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Abstract

Mueller polarimetry is a quantitative polarized light imaging modality that is capable of label-free visualization of tissue
pathology, does not require extensive sample preparation, and is suitable for wide-field tissue analysis. It holds promise for
selected applications in biomedicine, but polarimetry systems are often constrained by limited end-user accessibility and/
or long-imaging times. In order to address these needs, we designed a multiscale-polarimetry module that easily couples to
a commercially available stereo zoom microscope. This paper describes the module design and provides initial polarimetry
imaging results from a murine preclinical breast cancer model and human breast cancer samples. The resultant polarimetry
module has variable resolution and field of view, is low-cost, and is simple to switch in or out of a commercial microscope.
The module can reduce long imaging times by adopting the main imaging approach used in pathology: scanning at low
resolution to identify regions of interest, then at high resolution to inspect the regions in detail. Preliminary results show how
the system can aid in region of interest identification for pathology, but also highlight that more work is needed to understand
how tissue structures of pathological interest appear in Mueller polarimetry images across varying spatial zoom scales.
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1 Introduction

Polarimetry is a label-free optical imaging method with rich
tissue biophysical information content that has potential for
speeding up pathology assessments, but it is constrained by
accessibility and long imaging times. Polarimetry uses polar-
ized light to measure tissue structure and composition, which
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change in many pathologies [1]. Studies using transmission
geometries have shown that it can detect differences between
benign and pathological tissue in breast [2], rectal [3], cervical
[4], and liver cancers [5]. Polarimetry can perform these meas-
urements on unstained tissue sections, bypassing a time-con-
suming step in the pathological pipeline. However, polarimetry
systems are usually implemented on dedicated instruments,
requiring specialized expertise and resources. In addition,
complete polarized tissue characterization is performed via
Mueller matrix (MM) polarimetry, which needs significantly
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longer imaging 4+ computation times since a minimum of 16
images using different input and output polarization states are
required, followed by computational processing of the results
[6]. This limitation highlights the need for new methods to
speed up Mueller polarimetry imaging and processing times
to make the polarimetric approach more practical for pathol-
ogy adoption.

A polarimetry system that can perform spatial multiscale
imaging (at multiple resolutions and fields-of-view, FOV)
could offer significant and practical speed and tissue coverage
benefits, and afford better alignment with current pathology
practice. Pathologists perform slide analysis by first finding
regions-of-interest (ROI) at low resolution overviews, and then
zooming into examine them at high resolution [7]. Thus, only
parts of a tissue sample need to be imaged at high resolution.
Analogously, a multiscale polarimetry system could acquire
low-resolution images of the whole tissue preparation, and
then focus in on smaller FOV, high resolution images of cho-
sen ROIs. This would significantly speed up the overall sample
examination and image processing times. For example, a simi-
lar strategy successfully used polarimetry to speed up breast
cancer diagnosis with mass spectrometry: finding ROIs with
polarimetry and then analyzing these ROIs with the slower but
more accurate mass spectrometry [2, 8, 9]. Thus, a multiscale
polarimetry system would be a valuable tool for furthering
basic research and potentially improving clinical utility of this
promising polarized light approach.

This article addresses the issues of accessibility and long
imaging time by describing a low-cost module for a stereo
zoom microscope that converts it into a multiscale polarim-
etry system. The modularity allows the system to be added
or removed from the stereo zoom microscope in less than
a minute. The system’s multiscale polarimetric zoom capa-
bility is demonstrated with images of human breast cancer
samples, where a multiscale approach aids in delineating
cancer ROIs. The article also describes the need for a bet-
ter understanding of how tissue structures and pathologies
appear across different spatial scales in polarimetry, using
the example of murine breast cancer models. Here we focus
on the structural protein fibrillar collagen, as it been shown
to be a major pathology target in several cancers [10-19].
We compare multiscale MM polarimetric images to col-
lagen-specific gold standard images obtained with second
harmonic generation (SHG) microscopy [20]. Finally, the
article discusses future directions for multiscale polarimetry.

