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Abstract. Fixation is essential for preserving cellular morphology in
biomedical research. However, it may also affect spectra captured in
multispectral fluorescence microscopy, impacting molecular interpreta-
tions. To investigate fixation effects on tissue, multispectral fluorescence
microscopy images of pairs of samples with and without fixation are
captured. Each pixel might exhibit overlapping spectra, creating a blind
source separation problem approachable with linear unmixing. With mul-
tiple excitation wavelengths, unmixing is intuitively extended to tensor
factorizations. Yet these approaches are limited by nonlinear effects like
attenuation. Further, light exposure during image acquisition introduces
subtle Brownian motion between image channels of non-fixed tissue. Fi-
nally, hypothesis testing for spectral differences due to fixation is non-
trivial as retrieved spectra are paired sequential samples. To these ends,
we present three contributions, (1) a novel robust non-negative tensor
factorization using the S-divergence and Lo i-norm, which decomposes
the data into a low-rank multilinear and group-sparse non-multilinear
tensor without making any explicit nonlinear modeling choices or as-
sumptions on noise statistics; (2) a diffeomorphic atlas-based strategy
for motion correction; (3) a non-parametric hypothesis testing frame-
work for paired sequential data using functional principal component
analysis. PyTorch code for robust non-negative tensor factorization is
available at https://github.com/neel-dey/robustNTF.

1 Introduction

Imaging spectroscopy is a ubiquitous tool to investigate the chemical nature of
biological samples. Each pixel contains an entire spectrum in a desired modality
(e.g., reflectance) whose multivariate nature allows for rich applications in image
analysis such as segmentation and unmixing. However, prior to any form of
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imaging, fixation is performed to protect tissue from postmortem decay and
improve mechanical strength. Doing so allows for the preparation of thin and
storable tissue sections, a universal requirement. However, as fixation changes
the chemistry of a sample to prevent decay, it may further alter its spectra and
confound its interpretation. In image analysis applications where the spectra are
of interest (e.g., detecting malignancy in surgical biopsies), it is imperative to
verify whether fixation changes their shape characteristics [5].

Towards understanding this effect for applications in retinal biology and
pathology, we perform a self-controlled experiment. Human eyes were obtained
in pairs from deceased donors, and tissue sections from corresponding locations
in both eyes were imaged. Sections from the right and left eyes were fixed and
not fixed, respectively. Imaging was performed with multispectral fluorescence
microscopy with multiple light sources (excitation wavelengths), allowing for the
high-dimensional analysis of spectral differences in these paired samples. How-
ever, several image analysis challenges arise from this experimental design.

First, compound co-localization leads to pixels containing mixed spectra. To
separate constituent spectra and retrieve their spatial distributions in the image,
non-negative matrix and tensor factorizations are used when there are one or
more light sources, respectively [2,8]. Non-negative data analysis is required as
physical spectra cannot be negative. However, these models are deficient when
there are nonlinear effects present like absorption and scattering within tissue.
A nonlinear matrix/tensor factorization was proposed in [6] which incorporated
attenuation but required reference spectra, precluding several applications.

Second, without fixation, tissue heating during image acquisition causes sub-
tle Brownian motion of organelles between image channels. Thus, the observed
spectrum at a pixel may be erroneous and can be a source of noise to analysis.
Third, our measurements are paired sequential observations. This precludes the
use of standard paired hypothesis tests to test for differences caused by fixation
as they assume normality and ignore the sequential nature of spectral curves.

Therefore, our image and statistical analysis contributions are threefold.
First, we propose a novel robust non-negative tensor factorization (rNTF) that
decomposes the tensor of multi-excitation multispectral images into a low-rank
multilinear tensor and an additional group-sparse tensor which contains the non-
linearities. Existing methods for tensor factorization often make strong assump-
tions on noise statistics, whereas fluorescence microscopy is affected by a mixture
of Poisson and Gaussian noise [12]. Therefore, we minimize the -divergence, an
information geometric metric which allows us to interpolate between noise statis-
tics assumptions [3]. Group-sparsity is enforced on the resulting nonlinear tensor
via Lo:1-norm regularization. We iteratively impute missing values common in
fluorescence measurements via expectation maximization [11]. The algorithm
has element-wise updates and is thus executed on GPUs for fast execution.

Second, we propose a granular motion correction strategy in fluorescence
microscopy using unbiased diffeomorphic atlas building [7], where all images
in the stack are nonlinearly registered to an estimated template, minimizing
subtle intra-stack motion without tearing the image due to the diffeomorphic
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constraint. Third, inspired by the functional testing of fractional anisotropy
along axonal tracts between groups in diffusion tensor imaging [9], we propose
a framework for paired hypothesis testing of spectra using functional principal
component analysis [10] and the Wilcoxon signed-rank test.

