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1 Introduction

The prospect of evaluating media without destroying or otherwise disturbing its
properties has long been sought and readily adopted in biomedicine and beyond.
Low-intensity light has played a particularly important role in the field of non-
destructive evaluation (NDE) due to its rather unobtrusive interaction with matter,
along with its numerous versatile properties that can carry important information
about interrogated media. Indeed, the field of diagnostic biomedical optics has seen
powerful exploitations of light, relying on its intensity (brightness) for imaging and
wavelength (colour) for spectroscopy. Somewhat less prevalent but nevertheless
actively researched and occasionally accepted into the NDE arsenal are field
properties of the light wave, namely, its amplitude and phase, coherence, and
polarization. In fact, these field properties, coherence and polarization, are more
fundamental and have played important roles in our understanding of the transverse
character of the electromagnetic wave, angular momentum of light or photons, and
a number of non-trivial optical phenomena related to the interference of light waves.

The polarization property of light, which describes the oscillatory nature of
its electric or magnetic fields, however, has far from reached its potential in
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biomedicine. This may come as a surprise since polarimetry — the science of
measuring light’s polarization and its interaction with matter — has been actively
studied for more than two centuries [1] and has already enjoyed successful
deployment in the semiconductor industry as an NDE tool for many decades
[2]. The powerful potential of polarimetry in biomedicine arises from the well-
known polarimetric effects of tissues, namely, linear retardance and diattenuation
due to linear birefringent and dichroic microstructures, optical activity (circular
retardance and circular diattenuation) due to chiral structures, and depolarization
primarily due to multiple scattering and other randomization effects — all of which
have been demonstrated to carry important tissue information and have found
important early applications [3]. However, depolarization is both a blessing and
a curse for tissue polarimetry: while potentially of diagnostic value, its effect can
be overwhelming due to the complex heterogeneous nature of tissues such that
polarized light signals are effectively extinguished (bulk tissue depolarization),
thereby seriously hindering polarimetry’s adoption in biomedicine. There are,
however, recent promising developments of new technologies and methodologies
that can detect the often faint polarimetric signals, and thus extract fruitful tissue
information. These advances have especially revived the interest in measuring
Mueller matrices, which comprehensively describe the polarization properties of
interrogated materials.

The Rise of Mueller Matrix Polarimetry in Biomedicine

In 1852, Sir George Gabriel Stokes introduced four measurable infensity quantities,
now known as Stokes parameters, which completely described and enabled the
observation of the polarization behaviour of light [4]. The Stokes parameters of
both incident and scattered (post-interaction) light from a medium can then be
related through a 4 x 4 matrix which fully encapsulate the medium’s polarization
response. These matrices were first formulated by Paul Soleillet in his 1929 thesis
[5]; the calculus of the matrices was introduced by Francis Perrin in 1942 [6],
and then developed in considerable detail by Hans Mueller beginning in 1943
[7], thus earning the name ‘Mueller matrix’ (MM) [8]. In parallel, Robert Clark
Jones also developed a polarization matrix calculus in 1941 in a series of papers
based on a field formulation (amplitude and phase) [9-12]. Jones calculus has
remained fundamentally important, specifically in the context of establishing a link
between the classical description of the polarization of electromagnetic waves and
the fundamentally much richer quantum mechanical description of the polarization
state vector for the photon. It is however limited to completely polarized light
interactions and is not readily adaptable for describing depolarization events that
occur in most heterogeneous materials such as biological tissues; thus, Jones matrix
calculus has been largely supplanted by the more powerful and experimentally
applicable Mueller matrix calculus [8].

Early uses of MM polarimetry included compositional analysis of atmosphere
[13] and seawater [14], as well as astronomical observation [15, 16]. In biology,
a seminal paper in 1976 by Bickel et al. [17] reported on a ‘new biophysical
tool’ referring to their Mueller measurements of cells suspended in liquid, whose
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elements provided information related to cellular structure and size. These early
Mueller applications used previously existing technologies adapted to polarimetric
implementations, such as nephlometers and photometers, or new technologies
altogether. For example, the latter cellular study was enabled by a sensitive new
device known as the photoelastic modulator (PEM) [18, 19], used in tandem with
lock-in amplification for synchronous high-SNR detection of polarized light. It
became obvious that Mueller polarimetry, with the help of developing technology,
afforded useful NDE information about scattering media, potentially suitable for
biomedical diagnostics.

Interest then arose in using MM polarimetry towards assessment of biological
tissues, particularly for pathological detection; however, the complexity of biolog-
ical media and severe polarization loss were problematic, and thus many initial
biomedical studies were limited to cell suspensions [20] and turbid phantoms which
mimicked tissue scattering (e.g. microsphere suspensions) [21-24]. One of the first
MM measurements of actual tissue were those of human eyes post-mortem by
Dreher et al. in 1992 [25], benefitting from the reduced multiple scattering and less
complex polarization effects in such nearly transparent ocular media. The authors
discussed the detection of glaucoma and other optic neuropathies by measuring the
linear retardance, optic-axis orientation, and linear dichroism of retinal nerve fibres.
More complex tissues which (1) cause extensive polarization loss and (2) exhibit
multiple polarimetric effects simultaneously (e.g. depolarization, linear/circular
birefringence, and dichroism) posed a greater challenge for MM polarimetry on
both measurement (1) and analysis (2) fronts. With respect to the latter, since the
MM is a polarization transfer function which effectively ‘lumps’ all the polarimetric
effects of the interacting media in a complex way into its 16 elements, additional
interpretation methods must be applied to the resultant MMs to tease these out
individually. Numerous interpretation methods have been introduced in recent
decades, based on various forms of matrix decomposition [26-29]. The polar
decomposition approach proposed by Lu and Chipman [30] in 1996 was the first
method applied to MM polarimetry of tissue in a 2000 study by Smith et al. [31]
which identified cancerous and lupus lesions of the skin. It remains arguably the
most common MM decomposition method in tissue polarimetry at present, but
the matter is not settled and active research into this interesting avenue of inquiry
continues to this day [32, 33].

Since these early studies, technologies and methodologies have progressed to
enable more advanced demonstrations of tissue assessment through MM polarime-
try in various biomedical scenarios, for example, (pre)cancer [34], bladder obstruc-
tion [35, 36], infarcted and stem-cell-regenerated myocardium [37], and glucose
sensing [38—41]. Both thin-tissue transmission methods and bulk-tissue reflection
geometries have been attempted, with the latter being more challenging due to
greater depolarizing noise but also more biomedically relevant for eventual in-
vivo clinical deployment. These demonstrations have mostly used free-space optics,
since performing MM polarimetry through flexible fibre optics (e.g. medical endo-
scopes) introduces the significant artefact of large and variable fibre-induced strain
birefringence. Using rigid endoscopes prevents such probe noise from drowning out
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the tissue polarization signature, but rigid endoscopy is limited in its clinical scope
[42]. Recent developments in advanced normalization methods for flexible MM
endoscopy have also shown some promise [43—45]; if clinically realized, this fibre-
optic-based approach may prove impactful by opening up previously inaccessible
anatomical sites in the context of surgical guidance, early detection, diagnostics,
and surveillance.

An interesting overall system design consideration is whether polarimetry (or
any NDE diagnostic technique for that matter) should be used as a stand-alone
modality or be combined with another interrogation technique that carries additional
(and ideally complimentary) tissue information. The ‘correct’ decision on stand-
alone versus hybrid approaches is clearly dependent on the biomedical information
being sought, potential complementarity of the candidate techniques, technological
complexity, and so on. This is particularly relevant to polarized light NDE, as
some polarimetric implementations are technologically simple, and thus can be
readily placed into the existing optical paths of other optical modalities, adding
rich polarimetric information at ‘minimal cost’. Thus, hybrid optical approaches
have been demonstrated which implement MM polarimeters in combination with
multispectral imaging [46—48], optical coherence tomography (OCT) [49-52],
microscopy [53], mass spectrometry [54, 55], and possibly others.

MM polarimetry is driven by unmet scientific and clinical needs and is very
much dependent on emerging state-of-the-art technologies and methodologies to
enable various exciting applications in biomedicine, with promise to join the rank of
the other more established biophotonics-based diagnostic techniques. This chapter
reviews the current and prospective biomedical applications of MM polarimetry,
along with the enabling technological advances that can further improve and realize
potential exciting uses in the life sciences.

2 Mueller Polarimetry: Concepts and Methods

2.1 What Is Polarized Light?

In classical electromagnetic theory, polarization of light is described through the
evolution of transverse electric (E) and magnetic (B) fields as a function of time at
a given point in space. The E and the B fields sinusoidally oscillate in the xy plane,
while the wave vector (B) is directed along the propagation direction, z-axis. Since
the triplet of vectors E, B, and 8 are mutually orthogonal, it suffices to look only at
the behaviour of the vector E. The wave may be considered as the superposition of
two waves having orthogonal components E, and E), as

E(z,t) =Ex (z,t1) + Ey(z,1), )
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with
E, (z,1) = Egy cos (wt — Bz + ¢y) X, 2)
Ey (z,1) = Egycos (ot — Bz + ¢y) ¥, (3)
and
2
ﬁ:%andw:Znﬁ 4)

where A is the wavelength of light, n is the refractive index of the host medium,
f 1s the oscillation frequency of the monochromatic electric field, and ¢ is the
phase. If the trace of the vector extremity E follows a stationary curve in their
temporal evolution, the wave is said to be completely polarized. Accordingly,
the shape of the curve traced out by E vector defines the polarization state of
the wave. The electric field vector, E, traces out an ellipse through space whose
shape may vary between perfectly linear or perfectly circular forms. Note that
in the corresponding quantum mechanical description, it is assumed that each
individual photon is polarized, and its associated state vector corresponds to one
of the classical polarization states described by the Jones vector. In the limit of a
large number of photons, their collective behaviour is consistent with the classical
description of polarization ellipse. Though this polarization ellipse may describe
light’s polarization, it becomes impractical due to its dependency on the amplitude
of E which is traced at the frequency of the light’s electric field oscillation, on
the order of 10~!> s. Furthermore, the polarization ellipse is applicable only to
completely polarized and perfectly coherent light waves — an exception rather that
the rule in most practical applications — and thus in order to describe partially
or completely unpolarized light, one needs to incorporate the decoherence effect
through time averaged and practically measurable quantities such as intensity of
light. A more suitable formalism thus describes the degree of polarization (DOP)
of light which ranges from completely unpolarized to completely polarized using
directly observable and measurable polarization resolved intensities.