2 Methods
2.1 Multiscale Mueller polarimetry module

Polarization properties of tissue are represented by the Muel-
ler matrix, M, which is a transfer function that describes how
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the polarization of light changes due to sample interaction.
This is represented mathematically as

St = MS;,

where S, is the output polarization state (output Stokes
vector) and S;, is the input polarization state (input Stokes
vector). Sample polarization properties, such as depolariza-
tion (a measure of tissue heterogeneity), linear retardance
(related to tissue structural asymmetry), diattenuation (dif-
ferential polarization absorption properties), and optical
activity (influenced by the presence of chiral molecules, for
example glucose) are contained within M and can be recov-
ered using Mueller decomposition techniques. A popular
MM analysis method is Lu—Chipman polar decomposition
[21], which we use in the present paper; other decomposi-
tional approaches, and their relative advantages and disad-
vantages, are actively discussed in the literature but will not
be covered here [22-28]. Briefly, the Mueller matrix M, is
decomposed into three matrices, describing depolarization
M(A), retardance M(R), and diattenuation M(D); from these
three “basis” matrices, the sample biophysical polarization
properties of interest are then calculated:

M = M(AYMR)M(D).

An experimental Mueller polarimetry system requires a
polarization state generator (PSG) between the light source
and sample to control the input polarizations, and a polari-
zation state analyzer (PSA) between the sample and detec-
tor to measure the output polarizations. To successfully
adapt a MM polarimetry module into a standard transmis-
sion microscope, the PSG must fit between light source and
sample, and the PSA must fit within the microscope work-
ing distance (between sample and objective lens). These
requirements present several challenges for imaging at mul-
tiple scales. First, changing magnifications usually requires
switching lenses. Further, different lenses usually have dif-
ferent working distances. This means that a PSA designed
for one objective lens may not be compatible with others.
We addressed this by designing a polarimetry module for use
with a commercial stereo zoom microscope (Axio Zoom.
V16, Zeiss), as these types of microscopes perform continu-
ous zooming without switching objective lenses. Further,
the working distance does not change with magnifications,
thus a single PSA can work across all magnifications. This
enabled the development of a versatile multiscale MM pola-
rimetry imager.

The polarimetry module is shown in Fig. 1. Both PSG and
PSA were approximately 50 mm thick, suitable for incorpo-
ration into appropriate locations in the microscope’s opti-
cal beam path. The PSG consists of a rotatable polarizer
(LPVISE100-A, Thorlabs) followed by a rotatable quarter-
wave plate (QWP) (AQWP05M-600 or WPQ10M-633,
Thorlabs). The PSA consists of an identical rotatable QWP
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followed by an identical rotatable polarizer. The polariza-
tion optics are placed in individual motorized angular rota-
tion mounts (PRM1/MZ8, Thorlabs). Electromechanical
controllers (KDC101, Thorlabs) for these mounts are con-
nected to a computer, and rotation is enabled via a Lab-
VIEW program. A stand holds the polarization optics over
the translation stage, and a custom sample holder places
the sample between the PSG and PSA. This configuration
differs from typical MM microscopes, which position the

(a) | (b)

Camera (not shown)

Objective Lens

Polarizer

! Qwp
Sample Holder
QWP
Polanizer
Translation stage
Light source

(c)
Objective Lens
Sample Holder
Translation Stage
Microscope Stand

Optical Table

Fig. 1 Multiscale polarimetry module for use with a commercial
stereo zoom microscope—a Photo of the polarimetry module. Light
passes through a translation stage and polarization state genera-
tor (PSG), consisting of a linear polarizer and a quarter-wave plate
(QWP). After interacting with the sample, light passes through a
polarization state analyzer (PSA), consisting of QWP and linear
polarizer. Finally, light is collected by the microscope objective lens
and an image is recorded on a camera. Components of the polarim-
etry module are indicated by green arrows and components of the
microscope are indicated by red arrows. b Custom sample holder cou-
pled to the translation stage, with an arm that extends out between

