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Abstract

We employ wide-field second harmonic
generation (SHG) microscopy together
with nonlinear Stokes polarimetry for
quick ultrastructural investigation of large
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histology sections. The Stokes vector com-
ponents for SHG are obtained from the
polarimetric measurements with incident

and outgoing linear and circular polariza-
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tion states. The Stokes components are
used to construct the images of polarimet-
ric parameters and deduce the maps of ultrastructural parameters of achiral and
chiral nonlinear susceptibility tensor components ratios and cylindrical axis orien-
tation in fibrillar materials. The large area imaging was employed for lung tumor
margin investigations. The imaging shows reduced SHG intensity, increased achi-
ral susceptibility ratio values, and preferential orientation of collagen strands along

the boarder of tumor margin. The wide-field Stokes polarimetric SHG microscopy
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1 | INTRODUCTION

Polarimetric second harmonic generation (SHG) micros-
copy can be used for ultrastructural characterization of
noncentrosymmetric materials [1-5]. It is conveniently
applied for investigation of collagen structure in the histol-
ogy samples [6-9]. For digital histopathology, a large area
imaging is necessary, which is a limiting factor when laser
scanning microscopy of SHG is employed. In contrast, the
wide-field microscopy provides fast imaging of a large area
due to parallel detection of the signal onto a pixel array of
a camera [10-17]. Video rate imaging can be readily per-
formed with a wide-field nonlinear microscope [18].

The SHG intensity and its polarization sensitivity can
be utilized to infer details about collagen organization in
the tissue by using polarimetric SHG microscopy tech-
niques (P-SHG) [19-21]. Collagen ultrastructure is altered
during tumorigenesis. Therefore, SHG polarimetric and
ultrastructure parameters can be employed as biomarkers
for cancer diagnostics [22-34]. Full and reduced polarime-
try can be applied to deduce the susceptibility tensor com-
ponent values that characterize the ultrastructure of
collagen. Stokes polarimetric parameters can be employed
with linear and circular incident and outgoing polarization
states in reduced polarimetry measurements to deduce the
achiral and chiral molecular second-order susceptibility
tensor component ratios (R = ¥ /¥ ) and (C = y xy/
X =0, Tespectively, where prime signifies the susceptibility
tensor of fiber projected onto the image plane with z along
the projected fiber axis and y along the light propagation
direction (normal to the image plane) [35-40].

In this work, a wide-field polarimetric SHG microscopy
is used to obtain a number of polarimetric parameters
including SHG linear dichroism (SHGy p), linear anisotropy
of linear dichroism (LA} p) and circular anisotropy of linear
dichroism (CA;p), as well as SHG circular dichroism
(SHGcp), linear anisotropy of circular dichroism (LAcp),
and circular anisotropy of circular dichroism (CAcp). The
polarimetric parameters are obtained from Stokes vector
components of SHG signal. The parameters then are used
to calculate (without fitting) the ultrastructural parame-
ters including achiral and chiral nonlinear susceptibility
tensor components ratios R and C, and fiber orientation
angles in the image plane, §. Direct calculations without
fitting of polarization data minimizes the postprocessing

opens a possibility of quick large area imaging of ultrastructural parameters of tis-
sue collagen, which can be used for nonlinear histopathology investigations.

lung tumor margin imaging, nonlinear optical polarimetry, second harmonic generation
microscopy, second-order susceptibility, wide-field microscopy

time by more than an order of magnitude, which is
essential for large area imaging in digital pathology. The
wide-field SHG Stokes polarimetry is applied for rat tail
tendon structural investigations and lung tumor margin
histopathology. The new wide-field Stokes polarimetric
SHG imaging method enables large area mapping of
ultrastructural parameters that can be readily applied
for nonlinear digital pathology investigations.

