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Abstract. Remodeling of the extracellular matrix in human ovarian cancer can be manifested in increased col-
lagen concentration, changes in alignment within fibrils/fibers and/or up-regulation of different collagen isoforms.
We used pixel-based second harmonic generation (SHG) polarization microscopy analyses to probe these
molecular changes in human ovarian tissues [normal stroma, benign tumors, and high-grade serous (HGS)
tumors] by: (i) determination of the α-helical pitch angle via the single-axis molecular model, (ii) collagen align-
ment within fibrils via SHG anisotropy, and (iii) chirality via SHG circular dichroism (SHG-CD). Pixel approaches
are required due to the complex structure of the matrix that lacks a high degree of fiber alignment. The largest
differences in the helical pitch angle were between normal stroma and benign tumors, consistent with gene
expression showing the Col III isoform is up-regulated in the latter. The data were not consistent with up-regu-
lation of Col III in HGS tumors as previous reports have suggested. The different tissues also displayed differing
SHG anisotropies and SHG-CD responses, consistent with either Col III incorporation or randomization of Col I
alignment within benign and malignant tumors. Additionally, the high-grade tumors displayed higher collagen
concentration, where this desmoplasia is consistent with the higher fiber density in these tissues. These results
collectively indicate that the fibril assemblies are distinct in all tissues, where these differences likely result from
the synthesis of collagen rather than remodeling of existing collagen. Importantly, these analyses are label-free
and interrogate subresolution collagen structure on intact tissues, without the need for conventional structural
biology tools. © The Authors. Published by SPIE under a Creative Commons Attribution 3.0 Unported License. Distribution or reproduction of this

work in whole or in part requires full attribution of the original publication, including its DOI. [DOI: 10.1117/1.JBO.23.6.066501]
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1 Introduction
In 2018, an estimated 22,240 new cases of ovarian cancer will be
diagnosed and 14,070 women will die from this disease in the
United States alone.1 A major impediment to ovarian cancer
screening and treatment is a poor understanding of the tumor
microenvironment (TME) in the ovary and fallopian tubes,
from where recent evidence has shown many high-grade
cases originate.2,3 Current diagnostic imaging modalities (e.g.,
MRI and CT) do not have sufficient resolution or sensitivity
to probe TME structural changes. Additionally, serum methods
lack sufficient specificity and sensitivity for effective screening
of tumor progression.4–8 With the current repertoire of diagnos-
tic modalities, only 15% of ovarian cancer cases are diagnosed
while the disease is still localized to the ovary (stage I), sug-
gesting the need for a new modality with the resolution and
specificity to detect ovarian cancer before metastasis occurs.
This is especially important for high-grade serous (HGS) tumors
as these can metastasize while still microscopic.9

Although genetic changes associated with low- and HGS
ovarian cancers have been widely explored10,11 the correspond-
ing extracellular matrix (ECM) alterations that are not yet well
known. We have previously taken steps in this direction by
examining collagen architecture changes in different ovarian

tumors using quantitative second harmonic generation (SHG)
imaging and optical property measurements. For example, we
have classified fiber patterns through two-dimensional (2-D)
and three-dimensional (3-D) texture analysis,12,13 and probed
fibril architecture through the analysis of the SHG directional
pattern (forward–backward emission).14 Collectively, using a
variety of metrics, we found quantifiable differences across
tumor types (e.g., low grade, high grade, endometrioid, and
benign tumors) relative to normal stroma.

The underlying molecular changes in collagen in ECM
remodeling have received little attention and have been mainly
limited to standard histology. Here, we report our efforts in
probing collagen molecular aspects, specifically helical struc-
ture, concentration, and isoform distribution in normal stroma,
benign tumors, and HGS ovarian tumors. This is important as,
while the literature supports such modifications, the reports are
highly qualitative, and moreover, specific forms of the altera-
tions and their temporal sequences are not known.15 For exam-
ple, it has been suggested that the total collagen content is lower
in HGS cancer than in normal stroma; however, this collagen is
hypothesized to be produced at higher rates with defective cross
linking15 and thus turns over faster. This is in apparent contra-
diction to the desmoplasia seen in SHG imaging of collagen in
HGS tumors.14 Similarly, while increases in minor isoforms of
collagen type III (Col III) have been implicated in ovarian
cancer, such studies used gene expression and immunofluores-
cence,16 and the abundance and assembly have not been
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uniquely quantified.16 Col III has also been reported to be up-
regulated in benign tumors.16

To address these molecular changes, here we use several
pixel-based polarization-resolved SHG methods including
analysis of excitation and emission polarization as well as cir-
cular dichroism (SHG-CD) to probe macro/supramolecular
structural aspects that further extend our differentiation capabil-
ities beyond morphological metrics.17–25 Pixel-based analyses
are necessary for tissues that do not have predominant fiber
alignment, such as essentially all stromal tissues. We previously
documented and validated these methods using the analysis of
collagen self-assembled gels of known composition. For exam-
ple, we have shown how to determine the net collagen α-helical
pitch angle26 using a pixel-based analysis approach that com-
bines the established single-axis model26 with the generic
model developed by Brasselet and coworkers.21 We successfully
applied this to differentiating Col I from Col III in fibrillar col-
lagen gels.21 As remodeling can be in the form of different iso-
form expression or different assemblies in new collagen fibrils,
other structural aspects such as the overall chirality or alignment
of molecules within newly synthesized fibrils can also be differ-
ent and are measurable by SHG-CD23 and SHG emission anisot-
ropies,21 respectively.