2.2 Stokes Vectors: Describing Polarized Light

Polarization behaviour is observable by using polarization modulating elements in
certain configurations to measure the resultant time-averaged intensity (the square
of the electric field) rather than the rapidly revolving electric field amplitude and
the associated phase. Stokes vectors do just that by using linear and circular
polarizers/analysers. Specifically, the difference in intensities between orthogonal
linear and circular polarization states is measured and compared to the values of
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total light intensity in order to quantify the linear, circular, and total DOPs. Note that
Stokes vectors are not ‘magnitude 4 direction’ vectors in the conventional sense but
are simply 4 x 1 arrays of real-valued numbers. The Stokes vector may however be
represented as a directional vector in the polarization state space, in the so-called
Poincaré sphere (not discussed here). They consist of four measurable quantities
(Stokes parameters) which are the total intensity /, the amount of linear horizontal
or vertical polarization Q, the amount of linear +45° or —45° polarization U, and
the amount of right-circular or left-circular polarization V:

1 I||+IJ_

s=| 2 |=| m-h |, 5)
U Iig5 — 1 45
\% IR — I,

where Iy, Iv, 1145, [_45, IR, and I, are the light intensities measured by a horizontal
linear analyser, a vertical linear analyser, a linear analyser oriented at +45°, a linear
analyser oriented at —45°, a right circular analyser, and a left circular analyser
before reaching the detector, respectively. Additionally, /; and I, are any two
mutually orthogonal polarization states.

The degrees of linear, circular, and total light polarization can be calculated using
the Stokes parameters according to

N

DOPL, = — 7 (6)
/V?2
DOP¢ = T )

DOP =

STV
Q++_ ®)

Importantly, Stokes vectors describe the polarization state of the light, but they
do not describe the polarization properties of an interacting material.

2.3 Mueller Matrix: Describing Material Polarization
Properties

The polarization states of light before and after their interaction with a medium are
represented by Stokes vectors. A Mueller matrix, M, describes the polarimetric char-
acteristics of the interacting medium and relates the incident and post-interaction
Stokes vectors through
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Encapsulated within the MM are all the polarization properties of a sample,
namely diattenuation, polarizance, retardance, and depolarization. As such, when
tissue is interrogated by polarized light, the measured MM will contain all possible
obtainable information about it. Such information includes the material properties
described below.

Polarizance refers to a material’s ability to increase the DOP of light, whereas
diattenuation occurs when an interacting medium attenuates the orthogonal compo-
nents of light’s electric field unequally, resulting in preferential transmittance of a
certain polarization orientation. The former is described in the Mueller matrix’s first
column [My; My; Mz; Mys]" and the latter by the first row (M1 M2 M3 M4].
These effects generally occur at material interfaces where the transmittance and
reflectance are dependent upon the incident polarization state or in anisotropic
materials that preferentially absorb certain polarization states such as linearly or
circularly polarized light (referred to as linear and circular dichroism, respectively).
Single scattering is also known to impart polarizance and diattenuation signatures
on polarized light when observed at certain angles in a scattering plane.

Retardance occurs when a medium alters the phase-difference between the
orthogonal components of light’s electric field, represented by the sub-matrix
[May Moz Mos; M3y M3z M3a; May Maz Mag]. Materials that produce this effect
are known as birefringent. Note that retardance and diattenuation are the result
of differences in the refractive indices for different polarization states. These are
described through the ordinary and extraordinary axes and indices. Difference in the
real parts of the said indices result in linear and circular birefringence (retardance
or phase difference between orthogonal polarizations), while the difference in the
imaginary parts gives rise to the linear and circular dichroism (diattenuation or dif-
ferential attenuation of orthogonal polarizations). Generally, fibrous tissues such as
collagen and tendons are linearly birefringent. As noted above, circular retardance,
commonly referred to as optical activity, then affects the phase-difference between
those circular states. This process maintains the light’s linear ellipticity, rotating its
plane about the propagation axis by an angle proportional to the rotatory power of
the material. Glucose — an essential molecule for life — is chiral and thus optically
active, allowing polarized light to probe its molecular concentrations (as has been
routinely done in the sugar industry (glucometry) [56, 57]).

Depolarization refers to the scrambling of the photon polarizations which com-
prise a light beam. Materials generally depolarize light via multiple scattering which
occurs at inter-medium interfaces that bring about abrupt changes to the refractive
index, possibly randomizing the polarization orientation of the interacting photons.
Scattering occurs in virtually all biotissues due their heterogeneous structure and
composition. Depolarization may also occur in birefringent media with randomly
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oriented microdomains that act as incremental retarders to randomize the phases
of incident photons [58]. Depolarization can thus be a useful metric in probing
tissues due to its prevalence, albeit when its effects are manageable. A material
that depolarizes light is known as a depolarizer. An ideal depolarizer has MM of the
form:

1000
0a00
Mp=160po0| (10)

000¢c

where |a, |b|, |c| are all <1. Thus, the Stokes vector of light, Sj,, incident upon the
depolarizer will be transformed to Sy as

I

a
Sow = Mp-Sw=| 42 | . (11)

cV out
where DOPy; < DOPj,.

These polarimetric effects occur simultaneously in complex media such as
biological tissues and are thus ‘lumped’ into a single Mueller matrix. Therefore,
suitable interpretation methods must be employed to decouple the effects and
provide meaningful biophysical information. Polar decomposition proposed by Lu
and Chipman [30] has been used extensively in Mueller bio-polarimetry whereby
it serially decomposes a resultant Mueller matrix into an ordered sequence of
depolarizer, retarder, and diattenuation sub-matrices, enabling separate extraction
of these tissue properties. Other alternatives such as differential decomposition [26]
model polarimetric effects more realistically as continuously occurring during light
propagation rather than sequentially. It however relies on logarithmic operations
which are formidable when employing reflectance configurations due to resultant
negative eigenvalues of Mueller matrix elements (e.g. helicity-flipping [21]). There
are also emerging interpretation methods such as Mueller transformation [59,
60] and machine learning [61-63] that may enable improved extraction of novel
polarimetric parameters.

2.4 Mueller Matrix Measurement

In order to measure the Mueller matrix of a sample, the incident and post-interaction
light must be modulated with certain polarization states using a polarization
state generator (PSG) and polarization state analyser (PSA), respectively, before
impinging onto a detector. To determine the complete 4 x 4 matrix, four polarization
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states must be generated and analysed, out of the six possible ones: vertical (V)
linear, horizontal (H) linear, +45° (P*) and —45° (P™) linear, and right- (R), and
left-circular (L). For example, using the four states H, V, P, and R, a ‘data matrix’
(not a Mueller matrix) may be acquired [58]:

HH HV HPt HR
VH VV VPt VR
PtH PtV PTPT PTR |’
RH RV RPT RR

12)

where the first and second symbols, respectively, indicate the generated and
analysed polarization states; for example, VH is the signal when vertical linear
polarization generated by the PSG illuminates the sample and the remitted light
is sampled through horizontal linear polarization orientation of the PSA. From the
data matrix, the Mueller matrix may be determined by an algorithm, such as the one
introduced by Yao and Wang [49].

A schematic view of the general MM measurement scheme using four such states
is shown in Fig. 1. The classical (and simplest) method to generate and analyse
polarization states is by discrete settings of linear polarizers and phase retarders
(e.g. quarter wave plates). This is however slow, cumbersome, and susceptible to
error when adjusted manually. Thus, more advanced devices have been developed
that operate as a function of time (dynamic modulation) or in the spectral/spatial
domain. The former is generally achieved through dynamic retarding components

Linear Linear
polarizer Retarder Retarder analyzer

O e e T
LY_)

PSG PSA

\Y 1‘ t A

H — ization | - H
PIJh?I’IlallOl‘l _ 3

Pt I states | 7 P

R O O r

Fig. 1 General setup for measuring the Mueller matrix of a sample. A polarization state generator
(PSG) generates different polarization states of light that are incident on the sample. The post-
interaction light is analysed using a polarization state analyser with its components in the opposite
order of the PSG before transmitting to a light intensity detector. In this example, four polarization
states are generated and analysed to produce a data matrix (see Eq. 12) from which the Mueller
matrix is determined using a suitable algorithm. Transmission geometry is shown for illustrative
purposes only
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such as motor-rotated quarter wave plates, PEMs, and liquid crystal retarders.
PEMs typically consist of transparent slabs of quartz which are compressed and
stretched periodically to produce a time-varying strain birefringence; thus, incident
+45° linearly polarized light will have its polarization state periodically and
continuously varying between unaltered +45° linear (when PEM strain = 0)
and elliptical/circular (when PEM strain is set to its user-controlled maximum).
Importantly, a lock-in amplifier can then be used to ‘lock-in’ on the PEM modulation
frequency and its harmonic to synchronously detect polarized light signals amid
significant backgrounds of depolarized ‘noise’ (thus enabling high SNR detection).
Liquid crystal cells are also controlled electronically whereby the orientation of
its molecules are modulated by an applied voltage, changing its birefringence, and
thus dynamically retarding the phase of incident polarized light. These two devices
are advantageous for tissue polarimetry since they are electronically controlled
with no moving parts (robust) and exhibit millisecond response times (minimizing
motion artefacts). Alternatively, so-called snapshot systems modulate polarized
light using diffractive elements to generate interference fringes which can be
analysed via Fourier analysis in the frequency domain. Comparatively speaking,
snapshot systems perform the fastest Mueller measurements, however at the cost of
limited image resolution [64].