2 Methods

Preliminaries We use the notation of X for a vector, X for a matrix, and X
for a tensor. The tensor columns are mode-1 fibers, rows are mode-2 fibers and
so on. Mode-i matricization refers to taking the mode-i fibers of a tensor and
arranging them as columns of a matrix. The rank-P factorization of a tensor
L2 E—,' J K can be formulated as the sum of P rank-one tensors, such that

L ';1 aj b; cj where a; 2 R', bj 2 R?, and ¢; 2 RK. Factor matrices
A, B and C are generated from L by concatenating vectors from the rank-one
components, such that A = [a1;:::;ap], B=1[by;:::;bp],and C = [c1;:::;Cp].

Robust Non-negative Tensor Factorization Robust tensor factorizations
have a rich recent history in machine learning and computer vision [13]. Given a
tensor M corrupted with gross outliers, it is possible to recover a low rank and
sparse combination of tensors (L and S, respectively) such that M L+S. Re-
cently, there has been interest in replacing the squared Euclidean distance error
term with other metrics and divergences which may accommodate other forms
of data and noise statistics [4]. Further, there is interest in detecting structured
outliers (common in medical imaging), motivating the replacement of L;-norm
regularization with the Lg.;-norm which induces group spa'g,lty [13].

Consider a rank-P robust tensor factorization of M i1a bi ci+S,
where A;B;C;S 0. Block coordinate descent using various tensor matri-
cizations is the workhorse algorithm for calculating tensor factorizations and is
adopted here by iteratively fixing three out of four quantities A; B; C, S and solv-
ing for the remaining one. Using the formulation of factor matrices, the factor-
ization can be written as, M1y,  A(C  B)' +Su), Mgy B(C  A)T +S
and M) C(B AT+ S(3) where M(j) and S(j are the mode-i matricized
representation of the tensors M and S respectively, and  is the matrix Khatri-
Rao product. Given the above considerations, we propose to solve the following
model alternating between all matricizations, where K is the matricization mode,

alin E(ABICS) =D (MuiLag +Sa9) + kSaokais;

such that A;B;C;S 0, where ('; ) is the beta divergence, and k ka.; is the
Lo;1-norm, such that KSgke;1 = ?:1 ksiky where Sy has G columns. The -
divergence is an information-geometric measure of fit parameterized by a scalar

, which takes the squared Euclidean, Kullback-Leibler and Itakura-Saito di-
vergences (corresponding to Gaussian, Poisson or Gamma noise assumptions) as
limiting cases corresponding to = 2;1;0 and all interpolating cases in between.
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Consider the matricization M1y A(C B)T +S(1) to solve for A and Sy).
As derived in [3] for robust NMF, fixing B; C and S allows us to multiplicatively
update A such that A;B;C, S 0 in a majorization-minimization framework.
Using a convex-concave decomposition of the -divergence, majorizing the con-
vex and concave parts by the Jensen and Tangent inequalities respectively and
minimizing in closed form w.r.t. to A, we get,

May M) 2)c B)

M, Y(c B)

ATLA

where the numerator and denominator undergo element-wise division, |\7|(1) de-
notes the mode-1 matricization of the current low-rank approximation I\7I, $
denotes the element-wise (Hadamard) product, and the *:” operator in the expo-
nents indicates element-wise power. To estimate S(1), given fixed A;B;C and
an La;; penalty term on S(y), a similar optimization yields the following update,
Mq) 'V"((l) ?

M((l) by S1ydiag(ksike; 121 ksgka) 1

S ¥ S

where is the regularization weight on the La.;-norm and G is the number of
the columnwise normalized matrix S(1)y which we compute by looping through
the columns instead of direct evaluation for numerical stability. For brevity, we
analogously update B, S(,) and C, S(3), as shown in the supplementary material.

If the input data tensor M has missing entries (as in our application),
we can iteratively estimate the missing values by single imputation [11]. This
involves generating an indicator tensor W with Wijjk = 0 if mjjk is missing
and vice-versa. During the iterations, we impute the missing entries of M via
M W M+(1 W) M where M is the current estimate of the reconstruc-
tion. As W is binary, the imputation reduces to expectation maximization [11].

Atlas-based Motion Correction  Subtle Brownian motion of organelles
across image channels in a multispectral image must be corrected such that the
organelles are stationary across the spectral sequence. Particle tracking methods
can track individual particles across multiple images and obtain displacement
fields, yet they are inapplicable for our registration-based correction as the fields
need not be invertible (thus tearing the image) and assume constant intensity or
require pre-segmentation. Further, a spectral channel must be arbitrarily chosen
as the reference image towards registration, thus inducing user bias.

We propose to use a large deformation diffeomorphic metric mapping-based
atlas building framework towards this correction. Unbiased atlas building [7] is
used to generate a deformable template image by minimizing its distance to
every channel in the spectral image. Symmetric diffeomorphic registrations and
atlas estimation are performed using cross-correlation as a metric [1]. This ap-
proach has the following advantages: (1) the diffeomorphic constraint ensures
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Fig. 1. rNTF validation. A bead with two concentric fluorescent chemicals with sim-
ilar spectra imaged in a confocal microscope with two excitation wavelengths. Bovine
hemoglobin was added to simulate attenuation in tissue imaging, thus creating non-
linearities. As shown in B, the spectrum of the shell recovered by NTF is significantly
distorted, and NTF is unable to spatially resolve the two substances due to the extrinsi-
cally added attenuation. rNTF recovers spectra which are undistorted, while also being
able to spatially separate the two fluorophores on the bead as shown in the abundances
images.

invertible deformation fields and prevents tearing, (2) this does not require con-
stant intensity due to the use of cross-correlation as a matching metric and (3)
it removes user bias in picking a registration target.