2 | THEORETICAL
CONSIDERATIONS

2.1 | Nonlinear Stokes—-Mueller
formalism for calculating outgoing Stokes
vector elements

Linear and circular polarization states can be utilized for
incident light as well as to probe the polarization states of
generated second harmonic signal. The polarimetric param-
eters are deduced using double Stokes—Mueller formalism:

s=MS, (1)

where s is the four element Stokes vector (s, S1, Sz, S3)° of
generated SHG signal and S is the nine element double
Stokes vector for degenerate two-photon polarization state
of laser radiation [41]. The double Mueller matrix M has
4 x 9 elements. The double Muler matrix components are
related to the nonlinear susceptibility tensor components
yux® in the laboratory reference frame (see explicit rela-
tions in [42]). In turn, the laboratory reference frame sus-
ceptibility components are related to the molecular
susceptibility tensor components ;(ijk(z) via rotation matrix
with in-image-plane orientation angle 6 and out-of-image-
plane tilt angle a of cylindrical structures with C6 symme-
try representing collagen fibers. The model of chiral fibril-
lar aggregate is assumed, where the achiral molecular
susceptibilities are real, indicating that there is no phase
retardancy between the achiral susceptibility components,
but the chiral molecular susceptibility is complex valued
having a relative phase retardancy A,y, between achiral
and chiral susceptibility components [38]. The R ratio of
projected susceptibility component ratio onto the image
plane is defined as:
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cos’a+ 3sin’a. (2)
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The magnitude of the chiral susceptibility component
ratio, C is expressed as:

]
C=2sina, (3)

Pe

where o corresponds to the out-of-image-plane tilt angle
of the tissue fibers. Note that in general C ratio is com-
plex valued and can be written as Ce'*»=. This is due to
the fact that the ;(g,)z susceptibility component is assumed
to be complex with a A, phase retardancy between achi-
ral and chiral susceptibility tensor components [38, 43].
We also assume that |y,.|~ |yx,| [38] due to nonreso-
nant conditions for collagen at 1030 nm laser radiation
wavelength.

2.2 | Stokes polarimetric parameters
with linear incident polarizations

When incident linear polarizations are employed, the SHG
linear dichroism (SHG; p), which depends on the in-plane
orientation angle § of the fibrillar structures, can be readily
obtained. The angle § is defined from the Z-axis that coin-
cides with the vertical direction of the images.

The SHG; p is defined as:
SIP_YIP 23,

SHGp =2 = . 4
o sy V/2Mo 1+ Mo, @

Furthermore, we can relate SHG;p to the R and
C ratios, § angle and phase shift A,y,. The SHG;p numer-
ator can be then expressed as follows:

SHGLD,numerator =38 (_ (Rz— 1+ 4C2) Ccos26

+2(R—1)Ccos Ay, sin25), (5)

and the denominator can be expressed as:

SHGLD,denominator = (R - 3) (R + 1) cos46
—4(R—3)Ccos Ay, Sin4s
+ (3R*+2R+7)+16C>.  (6)

Equations (5) and (6) show that the signal is modu-
lated with cos26 and cos4$ functions, respectively, and
depending on the sign of CcosAyy,, the phase of the

modulation shifts slightly to the negative or positive
value. The C ratio scales with cosA,y, due to the linear
laser beam polarization used in the measurements.

Similarly, when incident and outgoing linear polari-
zations are employed, the linear anisotropy of linear
dichroism for second harmonic LA;p can be obtained.
The LA;p, is defined as:

SHLP _ gVLP 2v/3M 3
HIP | oVIP — ,
S0 59 V2Mo; + Mo

LAp =2 (7)

and in terms of R and C ratios, § and phase shift A,,,, the
numerator of LA p is:

LALD,numerator = 4((R_ 3) (R+ 1) cos4d
+2(R—3)Ccos Ay, sin4s

+(R+1)*—8C?). (8)

The denominator for LA;  is the same as the denomi-
nator for SHGy p expressed in Equation (6). The LA;p, sig-
nal is modulated with cos4$ dependency. There is also a
significant phase shift of the modulated component,
which depends on the sign of Ccos Ayy,.

If linear polarizations are used to generate SHG and
the signal is subjected to a polarization state analyzer
(PSA) with circular polarizations, the circular anizotropy
of linear dichroism CA;p can be expressed as follows:

HLP VLP
S37 — 83 2\/§M3,3

CALp =2 _ .
soF sy V/2Moy 4+ Mo,

9)

In terms of R and C ratios, 6 and phase shift Ay, the
CA;p numerator is:

CALD numerator = 32RC'sin Ay, c0S26. (10)

Moreover, the denominator for CA;p is the same as the
denominator for SHG;p expressed in Equation (6). The
CA;p signal is modulated with periodicity of 26, and also
denominator is modulated by 46. The sign and the magni-
tude of the CA;, function depends on R and C'sin Ayy,.