Spectroscopic polarimeters yield polarization signatures as a function of wave-
length and may offer additional insights in biomedicine such as early detection
of epithelial cancers (based on a wavelength-dependent oscillatory component of
backscattered light) [65, 66]. An interesting extension of this approach is to also
measure polarization of the fluorescence emission which can provide biochemical
information [67]. A representative system is illustrated in Fig. 2. For elastic
scattering measurements, a broadband light source, such as a Xe lamp is used,
while for fluorescence spectroscopic measurements, laser sources having desirable
excitation wavelengths are used. As per above, the Mueller matrix measurement
strategy is based on 16 (spectrally resolved) intensity measurements performed
by sequentially generating and analysing four elliptical polarization states. This
approach enables recording of spectroscopic Mueller matrices MM(1) over a broad
spectral range (e.g. A = 400-800 nm) with high accuracy and sensitivity. For MM
fluorescence spectroscopy, the samples are excited with a chosen wavelength (e.g.
Aex = 405), and the emitted fluorescence spectra from the sample are recorded by a
spectrometer (€.g2. Aem = 450 — 750 nm). An important point is that the generator
matrix corresponding to the excitation wavelength is used and the analyser matrices
are taken for the entire emission wavelengths. Results of fluorescence spectroscopic
measurements from biological tissues using this experimental system are presented
and discussed later.
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Fig. 2 Schematic of the experimental systems for elastic scattering and fluorescence Mueller
matrix measurements in the exact backscattering configuration. P1 and P2 are linear polarizers;
QWP1 and QWP2 are rotatable achromatic quarter wave plates; L1, L2, L3, L4, and L5 are lenses;
BS-1 and BS-2 are beam splitters. P1, QWP1 form the PSG unit and P2, QWP2 form the PSA
unit. The Xe-lamp is used as the excitation source for recording elastic scattering spectral Mueller
matrices, whereas the 405 nm line of a diode laser is used as the excitation source for recording
fluorescence spectral Mueller matrices. A long pass filter F is used to block the laser line for
fluorescence measurements. A photograph of the experimental system is shown on the right

2.5 Experimental Design and Information Content
Considerations

Polarimetry is a flexible NDE technique that can be implemented in many ways
to extract useful information about biological tissues, with pros and cons associ-
ated with each implementation. For example, one must consider the polarization
modulation/detection system and measurement geometry. Polarized light signals
typically become unmeasurable after several millimetres of propagation in most
tissues (~4—6 mm [68—70]) due to strong tissue scattering and depolarization effects.
Generally speaking, transmission-type geometries are limited to thin tissue samples,
whereas reflectance-based geometries are the only available configuration for bulk
tissues. For the latter, it may be useful to determine the effective polarimetric
sampling depth, for example through modelling and simulations [71, 72]. The other
detection consideration is whether spatial polarimetric information is desired. If so,
an imaging mode must be employed using a grid of photosensitive elements such
as a CCD detector, otherwise, the light may be detected with a point-sensor (e.g.
using a photodiode). Imaging may be preferable in many biomedical applications,
however, it is slower than point-sensing and often challenging to perform while
maintaining high SNR detection. In the case of the PEM, for example, its harmonic
frequencies are synchronized with the intensity signal from a single photosensitive
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element for high SNR synchronous detection, but major synchronization challenges
arise when introducing a grid of imaging photodetectors.

On the information side, the major consideration is technique simplic-
ity/complexity versus the resultant information content; the optimum compromise
on this continuum is often task-specific, that is driven by the specific biological
or clinical question to be addressed. In general, MM approaches are on the
complex end of the polarimetry measurement/analysis spectrum, requiring at least
16 separate experimental polarization configurations to be recorded such that all
elements of the MM can be derived. The benefit of this added complexity is that
one obtains the complete polarization response of the interrogated material, and the
resultant biophysical properties derived from MMs — for example retardance, optical
rotation, diattenuation, and depolarization — are indicative of material biophysics
only. This is in contrast with simpler polarimetric approaches such as crossed linear
polarizers and various forms of Stokes polarimetry/ellipsometry, generally yielding
fewer measured parameters that now depend on both material properties and
(generally uninteresting) polarization optics of the measurement system. For each
biomedical application then, one should consider the sufficiency of the obtained
information content and whether the ‘contamination’ of results with experimental
system details is acceptable. It is important to point out that measurement
complexity considerations (and associated speed and cost) may become moot
as technology advances to yield simpler/faster/cheaper MM measurements and
analysis systems. We revisit these topics in the next section after reviewing various
biomedical examples.

3 Biomedical Applications of Mueller Polarimetry

Many adverse physiological processes are associated with morphological and
compositional changes in tissues which affect their polarization properties and
enable polarimetric detection. Depolarization and linear retardance have found the
most diagnostic use thus far since they are the strongest occurring bio-polarimetric
effects due to the strong scattering effects of most tissues, along with the presence
of birefringent fibrous structures. Diattenuation and dichroism appear much weaker
and have not yet been of much biomedical use. Optical rotation (circular retardance)
is also rather weak in biotissues due to modest concentrations of chiral molecules,
but may eventually prove useful for non-invasive glucose monitoring of diabetic
patients which remains one of the most important unsolved problems in clinical
medicine [38, 73].

Polarimetric signals are cumulatively sampled over depth (as most polarimeters
do not offer depth discrimination capabilities) and this complicates the interpretation
of the resultant measurements in heterogeneous tissues (especially in the bulk-
tissue reflectance geometry) [70]. The measurements may be further conflated when
employing the abovementioned non-Mueller techniques due to their admixing of
experimental parameters. MM polarimetry, with its ability to exclusively describe
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sample properties and to decouple the ‘lumped’ polarization effects into their
biophysically interpretable ‘basis’ properties, is thus beginning to demonstrate
exciting and promising biomedical diagnostic capabilities. Heart infarctions, for
example, cause significant remodelling of the myocardium, as do corresponding
stem cell regenerative treatments, enabling both to be identified polarimetrically
via Mueller retardance imaging [74]. Bladder obstruction can also be assessed
through retardance imaging due to the induced strain on the bladder walls (strain
birefringence) [35, 36]. But oncology has been the most actively explored med-
ical field by the polarimetry community, driven by the importance of cancer
detection/diagnosis/staging problems, and the prominent polarimetric changes due
primarily to cellular and stromal (pre)malignant transformations associated with
cancer development and growth [75—77]. In this section, we thus focus on detection
and characterization of pre-cancer and cancer via several illustrative examples. A
more complete list of polarimetry’s presence in biomedicine can be found in the
recently published comprehensive review [78].

3.1 Mueller Polarimetry and Pre-cancer/Cancer

Pre-cancer-to-cancer progression is marked by well-known changes to cellular con-
centration (cellular proliferation) which affects light-scattering [65, 66] and hence
depolarization [20, 79, 80], as well as changes to collagen organization which affects
both linear birefringence [81, 82] and depolarization [83]. Polarimetric contrast can
thus be generated between (pre)cancerous and non-cancerous tissues. Early Mueller
polarimetry experiments in the 2000s demonstrated this and highlighted its potential
for clinical use, such as the study by Smith et al. [31], which identified malignant
moles and lupus lesions of skin in vivo via retardance and depolarization images.
Similar work was performed by Chung et al. [84] which demonstrated polarimetric
diagnosis of oral pre-cancers in hamster cheek pouches in vivo. Since then, there
have been several studies in various configurations to investigate and advance MM
diagnostics of pre-cancer and cancer.

Mueller Imaging of Thin Tissues: Transmission-Based Configurations

Although limited in clinical scope relative to bulk tissues studies, thin tissues
enable more detailed polarimetric assessment through higher SNR signals (minimal
scattering), the ability to section tissue to isolate regions of interest without depth
interference and availability of correlative ground-truth histology [85]. Notably,
the latter is actually expensive and often subjective and difficult to reproduce [86,
87]. Polarimetry may thus improve upon current methods with its label-free, cost-
effective, and quantitative (objective) characteristics. An important transmission-
based thin tissue study was performed by Shukla et al. [82] which investigated
the polarization responses of epithelial and stromal tissue of cervical dysplasia
(pre-cancer). As seen in Fig. 3, depolarization is sensitive to cellular dysplasia of
the epithelium (top row) and retardance is sensitive to stromal changes (bottom
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Fig. 3 Depolarization images (A, top row) of healthy and dysplastic epithelium regions of cervical
tissue; note the increasing depolarization in the latter. Corresponding retardance images (R, bottom
row) of healthy and dysplastic tissues in the stromal regions of cervix; decreasing retardance in
dysplastic stroma is clearly seen. The tissue dimensions were 4 mm x 6 mm and 5 pm thick.
(Adapted from [82])

row). Since epithelia are typically devoid of fibrous (birefringent) structures, the
depolarization contrast arises from the pleomorphic and proliferative alterations to
cells which affect the scattering anisotropy (related to scatterer size) and scattering
coefficient (essentially the turbidity, related to scatterer concentration). In the
connective tissue compartment, healthy stroma exhibits strong birefringence due
to the ordered structure of its well- aligned collagen fibres, which is diminished
during precancerous remodelling of more chaotic collagen networks [81]. These
distinct polarimetric microstructural biomarkers have recently been used to assess
breast cancer tissue slides at different pathology stages [88]; these promising results
necessitate further studies in this area towards establishing a polarimetric clinical
niche.