We now apply these methods to ex-vivo human ovarian tis-
sues, where we examined normal stromal tissues, benign serous
tumors, and stage III and stage IV HGS tumors. Benign lesions
are of significant interest as studies have shown that benign neo-
plastic epithelial tumors can progress into low-grade serous
ovarian cancer.27,28

2 Materials and Methods

2.1 Human Samples

All ovarian tissues were obtained using a University of
Wisconsin IRB-approved protocol from consented, deidentified
patients undergoing surgical debulking treatment for ovarian
cancer or benign gynecological conditions. This study examined
normal stroma (n ¼ 4), benign tumors (n ¼ 3), stage III
(n ¼ 3), and stage IV (n ¼ 3) HGS tumors. All samples were
fixed in 4% formalin and cut into 100-μm-thick sections by a
vibratome. These were then optically cleared by immersion
in 50% glycerol for 12 h before imaging to reduce scatter-
ing-induced depolarization effects to afford the SHG polariza-
tion imaging. The samples were mounted within the same
solution on slides, cover-slipped, and sealed with nail polish.
All samples were each imaged at 10 separate locations to reach
the appropriate statistical sample size.

2.2 Experimental Microscope Setup

The details of the SHGmicroscope have been described in detail
by Chen et al.29 and Lien et al.18 and only briefly described here.
The system consists of a laser scanning unit (FluoView 300;
Olympus, Melville, New York) mounted on an upright micro-
scope (BX61; Olympus, Tokyo, Japan), where the excitation
source is a mode-locked Titanium Sapphire laser (Mira;
Coherent, Santa Clara, California). Imaging was performed
with a fundamental laser wavelength of 890 and 780 nm for lin-
ear polarization and CD, respectively, where the shorter wave-
length for the latter provides greater sensitivity.23 Average
powers at the focus were ∼30 to 50 mW using a 40 × 0.8
NA water immersion lens (LUMPlanFL; Olympus, Tokyo,

Japan) and a 0.9-NA condenser. The resulting lateral and axial
resolutions were ∼0.7 and 2.5 microns, respectively. The for-
ward-directed SHG emission was collected using a photon-
counting detector (7421 GaAsP; Hamamatsu, Hamamatsu
City, Japan). The SHG wavelengths (445 and 390 nm) were iso-
lated with the respective 10-nm-wide bandpass filters (Semrock,
Rochester, New York). The excitation wavelength was con-
firmed using a fiber-optic spectrometer (Ocean Optics, Dunedin,
Florida). About 512- × 512-pixel images with a field-of-view
size of 85 μm were acquired with scanning speeds of
2.71 s∕frame with three-frame Kalman averaging. The power
was controlled by an electro-optic modulator (ConOptics,
Danbury, Connecticut) run by a custom LabVIEW program
(National Instruments, Austin, Texas), interfaced with the
FluoView scanning system using a data acquisition card
(PCI-6024E; National Instruments).

Linear polarization was obtained using a half-wave plate to
define the state entering the microscope and the desired linear
rotation at the focal plane was achieved using a liquid-crystal
rotator (LCR; Meadowlark Optics, Frederick, Colorado)
mounted in the infinity space.18 Circular polarization is achieved
with a quarter wave plate after the LCR, where left- and right-
handed states are achieved with 90 deg of linear rotation by the
LCR.18 The linear and circular polarization states were validated
as previously described by imaging cylindrically symmetric
giant vesicles.18,23 SHG signal anisotropy measurements further
used a removable Glan–Laser Polarizer (analyzer) in a con-
trolled motorized rotation stage (both from ThorLabs,
Newton, New Jersey) before the detector. The polarization con-
trol was also run by a custom LabVIEW program interfaced to
the FluoView scanning system.

For all analyses, we used fields of view that had approxi-
mately two-third collagen coverage to be consistent with
other analyses we have performed. The pixel-based analysis
is then performed over all pixels corresponding to collagen
in the image (85 × 85 microns), and others are assigned not a
number. The analysis is performed within 100 microns in thick-
ness from the surface epithelium, as we have previously estab-
lished is the location of the largest extent of remodeling.

2.3 Collagen Concentration Determination

Each of the ovarian tissue samples was homogenized in
1 mg∕mL pepsin in 0.05-M acetic acid and incubated on a
slow shaker for 72 h at 4°C. The supernatant was collected,
and total collagen concentration was detected using a Sirius
Red Collagen Detection Kit (catalog no. 9062, Chondrex,
Redmond, Washington) in accordance with the manufacturer’s
instructions. Tissues were analyzed from every specimen
imaged by SHG polarization analysis.