2.3 | Stokes polarimetric parameters
with circular incident polarizations

Circular incident polarizations can be used with the polari-
zation state generator (PSG) to obtain different polarimetric
parameters. Total SHG signal intensity can be detected, and
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either linear or circular polarizations can be employed for
the PSA. The polarimetric parameter of SHG circular
dichroism (SHGcp) is defined as [40, 41, 44]:

SHGcp = P R Mos — Mos :
S6P +55F \/6Moy —/3Mos— Moy

(11)

The SHG¢p can be expressed in terms of the R and
C ratios, and the phase shift Ay, as follows:
—8Csin Ay, (R+1)

SHGcp = .
P R-1+4(2C7+1)

(12)

It can be seen that SHG¢p depends on CsinAyy, and
that it can flip its sign depending on the alpha orientation
angle (see Equation 3). The SHGcp also depends on the
relative phase shift A,,, when nonlocal interaction is
assumed [43]. The C ratio scales with sinAy, due to the
use of circularly polarized laser beam in the measure-
ment. The SHG¢p also depends on the R ratio, however,
the sign of SHG¢cp will not flip due to R dependence on
the fiber tilt angle a (see Equation 2). Hence, changing
the tilt angle « from positive to negative values, flips the
sign of SHGcp.

If the SHG signal generated by a circularly polarized
laser beam is subjected to a PSA with linear polarizations,
the linear anisotropy of circular dichroism (LAcp) is
obtained:

LCP RCP
Sl 7S1 Ml,g 7M1’3

LAcp =2 _ .
& S +56<" V6Moy —V/3Mos— Mo

(13)

The expression in terms of R and C susceptibility
ratios, 6 and phase shift A,y, is:

8Csin Ayy, (R —3)cos26

LAcp = .
P R-12+4(2C* 1)

(14)

The equation of LAcp shows the 26 modulation of the
signal. The amplitude and sign of LAcp directly depends
on CsinAyy,. Moreover, LAcp approaches 0, when the
R ratio value is close to 3.

Analogously, the circular anisotropy of circular
dichroism of SHG (CAcp) is defined as:

LCP RCP
S3 —S3 M3,9 —M3,g

CAcp =2 _ .
6T +56<" V/6Moy —/3Mos — Moy

(15)

The CAcp can also be expressed in terms of R and
C ratios:

_ 3((R-1)+20?)
CACD_(R—1)2+4(2CZ+1)' 16)

The out-of-image-plane angle « is explicitly included
in the R and C ratios. Moreover, C ratio has a quadratic
dependence, and when assumed to be small, it can be
dropped out of the equation. CAcp expression can be
conveniently used for calculating R ratio.

2.4 | Ultrastructural parameters
obtained from polarimetric Stokes
measurements of SHG

Often, the objective of polarimetric experiments is to
obtain the ultrastructural parameters, for example, the
achiral and chiral susceptibility ratios R and C, respec-
tively, and the cylindrical axis orientation angle 6. The
R ratio can be expressed using CAcp [40]:

4 4 4C?
R=1+ +2y /5 —1-2C"+
CAcp CA%p CAcp
4 4

+2 oz~
CAcp |/ CAZ,

=1+ 1, (17)

and the physically adequate range of R defines the correct
sign. If C* is assumed to be small, where (R — 1) > 2C?,
the approximate R ratio can be calculated. This equation
can be used for calculating collagen R ratio, when C ratio
is <0.1.

The CsinAy, can be calculated from SHGcp mea-
surements by knowing R and assuming that C* is small:

—~SHGcp ((R—1)*+4)
8(R+1)

CsinAyy, = (18)

Notice that SHGcp and CAcp are independent of the
in-plane angle of the fibrils, é.

