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ABSTRACT: A mathematical framework to treat partial polarization in second harmonic generation
imaging of nonlinear optical susceptibility is described and applied to imaging tissue sections S, 40, and
70 pm thick, sufficient to introduce significant depolarization of the incident field. Polarization analysis
becomes complicated in turbid media, in which scattering can result in degradation of polarization
purity. The simplest framework for describing the polarization of purely polarized light is the Jones
framework, which has been applied to great effect in the polarization analysis of second harmonic
generation. However, the Jones framework lacks the necessary generality to describe a partially polarized
electric field, (i.e., ones positioned within the volume of the Poincaré sphere rather than on the surface).
Recent work connecting the Jones framework to the Mueller—Stokes framework has enabled
interpretation of results with the more intuitive Jones framework while maintaining generality of the
Mueller—Stokes method. The magnitude and nature of linear interactions of the tissue with the incident
infrared field are discussed. Despite substantial depolarization, the nonlinear optical susceptibility tensor
elements of collagen was recoverable at each pixel images of thick tissue utilizing the described
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framework. For thick and thin tissues, values of the tensor element ratio p were recovered in good agreement with previous
studies. Both hyperpolarizing and depolarizing effects of SHG were observed, and the mechanism of hyperpolarization was
determined to rest upon the interplay of orientation and relative contribution of polarized and depolarized incident light to elicit

SHG.

B INTRODUCTION

Nonlinear optical microscopies including second harmonic
generation (SHG) and two-photon excited fluorescence
(TPEF) provide high contrast within turbid media, supporting
analysis of biologically relevant systems. The quadratic power
dependence of signal on the incident intensity generally
confines the emitted signal to the focal plane, enabling optical
sectioning without confocal detection. The ability to use near-
infrared (IR) incident light further reduces scattering losses for
imaging deeply within biological structures, i.e., tissue samples.
Endogenous expression of mutants hybridized with fluorescent
proteins has lent itself to imaging a variety of protein targets,
including mBlueberryl, EGFP, and mCherry, among others, as
well as its use with Ca** binding fluorescent tags for
monitoring neural activity.”” The intrinsic fluorescence of
aromatic amino acid residues has enabled its routine use in in
vivo imagin§ of microvasculature, as well as NADH
metabolism.” While the generality of TPEF makes it a
flexible imaging modality for biologically relevant systems,
SHG provides a symmetry specific contrast mechanism with
lower background without the need for labeling. The selection
rules for SHG necessitate a noncentrosymmetric structure, as
can be found in the form of collagen networks in the
extracellular matrix and myosin assemblies in muscle fibers.
SHG has been employed to study the organization of collagen,
which has been previously demonstrated to correlate with
expression of several diseases, including lung, ovarian, and
breast cancers.””’
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Polarization dependence allows the expansion of these
methods to unique chemical problems; for example, polar-
ization-resolved TPEF has been utilized previously to
distinguish amorphous from crystalline proteins in the field
of structural biology.” Polarization-resolved SHG has been
utilized to image biological structures such as collagen and
myosin while obtaining information about molecular organ-
ization.”'" Collagen is the primary structural element of the
extracellular matrix, composed of a supramolecular assembly of
collagen triple helices oriented uniaxially to form a fibril, with
many fibrils contained in a single fiber. The relative orientation
of collagen triple helices with respect to the fibril axis and,
consequently, the fiber axis dictates the relative contribution of
the molecular hyperpolarizability to the NLO susceptibility
tensor. It has previously been demonstrated that the local
order, i.e., distribution of triple helix tilt angles with respect to
fiber axis, is altered with pathological expression of certain
disease states and can thus be probed by polarization sensitive
SHG microscopy.”®"!

Despite the clear benefits of polarization analysis in SHG
and TPEF microscopy, implementation in vivo is frustrated by
turbidity and birefringence, which complicate polarization
analysis in multiple ways. In the case of both protein crystal
imaging and thick tissue imaging, the sample plane may lie
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embedded within the scattering medium. Thus, propagation of
light to the sample plane may cause depolarization to occur
prior to SHG due to mixing of polarization states.
Furthermore, for backscattering imaging geometries or cases
where the nonlinear signal must propagate through a
substantial path length of tissue prior to detection, the SHG
can be further depolarized. Several methods have been
developed to combat this complication. In 2010, Schanne-
Kleine and co-workers utilized simultaneous detection of
backscattered and transmitted SHG and fundamental beams to
quantify the interplay between birefringence and collagen
structure; however, this work did not address the effect of
homogeneous scattering.'> More recently, adaptive optics and
phase-only wavefront shaping have been employed to shape
the polarization of the incident light to deliver pure
polarizations at the sample plane beneath turbid media to
account for scattering occurring prior to SHG."