Mueller Imaging of Bulk Tissues Ex Vivo: Reflectance-Based Configurations

In light of the useful MM polarimetric probing ability of (pre)cancers shown in thin
tissues, there is a push towards its in-vivo diagnostics to offer an informative alter-
native to the invasive tissue biopsies currently employed for (pre)cancer detection.
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In-vivo assessment of course involves bulk tissues which must be examined in the
backscatter direction. Bulk tissues are much more challenging than thin tissues to
assess polarimetrically, since (1) there is a major increase in depolarization yielding
overall weaker signals, (2) backscattered polarized light responds differently and
more complexly than forward scattered light (e.g. helicity flipping and multiple
backscattering pathways) [21, 22, 89], and (3) depth-effects (e.g. tissue layers
which exhibit different polarization responses [70]) are introduced which can
lead to unexpected results. It is thus important to assess the feasibility of bulk
tissue characterization ex vivo before introducing further challenges of in-vivo
examination.

Pierangelo et al. [90] presented an interesting polarimetric assessment and poten-
tial staging of bulk tissue cervical cancers ex vivo. Here, the freshly excised cervical
samples were imaged en face (i.e. stroma beneath the epithelium), in contrast
with the Shukla study [82] which isolated the epithelia and stroma through thin-
slice sectioning. Dysplastic lesions, referred to as Cervical Interepithelial Neoplasia
(CIN), are staged as the malignant cells approach the surface of the epithelium; the
progressive stages CIN1, CIN2, and CIN3 indicate when one-third, two-thirds, or
the entire epithelium is transformed, respectively. These cervical dysplasia stages
along with their affected regions can be identified by MM polarimetry, as shown
in Fig. 4a. As seen, depolarization decreased from healthy to CIN1 to CIN3 to
glandular tissue and retardance disappeared in the dysplastic stages. But in fact one
would expect depolarization to behave oppositely, instead increasing in dysplastic
regions due the higher cellular concentrations (resulting in higher turbidity) as
previously observed [82] (see Fig. 3); bulk tissue and backscatter geometry effects
are likely responsible. Novikova et al. [91] proposed that increased backscattered
polarization preservation from cancerous tissue may stem from entrapment of
multiply scattered depolarized light and increased absorption arising from the strong
vascularization in the tumour region, with both of these mechanisms yielding
higher DOP of the detected light as observed. Further investigation is needed,
but nonetheless significant polarimetric contrast was observed. Also unexpected
was the large decrease in retardance of dysplastic regions as epithelia is largely
absent of birefringent tissue; the authors attributed this to connective tissue lying
beneath the epithelium, since dysplasia has been found to disrupt the organization
of neighbouring stroma [81, 82, 92]. Rehbinder et al. [93] then applied thresholding
to the retardance images of cervical tissue samples to separate healthy (above the
retardance threshold) from abnormal regions (pre-cancerous or cancerous, below
the retardance threshold), as shown in Fig. 4b. These interesting MM polarimetric
responses have shown their potential in diagnosing cervical pre-cancers; however,
the bulk tissue retroreflection imaging geometry and the resultant depth-cumulative
polarimetric sampling introduce curious effects. These effects may be elucidated by
depth-resolved hybrid modalities which are discussed in Sect. 4.1.

Mueller Imaging In Vivo
The ex-vivo studies of both thin and bulk tissues show that the information
content afforded by MM polarimetry is promising for assessing pre-cancerous
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Fig. 4 Polarimetric staging of cervical cancer pathology. (a) Intensity image of surgically excised
human cervical specimen with overlayed histological characterizations denoted by coloured lines
(see legend); histology was performed after polarimetric imaging. The interior of the black solid
line is malpighian (squamous epithelium) denoted by ‘MT’ and the exterior is stroma denoted
by ‘C’. The thin solid line delineates a region where polarimetric data may be inaccurate and
the red coloured areas indicate saturation of the CCD. Retardance R (fop) and depolarization A
(bottom) images of the specimen exhibiting healthy, CIN1, CIN3, glandular, and CIN3/glandular
(glandular buried beneath CIN3 tissue) regions. Depolarization appears to exhibit promising
staging capability where each stage (except for CIN3/glandular) is marked by different values
(decreasing from healthy to CIN3). Retardance compliments the depolarization image with clearer
identification of healthy zones (strong retardance) and slight identification of CIN3/glandular
tissue. (Adapted from [90]). (b) Intensity image (top) of surgically excised human cervical
specimen with overlayed histological characterization denoted by coloured lines (see legend).
Applied to the intensity image, retardance (bottom) is used as a discriminating parameter where
above-threshold values are coloured green to indicate healthy tissue and below-threshold values
are untouched to indicate diseased tissue. Retardance appears to be sufficient in assessing cervical
pre-cancer/cancer and in delineating pathological margins. (Adapted from [93])

and cancerous tissues. This has recently led to efforts towards in-vivo imaging
with a focus on technology development to address various clinical engineering
challenges. In-vivo Mueller polarimeters must be robust, rapid (to minimize motion
artefacts), accurate, and ideally cost-effective to successfully function in realistic
clinical conditions [94]. Several such studies have focused on in-vivo cervical
(pre)cancer assessment to improve upon current screening methods. Currently,
colposcopy (low magnification examination of the cervix) of high grade dysplasia
only yields 60-70% sensitivity and 50% specificity [95]; there is also low inter-
operator reproducibility (k= ~0.4) [96], thus suggesting highly operator-dependent
results. Towards this goal, Ramella-Roman’s group [97, 98] recently demonstrated
a portable hybrid colposcope in the form of a snapshot MM polarimeter (Fig. 5i).
The PSG consisted of a set of light-emitting diodes to provide the three linear
states (vertical, horizontal, 45°) and right circularly polarized light. The novel
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Fig. 5 Portable colposcope ‘Snapshot” MM polarimeter. (Figures from [98]). (i) The portable
snapshot Mueller polarimeter shown on the left panel; the illuminator (PSG) output end is shown
on the right. The compactness, speed, and lack of moving parts are attractive features for clinical
adoption. (ii) Schematic of the PSA portion of the system. (iii) In-vivo images of three healthy
cervices (field of view = 30 mm diam). (a)—(c): intensity images; (d)—(f): depolarization images;
(g)—(1): retardance images with corresponding intensity bars, where H and L indicate high and
low retardance (threshold at 25°) and B indicates zero background. The trend of high and high
retardance of the healthy cervices agrees with previously reported data (whereas precancerous

regions are associated with lower values of these two metrics [90]). The non-uniformity of the
depolarization image in (f) may be due to the heterogeneity of the cervix
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PSA comprised of a quarter wave retarder and linear polarizer on either side of
four Savart plates which divided the incident light into four separate paths. An
imaging lens recombined the four separate channels onto the camera to create a
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spatial interference pattern, where the fringes are a modulated transfer function
of the optical elements and the polarimetric properties of the illuminated sample.
Either Fourier transform or so-called sliding reconstruction was used to recover
the sample’s polarization properties (Fig. 5ii). The total acquisition time was
approximately 1 s, suitable for in-vivo measurements. Furthermore, the cost of
the polarimeter was estimated to be a modest ~$200 USD, a significant reduction
compared to the typical cost of current colposcopes (~$2000 USD), and the system
was fully powered by a laptop computer, eliminating the need for electrical outlets.
Both of these practical advantages may enable wider deployment in lower resource
settings.

In-vivo images were acquired of healthy cervices, three of which are shown
in Fig. 5iii in the form of raw intensity, depolarization, and retardance images
(the latter two derived from polar decomposition of the measured MM). The
depolarization and retardance results were in agreement with previously reported
data on healthy uterine cervices. One patient had a polyp that was marked by lower
depolarization (data not shown), also in agreement with previous observations [95].
The imaging results of healthy cervical tissue are thus in line with the literature; the
next step will be to validate the imaging accuracy in pre-cancerous and cancerous
tissues. Overall then, this study demonstrates the feasibility of in-vivo cervical
Mueller imaging in a clinical setting, using a cost-effective and easy-to-employ
(laptop powered) polarimeter to enhance its clinical adoptability.

Another promising approach for in-vivo assessment of uterine cervix pathology
is that by Vizet et al. [95] who mounted a miniaturized Mueller polarimetric
imager onto a conventional colposcope (a stereoscopic binocular microscope used
to illuminate and observe uterine cervix under low magnification of ~4—-6X). This
approach exploits the powerful advantage of Mueller polarimeters (and of most
polarimetric systems in general), in that they are highly compatible with existing
photonic devices so they may be rather simply placed in a beam path to furnish
additional polarimetric information. The silica fibre bundle used for light delivery
in the colposcope was replaced by a liquid light guide to increase the illumination
intensity and ensure a measurable backscattered signal. The mounted polarimeter
was sealed within an airtight metallic box measuring 3 x 5 x 10 cm? that could
be toggled between ‘OFF’ or ‘ON’ to enable regular colposcopic or MM imaging.
The PSA of the Mueller polarimeter consisted of a linear polarizer followed by
two tuneable ferroelectric liquid crystal cells that sandwiched a quarter wave plate:
the PSG was the reverse order version of these elements and the CCD camera
detected 550 nm light using a bandpass dichroic filter. The polarimeter was capable
of acquiring a single polarization configuration image in 100 ms, resulting in a full
MM (16 images) acquisition time of 1.6 s, suitable for in vivo imaging to reduce
patient motion artefacts.