In addition, we can calculate cos2é from SHG; and
LA;p, assuming (R+1) > 2Ccos Ayy,:

ks — \/4k32 — 8ky(kaki — 1)

C0S26 = s
4k,

(19)

where
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FIGURE 1

BD

The outline of wide-field polarimetric nonlinear microscopy setup (A). The laser beam is passed through the polarization

state generator containing polarizing beam splitter (PBS) and liquid crystal variable retarder (LCVR) that creates an appropriate polarization

state for the fundamental beam. A 75 mm focal length achromatic doublet focuses the beam just before the sample. The second harmonic
generation (SHG) or MPF and fundamental beams are collected by the objective. The polarization state analyzer containing LCVR and a
second PBS probe different polarization states of the SHG or MPF signal. The tube lens (TL) projects the beam onto the camera. The beam

passes high reflection mirror (HR), dichroic mirror (DM), and appropriate filters. The separated laser beam from the DM is directed to the
beam dump (BD). The microscope part of the setup is built vertically in upright configuration for convenient imaging of biological samples.
Schematic of the frame of reference of a sample fiber xyz with respect to the frame of reference of the laboratory XYZ (B). The a and & angles

correspond to the out-of-image-plane and in-image-plane orientation of the sample, respectively.

_ SHGyp
- LA’

R+1 R—-1
Sl =2 (o)

k — 7 A
! R—3 R—3

2

We can also obtain the in-plane orientation indepen-
dent average SHG intensity when the incident circularly
polarized states are employed. The intensity is expressed
in terms of Stokes vector components, namely:

1
Isne =3 (s5°F +s5<7). (21)

3 | MATERIALS AND METHODS

3.1 | Wide-field polarimetric nonlinear
optical microscope

A previously described wide-field polarimetric micro-
scope was used [16]. The setup outline is presented in
Figure 1. A high power amplified femtosecond laser
(PHAROS PHI-10; Light Conversion) was used for a
large area wide-field illumination. The laser wavelength
was 1030 nm, with a pulse width of 184 fs. The 1030 nm
wavelength excitation provides eosin fluorescence and
SHG image contrasts. The laser beam was coupled to the
microscope. The microscope contained a PSG comprized
of a polarizing cube and a liquid crystal retarder
(LCC1423-B; Thorlabs). A 75 mm focal length lens was

used to focus the beam for wide-field sample illumina-
tion. The samples were placed above the focal plane. The
illumination area was adjusted by translating the lens
axially. The SHG signal radiated in forward direction was
imaged with x20 0.5 numerical aperture air objective
lens (Carl Zeiss). The PSA comprized of a liquid crystal
retarder (LCC1423-A; Thorlabs) was placed after the
objective. The SHG signal then passed through a tube
lens, a linear polarizing cube, a dichroic mirror, and two
filters (BG39 Shott glass filter, and 515 nm 10 nm band-
width interference filter). Two-photon excitation fluores-
cence of eosin peaks at 557 nm wavelength [6], and the
filters for SHG ensured no leakage of eosin fluorescence
and fundamental light. The filtered SHG signal was pro-
jected onto a sSCMOS camera (Hamamatsu Orca-Flash 4),
resulting in 700 pm x 700 pm imaged sample area, lim-
ited by the camera chip area. The transmission efficiency
for the illumination path in the microscope was found to
be ~93%. The SHG transmission efficiency from the sam-
ple to the detector was 50%. Significant depolarization
was not observed from the objective lens and the liquid
crystal variable retarders.

A Z-cut quartz plate and a 100-pm-thick lithium tri-
borate crystal attached to an electron microscope gold
grid were used for the calibration of polarization setup.
The power measured at the end of a circular isolator is
used in order to measure the liquid crystal retarder polar-
ization effect on the beam. At the maxima and minima of
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PSG-HLP PSG-VLP

PSA-VLP

PSA-RCP

PSA-LCP

the power measured, we will have a perfectly circular
and linear polarized beams, respectively. The image pro-
duced by the lithium triborate crystal with the gold grid
was analyzed and the intensity profile showed a
Gaussian-like distribution. The illumination area was
adjusted to the FWHM of the distribution by axially
translating the illumination lens.