2.4 Helix Pitch Angle and Anisotropy Analysis

Polarization-dependent measurements were performed as previ-
ously described,21 where images were taken every 10 deg
through 180 deg of rotation for both the excitation and emission,
or 361 images per optical section. Here, the method was applied
to the four different groups of human ovarian tissues. The helix
pitch angle is extracted21 by combining the pixel-based generic
model17 with the single-axis molecular model.26 The SHG signal
anisotropy was further determined on a pixel basis and also as a
function of the laser polarization. The anisotropy, β, is reflective
of the alignment of the dipole moments within the focal volume.
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The limiting cases are 0 and 1, representing totally random and
perfectly aligned structures, respectively, and is calculated as

EQ-TARGET;temp:intralink-;e001;63;730βðθÞ ¼ I2ωParðθÞ − I2ωPerpðθÞ
I2ωParðθÞ þ 2I2ωPerpðθÞ

; (1)

where I2ωPar and I2ωPerp represent the parallel and perpendicular
SHG polarization response, respectively.

2.5 Second Harmonic Generation-Circular
Dichroism

Nonlinear SHG-CD analysis was used to interrogate the chiral-
ity of the different groups of human ovarian tissues and has been
described previously.23 Images were obtained 30-μm-deep into
the tissues to avoid boundary effects. To account for variations
in intensity in the different collagen mixtures, we report the nor-
malized SHG-CD response defined as

EQ-TARGET;temp:intralink-;e002;63;547ISHG−CD ¼ jIð2ωÞLHCP − Ið2ωÞRHCPj
½Ið2ωÞLHCP þ Ið2ωÞRHCP�∕2

; (2)

where Ið2ωÞLHCP and Ið2ωÞRHCP are the integrated pixel intensities
of the SHG images for left-handed circular polarization (LHCP)
and right-handed circular polarization (RHCP), respectively.
This is calculated on a pixel basis, where we first set a threshold
mask above the noise background. Absolute values were
summed across the entire field of view as the sign of CD
response will depend on fiber orientation.23

2.6 Statistical Analysis

For all polarization-resolved SHG metrics, one-way ANOVA
tests followed by a least significance difference (LSD) tests
were used to determine mean separation at the α ¼ 0.05
level. Two-sample t-tests were then performed on the average
values for all tissue groups using the statistics toolbox in
Origin 9.1 (OriginLab, Northampton, Massachusetts).

3 Results

3.1 Collagen Fiber Morphology and Concentration

Representative images of each of the four groups are shown in
Fig. 1. In general, the SHG images of normal tissue are char-
acterized by straighter, more cross-hatched collagen fiber mor-
phology. Pathologically determined benign tumor tissues consist
of clustered fibrous structures of a mixture of both straight and

curvy features relative to normal stroma. Stage III and IV HGS
tumor samples show long, wavy unidirectional fibers, where
these overall patterns are well conserved within the patient pop-
ulation, although they appear more highly crimped in the latter
samples. Collagen morphologies across different sampling
regions do not vary significantly, as the analysis is limited to
the highly dense collagen areas near the surface epithelium.
We previously classified a spectrum of ovarian tumors by tex-
ture analysis12 and SHG physical attributes14 but did not delin-
eate stage III and IV tumors, nor investigate the respective
collagen abundance. The latter is important to determine if
the change in morphology is related to desmoplasia (increased
collagen deposition). These new aspects are delineated in the
remaining sections.

Collagen concentrations were then measured in each tissue
using a Sirius Red detection kit and averaged for each sample
group. The results of this assay are shown in Fig. 2. The mea-
sured concentrations were lowest in normal stroma and
increased slightly in the benign tumors, although the difference
was not significant. Stage III HGS tissues had significantly more
total collagen than the other sample groups. This desmoplasia is
consistent with our previous determination through SHG direc-
tionality and optical scattering measurements, both of which
indicated increased collagen density.14 Interestingly, the stage
IV total collagen levels were lower than benign and stage III
tissue but slightly higher than normal stroma. The cause is

Fig. 1 Representative SHG images of the four ovarian tissue classifications. The field-of-view size is
85 μm: (a) normal, (b) benign tumor, (c) stage III, and (d) stage IV.

Fig. 2 Quantified collagen amount for the four ovarian tissue classi-
fications. Error bars represent standard error. * indicates p < 0.05 and
** indicates p < 0.01.
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unknown, but this could be due to degradation through
increased protease activity in late stage disease following the
initial desmoplastic response.

3.2 Second Harmonic Generation Linear
Polarization Analyses

We next compared the SHG linear polarization responses (both
excitation and signal analysis) of the four ovarian classification
groups.