Before in-vivo imaging, the performance of the polarimetric colposcope was
tested on ex-vivo cervical specimens, which compared the novel rapid 1.6 s
acquisition Mueller images to (1) averaged Mueller images acquired over ~25 s (16
images) and (2) Mueller images from a previously demonstrated and routinely used
Mueller polarimeter [47, 90]. Reasonable agreement between the three methods was
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demonstrated. The thus-validated 1.6 s Mueller polarimeter was then used to image
healthy uterine cervices in vivo (single images, not averaged), one of which also
contained a polyp. The polyp served as a test case for tissue structure distinct from
normal healthy epithelium, approximating a pathological (pre-cancerous/cancerous)
lesion; polyps are layered with glandular (columnar) epithelium, whereas the exo-
cervix is layered with Malpighian (squamous) epithelium. The healthy Malpighian
tissue exhibits high retardance as expected due to its well-ordered collagen, whereas
the polyp is well delineated by its very low retardance. Additionally, the polyp
appears to be less depolarizing compared to the exocervix. The polarimeter is
thus capable of discriminating between glandular and squamous tissue types,
demonstrating its potential for pre-cancer/cancer detection of cervices. Moreover,
this was performed using a validated, robust, rapid, and accurate in-vivo Mueller
imaging tool, which was easily operated by the surgeon as reported. As in the
previous example, the next step in using the device will be to image cervical pre-
cancers and cancers to determine the polarimetric discrimination capabilities at
such rapid speed in practical situations, particularly to determine the feasibility of
differentiating between polyps and pre-cancerous lesions which both seem to exhibit
low retardance and low depolarization.

Section 2.5 Revisited: Is the Full Mueller Matrix Approach Really Necessary?
For all its advantages, Mueller polarimetry is a rather complex technique that
requires several measurements (at least 16) and often relies on advanced tech-
nologies to enable practical and robust systems. As touched upon in Sect. 2.5,
an important question then arises: Are Mueller matrices really worth measuring?
Can adequate polarimetric information be attained in a simpler manner? Indeed,
the added complexity of the Mueller approach, despite furnishing its associated
rich information content, may not be necessary in all applications, and simpler
polarimeters have thus been proposed and demonstrated. For example, Jacques et al.
[83, 99] and Backman and Gurjar et al. [65, 66] have employed simple cross-linear
and co-linear polarizer setups to differentiate between superficially scattered and
deeper penetrating polarized light in epithelial tissues based on light depolarization
rates. DOP depth discrimination using rotating polarizers and retarders has also been
recently reported by Da Silva et al. [71, 72, 100-103] for probing epithelia using
the ellipticity of light. Stokes DOP approaches have been applied to skin cancer
detection and characterization with promising early results [104, 105], as well as
towards carcinomas of the lung [106] and colon [107, 108]. Tissue birefringence
has also been studied in the recent works of Vitkin et al. [109-111] which used
simple rotating crossed polarizers to characterize morphological stromal features of
human breast cancer slides.

Such simpler approaches — crossed- and co-linear polarizers and Stokes
polarimeters — have primarily found applications in tissues where only
depolarization or retardance is sufficient for characterization (e.g. epithelia contain
little birefringent materials, leading to non-Mueller successes via DOP-based
measurements). MM polarimetry, with its multiple polarization measurement
configurations and matrix interpretation/decomposition analysis, is likely an
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‘overkill’ if only one polarimetric response is satisfactory. The success of these
non-Mueller approaches on epithelia can also be attributed, at least in part, to Mie
theory [112] which has played a significant role in the understanding of the light
scattering physics in such media where cell nuclei can be modelled as discrete
scattering particles, having facilitated the use of microsphere suspensions as tissue
phantoms and Monte Carlo computer modelling of polarized light propagation in
turbid materials [21-23]. Indeed, one of the first proposals for depth discrimination
using polarized light [24] relied on both of these tools.

However, many tissues, particularly those in bulk form, are both turbid and
birefringent (as well as possibly optically active, linearly/circularly dichroic, and
other second-order effects), which plays to the strengths of MM polarimetry since
these can be retrieved and decoupled via decomposition and all used for pathological
assessment as clearly demonstrated in preceding illustrations. An interesting case
in point was recently provided by Pierangelo et al. [90] who attempted to analyse
cervical dysplasia using orthogonal state contrast (OSC) imaging (DOP informa-
tion) which showed some discrimination between the two tissue types. However, as
the authors remarked, ‘OSC imaging is not adequate for such samples, as it does
not provide enough information to extract the relevant polarimetric parameters for
healthy and anomalous tissues. To properly characterize the polarimetric response of
healthy and pathological cervical tissue, full Mueller polarimetry is clearly needed’.
Another example is the Stokes-DOP-based study by Anastasiadou et al. [107] which
showed detection capability of cervical cancer and some visualization of margins,
however to a far weaker extent than that shown by the MM depolarization and
retardance images of Shukla et al. [82]. Moreover, the attractive simplicity of
non-Mueller approaches may become a less important design consideration since
technological advances are enabling easier acquisition of Mueller matrices through
automation such as the snapshot polarimeter by Ramella-Roman et al. [98] and the
ferroelectric liquid crystal cell-based polarimeter by Vizet et al. [95]. Therefore,
with the advent of new instruments and approaches to measure MMs and faster
computers to more rapidly analyse/decompose them for useful biomarker extraction,
the use of this ‘more complete’ variant of polarimetry may prove readily feasible,
and thus more widespread. Indeed, biomedical technologies tend to develop by
clinical necessity driven by a biomedical pull: if an application calls for better
instruments, engineers promptly take on the challenge. Such has been the story of
MM polarimetry as an emerging technique in biomedicine.

3.2 Probing Sub-Micron Structural Anisotropy for Pre-cancer
Detection

Probing the tissue structural anisotropy through MM measurements have been
promising, however there is still much room for improvements, for example if the
spatial sensitivity of the polarimetric techniques is improved down to the scale of
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microscopic anisotropy of tissue architecture (micron/sub-micron length scales). It
has been suggested that pre-cancer involves altered interactions between superficial
epithelial cells and the underlying connective tissue, and the resulting changes in the
anisotropic connective tissue morphology are rather subtle. These typically manifest
optically as small changes at the sub-micron scale. Indeed, initial findings on sub-
micron scale anisotropy in tissue multifractality derived from spectral Mueller
matrices have shown that microscopic refractive index asymmetries are a much
better metric of subtle pre-malignant transformation [113, 114] compared to the
‘conventional macroscopic’ polarimetry biomarkers discussed earlier. Here, a brief
account of this promising research direction is provided.

Multifractals are a special class of complex self-similar processes, observed in
diverse natural systems encompassing biology, material structures, physiological
time series, turbulence, etc. [115-118]. Such complex signals typically consist of
many interwoven fractal (self-similar) subsets, each of which are characterized
by their own local scaling exponents (known as Hurst exponent, 0 < H < 1)
[115, 119]. Initial findings on tissue multifractality were based on forward multi-
resolution analysis of differential interference contrast images of tissue [92] and
inverse analysis on tissue light scattering spectra [120]. A state-of-the-art algorithm
for multifractal research, the multifractal detrended fluctuation analysis (MFDFA),
was optimized to extract and quantify the tissue multifractal parameters, namely, the
generalized Hurst exponent ((g), g is the order of the moment) and the width of the
singularity spectrum (f (), « is the singularity strength) [119]. Interestingly, it was
observed that the spatial refractive index fluctuations of tissue exhibit microscopic
multifractal anisotropy that manifests as an intriguing wavelength-dependent linear
diattenuation effect in the scattering Mueller matrix elements [113, 114]. The
corresponding inverse problem was also addressed of extracting information on
the microscopic multifractal anisotropy from the scattering Mueller matrix. This
analysis is based on processing the wavelength dependence of selected Mueller
matrix elements (that encode the diattenuation effect) in the Fourier domain using
Born approximation followed by multifractal analysis. The model was applied on
ex-vivo tissues of human cervix of different pathology grades. The experimental
system of Fig. 2 was employed to record backscattering spectroscopic Mueller
matrices for these studies, and the results are summarized below.

For the inverse analysis, it was identified that the multifractal anisotropy
manifests most prominently in the wavelength variation of the M2(A) and M3(})
elements [113, 121] as these carry information on spectral linear diattenuation effect

(d) = —VM”A;:MBZ). The spectral variations of these elements were analysed to
extract information on the refractive index in homogeneity distributions along two
orthogonal linear polarization directions (1,1 (p) with p being the length scale)
through Fourier domain analysis using the Born approximation as [113].

1
nyL(p) ~ fk*2{M11(K) + VM22(K) + M52 (,9[{)] 2 eiK.ngig 03
= [ |s2y1 (K =27v)| e K138
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Here, K is the scattering vector with modulus K = 2k sin (%) = 2mv, v is the
spatial frequency, k = 27 /A is the wave vector, A and 6 are the wavelength and the
scattering angle, and s,/; are the scattered field amplitudes for the two orthogonal
polarizations. The extracted ;| (o) were then analysed via MFDFA to quantify the
multifractal anisotropy parameters.

MFDFA is an advanced statistical tool for multifractal analysis as described in
detail elsewhere [119]. Using this approach, any multifractal signal can be charac-
terized via two sets of scaling exponents: (i) the generalized Hurst exponent /(g)
and (ii) the classical multifractal scaling exponent 7(q) along with the singularity
spectrum f () [119]. These are inter-related as

T(q) = qh(q) — 1, (14)
dt

= f (@) =qu—1q, (15)
q

where « is the singularity strength and o is the full width of f(«) is a quantitative
measure of multifractality. In monofractal approximation, the generalized Hurst
exponent i(g = 2) is equivalent to fractal dimension. The variation of &(g) or t(g)
for other values of q indicates multifractality or multi-resolutions (different g values)
fractal dimension. The refractive index asymmetry distributions for orthogonal
linear polarizations, 1) (o) and 1, (o) were analysed separately using the MFDFA.
The multifractal anisotropy was quantified via the differential classical scaling
exponent, At = [1(qg = 2)| — (¢ = 2)1|, and differential width of singularity
spectrum Ao = |o| — o | for orthogonal linear polarizations.