3.2 | Sample preparation

The tendon was harvested from a healthy rat euthanized
after an unrelated study with approval of the Animal
Care Committee of the University Health Network,
Toronto, Canada. The tendon was formalin fixed and cut
approximately along the tendon axis (longitudinal cut)
and at a = 45° (oblique cut). The samples were embed-
ded in paraffin, cut into 5-pm-thick sections deparaffi-
nated and stained with hematoxylin and eosin (H&E),
according to a standard histopathology slide preparation
procedure [45].

The human nonsmall cell lung carcinoma tissue was
obtained with written informed patient consent, and the
study was approved by the Research Ethics Board of Uni-
versity Health Network, Toronto, Canada, in accordance
with relevant guidelines and regulations and in

PSG-RCP

FIGURE 2 An example of
longitudinally cut rat tail tendon

PSG-LCP

second harmonic generation
images at 16 different
combinations of polarization
states, measured for the
polarimetric parameters
calculation. The horizontally
and vertically linearly polarized
(HLP and VLP, respectively) and
right and left circularly
polarized (RCP and LCP,
respectively) states were used for
polarization state generator
(PSG) and polarization state
analyzer (PSA).

compliance with the tenets of the Declaration of
Helsinki. The sample was formalin fixed and embedded
in paraffin blocks. The sample was cut into 5-pm-thick
sections and mounted on a glass slide. The tissue was
stained with H&E and imaged with a bright-field micro-
scope scanner (Aperio Whole Slide Scanner; Leica Biosys-
tems) for histopathology investigations. The regions of
interest encompassing nonsmall cell carcinoma were
selected by expert pathologists (E.Z. and M.T.) to investi-
gate polarimetric and ultrastructural parameters.

4 | RESULTS AND DISCUSSIONS

4.1 | Wide-field polarimetric SHG
imaging of H&E stained rat tail tendon

Large area polarimetric imaging of H&E stained histol-
ogy tissue sections is achieved without substantial fluo-
rescence bleaching and SHG signal increase using
2 mJ/cm? pulse energy density and 366 kHz pulse repeti-
tion rate resulting in average power of 3.3 W at the
microscope entrance [17]. A 1-s frame integration time
was used to achieve the images with the signal to noise
ratio of 3 (for the lowest intensity images at certain PSG
and PSA configurations). The 16 different combinations
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CAwp

Polarimetric parameters for collagenous tissue in rat tail tendon. First row corresponds to a longitudinal cut with « close to

0°. The second row corresponds to a 45° cut of rat tail tendon. Images of each polarimetric parameter are presented in separate columns

with labels on the column top.

of incident and outgoing polarization states were used.
The total exposure time of the same sample area was
16 s, leading to negligible bleaching of eosin fluorescence
and virtually no photoinduced increase of SHG signal
[17]. One liquid crystal variable retarder was used for the
PSG and also one liquid crystal variable retarder was
employed for the analyzer. This ensured quick and easy
calibration of the liquid crystals. The intensity images of
the same sample area at various polarization states are
shown in Figure 2. The polarization states of PSG are
given in the columns and polarization states of PSA are
given in the rows of Figure 2. Different areas of the sam-
ple respond differently to various incoming and outgoing
polarization states. A large effect can be seen involving
different circular states for PSG and PSA. The SHG
images at different polarization states are used to calcu-
late the resulting Stokes vector components maps and
then to calculate the maps of polarimetric parameters.

4.2 | Polarimetric parameters at
different cut angles for the rat tail tendon

The maps of polarimetric parameters of SHG;p, LA p,
and CA.p, as well as SHGcp, LAcp, and CAcp are pre-
sented in Figure 3. The maps are calculated from the
SHG Stokes vector elements using Equations (4), (7), (9),
(11), (13), and (15), respectively. Stokes vector elements
are calculated from the intensity images at different PSG
and PSA states (see Figure 2). The images of polarimetric
parameters are calculated directly from the measured
intensity images without assuming any susceptibility

tensor symmetries. Therefore, the polarimetric images
are obtained quickly from the raw data without any fit-
ting requirement. For interpretation of the images of
polarimetric parameters, it is informative to assume C6
symmetry with a complex valued chiral susceptibility
component and use Equations (5), (8), and (10) for
SHGyp, LArp, and CA;p, respectively, and Equa-
tions (12), (14), and (16) for SHG¢p, LAcp, and CAcp,
respectively.

