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1. Introduction

Two-photon excited fluorescence (TPEF) and sec-
ond harmonic generation (SHG) microscopy provide
powerful tools to image cellular autofluorescence
and extracellular matrix structure [1, 2]. Specifically,
TPEF results from the nonlinear excitation of mole-

cular fluorescence [3], while SHG signals depend on
non-linear interactions of illumination with a non-
centrosymmetric environment that can provide sub-
micron resolution [2, 4].

SHG is a coherent process in both time and
space, which means that it is instantaneous and the
emission is anisotropic. In bulk materials SHG in a
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In this study we showed that second-harmonic genera-
tion (SHG) microscopy combined with precise methods
for images evaluation can be used to detect structural
changes in the human ovarian stroma. Using a set of
scoring methods (alignment of collagen fibers, anisotro-
py, and correlation), we found significant differences in
the distribution and organization of collagen fibers in
the stroma component of serous, mucinous, endome-
trioid and mixed ovarian tumors as compared with nor-
mal ovary tissue. This methodology was capable to dif-
ferentiate between cancerous and healthy tissue, with
clear cut distinction between normal, benign, borderline,
and malignant tumors of serous type. Our results indi-
cated that the combination of different image-analysis
approaches presented here represent a powerful tool to

investigate collagen organization and extracellular ma-
trix remodeling in ovarian tumors.

Slice of a sample of normal ovary labeled with picrosir-
ius and two photon emission fluorescence and second
harmonic generation microscopy images of H&E-stain
adjacent section.
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crystal of a directional beam is emitted in one direc-
tion and only if the phase-matching condition
(matching of light momentum) is fulfilled for a given
polarization. There are two reasons why the phase-
matching condition is relaxed in SHG microscopy.
First the high numerical aperture incident beam is
spreaded over a large angle range which enhances
the chance that parts of the beam meet the phase-
matching condition. Second because the phase-
matching condition depends on the sample size with
respect to the wavelength which is relaxed for small
samples. This is the usual case in microscopy. None-
theless, the phase matching condition still imposes
restrictions on the emitted light directionality de-
pending on the concentration, spacing, order or dis-
order and orientation of the ‘scatterers’ in the focal
volume [5, 6]. Therefore, ordered non-centrosym-
metric structures such as collagen fibrils generate a
strong SHG compared to dispersed/disordered col-
lagen molecules. This is especially important for the
forward (F) and backward (B) directions. The ratio
of FSHG/BSHG depends on the fibril size. For thicker
fibrils forward SHG is predominant while for thinner
it tends to become equal, although forward signal is
always stronger. This means that the FSHG/BSHG ra-
tio can be used to evaluate fibril’s size, even in the
range of 10–30 nm that cannot be optically resolved
[7]. SHG also depends on the light polarization with
respect to the fibril’s direction, becoming stronger
when both are aligned. This can be used to reveal
the orientation angle of individual macromolecular
SHG scatterers [8]. In highly scattering or thick spe-
cimens, however, both, light directionality and polar-
ization selection rules, are relaxed due to “multiple
reflections” inside the sample.

The non-centrosymmetric structure of fibrillar
collagen makes it the major source of the SHG sig-
nals in biological materials [1, 4, 9, 10]. Collagen
forms the structural network of the extracellular ma-
trix (ECM) in tissue and plays an important role
during epithelial tumor progression. Thus, changes
in collagen content and organization are biomarkers
of tissue invasion and can provide insights into the
factors that facilitate this process.

SHG has already been shown to have potential
applicability for cancer diagnosis by revealing
changes in the ECM in tumors relative to normal tis-
sues [11]. Because fibrillar type I collagen is by far
the major structural component of the ovarian stro-
ma, SHG is well-suited for probing morphological
and structural changes associated with epithelial
ovarian cancer, which is responsible for the highest
mortality among gynecologic cancers. It is impera-
tive, therefore, to develop early diagnosis methods,
before the growth of the tumor, to improve its treat-
ment. Indeed, in the last five years a few groups
used combined SHG and fluorescence imaging to
show striking morphological changes in malignant

ovarian tissues [12–14]. Recently, we used stored
H&E stained samples to demonstrate, that SHG and
other nonlinear microscopy techniques can differ-
entiate between cancerous and healthy ovarian tis-
sue [15]. We showed that SHG-specific features such
fibers orientation and organization of the collagen
structure were potentially associated with morpho-
logical alterations in the benign, borderline, and ma-
lignant samples of serous type ovarian tumors. An
advantage of SHG compared with other visualiza-
tion techniques, such as bright field H & E images, is
the SHG selectivity, which is blind to the back-
ground populated with too many other things and
only sees the collagen fibril’s pattern. This allows an
automatic digital imaging processing of collagen net-
work only. This kind of discrimination is hard to be
performed with non selective imaging techniques.