Microscope

PSA between the microscope objective and the camera.
Our placement of the PSA allows the module to be easily
attached and removed from the microscope, an important
practical consideration. One possible disadvantage of this
configuration is the increase in measurement artefacts due
to off-axis rays entering the PSA at a large angle. The micro-
scope LED [Illuminator HXP 200C (D), Zeiss] is a 310 W
uncollimated white light source passing through a filter cen-
tered at 630 nm (ET630/75 or ZET630/10, Chroma). The

Removable Stand

Computer Control

LED white light source

the PSG and PSA. This allows the sample to be placed in the focal
plane and to be moved with the translation stage without interfering
with the PSG and PSA. ¢ Schematic of the set-up in (a). Each PSG
and PSA component was attached to a horizontal post, which were
all attached to a removable vertical stand. The stand was secured to
the same optical table as the microscope. A sample holder sat on the
microscope translation stage, extended over the imaging pathway, and
could be moved with the translation stage if needed for image stitch-
ing at higher resolutions. The direction of the light path is indicated
by the arrow. (Color figure online)
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filters are centered at 630 nm because tissue scattering and
absorption due to hemoglobin are relatively low at longer
visible wavelengths [29]. The broader 75 nm filter is used
to increase signal for thicker samples. The 10 nm filter can
increase the accuracy of linear retardance measurements and
make it easier to relate linear retardance to birefringence for
minimally scattering thin samples, as measurements of lin-
ear retardance are a weighted average across the wavelength
range. It should be noted that birefringence varies by ~ +6%
over the spectral band of the 75 nm filter and by ~+0.8%
over the spectral band of the 10 nm filter [30]. The camera
(ORCA-Flash4.0 V3 Digital CMOS camera, Hamamatsu)
has 2048 x 2048 pixels with a cell size of 6.5 6.5 pm.

The system uses direct measurements of the Stokes vector
to calculate the Mueller matrix. This requires 24 measured
images instead of the minimum 16, but offers improved SNR
[31]. Currently, the component rotation 4+ image acquisition
takes 10 s per image, yielding 4 min for all 24 images. The
system was calibrated by measuring the input Stokes vec-
tors at each pixel using a blank sample. The output Stokes
vectors were then calculated with the samples in place.
The calibration is done on a pixel-by-pixel basis in order to
minimize spatially dependent distortions such as from the
off-axis oblique rays. The Mueller matrix is then decom-
posed using Lu—Chipman decomposition to extract the linear
retardance values [6, 32]. There are many possible resultant
polarimetric measures to choose from; linear retardance was
chosen here for illustrative purposes because of its relative
simplicity, and due to its direct biophysical interpretation
in terms of sensitivity to aligned asymmetric (birefringent)
tissue microstructures [6, 32].

The zoom microscope had an objective lens (Plan-
NeoFluar Z, Zeiss, NA=0.25) with a large work-
ing distance (56 mm). The fields-of-view ranged from
1.2x 1.2 to 19x 19 mm?, with corresponding resolutions
of <2.2-31.2 pm. Specifications of the microscope at
selected magnifications are listed in Table 1. The resolu-
tions of polarimetry images were tested using a resolu-
tion target (1951 USAF, R3L3S1N, Thorlabs) preceded
by a QWP (AQWP05M-600, Thorlabs). The QWP had a