The images of SHGyp highlight the in-image-plane
fiber orientation (Figure 3 first column). The SHGp has
26 modulation of the values that reveal fiber orientation
ranging from vertical at § = 0° to horizontal at § = +90°.
The deduced orientation angle is slightly modified com-
pared to the actual fiber orientation due to presence of
complex valued chiral susceptibility ratio (Equation (5)).
For a well aligned structure of tendon cut longitudinally,
the SHG, j, values follow closely the orientation of colla-
gen fibers. For the oblique cut, the fiber orientations are
not clearly visible, but red pixel color indicates dominant
horizontal orientation, and only a few strands are ori-
ented toward vertical direction as indicated by the blue
color of the pixels (Figure 2, lower row, first panel).

The LA;p has 45 modulation and carries fiber orien-
tation information. The LA; values are mostly negative
for collagen (see Equation (8)). The SHG.p and LA, are
used to extract the fiber orientation cos2s, as will be
shown in the next section.

The CAyp, parameter has 26 modulation, therefore it
is sensitive to fiber orientation. However, CA;p has
strong dependence on C ratio and R ratio, and, in turn,
on the tilt angle a out of the image plane. Therefore, the
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values of CA;p have to be interpreted with caution, but
this parameter can be employed in combination with
other polarimetric parameters to extract ultrastructural
information.

Polarimetric parameters with incident circular polari-
zation states provide in-image-plane orientation free
assessment of the fibers. The forth column of Figure 3
shows SHG¢p, which depends on the C ratio. The A,y,
influences the chiral susceptibility component that has
complex values with respect to the achiral susceptibility
components that are real valued [38]. C ratio depends on
the out-of-image-plane tilt angle « of the fibrils. The wav-
iness of the collagen out and again into the image plane
for the tendon longitudinal cut is nicely reflected in the
SHGcp image (Figure 3, first row). The SHGcp is very
informative at the oblique angle cut (Figure 3 second
row). The distribution of the SHGcp values becomes
much broader for oblique cut compared to the longitudi-
nal cut due to a dependence (Equation 3). The oblique
cut image reveals islands of collagen oriented with oppo-
site polarity, feature observed previously [37, 38]. SHG¢p
is a very robust and quick measurement to assess colla-
gen polarity, and can be performed with a dual or a sin-
gle shot polarimetric measurement [40].

The LAcp polarimetric parameter images show in-
image-plane fiber orientation dependence 26 (Figure 3 fifth
column). In addition LAcp has strong C ratio and R ratio
dependence (Equation 13). Therefore, the interpretation of
LAcp images is complex due to simultaneous influence of
several factors. The numerators in expressions of CA; p and
LAcp (Equations 10 and 14) have the same dependence on
26 and C ratio, and similar dependence on R ratio, there-
fore the images of CA;p and LAcp reveal similar features
(compare Figure 3, third and fifth column).

FIGURE 4
harmonic generation intensity

Maps of second

and ultrastructure parameters R,
CsinA,y,, and orientation cos28
(respective columns) for
collagen tissue in rat tail tendon.
The upper row corresponds to a
longitudinal cut with « close to
0°, and the lower row
corresponds to a 45° cut of rat
tail tendon. The ultrastructure
parameters are calculated from
polarimetric parameters shown
in Figure 3.

The CAcp parameter is independent of the in-image-
plane fiber orientation and depends on the R and C*. The
CAcp parameter is particularly well suited for calculating
R ratio (see Equation 17), as will be shown in the next
section. CAcp peak value of the distribution for longitu-
dinal cut tendon is smaller than for the oblique cut, dem-
onstrating the dependence of CAcp on tilt angle a,
according to Equation (2).

The polarimetric parameters provide quick assess-
ment of the tissue collagen ultrastructure directly from
the measurements without fitting of the imaged data.
The polarimetric parameters can be further employed to
calculate the ultrastructure parameters.