The purpose of the present work was to extend
our previous analysis performed in serous ovarian
tumor [15] to the following varieties of human ovar-
ian epithelial tumors: serous, mucinous, endome-
trioid and mixed types. We evaluate the three sub-
types of serous and mucinous tumors classified as
adenomas, borderline tumors and adenocarcinomas.
TPEF was used mainly to identify epithelium/stro-
mal interface and SHG to determine collagen fiber
orientations in the ovarian stroma. Three scoring
methods were tested: the first method was based on
the calculation of the collagen fiber angle relative to
the tumor epithelium to quantify and measure pre-
viously defined tumor-associated collagen signatures
(TACS) [16]. Keely and coworkers characterized
three TACS, which are reproducible during defined
stages of tumor progression [17]. These signatures
are characterized by the presence of dense collagen
localized around small tumors during early disease,
called TACS-1; collagen fibers that are parallel to
the tumor boundary (around 0 deg.), called TACS-2;
and collagen fibers that are perpendicular to the tu-
mor boundary (around 90 deg.) in the invasive phase
of disease, called TACS-3. The second used the
Fourier domain to analyze the aspect ratio (AR) of
the bidimensional intensity distribution of the fast
Fourier transform (FFT) images. This method al-
lowed the characterization of the SHG images based
on their anisotropy. The third, used only for serous
and mucinous tumors, was the gray-level co-occur-
rence matrix (GLCM) analysis of the images. GLCM
is a good method to analyze texture patterns, provid-
ing information on the spatial relationships between
pixel brightness values in an image. It creates a ma-
trix based on the amount of difference between the
neighbor’s pixels. Different methods of analysis and
quantifications can be performed used with the
GLCM matrix, but for this work we only used the
correlation. This measurement allowed us to charac-
terize tissues by estimating the typical dimensions
within which collagen maintains its organization.
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Large differences were observed in the structure
and distribution of collagen fibers in the stromal
component of the tumor between malignant neo-
plasm and normal samples. We demonstrated that
TACS-3 is observed in the four types of malignant
human ovary tumor, for the first time. Our results
indicated that the combination of different image-
analysis approaches presented here may represent a
powerful tool to investigate collagen organization
and remodeling of extracellular matrix in ovarian
carcinogenesis processes.

2. Material and methods

2.1 Ovarian samples

Tissues were obtained from the archives of Depart-
ment of Pathology of the University Hospital of
Campinas, SP, Brazil. The research protocol was ap-
proved by the Ethics Committee of the Faculty of
Medical Sciences, Unicamp – N� 1437/2001. Because
this is a retrospective study with paraffin tissue
blocks, the ethics committee exempted informed
consent. All procedures were in accordance with the
Declaration of Helsinki and the ethical principles of
the medical community. Tissues of 4 mm sections
were examined either unstained or after H & E-stain-
ing using standard techniques. Some adjacent sec-
tions were stained with Picrosirius red (Polyscience,
Inc., Warrington, Pennsylvania) for optical collagen
detection. The sections were rinsed in water and in-
cubated with 0.5% aqueous solution of Picrosirius

red for 1 h at room temperature before rinsing with
0.5% acetic acid (Merck�, Darmstadt, Germany).

Each H & E-stained tissue section was diagnosed
by experienced pathologist, based on established
World Health Organization histological classification
for ovarian neoplasm [18]. The histological diagnosis
was determined according to the evaluation of multi-
ple sections from each specimen. In total, 42 ovarian
specimens were acquired from different patients
(median age, 43 years; range, 21–72) and classified
as normal ovarian tissue (5 cases), serous tumors (18
cases) mucinous tumors (11 cases), endometrioid
tumors (4 cases) and mixed tumors (4 cases). Serous
tumors included: adenoma (n ¼ 4), borderline
(n ¼ 3), and adenocarcinoma (n ¼ 11); while the mu-
cinous tumors were: adenoma (n ¼ 4), borderline
(n ¼ 2), and adenocarcinoma (n ¼ 5).