manufacturer reported retardance of ~97°. The system meas-
ured a retardance of ~96° (with a resolution of 5.5 pm at
32xand <2.2 pm at 80 X). The reconstructed polarimetry
images had resolutions worse than those of a single trans-
mission image due to slight image shifts between polariza-
tion states. Rotating the PSG and PSA slightly alters the
optical path due to minor angular variations in element
thickness and/or optical properties, slightly shifting the
image location and potentially moving it out of focus [33].
The shifts can be corrected by registering the 24 state images
(Fig. 2), but the out-of-focus blurring limits the resolution.
The shifts are constant at a particular magnification, so can
be calculated once and used multiple times. We calculate
the shifts, register the images, and save the results using a
custom python package based on the Insight Toolkit [34]. It
takes ~25 s to calculate all 23 shifts. The image registration
and saving takes ~4 s for a 2048 X 2048 pixel image. The
registered results are then entered into a Matlab script which
reconstructs the Mueller matrix and performs Lu—Chip-
man decomposition on a 2048 x 2048 pixel MM image in
~3.5 min.

2.2 Samples

One of the advantages of MM polarimetry is that it can be
done on unprocessed tissue samples with intrinsic polari-
metric contrast, both in transmission and in reflection [9].
The samples in this study were thin sections prepared on
slides to allow direct comparison between MM polarimetry
and other modalities which do require preparation (SHG,
H&E), and to facilitate shipping between research sites.
All reported MM polarimetry images were acquired on
unstained samples. Data in Figs. 2, 4 and 5 were acquired
using the AQWPO5M-600 QWP and the ET630/75 filter.
Data in Fig. 3 were acquired using the WPQ10M-633 QWP
and the ZET630/10 filter.

1. After obtaining institutional ethics and biosafety
approval, human breast cancer samples (n=4) were
obtained from Sunnybrook Hospital in Toronto, Ontario,

Table 1 . Optical prgperties Magnification®  NA FOV (mm?  Image resolu- Linear retardance reso- Linear retardance reso-
of.multlscale pollarlmetry tion (pm)b lution in center (pm)b lution in corner (pm)b
microscope at different
magnifications 7% 003 189x189 139 312 35.1

16 x 0.07 8.2x8.2 6.2 7.8 8.8

32 x 0.13 4.1x4.1 <22 5.5 55

80 x 024  1.65x1.65 <22 <22 3.1

112 x 025 1.18x1.18 <22 <22 2.5

2Only five discrete magnifications are shown for illustration. However, the microscope is capable of con-
tinuous zoom over 7 X—112 X magnification

PA resolution of <2.2 pm indicates that all line pairs of the USAF resolution target could be resolved
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(a) Transmission overlay
; RS

ANGFLD

100 pm

Fig.2 Mueller matrix decomposition on a system with rotating
optical elements requires registration between polarization states—
Images of a PyVT mouse mammary gland from the same region of
interest. a Overlay of two transmission images in cyan and magenta,
taken at two of the 24 polarization states needed to reconstruct the
MM, with black arrows indicating the same structure. b MM recon-
struction of linear retardance without co-registering the 24 polari-
zation images. ¢ MM reconstruction of linear retardance after reg-

Canada. The samples, archived after breast conserving
cancer surgery, were histologically identified as invasive
lobular carcinoma (nuclear grade 2, estrogen receptor
positive, progesterone receptor negative, and HER2/net
negative by immunohistochemistry). Samples were for-
malin fixed, paraffin embedded, sliced to 5 pm, placed
on a microscope slide and dewaxed. Samples contained
tumor and surrounding healthy tissue, including colla-
gen. Slides were imaged with polarimetry and then the
same slides were stained with H&E.

2. After obtaining Institutional Animal Care and Use
Committee approval at the University of Wisconsin at
Madison (WI, USA), murine mammary samples were
obtained from an FVB Polyomavirus middle-T mouse
under the control of the mammary specific MMTV
promoter (abbreviated PyVT). This strain is sometimes
abbreviated as PyMT or PyVMT [35]. The PyVT model
is reliably invasive and metastatic, and recapitulates
many features of human breast cancer [36]. Mammary
glands were excised when the mouse was 10 weeks old
and were fixed in formalin. Sections were made at alter-
nating thicknesses of 40 pm (for SHG and polarimetry)
and 5 pm (for H&E), placed on microscope slides, and
cover-slipped (Richard-Allen mounting medium and
#1.5 coverslips). Four sets of slides for SHG and pola-
rimetry, and four paired H&E were examined.