Alternative methods utilize theoretical modeling to predict
NLO signal in the presence of depolarization, such that
changes in polarization due to structure of the NLO
susceptibility tensor may be disentangled from scattering and
birefringence effects upon the incident beam. The classical
Jones framework to describe linear, and more recently,
nonlinear optics is insufficient to describe the polarization
state of partially polarized light. To account for this deficiency,
Shi, McClain, and Harris extended the more general Stokes—
Mueller framework to nonlinear optics."*'® Recent efforts by
Barzda have extended these theoretical models to account for
depolarization induced by the sample during measurement
with the double Mueller matrix approach, which has been
applied to studies of collagen.'®'” Recently, a complementary
framework was developed by Simpson and co-workers,
connecting the intuitive Jones framework to the more general
Stokes framework.'® This latter Mueller tensor framework
provides the means to bridge measured Stokes vectors with the
Jones tensor describing the NLO susceptibility. The complex-
ity of the vectorized tensor determining SHG activity is thus
reduced from 64 in the Mueller framework to 8 in the Jones
framework. We have demonstrated the validity of the Jones/
Mueller framework in the limit of a completely depolarized
fundamental, showing excellent predictive capacity for the
model system of Z-cut quartz and enabling the recovery of the
tensor element ratio p as well as orientation of collagen fibers
in a thin tissue section of mouse tail.'’

The work detailed herein utilizes the Mueller tensor
framework for recovering structural information from SHG
microscopy in thick tissue sections, where depolarization is
significant. SHG produced from collagen embedded in S, 40,
and 70 pym thick mouse tail tendon sections was measured and
its polarization analyzed via a rotating quarter wave plate
(QWP) and wire grid polarizer. As light propagates to the focal
plane through the tissue, scattering and birefringence alter the
incident polarization and mix the orthogonal polarization
components. Fitting to recover the Stokes vectors describing
polarization of the fundamental and second harmonic enables
the recovery of Jones tensor elements through the Mueller
tensor mathematical framework. Full tensor element images
were obtained for y,,, and y,,,, enabling recovery of the tensor
element ratio p = ¥,,,/¥u. This ratio offers a measure of
molecular-scale disorder within the collagen fiber, which can
act as a quantitative probe to changes in extracellular structure
associated with expression of pathologies such as lung, breast,
and ovarian cancers.””’ Images of p for collagen embedded in

6644

thick tissue showed good agreement with previous measure-
ments of mouse tail tendon in thin sections.

B THEORETICAL FOUNDATION

The Jones formalism describes the polarization state of an
electric field in a basis set of the two orthogonal field
components, most commonly horizontal and vertical or more
generally transverse electric and transverse magnetic. Equation
1 below indicates the general form for a Jones vector and the
application of a linear optical process by matrix multiplication,
ie, interaction with a generalized nondepolarizing optical
element represented by the 2 X 2 Jones matrix J.

], (1

In contrast, the Stokes vector describes polarization through
a four element vector, in which each element is determined by
the relative intensity of different polarization components. The
first element contains the total integrated intensity, such that a
normalized Stokes vector has a first element equal to 1.
Equation 2 below defines the Stokes vector 5, and relates it to
the Jones vector e . Intensity information is obtained by the
Kronecker product of the field components, in combination
with the transfer matrix A, which maps those intensities in
appropriate combination to the elements of 5. Note that the
definition of 5 is such that unpolarized light is described by
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In much the same way that nondepolarizing optical
components can be represented by Jones matrices in the
Jones framework, the Stokes framework utilizes Mueller
matrices M to indicate linear processes that can include partial
or complete depolarization. The Mueller matrix for any
generalized nondepolarizing optical element can again be
constructed from the Jones matrix for that same optic in
combination with the transfer matrix A.
M-,

Se=AJ @A, =M, 3)

For quadratic nonlinear processes such as SHG or TPEF,
the output polarization and amplitude are functions of two
input fields, and not one. As a result, propagating polarization
in the Jones framework for these systems is most intuitively
represented by the tensor product of the incident fields with
the NLO susceptibility )(](2). Once again, an analogous Mueller
tensor, M(Z), can be constructed utilizing the transfer matrix A
and the corresponding Jones tensor.'® The Jones tensor,)(}z),is
formally a 2 X 2 X 2 tensor in the laboratory reference frame,
while M is a 4 X 4 X 4. The mapping between Jones and
Mueller tensors represented in Equation 4 below allows the
generality of the Stokes—Mueller framework to be employed
for compatibility with partially depolarized incident light, with
simpler interpretation afforded by the Jones framework.