With the theoretical context thus provided, Fig. 6 demonstrates multifractal
anisotropy in the spectral Mueller matrix elements recorded from the connective
tissue region of a Grade 1 pre-cancerous cervical tissue [113]. The My (A)
and M3 (1) elements (Fig. 6a) and the resulting linear diattenuation parameter
d()) (Fig. 6b) exhibit considerable magnitude and wavelength variation (overall
decay with 1), a potential signature of fractal (multifractal) anisotropy. This is
characteristically manifested as a power law dependence of the Is1(v)|2 and |s2(v)|?
light-scattering parameters (Fig. 6¢) which were fitted with fractal power law
(Is2 W =~ v-CHIFDE) and |5y (v)|> ~ v @HL+DE)) Here, Hy e (0,1) are
the Hurst scaling exponents and Dg = 3 is the Euclidean dimension of the
scattering object. The fitting yielded multiple power law exponents at different v-
ranges, suggesting multifractality. Importantly, fitting over broad v-range yielded
differences in average Hurst exponents: H = 0.55 and 0.65 derived from |s2(v)|? and
s1(v)|2, respectively (AH = 0.1). These results suggest self-similarity anisotropy in
spatial refractive index variations.

Figure 6d and e summarizes the results of the more detailed multifractal analysis.
Significant magnitudes of the differential classical multifractal scaling exponent
[At = |t(g = 2) — ©(g = 2)1| = 0.16] and differential width of singularity
spectrum [Ao = |o| — o 1| = 0.85] provided conclusive evidence of multifractal
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Fig. 6 Manifestation of multifractal anisotropy in the wavelength variation of scattering Mueller
matrix elements of a Grade I precancerous tissue. Wavelength variation of (a) the normalized
Mueller matrix elements and (b) linear diattenuation parameter d()). (¢) The spatial frequency
(v) distribution of the Mueller matrix-derived parameters Is2(W)|% and |s1(v)[2 (log-log plot) via
Eq. (13). Fitting at two selected v-ranges (lower [blue| and higher [brown]) and overall fitting
(red for |s2(v)|? and black for |s1(v)|?) are shown and the corresponding values for the slopes are
noted. (d) The moment (g)-dependence of the classical multifractal scaling exponent 7(q) (inset
highlights the anisotropy or difference in 7 around ¢ = 2) and (e) the corresponding singularity
spectra f(«) derived from nj(p) (red square) and 7, (p) (black circle). The values for 7(g = 2)
and o are noted. In (d) and (e) lines are guide for eye and the error bars represent standard
deviations of the parameters for measurements on 10 non-overlapping spots. (f) The three different
precancerous grades (Grade I — green circle, II — blue diamond and IIT — red square) are mapped
by their differential classical multifractal scaling exponent, At = |t(q = 2)) — ©(¢ = 2)1 | and
differential width of singularity spectrum Ao = |o) — o 1| for orthogonal linear polarizations.
Higher grades of pre-cancers are associated with decrease of both Ak and Ao parameters, nicely
separating different pathologies and implying reduction in multifractal anisotropy. (Adapted from
[113])
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anisotropy. Most importantly in the biomedical context, the values of At(g =2) and
Ao (1) cluster and (2) are observed to decrease with increasing pathology grades
(Fig. 6f), suggesting a reduction in the multifractal anisotropy. This decrease in
multifractal anisotropy was attributed to the disorganization of locally anisotropic
microscopic domains (the collagen molecules and micro-fibrils) and/or reduction
in local microscopic birefringence with increasing pathology grades [113, 121].
Importantly, none of the above trends could be gleaned from Mueller matrix-
derived macroscopic linear retardance R 8 parameters, which were generally low
and did not exhibit appreciable difference between different grades (corresponding
birefringence values at 600 nm were 0.08 £+ 0.03, 0.04 £ 0.02 and 0.09 £ 0.05
rad for Grades I, I and III tissues, respectively; thus, no inter-grade separation was
evident). These results suggest that the microscopic refractive index asymmetries
are more sensitive to subtle pre-malignant transformation [113, 114, 121-123], as
also often posited in the literature.

3.3 Fluorescence Mueller Polarimetry: A Spectroscopic
Diagnostic Tool

Most biomedical polarimetry studies examine elastically scattered light from tissue
that mainly carries morphological information. Conversely, polarization properties
of fluorescence may provide valuable biochemical information on the changes
in chemical structure, molecular organization, and local environment of the tis-
sue fluorophores. However, the fluorescence polarization anisotropy parameter
[124] traditionally measured reflects ‘lumped’ effects and is dominated by flu-
orescence depolarization in addition to the ‘true’ intrinsic tissue anisotropy that
originate from the anisotropic molecular orientation and organization. Hence, a
more encompassing fluorescence MM polarimetric approach has recently been
developed [125, 126]. One can then polarimetrically probe and quantify the
molecular orientation and organization of endogenous tissue fluorophores using
this approach. The experimental system shown in Fig. 2 was employed to record
fluorescence spectroscopic Mueller matrices (Aex = 405 nm, Aeyy = 450 — 750 nm)
in the exact backscattering configuration from connective tissue regions of pre-
cancerous human cervical tissues of different pathology grades [126—129]. These
were then subjected to inverse analysis to yield the intrinsic fluorescence anisotropy
parameters, namely fluorescence spectral diattenuation (differential excitation of
fluorescence by orthogonal polarizations) and fluorescence polarizance (differential
emission of fluorescence by orthogonal polarizations).

The analysis is based on writing the fluorescence Mueller matrix R as the
product of three matrices such that R = My - Mg - M. Here, the matrix My is
the dipole scattering Mueller matrix which takes care of the depolarization effects
(both intrinsic and extrinsic) associated with fluorescence emission [125, 126]. The
other two matrices My and M; account for the absorption anisotropy of the ground
molecular state (representing differential excitation of fluorescence with orthogonal
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polarization) and emission anisotropy of the excited molecular state (representing
differential emission of orthogonally polarized light), respectively. Using standard
form of these matrices and with appropriate approximations [125, 126], it can be
shown that the elements Ry, Ri3, Ri4 (first row of {luorescence Mueller matrix)
encode excitation anisotropy of the ground molecular state and Ry, R31, R4 (first
column) reflect emission anisotropy of the excited molecular state (cf. discussion
following Eq. (9)). The intrinsic anisotropy effects of fluorescence are subsequently
parameterized and quantified via the fluorescence diattenuation and polarizance
parameters as [125, 126, 130]

2 2 2 2 2
V Rip + Ri3 + Riy V Rip + Ri3 Ria

ar = . o = ——, ac = —, (16)
Ry Ry Ry
2 2 2 2 2
p V Ry + B3+ Ry, P V Ra + RS, P Ru an
T = . L= c=—
R Ry Ri1

where aT, a1, and «¢ are the total, linear, and circular fluorescence diattenuations,
respectively, St, BL, and B¢ are the total, linear, and circular polarizance, respec-
tively.

Figure 7 shows typical fluorescence Mueller matrix R(\) recorded from the
connective tissue (stroma) region of a dysplasia grade III pre-cancerous cervical
tissue [130]. The fluorescence spectra peaking around 500 nm with 405 nm excita-
tion is primarily contributed by fluorescence from collagen and other endogenous
tissue fluorophores elastin and NADH. While strong depolarization of fluorescence
is evident from the small magnitudes of the diagonal elements (R22, R33, Ra4),
relatively higher magnitudes of Ry, and R»; elements indicated the presence of
strong excitation and emission (respectively) intrinsic anisotropies of fluorescence.
The corresponding fluorescence linear diattenuation (excitation anisotropy — o)
and fluorescence linear polarizance (emission anisotropy — 1) parameters from
typical grade I and grade III tissues samples showed significant magnitudes
and prominent differences (Fig. 7b and c). The origin of these intrinsic linear
anisotropies of fluorescence was linked to the crossed-linked collagen molecular
structure in the connective tissue [130]. The rather weak but non-zero circular
anisotropies («xc and Bc¢) arises due to the presence of chiral moiety or helical
molecular organization in the collagen structure. The reduction in the ap and Bt,
anisotropy parameters in grade III tissue was attributed to the destruction of the
collagen cross-links and the resulting loss of intrinsic linear anisotropic organiza-
tion in the collagen molecular structure. These results suggest the sensitivity of
the fluorescence Mueller polarimetry towards changes in the intrinsic molecular
organization and orientation of tissue fluorophores. The actual potential of these
intrinsic fluorescence anisotropy parameters as biomarkers for pre-cancer detection
remains to be rigorously evaluated.
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Fig. 7 (a) Typical fluorescence spectroscopic Mueller matrix R (Aem = 450-750 nm) recorded
with Aex = 405 nm excitation from the connective tissue region of a dysplasia grade III
precancerous cervix. The first element (R;) represents the polarization-independent fluorescence
spectra. The other three elements in the first row (blue) represent excitation anisotropy related to the
ground molecular state; the three elements in the first column (green) represent emission anisotropy
related to the excited molecular state. The spectral variation of (b) fluorescence linear diattenuation
(op) and (c) fluorescence linear polarizance (f1,) parameters for typical grade I and grade III
precancerous cervical tissues. The insets show the variation of fluorescence circular diattenuation
(xc) and circular polarizance (B¢) for the same tissues. (Adapted from [130])

4 Hybrid and Endoscopic Mueller Approaches

4.1 Depth-Resolved Hybrid Modalities: Elucidating Depth
Effects

Most tissues are heterogeneous throughout, where certain sub-regions may exhibit
different polarization responses [70]. Since MM systems are typically not depth-
resolved but instead gather tissue polarimetric information throughout their entire
sampling depth, ambiguous and unexpected effects can arise (e.g. findings of
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Pierangelo et al. [90] discussed above). It can therefore become important to
elucidate depth effects; for example, this may help in differentiating tissue regions
that exhibit similar depth-cumulative polarimetric responses such as in the afore-
mentioned case of polyps and dysplastic lesions of cervix [95]. There has thus
been an interest in combining/integrating Mueller polarimeters with depth-resolved
modalities. Mueller polarimeters are advantageous in this regard due to their ease-
of-integration with existing optical systems (e.g. the above-discussed colposcopic
study by Vizet et al. [95]). OCT and confocal microscopy both offer depth-resolved
imaging, thus prompting the polarimetry community to combine or integrate these
technologies with Mueller polarimeters.