3.2.1 Polarization dependence on the second harmonic
generation intensity

Using pixel-based, linear polarization-resolved analysis, the
effective pitch angle for each tissue class was determined by
reconstructing the SHG intensity as a function of laser polari-
zation dependence by fitting to the molecular model described in
detail by Tilbury et al.21 A representative pixel map of pitch
angles for a stage III tumor is shown in Fig. 3(a) and the recon-
structed polarization response data for all tissues are shown in
Fig. 3(b). The extracted results are shown in Fig. 3(c) and tabu-
lated in Table 1. The significance categories in Table 1 are cal-
culated by a one-way ANOVA test followed by an LSD test to
determine mean separation at the α ¼ 0.05 level. We previously
showed that the LSD of this measurement is 0.5 deg.21 The
slight asymmetry at higher excitation angles is a small experi-
mental artifact and does not affect data within four significant
figures.

The extracted peptide pitch angle of the normal tissues is
48.66 deg and is similar to our previous measured results of ten-
don and 100% Col I gels of 49 deg and 49.11 deg, respectively.21

The net α-helical peptide pitch angle was largest for the benign
tumor at 49.08 deg and could be attributed to increased Col III
content, as this isoform has a higher pitch angle. The pitch
angles of the stage III (47.4 deg) and stage IV (48.38 deg)
tumor were both lower than the normal stroma, indicating
that Col III is not increased in HGS cancers. We note that
there is some heterogeneity of pitch angles within the pixel
maps, and this will be the subject of further investigation.

3.2.2 Second harmonic generation signal anisotropy

We next determined the SHG signal anisotropy within fibers in
the four classes of ovarian tissues. Instead of acquiring the
anisotropy at one angle as most commonly done,30 we use
the full excitation/emission polarization dependence to deter-
mine the anisotropy at all excitation angles.21 A representative
pixel map for a stage III tumor I with 0-deg excitation is shown
in Fig. 4(a) and the excitation angle data for all tissues are plot-
ted in Fig. 4(b). For simplicity, we focus the description on the
anisotropy at 0- and 90-deg excitation, which for a linear fiber,
corresponds to excitation parallel and perpendicular, respec-
tively, to the primary axis. The resulting values with statistics
are shown in Figs. 4(c) and 4(d) and tabulated in Table 1.
For parallel excitation, the mean anisotropy value of the normal
stroma was 0.71 and was the highest among the classes. This is
physically reasonable as the collagen molecules align nearly on
the long axis in a normal collagen fibril.31 Benign samples have
a significantly lower anisotropy of 0.55 at 0 deg than normal
ovarian tissue and higher at 90 deg. Stages III and IV had inter-
mediate values at both 0- and 90-deg excitations. These results
indicate the collagen molecules, either new Col I or Col III

molecules do not lie parallel to the fibril axis in the benign
and HGS tumors. We found analogous results in previous
work analyzing Col I and Col III self-assembled gels, which
were consistent with the two different isoforms comingling in
the same fibrils.21 The anisotropies at 90 deg have the opposite
trend for the tumors (i.e., higher anisotropy), and this was sim-
ilarly found in our prior work on gels.21 We note that the error
bars on the 90-deg excitation are large as the absolute signal
levels were small and this precluded statistical significance;
however, the over trend has structural consistency.

Fig. 3 Pixel-based SHG polarization responses for the four ovarian
tissue classifications. (a) Representative map of pitch angles for a
stage III high-grade tissue, (b) reconstructed response based on
the generic model, and (c) extracted pitch angles based on the sin-
gle-axis molecular model from the reconstructed response with stat-
istical differences (p < 0.05). Error bars represent standard deviation.
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3.3 Second Harmonic Generation Circular
Dichroism Analysis

Next, we analyzed the same samples using the SHG-CD method
described previously23 and averaged the measurements for each
ovarian tissue group. A representative pixel map of SHG-CD for

a stage III high-grade tissue is shown in Fig. 5(a), and the nor-
malized extracted SHG responses are shown in Fig. 5(b) and
tabulated in Table 1. We first note that the SHG-CD results
closely match the trend of the anisotropy analysis. The mean
SHG-CD response of the normal samples was the largest
(0.289) and was significantly higher than the benign tumors

Table 1 Summary of SHG polarization-resolved methods, showing significance between groups.