@) = A (@ @)y, o711
M —A(){] ®)(] ).AA (4)
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Figure 1. Instrument schematic. 800 nm light from an 80 MHz pulsed Ti sapphire propagates through an EOM operating at 8 MHz, generating 10
unique polarization states. The scan head rasters the beam across the field of view, while a rotating QWP and polarizer serve as the analyzer for

Stokes vector evaluation.

Equation 4 holds provided that the NLO process itself is
intrinsically nondepolarizing, in which case the Mueller tensor
M® allows prediction of the partially polarized state of the
SHG produced by partially polarized incident light. The
validity of this framework has been supported previously
utilizing SHG measurements of Z-cut quartz and thin collagen
sections.'” It was shown that for fully depolarized incident
fields, resultant SHG followed intensity trends predicted by the
Stokes—Mueller framework.

The theoretical treatment underpinning eqs 1—4 assumes
that the measurement of the second harmonic is in the same
reference frame as the harmonophore. In practice, this is not
necessarily the case. A reference frame rotation is often
included to connect the incident field in the laboratory frame
to the local frame, followed by subsequent rotation from the
local frame back to the laboratory frame. This procedure is
done in the Jones framework by multiplication of 2 X 2 Jones
rotation matrices Ry, and analogous 4 X 4 Mueller rotation
matrices R, may be produced following the procedure

described in eq 3. Equation S below connects the observed
laboratory frame (indicated by the subscript “L”) Stokes
vectors to the local frame (indicated by the subscript “I”)
Mueller tensor M{?, which can be connected to the underlying
Jones tensor through eq 4. Measured Stokes vectors for the
fundamental and second harmonic enable recovery of Jones
tensor elements by fitting to eq S.

?\Zm — M£2): $OP0 R_¢M1(2)2 (qu?\m)(Rd)?\m) )

Note that while the mathematical framework formally
incorporates all three Euler angles to describe the reference
frame rotation from laboratory to local frames, for the specific
case of collagen accounting for y is unnecessary due to
cylindrical symmetry. Furthermore, due to the mouse tail
sectioning approach utilized where tissue segments were taken
parallel to the primary axis of tendon fibers, € is assumed to be
negligible.

B METHODS

Figure 1 illustrates the experimental apparatus. Polarization
resolved SHG microscopy was conducted by modulating
incident polarization with an electro-optic modulator (EOM)
and analyzing the exiting polarization via combination of a
quarter wave plate (QWP) and polarizer. For a given incident
polarization state, the QWP was rotated from 0° to 45° in
22.5° increments, while the polarizer was rotated from 0° to
135° in 45° increments, yielding 12 total measurements. The
recorded intensity vector for each pixel was linearly fit to
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recover the Stokes vector for both the transmitted IR as
measured on the photodiode, as well as the SHG intensity on
the PMT. The EOM operating at 8 MHz (synchronously
clocked to the IR light source, a pulsed 80 MHz Ti sapphire at
800 nm) yielded precisely 10 unique polarization states for the
incident field, independently interrogated by synchronizing the
EOM with the laser and the digital oscilloscope card as
described previously.”” The 10 separate polarizations allowed
an overdetermined fit to recover local frame tensor elements of
the sample at every signal-carrying pixel within the field of
view.