2.2 Optical setup

Figure 1a shows the experimental setup. The system
consisted of an inverted microscope Axio Observer
Z.1 equipped with a Zeiss LSM 780-NLO confocal
scan head (Carl Zeiss AG, Germany). The excitation
beam was provided by a mode-locked Ti:Sapphire
laser (Spectra-Physics. Irvine, USA) emitting 100-fs
width pulses at a 80 MHz repetition rate, at the wa-
velength of 940 nm and an average power at the
sample of 10 mW. This laser system was equipped
with a DeepSee for group velocity dispersion com-
pensation and an acousto-optic modulator (AOM)
for laser power attenuation. The beam was coupled

Figure 1 (online color at: www.biophotonics-journal.org) (a) Experimental setup to TPEF and SHG microscopy based on
an inverted microscope Axio Observer Z.1 and LSM 780-NLO confocal scan head (Carl Zeiss AG, Germany), AOM:
acoust-optic modulator, T1: telescope, l/4: quarter waveplate, G1/G2: galvanometer mirrors, SP: short-pass filter, BP: band-
pass filter, LP: long-pass filter, NDD: Non Descanned Detector. The SHG (red lines) and TPEF (green lines) are collected
in a transmitted light configuration. (b) Representative TPEF and SHG images obtained with the setup show in a) and
the images below shows serial section of picrosirius stained for corroboration of collagen and classical H&E stained
sample used for diagnosis. S: stroma, Ep: epithelium, stroma/epithelium interface is indicated with white outline. Scale
bars ¼ 20 mm.
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to the scan head after a collimating telescope (T1).
We used circular polarized light to avoid anisotro-
pies for different fibril’s directions. To do that we
placed a broadband quarter waveplate (l/4-New-
port) in the laser beam before the microscope scan
head and rotated this plate until the light power
after the objective did not change with a rotation of
a polarizer.

The beam was focused onto the sample by a 40�/
1.30 NA oil immersion objective (EC Plan-Neofluar
Carl Zeiss AG, Germany). The forward propagating
SHG (470 nm) and two-photon fluorescence signals
(>490 nm) were collected by the condenser lens
0.55 NA – WD 26 mm (Carl Zeiss) and acquired si-
multaneously by non-descanned detector (NDD)
after a blocking filter SP720 (Omega Filters) to pre-
vent back-reflected laser light. A filter cube with a di-
chroic LP490 nm wavelength (Carl Zeiss part number
1481-247) and a filter SP485 nm wavelength (Carl
Zeiss part number 1481-370) were placed in front of
the SHG detector to cut out unwanted fluorescence
light from the SHG channel. Other filter cube with a
mirror (Carl Zeiss part number 1512-461) and a nar-
row (20 nm FWHM) BP540 filter (Carl Zeiss part
number 1443-332) was used to detect TPEF signal.

Figure 1b shows representative images acquired
with this configuration, displaying representative
TPEF and SHG images (with 512 � 512 pixel spatial

resolution) and serial section stained with picrosirius
red and standard H & E for collagen detection and
morphological identification respectively. The stained
images were acquired with a charge-coupled device
(CCD) color camera (DFK 31AF03, The Imaging
Source, Germany) placed in the front port of the mi-
croscope. TPEF is generated fundamentally by the
eosin fluorescence and, for all cases, we used this
signal to identify epithelial/stroma interface only
(dashed white line). A SHG signal without fluores-
cence contamination was confirmed by the wave-
length range, half of the excitation, of the signal,
observed with the Avalanche Photodiodes (APD) ar-
ray of the LSM-780 Zeiss scan head CCD. Further
confirmation was performed detecting this signal
with the FLIM system (data not shown) that only
presented the instantaneous, within the instrument
response function, signal expected for the SHG with-
out any lifetime. The present confirmation was very
similar to one we performed this year in a similar
setup [19].

2.3 Collagen quantification

All calculations were performed by using ImageJ
(v1.45) software (NIH). The methods presented

Figure 2 (online color at:
www.biophotonics-journal.org)
Diagram of the measurements
from SHG images in normal and
malignant tissues. Inset a, tumor-
associated collagen signatures
(TACS), was done measuring the
collagen fiber (yellow arrows) an-
gle (white numbers) relative to the
epithelium alignment (white line).
Angle tool measured an angle de-
fined by three points (yellow num-
bers). Only six fibers are repre-
sented for demonstration. Total
distributions of fibers are pre-
sented in a histogram. Inset b, re-
presentative region used to calcu-
late the FFT transforms and
correspondent fit to ellipse (blue)
to estimate the anisotropy. x: min-
or axis, y: major axis, AR: aspect
ratio. Scale bars ¼ 20 mm.
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were selected because they have already been suc-
cessfully used in other analysis of diseases related to
collagen [11, 15, 20]. All evaluations were performed
in specific regions of interest (ROI) selected over
cross-sectional imaging. The numbers and size of
ROIs analyzed in each measurement are shown in
the respective figures. Because all data came from a
digital analysis of the images and all the processing
was done automatically, a blind analysis was not nec-
essary.

