+ O’Q)X
W<« Ww
T W XTX + ool
FROlda
YXT
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TR CRXXT K
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X Xo KTY + (01 + 02)W +~v6uTY
KTKX+0 XWTW+(024v)X +v88TXYTY +)
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W XTX + ool)
XYTu
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Flog
YXT
K+ K
TR RXXT
X <+ proj (X + AX) (Gradient based update, projection on R )
B+ B+ AB (Gradient based update)



Appendix B Linear and logistic regression for binary classifica-
tion

B.1 Linear discriminant analysis

A standard procedure for generating a classification model based on an NMF decomposition, as men-
tioned in Section 2.4 (main article), is to approximate given binary class labels v € {0,1}"™ by a linear
combination of the correlations Y Xy o7 and leads to the matrix F' := YXT € RZ;”, which contains
row-wise the features vectors Y; ¢ XT of length p. Thus, coefficients § € RP have to be determined, such
that u ~ Zi:l BiFer = YXT5. Due to the optimization method and the multiplicative update rules,
these coefficients are automatically non-negative in the case of the LDA, so that u is a superposition of
the correlations F, ;. To also allow the modeling of class labels equal to zero, we therefore omit a strict
positive bias and consider the unbiased case in contrast to default LDA regression models.
The estimation of § is typically done with a least squares method and leads to the minimization
problem
min [u - Y X753 (5)

The minimization using the available annotated training data yields a suitable parameter set 3 and
a corresponding characteristic vector &z = X TB. The actual classification of a new data set y is now
straightforward, it just requires to compute the scalar product ¢ = yZ and the resulting classification is
obtained by a binary threshold on c.

One great advantage of the linear regression model is its simplicity and the manageability. However,
the fundamental drawback of this method is the fact that u is a binary coded target variable which is in
contrast to the input data F, whose entries lie typically in R>. The linear regression model is commonly
not the natural choice to approximate binary output data with a continuous input. We therefore consider
logistic regression as an alternative approach.

B.2 Logistic regression

The logistic regression method represents a more natural approach to model binary output variables. It
is a special case of the general logistic regression for two classes and is also known as the logit model.
Here, we use the standard biased case of the logit approach and define accordingly F' = [1|Y XT]. The
basic idea is to model the posterior probabilities 7m; = P(u; = 1) for the occurrence of u; = 1 by applying
the standard logistic function h(z) = (1+e*)~! € [0,1] to the so called linear predictors F; (3, yielding

the regression model .

T h(FZ,OB) 1 —l—eXp(—Fi,.ﬁ)' (6)
As mentioned in Section 3.2 (main article), we will also allow negative entries in 5 to be able to model
probabilities lower than 0.5.

The estimation of the parameter 3 is typically done by applying the maximum likelihood method.
Since the output variable u; underlies the Bernoulli distribution, it follows for the likelihood function
L(B) =1, = (1 — m;)'~¥i. This leads finally to the minimization of the negative log-likelihood I~ to
get an estimator for the parameter 3, such that

min ™ (8) = min Z log(1 + exp(F; 4 3)) — u Ff. (7)

The prediction on new datasets Y is done by using (6) and calculating

- 1
T = = . (8)
1+ exp(—[1[Y XT]; 4 5)
The main advantage over the linear regression method is that the values of the prediction can be directly
interpreted as probabilities for the occurrence of tumorous regions in the tissue sample.
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Figure C2: Schematic data structure. HE images of 8 TMAs (left), each containing multiple core biopsies
of ADC or SqCC patients (middle). For each core several MALDI TOF spectra are collected (upper right).
The close-up shows an isotopic pattern for a peptide at m/z 1790.9 (lower right).

Appendix C MALDI imaging and test data

Mass spectrometry imaging (MSI), in particular matrix-assisted laser desorption/ ionization (MALDI)
MSI, is a label-free technique for spatially resolved molecular analysis of biological tissue samples with
a broad range of applications in pharmaceutical and biomedical research. With recent technological
advances in acquisition speed and robustness, applications of MALDI MSI in pathological diagnostics
became feasible, where this method can help to, for example, characterize tumor tissue, delineate tumor
regions or identify tumor subtypes (Groseclose et al. [2008], Seeley and Caprioli [2011]).