Mouse tail samples were obtained from the laboratory of
Prof. Philip Low (Purdue University, West Lafayette, IN) and
fixed in 10% neutral buffered formaline. The tail was
subsequently decalcified in solution of Formical-4 (StatLab)
for 5 h, then placed in a 15% sucrose solution in PBS
overnight, followed by a 30% sucrose solution in phosphate
buffered saline overnight for cryoprotection. The use of
sucrose for cryoprotection in preparing these tissue samples
may have the secondary effect of acting as an index-matching
medium, reducing the scattering measured within these
samples relative to measurement of untreated tissue. Despite
this, significant depolarization and birefringence were still
observed, representing a lower bound for the degree of
turbidity expected in untreated tissue. The tails were then
embedded in optimal cutting temperature compound (OCT)
and frozen using isopentane chilled with liquid nitrogen.
Tissue sections were taken from the central region of the tail,
cut longitudinally using a Leica CM 1860 cryostat.
Cryosectioning full thick tissue segments enabled measure-
ment of collagen fibers in their natural environment relative to
other structures in the tissue. When imaging, the beam was
focused on the rear plane of the sample, such that SHG
produced underwent minimal Rayleigh scattering prior to
collection. This approach simplified polarization analysis as all
depolarization was reasonably assumed to occur on the
incident light only. Prior to polarization analysis, the resulting
images were blurred with a Gaussian filter (¢ = 2) for signal
averaging with adjacent pixels.

For each pixel in the 12 collected images, a vector of
intensities was used to conduct a linear fit to the Stokes vector
using eq 6 below, where y is the angle between the laboratory
frame and the fast axis of the wave plate, and ¢,,,; is the angle of
the fast axis of the polarizer relative to the laboratory frame.
The fit matrix F was constructed from the known Mueller
matrices for the detection QWP and polarizer. In principal, the
Stokes vector can be constructed from direct measurement of
Ity Iy, I4sy I_ys, Iy, and I In practice, a single wave plate was
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used for both the 400 and 800 nm light; thus, the fundamental
wavelength was not probed directly for Iy and I;. Regardless,
the right and left elliptical components were measured, which
may be considered as a superposition of Iy and I;with linearly
polarized light, and enabled recovery of the Stokes vector by
constructing the fit matrix with the appropriate phase retarder
Mueller matrix.

Idet= [1 00 0].MP01.R(%01)'R(_y)'MWP'R(y)'?o\ut

= P;l,(/)pul' Sout

—

(6)
For each of the 10 incident polarization states, 12 images
were acquired as illustrated in Figure 2, corresponding to four

Figure 2. Images display total integrated intensity across all
polarizations and analyzer configurations of laser transmittance (A)
and SHG (C) for 40 m thick tissue. Stack of 12 images acquired with
different analyzer configurations for polarization 1 for laser trans-
mittance (B) and SHG (D).

unique polarizer angles and three unique quarter wave plate
angles for the detection optics. For a single pixel, stacking each
intensity from the unique analyzer configurations into a single
vector expanded the dimensionality of the linear transform F in
eq 6 above from a 1 X 4 to a 12 X 4 matrix, F in eq 7 below.

Idet = Fsout;

Su = (FE)F Iy, )

Figure 2, above, shows the total integrated intensity of
detected laser transmittance (A) and SHG (C) and the 12
unique images for polarization 1 (B, D) for 40 um thick tissue.
For both SHG and laser transmittance, a per-pixel linear fit was
conducted to eq 6, reducing the set of 120 input images to 40
images corresponding to the Stokes vector elements for each of
the 10 polarization states. This process was performed for both
the transmitted infrared beam and the frequency doubled SHG
light.
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B RESULTS AND DISCUSSION

Figure 3 shows the total integrated laser transmittance
intensity for each of the three tissue thicknesses measured
and demonstrates broadening of the distribution of degree of
polarization (DoP) for pixels used in the polarization analysis.

DoP is defined as DoP = \/s,” + 5,” + s5” /s,. Tissue samples

contain many refractive index changes associated with
membranes surrounding structures like cells, nuclei, and
organelles. Consequently, as light propagates through
inhomogeneous tissue, the phase delay introduced to different
cross sectional areas of the beam can vary. These spatially
varying shifts result in partial depolarization of the incident
light upon combination in the focal plane. As the total number
of refractive index changes scales with the thickness of tissue, it
is expected that increasing thickness will result in increased
depolarization induced by interaction with the sample. A DoP
near 1 indicates a purely polarized field, while a DoP of zero
corresponds to the limit of complete depolarization, (i.e., the
only nonzero Stokes element is s,). The mean DoP value for
pixels used in polarization analysis in the measured samples
shifted from 0.88 for S um tissue, to 0.83 for 40 ym and 0.69
for 70 pm thickness. More striking, however, is the increased
width in the distribution of recovered DoP values. Depolariza-
tion, as demonstrated here for the transmitted infrared beam, is
not compatible the Jones calculus, requiring the more general
Stokes framework.