4.3 | Ultrastructure parameters at
different cut angles for the rat tail tendon

The maps of ultrastructure parameters (Figure 4) can be
calculated from the polarimetric parameters using Equa-
tions (17)-(19) and (21). The ultrastructural parameters R
ratio, CsinAyy,, and cos25 characterize the collagen
fibrils organization in the focal volume below the diffrac-
tion limited resolution. The two rows of images of the
ultrastructure parameters are given in Figure 4 for com-
parison of longitudinal cut and oblique cut ~45° of the
tendon. R ratio is calculated from CAcp using
Equation (17). It slightly varies along the length of longi-
tudinally cut tendon reflecting the out of image plane
waviness of the structure. R ratio increases for the obli-
que angle cut (see R ratio image histograms in Figure 4)
due to a dependence in accordance with Equation (2).
The large area imaging of R ratio, which reflects the
ultrastructure of collagen, can be obtained quickly by
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Images of polarimetric parameters for a nonsmall cell lung carcinoma tumor margin of hematoxylin and eosin (H&E)

stained tissue section. Images of each polarimetric parameter are presented with labels near each image. The color bars contain pixel value

distribution for a corresponding image. In addition, the bright-field images of H&E stained tissue are included for reference.

imaging with wide-field Stokes polarimetric microscopy
and calculating the values without data fitting. The out-
of-plane orientation information is closely related to
R ratio. This comes from the tensor rotation between lab-
oratory and molecular susceptibilities. If C4 symmetry of
the collagen fibers is assumed, and the fibers are aligned
parallel to each other in the focal volume, the molecular
susceptibility ratios and « are related to R ratio according
to Equation (2).

The Csin Ay, map (Figure 4) reflects the out of image
plane orientation of collagen fibers according to
Equation (3). The CsinAyy, map is similar to SHGcp
shown in Figure 3, due to the close relation expressed in

Equation (18). The longitudinal map of CsinAyy, (Fig-
ure 4) shows fiber tilt angle deviations from the image
plane reflecting waviness of collagen fibers in the ten-
don. The oblique cut shows blue and red areas reflect-
ing different polarity of collagen strands in the tendon.
The CsinA,y, value histogram for oblique cut is broader
compared to the longitudinal cut due to larger a angle
values.

The cos26 map shows a very clear representation of
in-image-plane orientation of the collagen fibers. For the
longitudinal cut (upper row, Figure 4) the fiber in-image-
plane orientation follows a wave pattern; for the oblique
cut (lower row, Figure 4), the collagenous tissue exhibits
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SHG

R ratio

FIGURE 6

Csind,,,

cos 26

Nonsmall cell lung carcinoma tumor margin images for second harmonic generation intensity and ultrastructure parameters

R, Csin Ay,, and orientation cos24. The ultrastructure parameters are calculated from polarimetric parameters shown in Figure 5.

homogeneous directionality, with the exception of one
cluster of fibers that are organized perpendicularly.

The reduced polarimetric measurements of tissue sec-
tions with wide-field microscopy enable large area ultra-
structural assessment of collagen, which extends the
utility of SHG imaging for various applications including
cancer diagnostics [31, 46] and monitoring live dynamics,
for example, in contracting muscle fibers [18].

44 | Lungtumor margin imaging with
Stokes polarimetric microscopy

Wide-field SHG Stokes polarimetric microscopy and
direct calculations of ultrastructure parameters (without
fitting) enable quick large area imaging, which is
required for whole-slide digital pathology. We present
tumor margin images of nonsmall cell lung carcinoma.
The image area was 0.7 mm x 1.4 mm. The maps of
polarimetric parameters, namely, SHG;p, LA;p, CArp,
SHGcp, LAcp, and CAcp are presented in Figure 5. The
images are obtained in the same way as previously
described for the rat tail tendon (Figure 3). The images of
ultrastructural parameters of the lung tumor margin are
presented in Figure 6. The ultrastructure images are
obtained in the same way as the rat tail tendon images
from Figure 4. The lung tumor margin images show that
tissue exhibits much less SHG intensity compared to the
tendon structure, which is consistent with the previous
observations that SHG intensity decreases around the
lung tumor and the signal is very low within the tumor
area [16, 46]. The comparison of bright-field (Figure 5)
and SHG images (Figure 6) shows that a brighter layer

surrounding the tumor body in white-light image corre-
sponds to a layer of very low SHG signal with low SHG
pixel density. A more distant area from the tumor shows
SHG signal increase and larger SHG pixel density, how-
ever, SHG signal of the collagen is much weaker than for
the tendon tissue. The reduced SHG intensity can be
attributed to disordered collagen [16, 46].