2.3.1 TACS analysis

The collagen fiber angle relative to the tumor
boundary was quantified. We select collagen fibers
(yellow arrows, Figure 2 inset a) that were clearly
visible and located no more than 30 mm of the
epithelium. Given that tumor boundary is not read-
ily identifiable, expert pathologist based in H & E
images selected the epithelial zone that present ab-
normal appearance and this region was considered
as the tumor boundary (white line, Figure 2 inset a).

Fiber angle was measured using angle tool from
ImageJ toolbar, which measured the angle defined
by three points (Figure 2 inset a). The point selection
used the following criteria: the first point was a point
along the fibril; the second one was the fibril ex-
treme closest to the epithelium (edge) of the tumor;
and the third one any point that connected to the
first draws a line parallel to the epithelium. Three
different images for each type of samples (normal,
serous adenocarcinoma, mucinous adenocarcinoma,
endometrioid and mixed tumors) were analyzed, se-
lecting an average of 50 fibers for each. In total,
150 angles were measured for each type of tumor.
From previous established definition of collagen or-
ganization [16], collagen fibers oriented parallel or
perpendicular to the epithelium (tumor boundary)
were classified as TACS-2 and TACS-3 respectively.

2.3.2 Aspect ratio analysis

To perform the AR analysis we used Fast Fourier
Transform (FFT), which is a good method to assign
a degree of organization to images. The FFT image
of a set of aligned fibers will have higher values
along the direction orthogonal to the direction of
the fibers and its intensity plot looks like an ellipse.
If the fibers are perfectly aligned the ellipse will col-
lapse to a line. For randomly oriented fibers, how-
ever, the intensity plot of the corresponding FFT im-
age looks like a circle. Therefore, the anisotropy of
the image was evaluated performing an elliptic fit on
the thresholded FFT images and by calculating the

ratio between its short and long axes, i.e., its aspect
ratio (Figure 2, inset b) [21]. The sample is more ani-
sotropic as the AR is close to 0, whereas it is more
isotropic when the AR is close to 1.

To perform the calculations four ROI (120 � 120
pixel side squared) in the SHG images were se-
lected. This was done to make sure that mainly col-
lagen network in the vicinity of the epithelium was
used for the FFT analysis, because this is the region
responsible for the invasion of the stroma. The
square ROI is required by the FFT procedure of Im-
ageJ, based on an implementation of the 2D Fast
Hartley Transform [22]. FFT can be implemented
with the commands FFT of the menu Process of Im-
ageJ.

2.3.3 Correlation analysis

We characterized tissues with GLCM methods by es-
timating the typical dimensions within which col-
lagen maintains its organization. We used the corre-
lation of the image with itself with a pixel separation
translated from one to 12 or 18 pixels. The feature
was averaged at angles q ¼ 0, 90, 180, and 270 de-
grees to take into account the fact that these images
do not have a specific spatial orientation. We meas-
ured the distance where correlation falls to 1/2, ex-
pressed in microns. To perform the calculations three
ROI (101 � 101 pixel side squared) in the SHG
images near the epithelium were selected. Correla-
tion was measured using GLCM-Texture plugin from
ImageJ, which was described by Walker and colla-
borators [23].

2.4 Statistical analysis

For multi-group comparisons, one-way analysis of
variance (ANOVA) with a post-hoc Tukey-Kramer
test was used. We performed t-testing for two-group
comparisons. The level of significance employed was
significant (*) p < 0.05 and very significant (**)
p < 0.01. Data were analyzed with SPSS 10.0 soft-
ware.

3. Results

First, to confirm that SHG visualize fundamentally
collagen type I the tissue sections were stained with
Picrosirius red, which also binds to other collagen
types, such as collagen II, III, IV, and V [24–26]. Pi-
crosirius red is an acidic dye which strongly reacts
with collagen basic amino acids and also enhances
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the birefringence of collagen fibers. Figure 1b com-
pares the collagen network visualized by SHG (dark
red), collagen-Picrosirius (light red) and H & E-stain
sections (pink) in normal ovarian tissue. All three
types of images displayed collagen type I fibers.
Same results were found with stained malignant
ovarian tissues (data not shown).