While scattering and depolarization are a significant
challenge in polarization analysis, they do not represent the
only perturbation of polarization induced by the sample itself.
Birefringence can also significantly alter the polarization of the
fundamental, further complicating analysis. Figure 4 shows the
change in polarization state A3 =73, — §;, as a function of
position, measured by taking the difference between the
incident Stokes vector in regions without tissue with every
pixel in the field of view. As;, shown in parts A—C of Figure 4,
highlights regions of linear rotation within the field of view
while parts D—F of Figure 4 map As;, corresponding to
changes in ellipticity. In both the 40 and 70 ym tissue samples
fibers diagonally aligned show significant birefringence relative
to the rest of the field of view, particularly on regions near the
edge of the tendon fibers. Scattering was also largest in these
locations, as they represent regions within the field of view
with significant heterogeneity in the refractive index. Both
scattering and birefringence substantially increase as a function
of tissue thickness.

This significant depolarization from propagation through the
sectioned tissues prevents the direct use of Jones tensor
analyses to recover tensor elements related to local structure,
as the Jones architecture is only formally valid for purely
polarized incident light. In the presence of depolarization,
polarization states are more appropriately described by Stokes
vectors. Measurement of the Stokes vectors of the fundamental
and second harmonic fields is afforded by fitting to eq 7 while
the mathematical relations given in eq 4 allow the more general
Mueller tensor description of collagen to be fully described in
terms of the simpler Jones tensor elements. Through this
relation, incoming and exiting Stokes vectors describing
partially polarized light can still be interpreted directly in
terms of both the laboratory-frame Jones and local-frame
Cartesian tensors normally reserved for purely polarized
analyses, discussed here in the context of the tensor element
ratio p.
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Figure 3. Laser transmittance images integrated across all polarizations and analyzer configurations for S (A), 40 (B), and 70 ym (C) thick tissue
samples are displayed. Histograms of the degree of polarization for pixels used in polarization analysis are plotted, showing increased depolarization

as a function of tissue thickness (D—F).

A 5 th I&iﬂ >

Figure 4. Images of the AS; (A—C) and AS; (D—F) vector elements
for polarization state 1 of each tissue thickness show significant
birefringence effects as a function of tissue thickness. The contrast is
set from O to 1 in terms of absolute deviation, with blue representing 0
deviation from the reference blank and red a deviation of 1; the
theoretical maximum deviation is 2. Maps of the DoP for the same
polarization (G—I) show regions of high scattering occur preferen-
tially near structural edges.

Nonlinear optical susceptibility tensor elements of collagen
were imaged utilizing Stokes vectors obtained via linear fitting
for both laser transmittance and bright field images. For
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collagen, the only unique nonzero local frame tensor elements
by symmetry are ..., Xz Xaxw 30d Xy, defined in a reference
frame with the C, fiber axis of collagen paralleling z. The chiral
element y,,, is relatively small in magnitude and does not
contribute to the detected intensity for collagen fibers aligned
in the image plane within the paraxial approximation.”'
Quantum chemical calculations show the tropocollagen
molecular hyperpolarizability is dominated by the f,,,
element.””*’ Interchangeability of indices within the dominant
P... element at the molecular level translates to interchange-
ability at the ensemble level, such that projections of f3,,, onto
the macromolecular elements y,, and y,. are identical
Experimentally, the approximate equality is often observed.”*
Using the assumption of equality for these two elements, the
number of unknowns for the sample drops to 3: orientation,
Xzxw and y,... Using the image analysis plugin Orientation] for
NIH Image], local orlentatlon of fibers can be extracted from
the SHG 1mages ® A nonlinear optimization to the tensor
elements y,., and y,,, using eqs 4—5 was conducted using the
Levenberg—Marquardt algorithm.””*® The tensor element
ratio p was then recovered, which has been used to analyze
the local distribution of tilt angle of collagen fibrils about the
fiber axis.””*"

It is interesting to compare the present results with previous
measurements of SHG of collagen tissue obtained with fully
depolarized incident light, prepared using a microretarder array
depolarizer."” In that work, the NLO response was used to
directly fit azimuthal and polar orientation of collagen, yielding
good agreement between image analysis approaches and direct
fitting to the azimuthal orientation angle of collagen. Given the
established agreement between single-pixel polarization
analysis and image texture analysis for quantifying collagen
azimuthal orientation, a greater emphasis was placed here on
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recovery of nonlinear optical parameters inaccessible from
knowledge of azimuthal angle alone. Utilizing Orientation] for
azimuthal angle determination enabled increased statistical
confidence in the nonlinear optical parameters recovered by
fitting of the polarization-dependent SHG produced by
partially polarized incident light.