2.3 Second harmonic generation microscopy

SHG imaging was performed using a lab-built multipho-
ton microscope system at the Laboratory for Optical and

(b) Unregistered retardance

g

gistere

N

(c) Re

d retardance

\ 3

istering the different the polarization state images. Rotating the
polarization optical elements shifts the optical path and beam focus
slightly [typical lateral displacements of the order of tens of microns,
as in (a)], thus such MM systems need to register the images of each
polarization state to achieve good image quality. The scale bar in (a)
is 100 pm. The colorbar is in degrees linear retardance for images (b)
and (c). (Color figure online)

Computational Instrumentation (LOCI), University of Wis-
consin—Madison [37]. Briefly, this multiphoton system was
built using an inverted microscope (Nikon, Diaphot 200) and
a tunable Titanium:sapphire laser (Chameleon Ultra, Coher-
ent). The laser was tuned to 890 nm, an established standard
for mammary gland SHG imaging [38]. The system uses a
CFI Plan Apo 20X .75NA air immersion objective (Nikon).
Backscattered SHG signal was collected with a H7422P-40
GaAsP photomultiplier detector (Hamamatsu) and filtered
using a 445 nm band pass filter (445/20 BrightLine® single-
band bandpass filter, Semrock). Image tiling was performed
to cover the entire tissue slide. The image pixel size was
619 nm. To cover the entire tissue thickness, images were
acquired in z-stacks, with step sizes of 5 pm. Images were
stitched together and maximum intensity projections were
made from the entire z-stack (for direct comparison with
polarimetric images). In addition, the laser intensity and
photomultiplier gain were adjusted to maximize the dynamic
range over the tiles without damaging the sample. Images
were acquired using in-house developed WiscScan software.

3 Results and discussion

3.1 Multiscale identification of ROIs
and pathological differentiation

The main motivation for developing this MM polarimetric
system was to speed up imaging tasks by identifying ROIs
at low resolution and then imaging them at high resolution
to provide better, more informative polarimetric views of
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(a) Transmission 16x
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Fig.3 Multiscale polarimetry of human infiltrative lobular carcinoma
to identify and image ROIs. The top row is at a X 16 magnification,
with red boxes indicating the location of the X 112 magnification
images in the bottom row. a White light unpolarized transmission
images. b Polarimetry images showing linear retardance. ¢ H&E
images. Tumor tissue is not easily distinguished from collagen in
unpolarized transmission images at either magnification. The low-
resolution linear retardance and H&E images can identify regions of

the tissue microstructure. This zoom capability can greatly
speed up imaging when only certain areas need to be looked
at in detail, similar to a pathology scanning approach [7].
Analogous studies demonstrated this concept using polari-
metric MM imaging to facilitate localized mass-spectrome-
try analysis of murine breast cancer samples [2, 8, 9]. Here,
we tested this capability using human breast cancer sam-
ples, first imaged with polarimetry and then compared to
pathologist’s labeling. Representative images of a human
infiltrative lobular breast carcinoma are displayed in Fig. 3.
The sample was polarimetrically imaged at two magnifica-
tions (16 X and 112 X, see Table 1 for specifications), with
corresponding H&E histology. At the lower magnification,
one can identify tumor regions using linear retardance that
seems to agree with the H&E image, but it is difficult to
visualize tumor extent. At the higher magnification tumor,
collagen, and healthy fat (lipid membranes) are visually dis-
tinguishable using linear retardance (the tissue asymmetry
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(b) Linear Retardance 16x

Linear Retardance 112x

tumor and collagen, but lack details to definitively identify bounda-
ries and region margins. In the high-resolution images, there are
clear differences between regions of tumor, collagen, and fat. Note
the good visual agreement between the unstained polarimetric linear
retardance image and the stained H&E histology visualization. The
scale bar for the top row is 4 mm, and 0.6 mm for the bottom row.
The color bars for (b) are of linear retardance in degrees. (Color fig-
ure online)

metric we selected here from many potential MM param-
eters, for illustrative purposes). These trends were observed
in other human breast cancer samples as well. That is, lower
magnification polarimetry can roughly identify regions of
tumor (heterogeneity, ~increased depolarization) and col-
lagen (asymmetry, ~increased linear retardance), but a
higher magnification is needed to better distinguish their
boundaries.