Next, we quantified the collagen fiber angle in re-
lation to the epithelium alignment. Three biopsies
for each type of tissue (normal, serous adenocarcino-
mas, mucinous adenocarcinomas, endometriod, and
mixed tumors) were analyzed. An average of 50 fi-
bers in each biopsy was quantified giving a total of
150 fibers for type of tissue. Figure 3a shows three
regions (200 � 200 pixels) enlarged from two repre-
sentative biopsies for each tumor and normal tissues
analyzed. Only for reference, we indicated in one re-
gion, collagen fibers selected to measure the angle
(yellow arrows). The histograms depict the total dis-
tribution of the fibers analyzed. In normal tissues we

found a distribution of collagen fiber angles around
0 deg (83% the fibers). This corresponds to TACS-2,
which is associated with noninvasive regions. On the
opposite way, in all malignant ovarian tumors ana-
lyzed we found distributions of collagen fiber angles
around 90 degrees in relation to the epithelium
boundary that correspond to TACS-3. Serous and
mucinous adenocarcinomas showed higher number
of fibers around 90 deg (79% and 75% respectively),
while endometrioid and mixed types showed less
number of fibers with this inclination (65% and 56%
respectively). Analyzing 50 fibers in three images for
each type of ovarian samples we quantified the num-
ber of fibers of collagen that are principally distribu-
ted around 0 deg (angle <20 deg) in normal samples,
and around 90 deg (angle >70 deg) in tumors sam-
ples (Figure 3b). In normal samples, the number of
fibers with angle <20 deg was greater than fibers
with angle >20 deg. These values were found to be
statistically different at the 0.05 level after a two-

Figure 3 (a) (online color at:
www.biophotonics-journal.org)
Analysis of collagen fiber (yellow
arrow) angles relative to the
epithelial boundary (white line)
for normal ovary, serous adenocar-
cinoma, mucinous adenocarcino-
ma, endometrioid, and mixed tu-
mors of the ovary. Three regions
(200 � 200 pixels) enlarged from
two representative biopsies for
each tumor and normal tissues
analyzed are presented. TACS his-
tograms from normal samples dis-
played principally TACS-2. In
contrast the serous, mucinous, en-
dometrioid, and mixed samples
displayed mainly TACS-3. Values
on the histogram were calculated
from three biopsies for each type
of tissue. An average of 50 fibers
in each biopsy was quantified giv-
ing a total of 150 fibers for type of
tissue. (b) Quantitative analysis of
fibers of collagen that are princi-
pally distributed around 0 deg (an-
gle <20 deg) in normal samples,
and around 90 deg (angle >70
deg) in tumors samples. Ser: ser-
ous, Muc: mucinous, End: endome-
trioid, Mix: mixed. Asterisks (*)
indicate p < 0.05 difference from
normal samples.
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sample statistical t-test. In all tumor samples ana-
lyzed the number of fibers with angle >70 deg was
greater than fibers with angle <70 deg. These values
were found to be statistically different at the 0.05 le-
vel after a two-sample statistical t-test; confirming
the TACS-3 classification for tumor tissues.

Resuming, our results confirm the existence of
a correlation between TACS-3 and malignancy.
TACS-3 was not observed around the entire peri-
meter of each tumor region, but rather locally.
Therefore, the frequency of TACS-3 could be indica-
tive of the primary sites of invasion.

In the second part of the study we estimated the
different orientations of collagen fibers in the ovar-
ian stroma by anisotropy calculations. To perform
the calculations four ROI (120 � 120 pixel side
squared) in each sample were selected (normal:
20 ROI ¼ [n = 5] � 4, serous: 44 ROI ¼ [n ¼ 11] � 4,
mucinous: 20 ROI ¼ [n ¼ 5] � 4, endometrioid:
16 ROI ¼ [n ¼ 4] � 4, and mixed: 16 ROI ¼ [n ¼ 4]
� 4). With this selection we can cover the entire
stroma near the epithelium. Figure 4a shows repre-