In MALDI MSI, a pulsed laser beam is focused at a series of spots (pixels) covering a tissue sample
with a spatial resolution ranging from 5 to 250 pm. Biomolecules over a wide mass range are desorbed
from the tissue surface, ionized and fed into a mass spectrometer. The resulting dataset consists of
a complete mass spectrum with up to 1 million spectral intensity values for each tissue spot, yielding
extremely high-dimensional multispectral images for arbitrary ion masses.

The determination of spatial tissue regions with different biological characteristics requires the ex-
traction of biologically meaningful information out of the spectral data, i.e. the identification of “spectral
fingerprints” associated with different tissue phenotypes. A successful extraction of such biological infor-
mation heavily depends on a careful sample preparation and data acquisition, including sample collection
and fixation, several preparation steps, as well as matrix deposition and the actual MALDI measurement.
For details on this process we refer to Oetjen et al. [2016] and references therein.

In a common workflow, formalin-fixed paraffin-embedded (FFPE) tissue is subjected to a tryptic
digestion step, resulting in the decomposition of proteins into smaller fragments (peptides). As a con-
sequence, the spectral fingerprint of a protein biomarker typically consists of a characteristic pattern of
spectral peaks corresponding to different peptides, as well as molecular modifications and isotopes. This
observation, together with the fact that spectral intensities are strictly non-negative, motivates the use
of non-negative matrix factorization (NMF) algorithms for analyzing MALDI MSI datasets.

In the following we evaluate the proposed methods on a collection of FFPE lung tumor tissue samples,
including biopsies of adenocarcinoma (ADC) and squamous cell carcinoma (SqCC) (Kriegsmann et al.
[2016]). Differentiation between these two frequent subtypes of non-small cell lung cancer is of high
relevance for therapy selection and patient management. Diagnostic accuracy of current procedures
based on immunohistochemical (IHC) stainings, however, is limited, resulting in a demand for novel
analytical tumor typing methods. The applicability of MALDI MSI to this task has been demonstrated
in Kriegsmann et al. [2016], where the presence of five different marker peptides belonging to four proteins
has been validated.

Tissue samples for our study were provided by the tissue bank of the National Center for Tumor
Diseases (NCT, Heidelberg, Germany) in accordance with the regulations of the local ethics committee.
Cylindrical tissue cores of 168 ADC and 136 SqCC were assembled to 8 tissue microarray (TMA) blocks.
Tissue sections were cut from all TMA blocks and processed according to a typical tissue preparation
protocol established for tryptic peptide imaging (Casadonte and Caprioli [2011]).
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Figure D3: Performance of classification schemes based on unsupervised (left) and supervised (right)
NMF models, with number of features ranging from 10 to 100.

Model A I v o170 7Y
FRO 1.0x107% 1.0x10% 1.0x1072 0.1

FR (rescale) 0 0 0 - -
FRIda 1.0x107° 1.0x10"* 1.0x10°7 - 1
FROlda 1.0%x107% 1.0x107* 1.0x1077 03 1
Flog 0 0 0 - 1

Table D1: Regularization parameters for the NMF models

MALDI imaging data was acquired on an Autoflex speed MALDI-TOF/TOF mass spectrometer
(Bruker Daltonik) in positive ion reflector mode. Spectra were measured in the mass range 500-5000 m /z
at 150 um spatial resolution (Figure C2). After MALDI MSI data acquisition, the sections were washed
and hematoxilyn-eosin (HE) stained. Tumor status and typing for all cores were confirmed by standard
histopathological examination and detailed annotations were created indicating subregions containing
tumor cells.

Spectral data of all TMAs was loaded into SCiLS Lab (version 2016b, Bruker Daltonik) and the
software’s default baseline correction as well as total ion count (TIC) normalization was applied. For
subsequent processing, the data was exported to MATLAB (version 2016b, Mathworks) and spectra
outside of the annotated tumor subregions were discarded. The remaining 4667 spectra were cropped
to the mass range 800-2500m/z and resampled to intervals of 0.4 Da width centered around expected
peptide masses according to the averagine model (Senko et al. [1995]). Thus, the dimensionality of the
data was reduced to 1699 intensity values per spectrum. In the following, the complete spectral dataset is
represented by a matrix Y, where spectra are stored as rows and columns correspond to m/z images. Such
MSI data sets are a special case of hyperspectral imaging data, where the channels of the hyperspectral
data are the m/z images of the MSI data.