SHG metric Normal Benign Stage 3 Stage 4

Peptide pitch angle 48.7� 0.2 49.1� 0.3 47.4� 0.3 48.4� 0.2

Significance group I I II I

SHG anisotropy 0.71� 0.02 0.55� 0.02 0.64� 0.02 0.63� 0.01

Significance group I II III III

SHG-CD 0.289� 0.006 0.250� 0.005 0.265� 0.005 0.261� 0.006

Significance group I II II II

Fig. 4 Pixel-based SHG signal anisotropy responses for the four ovarian tissue classifications depicting
full curves. (a) Representative pixel map of 0 degree anisotropy for a stage III high-grade tissue and
(b) reconstructed anisotropies at all excitation angles, and individual 0-deg and 90-deg angles
shown in (c) and (d), respectively. * indicated p < 0.05, ** indicates p < 0.01, and **** indicates
p < 0.0001. Error bars represent standard deviation.
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(0.250), and the stages III and IV (0.261) tumors, respectively.
This response is reflective of the net chirality within each pixel,
and it would be expected that normal stroma would have the
highest SHG-CD response, as the molecules align on axis in
a normal fibril. Moreover, the value here is similar to our find-
ings in tendon and Col I gels.23 The lower SHG-CD in the
benign and high-grade tumors is reflective of either decreased
alignment of molecules within fibrils or increased Col III
expression. We note that this measurement is independent of
the relative orientation of fibers within the image.23

4 Discussion
The etiology of ovarian cancer remains poorly understood, for
example, even the primary location, i.e., the ovary itself or the
fallopian tubes remains an open topic of research.2,3 Although
many operative signaling pathways in ovarian cancer have been
uncovered, underlying changes in the collagen in the ECM have
not been well explored. For example, while we have
documented structural changes in architecture by elucidating
changes in fibril assembly through SHG creation physics14

and fiber organization by texture analysis,12 the molecular-
level differences in collagen structure and concentration are
unknown. The existing data are largely comprised of nonquan-
titative immunofluorescence imaging.15 To address this gap, we
have implemented structural-based, polarization-resolved SHG
analyses across a spectrum of ovarian tissues. Importantly, we
have extensively validated these using well defined in-vitro
models.21,23

It is known during malignant transformation, the epithelial
cells undergo an epithelial to mesenchymal transitions,32,33

well as metalloproteinase upregulation (MMP-1, MMP-2,
and MMP-9), both of which facilitate increased collagen
remodeling.34–36 The results of the total collagen concentration
assay performed in this study show significant increases in col-
lagen density in the stage III tissues, consistent with our pre-
vious findings using other SHG metrics.14 Lower collagen
density in the stage IV tissues may be the consequence of
remodeling as faster collagen turnover has been suggested to
occur in high-grader serous ovarian cancer.37 It is likely there
are opposing effects on proteases on collagen content, as pro-
teases can increase production of TGF-β as well as degrade

the matrix. The temporal sequence of these processes is not
known, but our findings lay the groundwork for future studies
of these processes.

It has been suggested by immunofluorescence imaging that
Col III is increased or turned over faster in ovarian cancer.15,16

We previously established that SHG linear polarization analysis
could distinguish Col I and III by extraction of the differing
pitch angles, where latter is larger by about 2 deg. The data
here support benign tumors having higher Col III content based
on the larger net pitch angle.21 However, the extracted pitch
angles in the HGS tumors are not higher than the normal tissue,
and are in fact lower, and do not support the conclusion of an
increase in Col III concentration in these tissues. It remains pos-
sible that the Col III is increased but degraded rapidly by pro-
teases and the effective Col I/Col III balance is not affected. We
note that widely used commercially available Col III antibodies
bind to both Col I and Col III (when tested in our in-vitro mod-
els) and thus are not highly specific. Due to this cross talk, we
have not used them here for further validation.

The results of the SHG signal anisotropy and SHG-CD mea-
surements revealed similar conclusions to each other. The col-
lagen in normal stroma displayed the highest anisotropy and
SHG-CD values, where these were both similar to those in
self-assembled Col I gels and tendon. The lowest responses
for each were found in benign tumors and are consistent
with either an increase in Col III (in conjunction with the helical
pitch angle) or altered alignment in Col I molecules within the
fibril. Either would decrease the anisotropy or net chirality
within the probed focal volume. Relative to normal tissue,
the lower SHG anisotropy values in the HGS tumors may cor-
respond to collagen molecules not being uniformly aligned
within the collagen fibrils. Our previous work on ovarian cancer
suggests that the collagen is newly synthesized as opposed
to remodeled existing collagen,14 thus different alignments
within newly made fibrils are possible. Similarly, the significant
decrease in the SHG-CD response of these tissues is likely due
to the same effect. An increase in Col III could lead to the same
response; however, this is not consistent with the extracted pitch
angles as discussed above.

We note that while the SHG anisotropy and SHG-CD mea-
surements probe different aspects of structure (alignment of

Fig. 5 SHG-CD responses for the four ovarian tissue classifications. (a) Representative pixel map of
SHG-CD for a stage III high-grade tissue and (b) normalized extracted SHG responses. ** indicates
p < 0.01, *** = p < 0.001.
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dipole moments versus net chirality within the focal volume),
the respective findings are self-consistent in terms of structures
of the tissue classes. Both these measurements indicate the
benign tumors and high-grade tumors all have less organization
than the normal stroma, although the underlying reasons are
likely different. For example, the benign tumor and the high-
grade tumor responses are consistent with increased Col III
and protease activity, respectively. Although more work is
needed to further characterize the specific molecular changes
in structure, e.g., through mass spectrometry, we find sta-
tistically significant changes through these label free SHG
metrics.