sentative H & E-stained and the correspondent
TPEF + SHG images of all different histological
types of ovarian samples analyzed. For clarity only
one ROI shows (in the inset) the SHG signal and
the correspondent FFT image. The results obtained
show that FFT images of normal ovary have a more
elliptical profile (image containing a set of aligned
fibers) when compared to the FFT images of malig-
nant ovary, which presents a more circular configura-
tion (image with randomly oriented fibers). Fig-
ure 4b shows the averaged AR on all ROI of the
examined samples. In ovarian carcinomas, AR val-
ues were 0.78 � 0.03, 0.75 � 0.04, 0.72 � 0.02 and
0.76 � 0.02 for serous (n ¼ 44), mucinous (n ¼ 20),
endometrioid (n ¼ 16) and mixed (n ¼ 16) histo-
logical types respectively. These values were statis-
tically significant (p < 0.05) after a two-sample statis-
tical t-test, when compared to normal ovary, whose
AR value was 0.57 � 0.01 (n ¼ 20). This result con-
firms the fact that normal ovary are more organized
tissues as compared to malignant ovarian tumors.

Figure 4 (online color at:
www.biophotonics-journal.org)
(a) Representative bright field
H & E-image and TPEF + SHG
images (512512 pixels) at a two-
photon excitation wavelength of
940 nm of tissues diagnosed as nor-
mal ovary, serous, mucinous, endo-
metrioid and mixed adenocarcino-
mas. Boundary epithelium (white
outline) and four different ROI
(120 � 120 pixels, yellow squared)
where the FFT was performed are
shown. FFT intensity images ob-
tained after 2D-DFT of the only
one ROI are shown below SHG
images. (b) Results of the AR of
ovarian samples averaged on all
ROI examined. For calculations
four ROI in each sample were se-
lected (normal: 20 ROI ¼ [n ¼ 5]
� 4, serous: 44 ROI ¼ [n ¼ 11] � 4,
mucinous: 20 ROI ¼ [n ¼ 5] � 4,
endometrioid: 16 ROI ¼ [n ¼ 4]� 4,
and mixed: 16 ROI ¼ [n ¼ 4] � 4).
Each bar represents the mean�S.D.
of independent 2D-DFT. Nor: nor-
mal, Ser: serous, Muc: mucinous,
End: endometrioid, Mix: mixed. As-
terisks (**) indicate p < 0.01 differ-
ence from normal samples. All scale
bars are 20 mm.
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Finally, we performed a complete analysis in serous
(Figure 5) and mucinous (Figure 6) subtypes, since
they are the more frequent alterations present in
epithelial ovarian cancer. Specifically, adenomas, bor-
derline and adenocarcinomas of serous and mucinous
subtypes were compared with normal tissues. Fig-
ure 5a shows the classical histological H&E-stained
section and the correspondent SHG images of the sev-
eral ovarian tissues with serous differentiation and
ROI selected for quantification. Figure 5b shows the
AR average value on all ROI examined. Four ROI
(120 � 120 pixel side squared) in each subtype serous
sample were selected (normal: 20 ROI ¼ [n = 5] � 4,
adenoma: 16 ROI ¼ [n = 4] � 4, borderline: 12
ROI ¼ [n ¼ 3] � 4, and adenocarcinoma: 44
ROI ¼ [n ¼ 11] � 4). AR increases progressively
(0.68 � 0.05, 0.73 � 0.04 and 0.78 � 0.03) and signifi-

cantly after a two-sample statistical t-test, when com-
pared to normal specimens (0.57 � 0.04). Figure 5c
shows results of texture analysis, where normal fibrils
correlation falls off sharply with distance, revealing
isolated thin fibrils. On the other hand, correlation for
the fibrils in adenocarcinomas remained elevated for
larger distances, implying fibrillar structures poorly
defined. Consistent with qualitative appearances, we
found evaluating three ROI (101 � 101 pixel side
squared) in the SHG images near the epithelium, that
the correlation remained higher in malignant tissues
with the Corr50, the pixel distance where the correla-
tion dropped below 50% of the initial value, signifi-
cantly greater in adenocarcinomas compared with nor-
mal ovarian (Figure 5c; P < 0.05, ANOVA).

