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Abstract—The minimum histological criterion for the
diagnostics of Alzheimer’s disease (AD) in tissue is the
presence of senile plaques and neurofibrillary tangles in
specific brain locations. The routine procedure of
morphological analysis implies time-consuming and
laborious steps including sectioning and staining of
formalin-fixed paraffin-embedded (FFPE) tissue. We
developed a multispectral Stokes polarimetric imaging
approach that allows characterization of FFPE brain tissue
samples to discern the stages of AD progression without
sectioning and staining the tissue. The Stokes polarimetry
approach is highly sensitive to structural alterations of
brain tissue, particularly to the changes in light scattering
and birefringence. We present the results of the label-free
non-destructive screening of FFPE mouse brain tissue and
show several polarization metrics that demonstrate
statistically significant differences for tissues at different
stages of AD.

Index Terms—Optical polarimetry,
birefringence, AB plaques, Stokes vector.

scattering,

[. INTRODUCTION
LZHEIMER’S disease (AD) is a neurodegenerative

analysis of brain tissue (postmortem) to detect the B-amyloid
(AB) plaques and neurofibrillary tangles, the two major
pathological hallmarks of AD. Senile plaques are composed of
a dense crystalline nucleus and a corona/halo. The crystalline
nucleus consists mainly of AP peptides, whereas the corona
resembles degenerating neuronal axons and dendrites,
inflammatory cells (microglia), astrocytes and more loosely
packed AP [2], [3]. The AP in plaques consists mainly of 40 or
42 amino acids long peptides (AP40, AP42) [2], [3].
Neurofibrillary tangles are located intraneuronally and are
composed of coiled hyperphosporylated tau fibrils (PHF —
paired helical filaments) which are currently detected by
immunohistochemical staining (IHC) wusing tau-specific
antibodies [4]-[6]. Neither plaques nor neurofibrillary tangles
are adequately detected when only stained with hematoxilin and
eosin (H&E) [4]-[6]. Silver stainings, e.g. Bielschowsky,
which detect intracellular neurofibrillary tangles, axial
cylinders of nerve fibers, and neuronal processes in senile
plaques, are the most adequate techniques for the histologic
diagnosis of AD [7]. The contours of neurons and their nuclei
are impregnated against a light background, whereas in the

soma of neurons, thin fibers of aggregated neurofibrils are

disease and the most common cause of dementia [1]. . .
[1] revealed. A thin network of axons and their collaterals becomes

Presently, the definite diagnosis of AD requires histological
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visible between the cells [8]. Alternatively, the fluorescent dye
Thioflavin S, which is excited by the blue light and binds to -
sheets of amyloid fibrils, also detects senile plaques and can
highlight neurofibrillary tangles [2], [4]. Various IHC methods
are used in combination with routine techniques (H&E, Nissl
stain, and silver impregnation methods) [7]. The AP in the
nucleus of senile plaques shows apple-green birefringence
when stained with the dye Congo red, indicating the presence
of amyloid B-sheets in polarized light [2], [5].

In fact, currently used histological techniques are limited by a
number of critical factors that may occur at any stage of the
process, e.g. during removal, fixation or processing of tissue, as
well as during embedding, sectioning, mounting and staining
procedures [9], [10]. The examples of the factors that may lead
to the deterioration of the histological images quality are: curls,
tears, wrinkles, dents and/or stripes acquired during sectioning
and/or mounting of fixed tissue; uneven dewaxing that may lead
to uneven staining; cracks and/or distortion of the tissue pattern
during microtome sectioning of frozen tissue samples;
insufficient adherence of the tissue sections to the microscopic
glass and/or deteriorated quality of dye solutions that may also
lead to uneven staining and significant background staining.
These artifacts may cause the multiple rounds of cutting and
staining, incorrect interpretation of the images, or the
destruction/uselessness of the tissue samples in the end. Thus,
the current histological techniques are quite demanding, time-
consuming, and laborious; as a result, the sampling is very
limited. Moreover, the routine procedure provides only a 2D
view of a tiny tissue fraction, additionally limiting the accuracy
of the results interpretation and reproducibility. Thus, the result
of histological analysis depends significantly on the quality of
the samples preparation at each step and on the pathologist’s
skills, as only qualitative information is obtained. Currently, the
studies on the application of machine-learning-based analysis
methods to interpret histology images are striving to improve
the accuracy and reliability of diagnostic pathology [11].