Optical Coherence Tomography Combined with Mueller Polarimetry

Optical coherence tomography (OCT) is a well-established depth-resolved tomo-
graphic imaging method [131, 132] routinely employed for in-vivo imaging;
polarization-sensitive OCT (PS-OCT) has also been investigated for decades (for
a detailed review see [133]). The time domain version of PS-OCT was first
developed by Hee et al. [134], followed by the more sensitive, and thus more widely
adopted frequency-domain versions (swept source and spectral-domain) [135]. PS-
OCT relies on Jones vectors which describe fully polarized light interactions, and
thus material depolarization cannot be determined. Instead, a parameter known as
‘degree of polarization uniformity’ (DOPU) [136] is invoked: the polarization state
of each speckle is taken as unity (totally polarized), however in the case of a depo-
larizing medium, the polarization states of multiple speckles become randomized
and uncorrelated, giving rise to the DOPU parameter. Mueller polarimeters may
thus compliment PS-OCT systems by measuring actual material depolarization,
and further PS-OCT systems can in return compliment Mueller polarimeters by
providing information on axial tissue heterogeneity. To form this hybrid and
complimentary imager, Chue-Sang et al. [51] have demonstrated a co-registration
technique using a relatively simple PS-OCT system based on free-space optics and a
Mueller polarimeter in a separate beam path. This enabled Mueller identification of
burned regions of bovine tendon through diattenuation and depolarization images,
as well as structural depth information of the bovine tendon via PS-OCT, shown
in Fig. 8. This complimentary hybrid modality may be useful, for example, in
identifying skin tumours through Mueller imaging, followed by assessment of their
depth-of-invasion through PS-OCT imaging which can be an important prognostic
factor [137, 138]. Furthermore, this approach may lead to better models for the
recovery of local retardation using OCT-based imaging, rather than cumulative
retardation [70], since many current recovery models rely on the measurement of
surface retardance as a starting point [139].

Second Harmonic Generation Confocal Microscope and Mueller Polarimeter
Hybrid

Instead of placing a Mueller polarimeter in a separate beam path as in the
preceding Mueller-OCT co-registration example, it may be possible instead to
integrate it directly in the beam path of a depth-resolved modality to furnish 3D
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Fig. 8 Mueller matrix imaging and polarization-sensitive OCT of bovine tendon with a burned
region (tendon dimensions 4 x 4 x 2 mm?). (a) CCD image showing the burned region (darker
parts at the centre to bottom right portion of the image). (b—d) show diattenuation, depolarization,
and retardance images acquired by the Mueller polarimeter. The diattenuation image appears to
best demarcate the burned region. (e) PS-OCT B-scan of tendon (at the location of the horizontal
line in the en face MM images of (b)—(d)), showing the burn boundary well delineated by its
low retardance due to the thermal disruption of the stromal organization. The region to the left
exhibits an oscillatory phase retardance consistent with healthy tendon. Using such complimentary
information from each modality may be useful, for example, in identifying skin tumours through
Mueller polarimetry and then assessing their depth of invasion through PS-OCT which can be an
important prognostic factor [137, 138]

depth-resolved Mueller polarimetric volumes. This may be done by hybridizing a
confocal microscope with a Mueller polarimeter. Confocal microscopy performs
optical depth sectioning using a pinhole at a confocal plane to beam focus at the
sample, thus eliminating backscattered photons from out-of-focus sample depths
which cause blurring. This combined modality may be further enhanced with the
integration of non-linear microscopy to form a second harmonic generation (SHG)
confocal MM microscope. SHG microscopy is an excellent method for imaging
collagenous tissue due to its preferential SHG response [140] which can thus
provide additional corroborative information alongside Mueller decomposed images
to better understand the polarization response of tissue, as shown in Fig. 9a for
benign and malignant breast tissues [141]. Through depth-scanning, a 3D MM
polarimetric volume may be generated alongside associated SHG images at various
depths, such as in the approach by Satyashev et al. [142] with corresponding
results shown in Fig. 9b. This type of hybrid Mueller microscopy approach may
indeed prove useful in gaining true depth-resolved polarimetric insight or assisting
histopathological diagnosis. However, long acquisition times (on the order of tens
of minutes at best) currently hinder its use beyond the laboratory.
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Fig. 9 SHG confocal Mueller matrix microscopy. (a) The images on the left and right sides
correspond to malignant and benign breast tissues, respectively. SHG microscopic images are
shown on the top left and top right. Shown as insets below the SHG images are ‘second-harmonic
patterned polarization-analysed reflection confocal microscopy’ (SPPARC) images of sclected
regions. Corresponding to the SPPARC images are depolarization and linear degree of polarization
spatial maps (see arrows) (along with inset values indicating the mean and standard deviation
over all pixels in each image). This technique enables high resolution polarimetric images of
tissue samples to analyse microstructural differences between tissue types and their corresponding
polarimetric responses. (Adapted from [141]). (b) Full-depth two-photon and Mueller matrix
confocal imaging of rat cornea (field of view: 120 x 120 wm?). The 3D polarimetric volumes on
the left show depth-resolved determination of polarization responses in tissue which are generated
by acquiring Mueller images confocally at incremental depths and then producing a 3D volume.
This may help in differentiating between tissues which exhibit similar depth-unresolved cumulative
polarimetric responses. The green SHG images on the right side can corroborate the Mueller
decomposition images by providing information on collagen presence to assist in pathological
detection. Two-photon excitation fluorescence was also imaged (TPEF, first two red panels in top
row). (Adapted from [142])
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4.2 Mueller Polarimetry as a Guidance Tool for Mass
Spectrometry

Mass spectrometry is a very accurate technique for characterizing the chemical
composition of materials, including biological tissues, by analysing the mass-
to-charge ratios of constituent ionized molecules and atoms. This technique has
undergone promising developments to enable highly sensitive and specific mea-
surements, leading to impressive demonstrations including that of definitive tissue
identification, cancer diagnosis, and tumour margin delineation [143, 144]. The
disadvantage however is that typically large tissue regions must be raster scanned
point-by-point to gain spatial information (i.e. imaging in a spatially untargeted
fashion) which requires numerous measurements and long acquisition times. Thus,
mass spectrometers may benefit significantly from a targeted approach to broaden
their clinical scope.

As discussed previously, existing modalities can be significantly enhanced with
the hybridization of Mueller polarimeters. In a similar vein, Mueller measurements
afford useful additional contrast mechanisms for cancer detection, and thus may
be used to guide mass spectrometers to pathological areas, thereby avoiding
unnecessary measurements and (importantly) significantly reducing examination
times. Thus, Woolman et al. [55] have demonstrated Mueller polarimetric guidance
of mass spectrometry, employing both transmission imaging of thin tissues and
reflectance imaging of thick tissues, the latter being a precursor for in-vivo assess-
ment. In their study, they examined lymph nodes with breast cancer involvement
which exhibited both viable and necrotic regions. For validation reference, the thin
tissue was histologically stained by H&E, revealing the two regions shown in Fig.
10f. Mueller-derived depolarization images of the thin (10 pm) and thick (50 pm)
tissues are shown in Fig. 10a and b, exhibiting excellent contrast identification of
the viable and necrotic regions in agreement with the H&E slide. The thin tissue
polarimetric image was used to determine pathological and heterogeneous regions
of interest (Fig. 10c) where guided mass spectrometry was performed (Fig. 10d).
For comparison, much slower untargeted mass spectrometry of the entire thin tissue
was performed (Fig. 10e), using two mass-to-charge ratios corresponding to viable
(red, m/z 572.48) and necrotic (green, m/z 391.25) cancers. The latter took ~6 h,
while the polarimetry-guided mass spectrometry took only ~8 min, a tremendous
reduction in time. This is of considerable importance in the clinic, for example in
intraoperative assessment of excised tumours to ensure all cancerous tissue has been
removed (e.g. breast cancer surgical lumpectomy procedure with its rather short
margin assessment window before the surgeon closes the wound). This study thus
demonstrated the feasibility of polarimetric-guided mass spectrometry of thin and
thick tissues. Further research on the latter should be performed to investigate the
prospects of in vivo polarimetric mass-spec guidance. If successful, this approach
may have significant impacts on surgical oncology and other clinical applications.
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Fig. 10 Optimization of mass spectrometry using Mueller polarimetric guidance. (From [55]).
The examined tissue was a cancer infiltrated lymph node with viable and necrotic regions. Mueller
depolarization image of thinly sliced tissue (10 pm) using transmission polarimetry (a) and of thick
tissue (50 wm) using reflectance polarimetry (b). The latter is a feasibility test for polarimetric
guidance on thick tissues, important for clinical applications such as margin assessment in
breast lumpectomy patients. The depolarization images of both tissues show excellent contrast
identification of viable and necrotic regions (see (f)). (¢) Suspected regions of pathology and tissue
heterogeneity are selected on the thin tissue sample using the depolarization image. (d) Mass
spectrometry is performed on those polarimetrically targeted regions, with an acquisition time of
~8 min. (DESI-MS = Desorption Electrospray Ionization mass spectrometry) (e) Untargeted mass
spectrometry is performed on the whole slide using two mass-to-charge ratios corresponding to
viable (red, m/z 572.48) and necrotic (green, m/z 391.25) cancers. This was done in a much longer
acquisition time of ~6 h. (f) H&E staining of the thin tissue sample as a validation reference,
performed after the mass spectrometry step
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4.3 Endoscopic Mueller Polarimetry

The demonstrated tissue characterization potential of Mueller imaging, with its rich
information content, non-invasive nature, and endogenous contrast, has prompted
proposals for its use through optical fibres for endoscopic applications and surgical
guidance. An excellent review of this topic has been written by Qi et al. [42]
to which the reader may refer for details. Although in-vivo Mueller diagnostics
can be done using free-space optics as in some of the preceding examples, the
majority of bio-polarimetry applications have been performed ex vivo thus far. A key
enabler towards wider in-vivo use will be fibre optic polarimetry, to gain significant
access to human biology in various internal body cavities and orifices where many
pathologies arise. The main challenge of this proposition is to overcome spurious
polarization distortion artefacts introduced by (flexible) optical fibres. There also
exists the ‘usual’ clinical engineering challenges of polarization generation and
analysis in a practical manner (robustness, accuracy, speed, low complexity and
cost, etc.).