The MM polarimetry module also facilitates system-
atic studies on how tissue structures appear across multi-
ple spatial scales. Such investigations are necessary owing
to unique MM image formation principles that differ from
other modalities. For example, one of the types of MM
images (linear retardance shown in Fig. 3b) reports on tissue
anisotropy within a pixel; this means that adjacent pixels at
high resolution may have strong signals, but their anisotropy
may average to a lower value at low resolution if the anisot-
ropy directions or magnitudes vary significantly in adjacent
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pixels with respect to each other. This is distinct from fluo-
rescence and similar optical techniques, where adjacent high
signal pixels tend to average to a similarly high signal. This
subtle difference in image formation as a function of resolu-
tion can have large effects when using MM polarimetry for
interpreting, characterizing, and diagnosing tissue structure.

We sought to demonstrate the potential impact of mul-
tiscale polarimetry studies on tissue pathology through the
example of collagen imaging. Collagen, as a key constitu-
ent of the extracellular matrix (ECM) and connective tissue,
is one of the major landmarks pathologists use to navigate
when examining tissue [39]. In addition, changes in fibrillar
collagen organization are associated with many pathologies,
including cancers of the lung [10], breast [11-14], pancreas
[15, 16], ovary [17, 18], and brain [19]. These changes can
be difficult to perceive by eye alone [14]. As such, there is
interest in new methods, ideally label free, to image colla-
gen organization and to monitor the changes in its amount
and arrangement, potentially leading to discovery of new
predictive and prognostic tools that can impact cancer
management. MM polarimetry is one candidate; several
groups have previously published on using it to detect col-
lagen organization in tissues including human uterine [40,
41], human colon [42], and rat tail tendon [43]. However,
MM polarimetry is not a collagen specific modality, and its
reported linear retardance metric is sensitive to any aligned
asymmetric tissue microstructure (e.g., cardiomyocyte fib-
ers in the heart [44]). In addition, MM images may lose
some of the aligned collagen signal due to the anisotropy
averaging effect discussed above (if there are significant spa-
tial gradients in its magnitude and/or direction, including
(birefringence) variation in the important depth direction
[45]). With our multiscale polarimetry system, we illustrate
some of these effects in images of murine mammary gland
samples using two resolutions of MM polarimetry and SHG
(Fig. 4). SHG is a collagen-specific modality and currently
serves as the gold standard for characterizing tissue fibril-
lar collagen. There are corresponding structures in all three
images of Fig. 4, but different sizes of fibers are lost based
on the resolution of the presented MM retardance image. In
particular, regions of thin unaligned fibers are not visible on
high-resolution MM retardance image (80 X magnification),
and some thicker bundled fibers are lost at lower resolu-
tion (32 X magnification). Thus, in some ROIs and at some
magnifications MM shows sensitivity to aligned collagen
and may potentially serve for collagen analysis, but in other
ROl selections at different magnifications the collagen fibers
important to the imaging problem may be lost.

The effects of imaging resolution and collagen organiza-
tion on image formation underscores the need for caution in
interpreting some Mueller matrix imaging results; specific
selections of resolutions and ROIs may affect the results and
their interpretation. Indeed, the several studies quoted above

that use polarimetry for collagen imaging [40—43] may need
re-examination of the robustness of their findings in light of
these FOV/resolution/resultant ROI selection considerations,
and a multi-scale polarimetry module of the type described
in this study may prove useful in such analysis. Thus, we
posit that more research into what tissue structures appear
in which tissue types and at what resolutions and in what
MM images is warranted. This will allow more consistent
and quantitative deployment of MM polarimetry in tissue
characterization applications.