We note that a potential limitation of extending the SHG
polarization methods to in-vivo applications is the significant
polarization scrambling due to optical scattering, which can
be further amplified by birefringence in collagenous tissues.
Specifically, we have previously shown that SHG polarization
signatures can be degraded in as few as two scattering lengths,
or about 100 microns.38 For ovarian cancer, the largest remod-
eling is immediately beneath the surface epithelium, and shal-
low imaging (10 to 20 microns) may be sufficient. Here, to
better sample the tissue, we needed to utilize optical clearing
for these measurements as this process greatly preserves the
polarization response through several hundred microns of tissue
thickness.38 Moreover, these agents do not alter the underlying
fibrillar structure and have shown great promise for in-vivo
applications.39 Previous literature suggest that circularly polar-
ized light is less prone to depolarization than linear polariza-
tion,19,40,41 and the SHG-CD could potentially be performed
on somewhat thicker tissues than possible by the linear polari-
zation analyses.

Although the data acquired in this study used forward emis-
sion detection schemes, a backward collection geometry could
be used for the SHG polarization analyses, albeit with lower out-
put signal. This is further possible as most tissues show similar
features in the forward and backward directions. A common
observation is that fibers detected in the backward direction
can appear segmented, where this effect arises from the SHG
coherence. The coherence length in the backward direction is
shorter than the forward and as a consequence, these segments
arise from destructive interference within the focal volume,
where the same features are continuous fibers when viewed
in the forward direction.42 We showed that the relevant structural
aspect giving rise to the interference is the size and packing of
the fibrils comprising the fibers. Thus, it is unlikely that the
molecular aspects are different, as the structural aspects are
the same.

5 Conclusions
We have shown that pixel-based polarization-resolved SHG im-
aging methods show great promise in delineating normal ovar-
ian stroma, benign tumors, as well as different stages of HGS
ovarian cancer by probing molecular changes in collagen. The
linear polarization methods to extract the helical pitch angle and
collagen molecular alignment and the SHG-CD to probe net chi-
rality provide new complementary information to our previous
work on the fibrillar hierarchy. Interestingly, our current find-
ings indicate that Col III is not increased in HGS tumors, as
previously suggested in the literature.16 Moreover, the collective
findings that both benign tumors and high-grade tumors have
different molecular assemblies within fibrils than those in nor-
mal ovarian stroma. These differences likely result from the

synthesis of new collagen rather than remodeling of existing col-
lagen. Although we cannot yet deduce the specific forms of the
molecular changes, the results lay the groundwork for future
spectroscopic efforts, e.g., FTIR and mass spectrometry. The
ability to spatially and temporally map these species in tissue
may provide new information on tumor dynamics and aid in
determining whether these changes are associated with disease
progression and patient outcome.

Disclosures
The authors have no relevant financial interests in this article and
no potential conflicts of interest to disclose.

Acknowledgments
We acknowledge funding from National Science Foundation
(NSF) CBET-1402757; National Institutes of Health (NIH)
5T32CA9206-38 and NIH 1R01CA206561-01. We thank
Mildred Felder for her help in collecting the tissue samples.

References
1. Cancer Facts and Figures 2017, American Cancer Society, Atlanta,

Georgia (2017).
2. J. W. Carlson et al., “Serous tubal intraepithelial carcinoma: its potential

role in primary peritoneal serous carcinoma and serous cancer preven-
tion,” J. Clin. Oncol. 26, 4160–4165 (2008).

3. K. Levanon, C. Crum, and R. Drapkin, “New insights into the patho-
genesis of serous ovarian cancer and its clinical impact,” J. Clin. Oncol.
26, 5284–5293 (2008).

4. B. Y. Karlan, “The status of ultrasound and color Doppler imaging for
the early detection of ovarian carcinoma,” Cancer Invest. 15, 265–269
(1997).

5. M. W. McIntosh et al., “Combining CA 125 and SMR serum markers
for diagnosis and early detection of ovarian carcinoma,” Gynecol.
Oncol. 95, 9–15 (2004).

6. E. F. Petricoin et al., “Use of proteomic patterns in serum to identify
ovarian cancer,” Lancet 359, 572–577 (2002).

7. A. Qayyum et al., “Role of CT and MR imaging in predicting optimal
cytoreduction of newly diagnosed primary epithelial ovarian cancer,”
Gynecol. Oncol. 96, 301–306 (2005).

8. R. E. Bristow et al., “Combined PET/CT for detecting recurrent ovarian
cancer limited to retroperitoneal lymph nodes,” Gynecol. Oncol. 99,
294–300 (2005).

9. R. J. Kurman et al., “Early detection and treatment of ovarian cancer:
shifting from early stage to minimal volume of disease based on a new
model of carcinogenesis,” Am. J. Obstet. Gynecol. 198, 351–356
(2008).