Figure 6a shows different mucinous ovarian sub-
types and Figure 6b shows the AR average value on

Figure 5 (online color at: www.biophotonics-journal.org) (a) Representative bright field H & E-image and SHG images
(512512 pixels) at a two-photon excitation wavelength of 940 nm of tissues diagnosed as normal ovary, serous adenoma,
serous borderline tumor, and serous adenocarcinoma. The four different ROI (yellow squared) where the FFT was per-
formed are shown. All scale bars are 20 mm. (b) Results of the aspect ratio of ovarian samples averaged on all the exam-
ined ROI. Four ROI (120 � 120 pixel side squared) in each subtype serous sample were selected (normal:
20 ROI ¼ [n ¼ 5] � 4, adenoma: 16 ROI ¼ [n ¼ 4] � 4, borderline: 12 ROI ¼ [n ¼ 3] � 4, and adenocarcinoma:
44 ROI ¼ [n ¼ 11] � 4). Each bar represents the mean �S.D. of independent 2D-DFT. Asterisks (*; **) indicate a p < 0.05
and p < 0.01, respectively, differences from normal samples. (c) Correlation values in serous ovarian tumors versus dis-
tances pixels; the correlation for distances ranging from 1 to 18 pixels (0.35–6.0 mm) in three ROI of 101 � 101 pixel of
interest for each biopsy was calculated. Dotted line ¼ Corr50 value. Nor: normal, Ade: adenoma, Bor: borderline, Adenoc:
adenocarcinoma.
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all ROI examined. Four ROI (120 � 120 pixel side
squared) in each subtype mucinous sample were
selected (normal: 20 ROI ¼ [n¼ 5] � 4, adenoma:
16 ROI ¼ [n ¼ 4] � 4, borderline: 8 ROI ¼ [n ¼ 2]
� 4, and adenocarcinoma: 20 ROI ¼ [n ¼ 5] � 4).
For these tumors only adenocarcinomas presents sta-

tistically highly significant differences (0.75 � 0.04).
However, the correlation values are similar to those
found in serous tumors, which means that the Corr50

was significantly greater in adenocarcinomas com-
pared with normal ovarian (Figure 6c). Table 1 sum-
marizes and compares the previous results found for

Figure 6 (online color at: www.biophotonics-journal.org) (a) Representative H & E-staining and SHG images (512512 pix-
els) at a two-photon excitation wavelength of 940 nm of tissues diagnosed as normal ovary, mucinous adenoma, mucinous
borderline tumor, and mucinous adenocarcinoma. The four different ROI (yellow squared) where the FFT was performed
are shown. All scale bars are 20 mm. (b) Results of the aspect ratio of ovarian samples averaged on all the examined ROI.
Four ROI (120 � 120 pixel side squared) in each subtype mucinous sample were selected (normal: 20 ROI ¼ [n ¼ 5] � 4,
adenoma: 16 ROI ¼ [n ¼ 4] � 4, borderline: 8 ROI ¼ [n ¼ 2] � 4, and adenocarcinoma: 20 ROI ¼ [n ¼ 5] � 4). Each bar
represents the mean �S.D. of independent 2D-DFT. Asterisks (**) indicates a significant (p < 0.01) difference from normal
samples. (c) Correlation values in serous ovarian tumors versus distances pixels; the correlation for distances ranging from
1 to 12 pixels (0.35–3.0 mm) in three ROI of 101 � 101 pixel of interest for each biopsy was calculated. Dotted line
= Corr50 value. Nor: normal, Ade: adenoma, Bor: borderline, Adenoc: adenocarcinoma.

Table 1 Aspect ratio (AR) values.

Ovarian tissues

Normal Tumor types Adenoma Borderline Adenocarcinoma

0.57 � 0.04 Serous 0.68 � 0.05*, §, f 0.73 � 0.04**, §, f 0.78 � 0.03**

Mucinous 0.59 � 0.02 0.64 � 0.03 0.75 � 0.04+

*, **: p < 0.05 and p < 0.001, respectively, according to t-test for normal, benign, borderline and malignant subtypes.
§: p < 0.05, according to ANOVA test applied within the serous specimens.
+: p < 0.05, according ANOVA test applied within the mucinous specimens.
f: p < 0.05, according ANOVA test applied between serous and mucinous specimens.
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serous and mucinous ovarian tumors. These data
confirm that the normal ovary presents a more orga-
nized epithelium when compared to adenocarci-
nomas. By denoting SA, SB and SAC for serous
adenoma, borderline and adenocarcinoma tumors
respectively and MA, MB and MAC for the three
mucinous subtypes and use the notation A = B to
mean that A and B are not statistically different and
A 6¼ S to mean that A and B are statistically differ-
ent we can say that SA 6¼ SB 6¼ SAC, MA = MB 6¼
MAC, SA 6¼ MA, SB 6¼ MB but SAC = MAC. In
summary, the results together strongly indicate that
collagen presentation in normal and tumoral tissues
obeys specific patterns which can be detected with
SHG signals.