Appendix D Detail results and correlation analysis

Detailed performance results for all investigated classification schemes are shown in Figure D3. The
regularization parameters used for the different NMF models are listed in Table D1.

Classification schemes based on the supervised NMF methods (in particular with the Flog model)
require a surprisingly low number of features for reaching convergence in terms of classification accu-
racy. Indeed, a closer investigation of the pseudo spectra X generated by the Flog model reveals a high
correlation among the basis vectors, as demonstrated in Figure D4 for the case of p = 20 features. In
fact, as much as 15 rows of X essentially represent two distinct patterns, clearly associated with positive
and negative signs of 5. Moreover, these patterns exhibit little dependency on the number of features
(Figure D5), and thus can be interpreted as being characteristic for the two tissue classes ADC (8 < 0)
and SqCC (8 > 0).
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Figure D4: Gel view of pseudo spectra X generated by the Flog NMF decomposition of training data A
and B at p = 20 features. Rows are sorted by corresponding regression weights .

For comparison of the observed characteristic patterns with results published previously on the dis-
crimination of adeno- and squamous cell carcinoma tissue of the lung, we investigate prominent features
in the weighted linear combination of pseudo spectra, given by zz = XT 3. The resulting discriminatory
patterns are shown in Figures 6 (main article) and D6 for the supervised NMF models FRlog and Flda,
resp. Note that for the Flda model, we can let 3 = 3, whereas in the Flog model, the vector S includes
one leading component representing a constant offset (see equation Flog (5) in the main article.) Thus,
for Flog, 3 equals 3 with the first component removed.

The model FRIda includes an ¢;-penalty term on X that induces sparsity in the pseudo spectra. As
a result, the discriminatory patterns for this model feature only very few peaks, and only the peaks at
m/z = 1411 and 1412 occur in both patterns learned on data A and B, resp. By comparison with results
published in Kriegsmann et al. [2016], we attribute these to the monoisotopic peak of a peptide of the
CK5 protein (m/z = 1410.7) and it’s second isotopic peak. Moreover, the peaks at m/z = 1879 and
1907 that occur in only one of the two patterns can most likely be attributed to peptides of the proteins
CK15 (monoisotopic m/z = 1877.9) and HSP27 (monoisotopic m/z = 1905.9). In fact, all three proteins
have been shown to be indicative for squamous cell carcinoma as opposed to adenocarcinoma in the lung,
matching well the strong expression in the above discriminatory patterns.

The discriminatory patterns computed based on the Flog model, on the other hand, show a different
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Figure D5: Comparison of the two opposite pseudo spectra X associated with the largest (positive,
indicative for SqCC) and smallest (negative, ADC) weights S for different numbers of features, generated
by the Flog NMF decomposition of training data A and B.
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Figure D6: Discriminatory patterns learned by the method FRIda on data A and B.

characteristic and contain a significant background noise, which is most likely due to the missing sparsity
regularization term in this method. Moreover, since in the Flog model 3 is allowed to be negative, both
positive (indicative for SqCC) and negative (indicative for ADC) peaks are seen. Only little difference
can be observed between the discriminatory patterns learned on data A and B. In addition to peaks
at m/z = 1411/1412 as well as m/z = 810.4 and 1879 also occurring in the FRIda patterns, peaks at
m/z = 1407 and 1822 can be observed. The former, having a negative direction, is most likely related to
a peptide of the CK7 protein (monoisotopic m/z = 1406.7), which was demonstrated to be indicative for
adenocarcinoma in the lung (Kriegsmann et al. [2016]). The other peak can be attributed to a different



peptide of the above mentioned CK15 protein (monoisotopic m/z = 1821.9) indicative for squamous cell
carcinoma.
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