3.2 Applications and future directions

The multiscale MM polarimetry module represents an
improvement in the capabilities of polarized light imag-
ing for pathology assessment. The system allows one to
get a rapid, large FOV overview of tissue pathology, before
zooming into regions of interest to assess the detailed tissue
polarization properties with finer resolution. In doing so, it
facilitates studies on the polarimetric appearance of tissue
structures across spatial scales. This approach in general,
and the described polarimetry module in particular, can also
be used to speed up imaging by rapidly identifying ROIs
to probe with another slower but more accurate modalities
(e.g., mass spectrometry). We’ve recently demonstrated
the utility of this hybrid technology combination of MM
imaging and mass spectrometry to accurate identification
and assessment of breast cancer subtypes, speeding up slide
examination times several-fold [2, 8, 9]. Analogously, once
the confounding effects of resolution and ROI selection are
properly analyzed and understood, polarimetry may poten-
tially prove useful as an SHG guidance tool for more tar-
geted collagen analysis.

This system will also be used for quantitative studies of
MM polarimetry images. As other studies have identified
[40, 42, 43], MM can quantitatively distinguish tissue char-
acteristics in selected ROIs, but more work is needed to test
the limits of sensitivity and precision across tissue types,
pathologies, and tissue thicknesses [46]. Such studies will
require whole tissue slide analysis to estimate results for
all possible ROIs. This will possibly help transition to the
clinic, as it will clarify the robustness of the results, which
is an important measure when defining a quantitative tissue
biomarker [47]. In addition, quantitative studies will exam-
ine more polarimetric parameters than discussed in this
paper. The paper has shown images of linear retardance, but
polarimetry also contains many other potential metrics of
interest. (e.g., depolarization, fast-axis birefringence orienta-
tion, diattenuation, constituent Stokes vectors images, and
others). For example, multiple studies have shown that depo-
larization can be used to differentiate between benign and
pathologic tissue [2, 9, 48]. Slow-axis orientation correlates
well to collagen fiber orientation when the fibers are thick
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(a) Stitched SHG

ROI SHG

Fig.4 The appearance of collagen in Mueller matrix polarimetry var-
ies across spatial scales. The top row are multi-tile stitched images
of a PyVT mouse mammary gland slide. All images were registered,
and corresponding common ROI images (red squares in the top row)
are shown in the bottom row. a Second harmonic generation micros-
copy images. b Polarimetry images at X 80 magnification showing
linear retardance. ¢ Polarimetry images at X 32 magnification show-
ing linear retardance. The appearance of collagen fibers in MM pola-
rimetry depends on their anisotropy within a resolution pixel: the

or bundled [40]. Diattenuation has shown less relevance to
biological tissue, but may have potential in future investi-
gations [32]. Further, the scientific and potentially clinical
utility of multiscale polarimetry may be increased with the
development of techniques for automatic tissue segmenta-
tion of various resultant MM images [48]. This can be done
using traditional feature-based machine learning algorithms,
or deep learning approaches which have recently become
popular for medical image segmentation [49]. A poten-
tial advantage of polarimetry in the context of automatic
segmentation is that there are many types of polarimetric
images from which information can be obtained. For exam-
ple, one can use machine learning techniques to combine
the Mueller matrix images in ways that highlight different
biological features [50]; future work will compare the abil-
ity of machine learning and traditional decomposition in
this context (Fig. 5). More research is needed to determine
which tissue types can be distinguished using polarimetry,
which polarimetric images are optimum for this analysis,
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(b) Stitched 80x retardance