Paired Hypothesis Testing for Spectra The differences in retrieved spec-
tra from each fixed/unfixed pair are difficult to interpret and necessitate a hy-
pothesis testing framework. Here, our features are the spectral channels. Paired
multivariate tests should not be directly used as they do not account for the
sequential nature of these features and the number of features are comparable
to the sample size. We start by noticing that spectra are discrete realizations of
continuous curves (i.e. functional data). Inspired by [9], we use functional PCA
to reduce dimensionality while accounting for the sequential nature of features
and further extend their work to the case of paired samples.

Once we retrieve constituent spectra from all the tissue sections, correspond-
ing length-m spectra from n tissue sections (i.e. the same spectral component
in each donor identified by spatial localization) are stacked into a matrix of size
m n. Applying functional PCA with rank-k, we get k functional eigenbases and
their coefficients . We wish to test whether the difference in distribution of these
coefficients for paired samples (fixed /unfixed) are significantly different. We state
our K null hypotheses as H(‘f 2 Jl 1-2]}‘:1 comes from a symmetric distribution
with zero median, where the coefficient superscript indicates group membership.
Rejecting this null hypothesis implies significant differences between fixed and
unfixed pairs. All k hypotheses are tested with the Wilcoxon signed-rank test
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Fig. 2. Toy Example for Motion Correction. A grid of circles with random in-
tensity changes and conditional deformations and are used to simulate the changing
intensities and motion over image channels, respectively. With Brownian motion, the
framework corrects the motion with some minor artefacts. a) A still frame from a
sequence of images of circles on a randomly deforming grid. b) Mean projection of
the raw image sequence. Note the blurry edges due to movement. ¢) Mean projection
of the image sequence after correction. The circles are not returned to their initial
positions due to our assumption of zero-mean motion. However, they are stationary
which is sufficient for our application. d) Insets showing a sample circle with (bottom)
and without (top) motion correction. Readers are encouraged to view supplementary
material for videos of both synthetic and real examples.

which is a non-parametric test for paired samples. As there are k hypotheses, we
apply the Bonferroni multiple comparisons correction. If we apply rank-r tNTF
(i.e., r spectra from each section), we have r such matrices and repeat this for
each matrix.

3 Experiments and Results

Experimental Dataset 24 pairs of tissue sections are used here. Tissue sec-
tions from corresponding locations in human donors from both eyes (one fixed,
one not) were imaged with a multispectral fluorescence microscope, capturing
multiple channels per image. Four excitation light sources were used, thus ac-
quiring four multi-channel images per tissue section. After atlas-based motion
correction, the images are preprocessed similarly to [2]. Each channel in an im-
age is vectorized and treated as a row of a matrix. Repeating this across the
four images and stacking the matrices, we get a 3D tensor (channels pixels
light sources). This is illustrated in fig. 3A, B, C, D and E. The multispectral
images each have a different number of channels and therefore, when the images
are stacked into a tensor, unavailable channels are treated as missing data.

Implementation Details The four multispectral images are first affinely
aligned. To build an image-specific atlas, 12 iterations of atlas building are com-
puted with ANTS [1] for each channel in a stack with 80 iterations of diffeomorphic
registration per iteration. Another atlas building step is done to create an atlas
of atlases for each tissue section, to which each of the original images is mapped.
Linear interpolation is used so as to not create values outside data range.
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Fig. 3. An overview of the proposed pipeline and sample results. Panels A, B, C and
D are only shown for the fixed tissue for brevity, with the unfixed tissue undergoing
the same procedure. Pipeline: Fixed and unfixed images are obtained from the same
donor. The images are motion corrected (A, B and C show the process for two out of
four total images outlined in blue and red for each fixed tissue section). The images are
then flattened into a matrix (D) and stacked into a tensor for each set (E). The two
tensors undergo rNTF to reveal constituent spectra and spatial distributions (sample
results shown in F'). The spectra from all 24 pairs are used for functional statistics. See
supplementary material for an expanded view of sample results.

We implement rNTF on GPUs for fast execution using PyTorch at fp64 pre-
cision. A rank-2 tensor factorization model is chosen using the CORCONDIA
heuristic [11] and all factors were initialized uniformly at random. Parameters

= 1:6 (corresponding to mixed Poisson-Gaussian noise) and = 2:5 were cho-
sen heuristically and a tolerance of 10  was used for all of the optimization.
Sample tensor factorization results for a fixed /unfixed pair are shown in fig. 3F.

Hypothesis Testing Once constituent spectra are retrieved from all 24 pairs
of tissues, a matrix is created with the spectrum from the blue curve in fig. 3F