Recent studies have shown promising results in label-free
imaging of AP plaques in thin slices of fixed or frozen brain
tissue. The examples are stimulated Raman scattering (SRS)
microscopy [12], Fourier-transform infrared spectroscopy
(FTIR) [13], polarization-sensitive optical coherence
microscopy (PS-OCM) [14], diffraction phase microscopy
(DPM) [15], multiphoton microscopy [16], [17]. It has been
demonstrated that brain tissue with AD exhibits higher
inhomogeneity of refractive index, higher scattering coefficient,
higher birefringence due to parallel alignment of fibrils in AP
plaques and higher anisotropy of scattering [14], [15], [18]. In
the previous studies, it has been demonstrated that polarimetry-
based techniques have a high potential to implement the label-
free, non-destructive express screening of brain tissues in order
to facilitate the research on AD diagnostics and treatment [19]—
[21].

In the current study, we used multiwavelength Stokes vector
polarimetry to screen bulk formalin-fixed paraffin-embedded
(FFPE) mouse brain tissue (brain hemispheres) without
sectioning or staining to distinguish the severity of B-
amyloidosis by analyzing the polarization properties of the light
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backscattered from the tissue. The considered Stokes vector
polarimetry approach based on circularly polarized illumination
has been utilized in previous studies for screening of various
biological tissues and tissue-like scattering media, e.g.
detection of cancerous tissue, study of skin biomechanics, and
optical clearing of biological tissues [22]-[28].

Il. METHODS AND MATERIALS

The multiwavelength Stokes-vector imaging system
developed in-house consists of illumination and detection arms
and a XY translation stage that allows 2D spatial scanning of
the sample. The experimental system is shown schematically in
Fig. 1. In the illumination channel, the radiation produced by
the supercontinuum fiber laser (Leukos Ltd., France) was
filtered by the high-speed acousto-optic tunable filter (Leukos
Ltd., France) in 450-650 nm range. The linearly polarized light
beam emerging from the filter was transformed into right-
circularly polarized (RHCP) light with the half-wave and
quarter-wave plates (HWP, QWP) and was focused on the
surface of a tissue block at 55° angle. The light backscattered
from the sample was collected by a 20x objective lens at 30°
angle with a variable distance away from the point of
incidence (Lsp) [22]. A beam splitter (BS) placed in the light
path split the beam with 10:90 ratio between the CMOS camera
and the polarimeter respectively. The camera was used to
control the focus position of the detection arm at the sample’s
surface. The rest of the beam was directed to the Stokes
polarimeter (Thorlabs Ltd., USA). The diameter of the incident
focused laser beam d;was ~15 pm (measured with a laser beam
profiler (BeamMaster BM-7, Coherent)). The field of view of
the objective lens in the detection arm d; was 50 pm. The angles
of incidence and detection were optimized for elimination of
specular reflection in the detected signal.
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Fig. 1. Schematic layout of the Stokes vector polarimetry system
(AOTF, acousto-optic tunable filter; M, mirror; |, iris; L, lens; OL,
objective lens). Explanations are given in the text.

The scanning of the samples was performed over the
4.5 mm x 5.5 mm area with a step 25 pm (in Y) and 5 pm (in X)
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with the source-detector separation Lsp =0, 50, 100 pm and the
wavelengths of the probing illumination 4 = 450, 550, 650 nm.
At each scanning point, the full Stokes vector was measured (So;
S1; S, 83), and the following parameters were calculated: the

T

total degree of polarization (DoP = 5
0

), the degree of

Jst+s3
), and the
So

light

polarization of linearly polarized light (DoLP =

degree of polarization of circularly polarized

SZ
(DoCP=12).
So

The paraffin blocks containing unstained fixed brain tissue
from sacrificed APP-transgenic mice (APPPS-21, APPtg) [29]
with different stages of B-amyloidosis were screened within the
current study. The utilized APP-transgenic mouse models
contain AP (see Fig. 2(a,b)); the animals start with A
deposition at an age of 40 days. In total, 24 brain hemispheres
of mice of different age were investigated. All protocols of the
breeding and the use of animals and all study procedures were
performed in accordance with the 2010/63/EU Directive and
the Norwegian Food Safety (Mattilsynet). The examined brain
hemispheres were divided into two groups: less affected tissue
(group I: 11 samples of animals 50-75 days of age), more
affected tissue (group II: 13 samples of animals 175-200 days
of'age). Fig. 2(a,b) shows the histological images of brain tissue
of animals of group I (a-1,a-2) and group II (b-1,b-2). AB
plaques are observed as dark brown spots throughout the brain
tissue due to IHC staining [30]. The number, size, and density
of AP plaques is significantly higher in group II than in group 1.
Fig. 2(c) shows a photograph of a paraffin block, and Fig. 2(d)
illustrates the number of samples per group.