Figure 5 shows orientation maps and colormaps of the y,,,
and y,,. tensor elements for tissues of 5, 40, and 70 um

Figure S. Orientation maps (A—C) and red-blue colormaps of y,..
and y,,. (D—F), for 70, 40, and 5 um thick tissues obtained from the
analysis.

thickness. Quantitative analysis of NLO susceptibility tensor
elements was conducted for pixels containing less than 20%
relative error in both coefficients, as determined by the
Jacobian approximation to the Hessian in combination with
the standard error of the fit. Pixels with negative p values were
assumed to be nonphysical and excluded from this analysis;
simulations suggest that Poisson noise in the shot-noise limited
photomultiplier tube detector is sufficient to produce
distributions in p with significant negative valued elements.
Mean tensor ratios of 1.8, 1.8, and 2.3 were observed for the
three tissue thicknesses. It is posited that the larger p value
observed for the 70 um tissue is due to the lower signal-to-
noise ratio for that experiment. Indeed, Figure 5D shows large
regions of SHG activity that produce fitted tensor values with
high relative error, indicated by dark regions within the body of
the fiber, and were thus excluded from analysis of the p
distribution.

Most intriguing about the method of analysis utilized here is
the ability to analyze the change in polarization induced by the
process of SHG. As SHG is often mathematically treated as
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arising from only the purely polarized component of incident
light, the effects of the SHG process on the overall degree of
polarization of the exiting field is often neglected. Examination
of the distributions of DoP for both the second harmonic and
the infrared light indicates that the SHG was more polarized
for 40 and 70 pum thick tissues than the corresponding pixels in
the laser transmittance image, with ratios averaging 1.03 and
1.10 respectively. In contrast, the Stokes vectors of SHG in the
thinnest tissue segment showed the greatest induced
depolarization with a ratio of 0.82.

The observation of hyperpolarization from SHG measure-
ments of collagen with partially depolarized incident light is
consistent with previous studies of SHG produced from the
limit of complete depolarization of the fundamental beam."” It
has previously been shown that depolarized light incident to
thin sections of collagenous tissue results in emission of
partially polarized light, in excellent agreement with
predictions from the Mueller tensor framework. The
depolarized field is projected onto the finite set of nonzero
tensor elements of the NLO susceptibility, which limits the
potential polarization states of SHG. Consequently, the Stokes
vector for SHG produced by collagen from a depolarized field
always has a DoPgyg/DoPy greater than one. This effect is
qualitatively similar to fluorescence excitation with unpolarized
light resulting in emitted light partially polarized parallel with
the transition moment. This intrinsic hyperpolarization
propensity in part may explain the increase in DoPgyg/
DoPypy as tissue thickness increases, due to a larger relative
contribution of depolarized incident light to stimulate SHG. If
the histograms within parts E and F of Figure 3 are examined,
the greatest mean in incident degree of polarization is observed
for the thinnest tissue section. Similarly, parts G-I of Figure 4
show the greatest degree of polarization as a function of
position, interpretable via the brightness in the images, for the
thinnest tissue. For a fixed degree of depolarization inherent in
the process of SHG from finite-sized objects, the relative
polarization purity DoPgyg/DoPjy is smaller for the thin
section, as the denominator is higher. Consequently, as the
DoPy approaches zero, the hyperpolarization asymptotically
approaches infinity.