10. D. D. Bowtell, “The genesis and evolution of high-grade serous ovarian
cancer,” Nat. Rev. Cancer 10, 803–808 (2010).

11. J. Prat, “New insights into ovarian cancer pathology,” Ann. Oncol.
23(Suppl 10), x111–x117 (2012).

12. B. Wen et al., “3D texture analysis for classification of second harmonic
generation images of human ovarian cancer,” Sci. Rep. 6, 35734 (2016).

13. B. L. Wen et al., “Texture analysis applied to second harmonic gener-
ation image data for ovarian cancer classification,” J. Biomed. Opt. 19,
096007 (2014).

14. K. B. Tilbury et al., “Stromal alterations in ovarian cancers via wave-
length dependent second harmonic generation microscopy and optical
scattering,” BMC Cancer 17, 102 (2017).

15. C. Ricciardelli and R. J. Rodgers, “Extracellular matrix of ovarian
tumors,” Semin. Reprod. Med. 24, 270–282 (2006).

16. S. Kauppila et al., “Cross-linked telopeptides of type I and III collagens
in malignant ovarian tumours in vivo,” Br. J. Cancer 81, 654–661
(1999).

17. J. Duboisset et al., “Generic model of the molecular orientational dis-
tribution probed by polarization-resolved second-harmonic generation,”
Phys. Rev. A 85, 27 (2012).

Journal of Biomedical Optics 066501-7 June 2018 • Vol. 23(6)

Campbell et al.: Polarization-resolved second harmonic generation imaging. . .

https://doi.org/10.1200/JCO.2008.16.4814
https://doi.org/10.1200/JCO.2008.18.1107
https://doi.org/10.3109/07357909709039725
https://doi.org/10.1016/j.ygyno.2004.07.039
https://doi.org/10.1016/j.ygyno.2004.07.039
https://doi.org/10.1016/S0140-6736(02)07746-2
https://doi.org/10.1016/j.ygyno.2004.06.054
https://doi.org/10.1016/j.ygyno.2005.06.019
https://doi.org/10.1016/j.ajog.2008.01.005
https://doi.org/10.1038/nrc2946
https://doi.org/10.1093/annonc/mds300
https://doi.org/10.1038/srep35734
https://doi.org/10.1117/1.JBO.19.9.096007
https://doi.org/10.1186/s12885-017-3090-2
https://doi.org/10.1055/s-2006-948556
https://doi.org/10.1038/sj.bjc.6690743
https://doi.org/10.1103/PhysRevA.85.043829


18. C. H. Lien et al., “Precise, motion-free polarization control in second
harmonic generation microscopy using a liquid crystal modulator in the
infinity space,” Biomed. Opt. Express 4, 1991–2002 (2013).

19. O. Nadiarnykh and P. J. Campagnola, “Retention of polarization signa-
tures in SHG microscopy of scattering tissues through optical clearing,”
Opt. Express 17, 5794–5806 (2009).

20. P. Stoller et al., “Polarization-dependent optical second-harmonic imag-
ing of a rat-tail tendon,” J. Biomed. Opt. 7, 205–214 (2002).

21. K. Tilbury et al., “Differentiation of Col I and Col III isoforms in stromal
models of ovarian cancer by analysis of second harmonic generation
polarization and emission directionality,” Biophys. J. 106, 354–365
(2014).

22. A. E. Tuer et al., “Nonlinear optical properties of type I collagen fibers
studied by polarization dependent second harmonic generation micros-
copy,” J. Phys. Chem. B 115, 12759–12769 (2011).

23. K. R. Campbell and P. J. Campagnola, “Wavelength-dependent second
harmonic generation circular dichroism for differentiation of Col I and
Col III isoforms in stromal models of ovarian cancer based on intrinsic
chirality differences,” J. Phys. Chem B 121, 1749–1757 (2017).

24. X. Chen, C. Raggio, and P. J. Campagnola, “Second-harmonic gener-
ation circular dichroism studies of osteogenesis imperfect,” Opt. Lett.
37, 3837–3839 (2012).

25. H. Lee et al., “Chiral imaging of collagen by second-harmonic
generation circular dichroism,” Biomed. Opt. Express 4, 909–916
(2013).

26. S. V. Plotnikov et al., “Characterization of the Myosin-based source for
second-harmonic generation from muscle sarcomeres,” Biophys. J. 90,
693–703 (2006).

27. M. Koshiyama, N. Matsumura, and I. Konishi, “Recent concepts of
ovarian carcinogenesis: type I and type II,” Biomed. Res. Int. 2014,
1–11 (2014).

28. R. J. Kurman and I. M. Shih, “The origin and pathogenesis of epithelial
ovarian cancer: a proposed unifying theory,” Am. J. Surg. Pathol. 34,
433–443 (2010).

29. X. Chen et al., “Second harmonic generation microscopy for quantita-
tive analysis of collagen fibrillar structure,” Nat. Protoc. 7, 654–669
(2012).