(a-1) (a-2)
1 mm 0.5 mm
—
(b-1) (b-2)
.. 5 5 é
¥g 3
ITmm\f+ % ‘ s %0.5 mme 0 i
— e Group I~ Group II

Fig. 2. Mouse brain samples. (a-1, a-2, b-1, b-2) Histological images
of the brain hemispheres and magnified views of the marked areas of
the samples from group | (a-1, a-2) and group Il (b-1, b-2). (c) A
photograph of a paraffin block. (d) The number of samples per group.

[1l. RESULTS AND DISCUSSION

The results of polarimetric imaging have shown that the
polarization metrics of backscattered light are significantly
different for the samples from the two groups. In particular, the
DoP is found to be higher in most cases for the samples from
group I than from group II at each incident wavelength and
source-detector separation. Fig. 3 shows the DoP maps and
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average DoP values of a sample from group I (a) and a sample
from group II (b), measured at 450 nm incident wavelength with
different values of source-detector separation: Lsp =0 pm (a-1,
b-1, c-1), Lsp = 50 pm (a-2, b-2, ¢-2), Lsp = 100 pm (a-3, b-3,
c-3). It was found that the increase of Lsp leaded to the decrease
of the preserved DoP of light backscattered from the brain
samples from both groups. This is a consequence of the
enlargement of the sampling volume resulting from the increase
of Lsp. Due to a larger sampling volume, light undergoes a
higher number of scattering events which depolarize it. It
should be pointed out that the DoP of light backscattered from
the brain tissue decreased dramatically with the increase of Lsp,
whereas this parameter remained the same for paraffin (see Fig.
3(a,b)). This is explained by the low light scattering by paraffin
compared to scattering by the tissue. The increase of
depolarization (1-DoP) of light backscattered from paraffin
was notable at Lsp> 250 pm.

(a-1) Lgp,=0um (a-2) Lgp=50 um (a-3) Ly, =100 pum

1 mm

(c-2)

Group1 ] Group1 1
) Group 11 |

Group1 1

) Group 11 | Group 11 |

Ly, =0 um

Loy, = 100 pm

Ly, =50 pm

Fig. 3. DoP maps for samples from group | (a-1, a-2, a-3) and group Il
(b-1, b-2, b-3) and bar plots of DoP mean value (c-1, c-2, c-3), measured
at 450 nm incident wavelength with different source-detector
separations: Lsp = 0 um (a-1, b-1, c-1), Lsp = 50 um (a-2, b-2, ¢-2),
Lsp = 100 um (a-3, b-3, c-3). P-value < 0.001.

It is observed in Fig. 3(a,b) that the light depolarization by
the tissue from group I was lower than that of group II. This is
an indication of the higher light scattering by the tissue from
group II, compared to group I. Notably, the level of light
depolarization by the tissue from group II, measured at
Lsp =0 um, was equivalent to the level of light depolarization
by the tissue from group I, measured at Lsp = 100 pm. This
indicates the enhancement of light scattering with the
progression of the disease that has been also demonstrated in
previous studies [15]. Thus, it is believed that the higher
concentration of AP protein and its aggregations is responsible
for the increase of scattering within the brain tissue [18].

For the quantitative analysis of all acquired polarization
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properties, the regions containing brain tissue were selected
from the DoP image. The selection was performed individually
for each measurement. The selection of spatial zones in DoP
images was transferred to images of all other parameters
obtained at the same measurement. The data inside the marked
borders were processed and statistically analyzed.