(¢) stitched 32x retardance

ROI 32x retardance
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region of randomly oriented fibers depicted in (a) (pointed out by
dashed red arrow) have little contrast in images (b) or (¢); and an area
of collagen fibers depicted in (a) (pointed out by solid green arrow)
have strong contrast at the high resolution (b) but have weak contrast
at the low resolution (c). Lines in top of (b) are artifacts from stitch-
ing together multiple tiles. The scale bar in (a) is 1000 pm for the top
row, 50 pm for the bottom row. The color bars are of linear retardance
in degrees for (b) and (c). (Color figure online)

and whether higher MM magnification results in increased
segmentation accuracy. Finally, MM polarimetry is wave-
length dependent and studies at additional wavelengths will
be performed in the future. For example, multi-wavelength
polarimetry is a promising approach to spectrally control
depth of imaging/sampling volume in biological tissues [51].

The module itself can be improved in three aspects:
the blurring of the resultant MM image compared to the
unpolarized transmission image, acquisition time (10 s/
image X 24 images =4 min), and the MM signal process-
ing time (~3.5 min). The blurring of the MM image can
be reduced through the use of Liquid Crystal (LC) vari-
able retarders. The shifts in image location are caused by
physically rotating QWPs and polarizers as described, which
change the optical path slightly as a function of the rotation
angle. LC retarders are solid-state alternatives and should
not change the optical path. The LC retarders should also
reduce the image acquisition time. For the current system,
we are also investigating advanced co-registration methods
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Fig.5 Mueller matrix element images of sample in Fig. 4. The 16
elements of the Mueller matrix are difficult to interpret visually, thus
many Mueller matrix imaging approaches rely on biophysical mod-
els to decompose the matrix into physical properties such as linear

as well as the effect of the number of measured images on
resolution.

The LC retarders should also reduce the acquisition time.
The current measurement protocol uses a fixed 10 s inter-
val to allow all optical elements to settle and enable suffi-
cient signal acquisition. The LC retarders change polariza-
tion states on the order of milliseconds, so would not need
such a large 10 s interval. Further, while this calibration
method measured Stokes vectors explicitly (requiring 24
total images), we are currently exploring an improved eigen-
value calibration method which only requires 16 images
[52], based on an extension specifically suited for high NA
optical systems [53]. Future work will investigate an optimal
balance between speed/number of measured polarimetric
images, resolution, and SNR.

Finally, the image processing time can also be addressed
using different components. With current scripts, the calcu-
lation of a 2048 x 2048 pixel MM image requires approxi-
mately 3.5 min on an Intel 178086 K CPU. However, this
time can be greatly reduced using Graphic Processing Units
(GPU), as demonstrated in a recent study that achieved
video-rate MM calculations [5].

Mi3 Mia
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retardance, depolarization and diattenuation (for details, see text).
Color bars have been adjusted for each element to better represent
that element’s numerical value, thus improving contrast. The scale
bar in M, is 500 pm. (Color figure online)

4 Conclusion

This article described a multiscale Mueller matrix polarim-
etry module which can be easily and quickly coupled to a
stereo zoom microscope. The module can smoothly change
between imaging resolutions through a magnification range
of 7x—112x. This allows the use of low-resolution pola-
rimetric images to find regions of interest for subsequent
high-resolution detailed examination. This capability can
significantly speed up imaging tasks and facilitates studies
into the appearance of tissue microstructures across multiple
imaging scales. Given the potential advantages of Mueller
matrix polarimetric imaging—Ilabel-free methodology, mod-
est sample preparation requirement, rich and relatively unex-
plored tissue biophysical information, wide field of view,
rapid imaging times, robust signals, relatively simple and
inexpensive instrumentation—a rigorous and robust exami-
nation of its strengths and limitations of the type reported in
this article is warranted. Initial explorations in the preclini-
cal models and human samples of breast cancer presented
here demonstrate the bio-imaging potential of multiscale
MM polarimetry and underscore some of its caveats. In
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particular, the variable-resolution MM polarimetric meth-
odology should prove valuable for multiscale tissue studies
using Mueller matrix imaging in pathology.
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