The polarimetric parameters (Figure 5) give ample
information about the tissue collagen. SHG; p image pro-
vides with approximate in-image-plane orientation infor-
mation of collagen strands. The tumor margin is oriented
at about 20° from the vertical. The SHG, value distribu-
tion shows that collagen is predominantly oriented
toward vertical, that is, along the tumor margin
(Figure 5). LA;p has 46 modulation and provides colla-
gen fiber orientation information, similar to SHGip
(Figure 5). Both SHGyp and LA;p are used to extract
cos2d ultrastructural parameter (Figure 6), which also
shows that collagen strands are oriented predominantly
along the tumor margin. Collagen fiber orientation may
play a role in metastasis of tumor cells [47].

CArp and LAcp are modulated by sin28, but also
have a linear dependence on R and C ratios, therefore,
the map interpretation of these polarimetric parameters
is ambiguous. CA;p and LAcp can be used with other
parameters to extract the ultrastructural information
about the tissue collagen.

SHGcp polarimetric parameter provides § orientation
independent assessment of the tissue and strongly
depends on C ratio, and also on R ratio. SHGp is used to
extract CsinAyy, maps with known R ratios (see Equa-
tion 18). The C ratio has sina dependence, therefore
change in the sign of SHGcp indicates tilt orientation
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change of collagen fibers from the out-of-image-plane to
the into-image-plane configuration. Therefore, sign of
SHGcp indicates polarity of collagen strands with respect
to the image plane. The lung tumor margin has mostly
homogeneous bipolar distribution of collagen, and only
some areas show preferentially positive or negative polar-
ity (see SHGcp image in Figure 5, and also CsinAy,
image in Figure 6).

CAcp polarimetric parameter (Figure 5) depends
mostly on R ratio, and when assuming that (R — 1) >
2C?, the R ratio map can be obtained (Figure 6). CAcp
shows rather homogeneous distribution with minor clus-
tering of values along the tumor margin (Figure 5). The
calculated R ratio map shows corresponding homogeneous
distribution of values with small clustering along the
tumor margin (Figure 6). The R ratio distribution maxi-
mum is around 2.03 with a standard deviation of 0.36,
which is consistent with the previous investigations of
lung tumor tissue [46]. This is in sharp contrast with the R
ratio of tendon collagen cut at 0° (1.72 + 0.24) and 45°
(1.84 + 0.27).

5 | CONCLUSIONS

The wide-field polarimetric SHG microscopy imaging can
be used for high-throughput comparative assessment of
collagen organization in histopathology samples. The
images of Stokes parameters can be obtained from polari-
metric measurements with both linear and circular inci-
dent and outgoing polarizations. The Stokes parameters
are used to calculate polarimetric parameters, namely,
SHG;p, LArp, and CA;p, as well as SHG¢p, LAcp, and
CAcp. In turn, the ultrastructure parameters R,
CsinA,y,, and cos26 can be calculated from the polari-
metric parameters without fitting. The ultrastructure
parameters, as well as polarimetric parameters provide
with a rapid way of characterizing ultrastructure of colla-
gen in the tissue for histopathology investigations.

A lung tumor margin imaging is presented using
Stokes SHG polarimetric microscopy. The maps of polari-
metric and ultrastructure parameters were calculated.
R ratio map of the tumor margin (Figure 6) shows rather
homogeneous values over the image area, with the peak
of the distribution around 2.03, which is consistent with
the previous studies [46]. The CsinA,,, shows homoge-
niously distributed collagen polarity along the tumor
margin with some clustering islands of positive and nega-
tive values. The collagen orientation distribution pro-
vided by the cos26 map (Figure 6) shows that the strands
are oriented predominantly along the tumor margin for
this area of lung tissue. The R and C as well as § maps
enable to assess the ultrastructure of collagen for use in
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cancer diagnostics. The wide-field SHG Stokes polarime-
try opens a possibility for quick whole-slide imaging, and
enables to use collagen as a biomarker for cancer diag-
nostics in nonlinear optical histopathology.
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