Fig. 4 shows the comparison of each polarization metric
(averaged within each sample) measured from the two groups
of samples at 450 nm incident wavelength with Lsp = 0, 50,
100 um. The compared polarization characteristics are DoP,
DoLP, DoCP and three last components of the Stokes vector of
a completely polarized part of the detected light (i.e.,
normalized by So - DoP) [31]. The Mann-Whitney test was used
to assess the statistical significance of the differences in the
considered parameters between the two groups of samples with
the confidence interval of at least 95%. The limit of P-values is
listed in the corresponding graphs. Refer to the Supplementary
document' for the analogous graphs for the data measured at
550 and 650 nm incident wavelengths and for the calculated
P-values of each comparison.
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Fig. 4. Comparison of the mean values of (a) DoP (b) DoLP, (c)
DoCP, (d) Si, (e) S, (f) Ss; for the samples from the two groups,
measured at 450 nm incident wavelength with Lsp =0, 50, 100 pm. The
analogous graphs for the data measured at 550, 650 nm incident
wavelengths could be found in the Supplementary document.

! Supplementary materials are available in the supporting documents
/multimedia tab.
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The results presented in Fig. 4 show that the state of
polarization (SoP) of light backscattered from all samples
measured with all Lsp values was left-handed elliptical
polarization. The increase of Lsp had a significant impact on all
considered polarization metrics. As the Fig. 4(a) shows, the
DoP of light backscattered from the tissue naturally decreased
with the increase of Lsp. The same tendency was observed for
DoLP and DoCP (Fig. 4(b,c)). The DoP, DoLP, DoCP of light
scattered from the samples from group I were higher than the
same parameters measured for the samples from group II at
each measurement configuration (see Fig. 4(a,b,c)). Notably,
the differences in DoP and DoCP between the two groups of
samples were statistically significant with every value of Lsp;
the differences in DoLP were statistically significant at
Lsp>50 pm. The comparison of values of DoLP and DoCP
demonstrates that the linear polarization was preserved by the
tissues from both groups better than the circular polarization in
the same measurement configuration. This phenomena has been
observed in previous studies for biological tissues measured in
backscattering configuration; it indicates that the tissue exhibits
higher Rayleigh scattering than Mie scattering [32], [33].

The values of the Stokes vector components S; and S» were
similar at Lsp= 0, 50 pm, but demonstrated high dispersion at
Lsp =100 um for both groups of samples (see Fig. 4(d,e)). At
Lsp= 0, the values of Si and S, were similar for the samples
from the two groups (see Fig. 4(d,e)). However, at Lsp > 50 um,
the values of S; became notably lower for the samples from
group II than for the samples from group I, while the opposite
relation was true for S, (see Fig. 4(d,e)). These differences were
found statistically significant. The values of S3 grew with the
increase of Lsp; the differences between them for the samples
from different groups were moderate (see Fig. 4(f)).

The analysis of DoLP and DoCP decay is shown in Fig. 5.
The data points were well approximated by a linear fit (adjusted
R? > 0.95). It was found that the DoLP decays faster than the
DoCP with the increase of Lsp for both groups of samples. The
higher relative decay of linear polarization compared to circular
polarization with the increase of scattering has been also
demonstrated in previous studies [34].

80 .
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Fig. 5. Decline of DoLP and DoCP with the increase of Lgp for the two
groups of samples and linear fit of the data points (450 nm incident
wavelength). The numbers next to fit curves characterize the slopes.

Table 1 summarizes the results obtained at 450, 550, 650 nm
incident wavelengths with Lsp= 0, 50, 100 um. Table 1 shows
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TABLEI
THE DIFFERENCES BETWEEN THE MEAN VALUES Z OF DISTRIBUTIONS OF POLARIMETRIC PROPERTIES (IN %).

Incident wavelength A =450 nm A =550 nm A =650 nm

Lsp, pm 0 50 100 0 50 100 0 50 100
S1 +0.6 -1 -8 +0.6 -2 -18 -0.3 -6 -23

Difference between two | 52 0 1 +3 -1 +3 +4 -1 1 +3

groups as Ss +9 +5 -7 +4 +4 -8 +0.5 -10 -5
Z(GD-Z(GID) 100% DoP | -12 -28 -29 -10 26 26 -12 24 22
Z(Gh DolP |-11 | -—28 30 |-10 26 -30 |[-12 26 -28
DoCP | —20 -31 -23 -15 27 =20 -13 -18 -14

Gl: group |, GlI: group Il. The statistically significant differences at P<0.05 level are highlighted.

the differences in Z (the mean values of each measurement
averaged within a group) of each considered polarimetric
property between the two groups. The values that illustrated
statistically significant differences at P<0.05 level are
highlighted in the table. It is observed that the differences in all
parameters became larger with the growth of Lgp at all
wavelengths, as the increase of the sampling volume led to the
increase of the contribution of the polarimetric response of the
tissue inner structure in the detected signal. The differences in
the optical properties of the tissue from the two groups were
therefore manifested more prominently at Lsp> 50 pm.