In practice, this limiting case of complete depolarization of
the incident beam is tempered by the presence of contributions
from the purely polarized component of light as well, the
interplay of which is dependent on the orientation of collagen.
In the limit of no depolarization, the ratio of DoPg;/DoP
will simply be unity. The anticipated trends for partially
polarized incident light relative to these two limits are not
immediately obvious. Simulations of the DoPgys/DoPjy as a
function of orientation angle of collagen were performed to
provide additional insights into the origin of the hyper-
polarizing and depolarizing effects of SHG. Values of p = 1.8
and 0 = 0 were assumed. Figure 6, shows a plot of DoPgyg/
DoPy, with a DoPy of 0.8, for H and V polarized light, right
circularly polarized light, and left circularly polarized light.
Light unperturbed by the sample can be interpreted in terms of
these four components since measurements conducted
modulated retardance of light incident to the tissue sample
from a starting polarization of pure H light. For linearly
polarized light the process of SHG under these conditions
produces a Stokes vector that is either more or less purely
polarized than the incident IR, as a function of collagen
orientation. Circularly polarized incident light always produces
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Figure 6. Distributions of orientation for S, 40, and 70 pm thick tissue
(A) are plotted. The simulated ratio of DoPgys/DoPyy, as a function
of collagen rotation in the plane (B) shows the SHG process to be
either hyperpolarizing or depolarizing depending on orientation for
linearly polarized light, and always to be depolarizing for circularly
polarized light at DoP = 0.8.

a relatively depolarized SHG field under the simulation
conditions.

Physically, the maxima observed in Figure 6B can be
explained by a competing relative contribution of partially
polarized and fully polarized incident light to the total SHG
intensity produced by the collagen fiber. The SHG produced
can be considered as a linear combination of SHG occurring
from depolarized and purely polarized incident light. Within
this model, as the collagen fiber is rotated off of the axis of
polarization of the incident field, the polarization of the SHG
emitted from the purely polarized component is rotated. This
has a secondary effect of modulating the intensity of the SHG
emitted from the purely polarized component, due to the
difference in tensor element magnitudes. Similarly, SHG from
the depolarized fundamental beam component results in a
partially polarized Stokes vector emitted by the collagen. This
partially polarized Stokes vector rotates as a function of
collagen orientation with respect to the laboratory frame, but
at a constant intensity. The net effect is that the relative
contribution of purely polarized light to SHG and relative
contribution of depolarized light to the SHG are both
changing, and there is a single collagen orientation for a
given DoPr which then maximally polarizes the output SHG.

These same collective arguments provide a potential
explanation for the observation of a DoPgyg/DoPy < 1 for
the thinnest tissue section. Even through just 5 ym of tissue,
the measured DoPjr had a mean of 0.88, corresponding to
small but non-negligible depolarization of the incident beam.
The orientation distribution of collagen within the S ym thick
tissue section suggests the origin of net depolarization via SHG
when contrasted with the H-polarized intensity trace observed
in Figure 6B. In Figure 6A, note the large population of
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orientations for the thin section near ¢ = 0 and 7z, where SHG
is maximally depolarizing for H-polarized incident light. In
contrast, the same incident polarization becomes hyper-
polarizing for collagen orientations near 7/4 and 37/4
azimuthal angles, consistent with maxima in the orientation
distributions of collagen in the 40 and 70 ym thick sections.
This simplified model provides a qualitative explanation for the
observed differences in depolarization and hyperpolarization
for the different samples investigated.

B CONCLUSION

A method was demonstrated for the experimental recovery of
local frame tensor elements determining the NLO activity of
collagen embedded in tissue. The method relies on the
independent measurement of the Stokes vectors for the
fundamental frequency and second harmonic beams, followed
by fitting to recover the underlying Jones tensor elements. The
distribution of the tensor element ratio p for collagen fibers in
mouse tail tissue was measured, with mean tensor values of 1.8,
1.8, and 2.3 for 5, 40, and 70 pm samples, respectively,
consistent with previous measurements of mouse tail sectioned
thinly as well as previously reported values in the
literature.'”**** Recovery of consistent tensor element values
for varying tissue thicknesses demonstrates utility of the
Stokes—Mueller framework to account for changes in polar-
ization from both birefringent and scattering effects on the
fundamental frequency. The framework utilized leverages the
simplicity of the Jones description for interpreting polarization
dependent NLO with the general applicability of the Stokes
description of polarization. Furthermore, this framework
enables modification of existing architectures for analysis of
NLO polarization to account for loss of polarization purity in
the fundamental fields. Hyperpolarizing and depolarizing
effects of SHG were observed, and their physical origin was
ascribed to an interplay of the relative intensity contribution of
polarized and depolarized light incident to the sample. The
process of SHG is not often discussed in reference to its
capacity to hyperpolarize or depolarize a field, and the
observations reported herein are consequently of particular
note.
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