To combat polarization distortion introduced by optical fibres (strain bire-
fringence), the most effective solution thus far involves placing the polarization
modulating components on the fibre’s distal end. Qi et al. [145] used this approach
to measure the linear 3 x 3 sub-matrix; this obviated the need for retarding
components related to circular polarization generation and analysis, thereby sim-
plifying the system. The information content of the linear sub-matrix, although less
than that offered by the complete 4 x 4 MM, can still offer useful descriptions
of sample properties such as scatterer concentration and size, as well as linear
birefringence [146, 147]. To extract this information, the authors carried out
the polar decomposition presented by Swami et al. [146] for 3 x 3 matrices.
They then modified a rigid commercial endoscope consisting of an illumination
channel with a linear polarizer affixed to its distal end, enabling the three linear
states (horizontal, vertical, and 45°) to be generated by rotation of the entire
fibre (motorized), and an imaging channel with a linear analyser placed before
a CCD in the form of a rotating wheel containing three linear polarizers. The
authors acquired depolarization and retardance images within a rat abdomen ex
vivo in ~11.6 s, showing good discrimination between different organs as seen in
Fig. 11a—c. It is thus clear that fibre optic MM polarimetry is feasible, at least in the
context of a rigid endoscope. More information about this system will be provided
in Chap. 7: Polarimetric Endoscopy.

Though the incomplete 3 x 3 Mueller polarimeter simplified the system design
and reduced acquisition time, while also offering useful linear polarization-based
information, measurement of the complete 4 x 4 MM is preferred since circular
polarization also affords biomedically relevant information [91, 106, 148]. Qi and
Elson [149] thus followed up with a complete fibre optic Mueller polarimeter using
another rigid endoscope design utilizing a ‘sheath’ with motorized rotation. Its
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(a)

Fig. 11 (a) unpolarized image of rat abdomen with red, green, and blue arrows indicating the
small bowel, large bowel, and fat, respectively. (b) linear depolarization image showing distinction
between bowel and fat. (c) linear retardance image showing weak(er) discrimination between
organs. The 3 x 3 polar decomposition affords useful information through linear depolarization.
The images were taken with 546 nm light with field of view of 5.5 x 5.5 cm?. (From [145])
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Fig. 12 Retardance (right column) and unpolarized (left column) images of porcine bladders.
The bladders were normal (top row) or distended (bottom row) in both (a) and (b). There is
clear increase in retardance with distention of the bladder, arising from induced birefringence. (b)
unpolarized (first column from the left, same as in (a)), circular depolarization (second column),
and linear depolarization (third column) images of porcine bladders. Regions enclosed by the blue
contours indicate pixel saturation in at least one of the raw images used for Mueller image retrieval.
The field of view of images in (a) and (b) are 7.8 x 7.8 cm?

distal end contained a ring-shaped retarding film affixed to the rotatable sheath
which covered the illumination channel and a stationary linear polarizer covering
both channels. Such a design is analogous to a free-space MM polarimeter with
motor-rotated retarders and stationary linear polarizers. The acquisition time of
this system was 30 s, currently limited by the rotation speed of the sheath. The
resultant rigid Mueller polarimetric endoscope was used to image normal and
stretched porcine bladders with high fidelity, shown in Fig. 12a and b. The bladder
distention does not appear to affect linear or circular depolarization; however, the
latter is evidently much stronger than the former. Comparison of linear and circular
depolarization can be informative of the scattering properties of the material, for
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example, Mie scatterers tend to preserve linear polarization better than circular,
whereas the opposite occurs in the Rayleigh scattering regime [21, 80]. There is
thus an advantage of measuring the complete 4 x 4 Mueller matrix rather than just
its linear 3 x 3 sub-matrix counterpart.

For all the advantages of rigid endoscopes, including more manageable
polarized-light artefacts, longer shelf life, and lower chromatic aberrations [44],
they are limited to relatively easy-to-access clinical sites. Flexible endoscopes
offer a clear advantage in this regard with their ability to ‘snake’ into many more
inner orifices and cavities of the body, thus gaining diagnostic access to a wider
array of pathologies. Flexible fibres however introduce the much more challenging
variable strain birefringence when bending and twisting which causes significant
polarization distortion. To address this issue, Forward et al. [44] placed stationary
linear polarizers on the distal ends of the flexible optical fibres. Thus, any strain
birefringence would manifest as changes in illumination intensity (i.e. light intensity
after the polarizers), which, importantly, could be accounted for with their careful
calibration procedure. In total, six fibres were used (fashioned into a single probe),
the illumination and detection channels consisted of three fibres each to form a PSA
and PSG, respectively, with three linear polarizer orientations for each channel:
horizontal, vertical, and —45° (see Fig. 13). Pairwise combinations of the PSG and
PSA components enabled the measurement of the linear 3 x 3 MM. The authors
tested the flexible fibre’s performance in point-sensing mode on simple optical
elements as well as ex-vivo tissues. The next steps will be to measure the complete

(a) (c)

(iv)

4mm

H, (vi)

Jmm B amm
(i) = g

Fig. 13 Flexible Mueller polarimeter with six internal fibres for measuring the 3 x 3 linear MM.
(From [44]). (a) Top view schematic showing the six internal fibres. Three polarizer orientations
are used on the distal ends of each fibre: horizontal (Hj »), vertical (V12), —45° (B12). There were
two of each polarization orientation, one set as the PSG and the other set as the PSA. (b) Side
view three-dimensional schematic showing the design of the housing for the fibres. (¢) Top view
photograph of the complete probe with the six internal fibres labelled with arrows indicating their
polarizer orientation (labels (i)—(vi) can be ignored here)
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4 x 4 MM, in imaging rather than point-sensing mode, to harness the full Mueller
capabilities as illustrated previously. Optical fibre engineering advancements such
as in-fibre dynamic polarization control [150] will likely accelerate progress towards
these goals.

5 Summary and Future Outlook

Light has played an increasingly important role in biomedicine as a non-to-
minimally invasive diagnostic tool by exploiting its many versatile properties.
Practical utilization of these properties (e.g. modulation and detection) has relied
heavily on the technologies of the day. Polarization is no exception; in fact,
polarimetry is an excellent example of technology dependence to enable its
deployment in the biomedical field. The major challenges of bio-polarimetry include
(1) the weak signal effects from depolarization that must be overcome and (2)
the complex and heterogeneous structure of tissues that must be deciphered. The
information-rich Mueller matrix approach offers clear advantages with regard to
(1) through various enabling technological advances and with regard to (2) through
decomposition methods which can isolate the simultaneously occurring polarimetric
effects. These advantages however come at a cost of measurement complexity
(and associated lengthy acquisition times). Both the weak signal and measurement
complexity challenges are being successfully addressed by enabling technologies
and methodologies. Indeed, depolarization is becoming less of a hindrance and
more of a diagnostic utility with the advent of more sensitive, robust, automated,
and faster MM measurement systems.

With the challenges of MM tissue polarimetry steadily being addressed, its
overall biomedical utility is finally at the stage of being properly evaluated.
MM depolarization and retardance imaging presents strong contrast mechanisms
between cancerous and non-cancerous tissues and may find a clinical niche in
evaluating thin tissue slides to supplement current (expensive and often subjective)
gold standard histopathological assessment. Additionally, rather invasive tissue
biopsies for cancer detection may be reduced with the help of in-vivo polarimetric
diagnostics, relying on bulk tissue retroreflection geometry deployments. In addi-
tion, although diattenuation has been thought to be of relatively little diagnostic
value, it has recently shown some utility (e.g. burned bovine tendon study discussed
previously). Optical activity, also amongst the weaker bio-polarimetric effects, may
eventually be of significant clinical use in non-invasive glucose monitoring, which
remains one of medicine’s most pressing unsolved clinical needs. Overall then, MM
polarimetry offers a suite of diagnostics options that are steadily finding their way
into the biomedical arena.

It has also been shown that Mueller polarimeters can synergize with existing
modalities through hybridization as seen in the combined OCT, SHG confocal
microscopy, fluorescence microscopy, and mass spectrometry systems. Further-
more, the depth-resolved modalities can benefit Mueller polarimeters by providing
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information on the often-problematic heterogeneous structure of tissue. The clinical
scope of MM polarimetry may also be greatly extended through endoscopic
techniques by enabling access to the interior of the various body cavities and orifices
and hard-to-access anatomical sites where many pathologies arise. Additionally,
the elusive prospect of detecting pre-cancer using polarized light [65, 66] may be
significantly enhanced by probing sub-micron tissue structural anisotropy through
multifractal analysis using MMs.

It seems that Mueller polarimetry is inextricably tied to both enabling technolo-
gies and novel methodologies which are increasingly extracting further biomedical
diagnostic value from MMs. Far from having reached its potential in biomedicine
(and other fields), MM polarimetry’s true clinical prospects are arguably just
beginning to emerge. Polarization — a fundamental property of light as well as
one of the oldest to be studied — is thus beginning to earn its place amongst the
more established optical diagnostic modalities in biomedicine, either alone or in
combination, with exciting promise of selected clinical deployment in the near
future.
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