Fig. 6 demonstrates the Stokes vectors measured from the two
groups of samples mapped on the Poincaré sphere. It is
observed that the differences in SoP of light backscattered from
the samples are attributed mostly to DoP, however, at
Lsp> 50 um, the distinction in S;_3 is evident (Fig. 6(a,c)).

D DoP: 20%
D DoP: 100%

(a-1) (@)

*

5 3 - -
51 up® s, s,

(b)

[ ] pop: 20%
[ ] DoP: 100%

-

[ ] DoP: 5%
[ ] DoP: 50%

-

© Individual sample

- Group |
- Group I

Fig. 6. Stokes vectors mapped on the Poincaré sphere with respect to
DoP. (a-1) Full view of the Poincaré sphere with data points measured
with Lsp = 50 um, A = 650 nm. (a) Magnification of the sphere in (a-1).
(b) Magnified part of the Poincaré sphere with data points measured with
Lsp = 0 pm, A = 450 nm. (c) Magnified part of the Poincaré sphere with
data points measured with Lsp =100 pm, A = 650 nm.

Averaged within
group

Based on the results shown in Fig. 6(c), the value of
birefringence was estimated using the relation An = dJ4/2ml,
where / is the average photon pathlength within tissue. For the
measurement configuration Lsp = 100 pum and 4 = 650 nm, the
average photon pathlength was calculated with the aid of Monte
Carlo computational modeling [35], [36] as ~200 pm. Thus, the
magnitude of birefringence in brain tissue was estimated as
(7.6 £2.2) - 107 for group I and (1.4 +0.4) - 10* for group II.
The higher magnitude of birefringence observed in the samples
from group II is explained by the growing presence of Afp
plaques in brain tissue with the later stage of AD. The
birefringence of AP plaques has been demonstrated in the
literature [5], [14], [19]. The obtained values of birefringence
are in good correlation with the findings presented in previous
studies [14], [19].

To expand the results of our study on human brain tissue,
additional research needs to be performed. Though there are
many similarities between the corresponding regions of the
human and mouse brain in terms of architecture and cell types,
there are also substantial differences [37], [38]. As the
birefringence, which causes the phase retardation between
orthogonally polarized light components, is inherent to the
fibrous structure of AP plaques, it is observed both in mouse

’ P R
wies and human brain tissue [14], [19]. However, for the future
development of the technique, extensive studies of the
Lsp=50 pm polarimetric response of human brain tissue should be

performed.

IV. SUMMARY AND CONCLUSIONS

We demonstrate that the use of multiwavelength Stokes
vector polarimetry allows label-free, contactless, quantitative

. . ",, ¥ ‘,"‘ & characterization of unstained bulk FFPE mouse brain tissue at
g0 ® different stages of AD. The increase of the source-detector
separation allows achieving higher contrast in the polarization

Lsp=0 pm Lsp= 100 pm

properties of light backscattered from the two groups of tissues
differently affected by AD. It was demonstrated that the total
DoP, DoLP and DoCP are sensitive to the structural alterations
at all considered measurement configurations, whereas the
components of the Stokes vector demonstrate moderate
differences between the samples from different groups at the
source-detector separation over 50 pm. The value of
birefringence for the brain tissue was estimated as
(7.6 £2.2) - 107 for group I and (1.4 +0.4) - 10 for group II.
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The higher magnitude of birefringence observed in the samples
of group II is explained by the growing presence of AP plaques
which exhibit birefringence due to their fibrous substructure.
The implementation of the described approach into clinical use
would improve the routine histological analysis procedure by
allowing express pre-evaluation of the disease stage using non-
stained and non-sectioned blocks of FFPE tissue. Such express
digital characterization would make the standard histological
analysis procedure less time-consuming and more cost-
efficient, facilitating the research on AD.
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