30. O. Nadiarnykh et al., “Alterations of the extracellular matrix in ovarian
cancer studied by second harmonic generation imaging microscopy,”
BMC Cancer 10, 94 (2010).

31. A. E. Tuer et al., “Hierarchical model of fibrillar collagen organization
for interpreting the second-order susceptibility tensors in biological tis-
sue,” Biophys. J. 103, 2093–2105 (2012).

32. B. Davidson, C. G. Trope, and R. Reich, “Epithelial-mesenchymal tran-
sition in ovarian carcinoma,” Front. Oncol. 2, 33 (2012).

33. D. Vergara et al., “Epithelial-mesenchymal transition in ovarian cancer,”
Cancer Lett. 291, 59–66 (2010).

34. S. Y. Huang et al., “Contributions of stromal metalloproteinase-9 to
angiogenesis and growth of human ovarian carcinoma in mice,”
J. Natl. Cancer Inst. 94, 1134–1142 (2002).

35. H. A. Kenny et al., “The initial steps of ovarian cancer cell metastasis
are mediated by MMP-2 cleavage of vitronectin and fibronectin,”
J. Clin. Invest. 118, 1367–1379 (2008).

36. T. L. Moser et al., “Secretion of extracellular matrix-degrading protein-
ases is increased in epithelial ovarian carcinoma,” Int. J. Cancer 56,
552–559 (1994).

37. C. N. Landen, Jr., M. J. Birrer, and A. K. Sood, “Early events in
the pathogenesis of epithelial ovarian cancer,” J. Clin. Oncol. 26,
995–1005 (2008).

38. O. Nadiarnykh and P. J. Campagnola, “Retention of polarization signa-
tures in SHG microscopy of scattering tissues through optical clearing,”
Opt. Express 17, 5794–5806 (2009).

39. X. Wen et al., “In vivo skin optical clearing by glycerol solutions:
mechanism,” J. Biophotonics 3, 44–52 (2010).

40. M. Ahmad et al., “Do different turbid media with matched bulk optical
properties also exhibit similar polarization properties?” Biomed. Opt.
Express 2, 3248–3258 (2011).

41. F. C. MacKintosh et al., “Polarization memory of multiply scattered
light,” Phys. Rev. B Condens. Matter. 40, 9342–9345 (1989).

42. R. Lacomb et al., “Phase matching considerations in second harmonic
generation from tissues: effects on emission directionality, conversion
efficiency and observed morphology,” Opt. Commun. 281, 1823–
1832 (2008).

Kirby R. Campbell was a PhD student in the Biomedical Engineering
Department at the University of Wisconsin and obtained his degree in
2017. Currently, he is a postdoctoral fellow at St. Jude Hospital in
Memphis.

Rajeev Chaudharywas a PhD student in the Biomedical Engineering
Department at the University of Wisconsin and obtained his degree in
2016. Currently, he is employed by Berkeley Lighting.

Julia M. Handel is a senior undergraduate in the Biomedical
Engineering Department at the University of Wisconsin. She will
obtain her degree in 2019.

Manish S. Patankar is a professor in the Ob/Gyn Department at the
University of Wisconsin. He is an immunologist and studies alterations
in the immune response and ECM in ovarian cancer.

Paul J. Campagnola is a professor in the Biomedical Engineering
and Medical Physics Departments at the University of Wisconsin.
He specializes in developing nonlinear optical approaches to study
changes in the ECM in diseased states.

Journal of Biomedical Optics 066501-8 June 2018 • Vol. 23(6)

Campbell et al.: Polarization-resolved second harmonic generation imaging. . .

https://doi.org/10.1364/BOE.4.001991
https://doi.org/10.1364/OE.17.005794
https://doi.org/10.1117/1.1431967
https://doi.org/10.1016/j.bpj.2013.10.044
https://doi.org/10.1021/jp206308k
https://doi.org/10.1021/acs.jpcb.6b06822
https://doi.org/10.1364/OL.37.003837
https://doi.org/10.1364/BOE.4.000909
https://doi.org/10.1529/biophysj.105.071555
https://doi.org/10.1155/2014/934261
https://doi.org/10.1097/PAS.0b013e3181cf3d79
https://doi.org/10.1038/nprot.2012.009
https://doi.org/10.1186/1471-2407-10-94
https://doi.org/10.1016/j.bpj.2012.10.019
https://doi.org/10.3389/fonc.2012.00033
https://doi.org/10.1016/j.canlet.2009.09.017
https://doi.org/10.1093/jnci/94.15.1134
https://doi.org/10.1172/JCI33775
https://doi.org/10.1002/(ISSN)1097-0215
https://doi.org/10.1200/JCO.2006.07.9970
https://doi.org/10.1364/OE.17.005794
https://doi.org/10.1002/jbio.200910080
https://doi.org/10.1364/BOE.2.003248
https://doi.org/10.1364/BOE.2.003248
https://doi.org/10.1103/PhysRevB.40.9342
https://doi.org/10.1016/j.optcom.2007.10.040