4. Discussion

In this study, we acquired SHG-microscopy images
of collagen fibers from human ovarian stroma to de-
termine the remodeling of the extracellular matrix
during the malignant process of carcinogenesis in
ovary. Using three scoring methods (signature of col-
lagen, anisotropy and correlation index), we ob-
served significant differences between the arrange-
ment and structure of collagen matrix of benign and
malignant ovarian specimens. For the first time four
different types of ovarian tumors and their different
categories were analyzed using SHG microscopy.

In the last years, SHG has emerged as a powerful
nonlinear optical contrast mechanism for biological
and biophysical imaging applications. In general the
recent reports have focused on visualizing collagen
fibers in a variety of connective tissues from skin,
bone, cartilage, tendon, hematopoietic tissue, and
cornea as well as fibrotic lesions in internal organs
[27–31]. A considerable optimism exist on that SHG
imaging may be translated to clinical applications
supplementing the well established histological
methods for tumor detection. Given our previous ex-
perience and the results of this work, we believe that
SHG signals from collagen fibers could be also a
promising imaging modality to understand carcino-
genesis [15, 32]. Besides, this technique has several
advantages. First, collagen features are stable and ro-
bust, persisting even when tissues have not been
fixed in a timely manner, and these features are
maintained under various tissue-processing ap-
proaches [16, 33]. Second, SHG imaging can be per-
formed in unstained or H & E-stained slides, and
thus requires no additional staining procedures for
collagen identification such as picrosirius red.
Furthermore, SHG microscopy can be used to reveal
details of macromolecular and supramolecular as-
semblies which are not possible through other tech-
niques such as fluorescence imaging.

Our results from TACS and anisotropy measure-
ments indicate that collagen networks in serous, mu-
cinous, endometrioid and mixed tumors were strik-
ingly different from the corresponding normal tissue,
which shows that structural modifications of the fi-
brillar collagen matrix in malignant tissues exist and
that these modifications can be measured with speci-
fic optical techniques. We observed structures com-
patible with remodeling of extracellular matrix,
being the first study to identify TACS-3 signatures in
all human ovarian tumors analyzed. These results
also agree well with other groups’ reports which sug-
gested that regions containing TACS-3 correspond
to sites of focal invasion into the stroma [16, 17]. For
example, others have observed that tumor cells pre-
ferentially invade along straightened, aligned col-
lagen fibers, which can promote intravasation [16,
34–36]. Moreover, we observed a gradual transfor-
mation of TACS-2 into TACS-3 in serous ovarian tu-
mors as the ovarian stromal configuration passes
from normal to an abnormal appearance. Adenomas
show mostly TACS-2, borderlines present both
TACS-2 and TACS-3 and serous adenocarcinomas
mostly TACS-3 distribution [15]. Similarly, the col-
lagen alignment was used to quantify local invasion
with the level of TACS-2 and TACS-3 in breast tu-
mors and shows that the increased invasiveness is
not only the result of earlier tumorigenesis that had
more time to progress, but it is also due to tumor
cells that are fundamentally more invasive because
they arose within collagen-dense tissues [17]. Re-
cently, Conklin and coworkers reported that TACS-3
signature is robust and significantly associated with
disease outcome of human breast carcinoma and
could be used as an adjunct to the histopathologic
process to help inform patient diagnosis [37]. In line
with this suggestion we believe that TACS-3 could
be a novel biomarker to be associated with the ovar-
ian malignant disease.

Several studies have shown that the collagen fi-
bers are irregularly disordered without well-defined
orientation in pathological samples, while the mor-
phology of the collagen fibers is highly arranged in
normal samples [12, 38–42]. This means that a de-
tailed knowledge of the collagen morphology is very
important because structural modifications of the fi-
brillar matrix are associated with various physiologic
processes including cancer [9]. It is known that biop-
sies from patients with epithelial ovarian cancer ex-
hibited a loss of fine structure and structural organi-
zation with wavy, collagen bundles, whereas the
normal tissue exhibited normotypic structured col-
lagen fibrils near the epithelial surface [11]. In this
work, using anisotropy and correlation scoring meth-
ods, we confirmed that all histological types of tu-
mors show a more disorganized stroma with respect
to the normal tissues. One important finding was
that it is possible to discriminate between serous
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adenoma from mucinous adenoma and serous bor-
derline from mucinous borderline tumors. Unlike
ovarian serous tumors, which are relatively homoge-
neous in their cellular composition and degree of dif-
ferentiation, mucinous tumors are frequently hetero-
geneous, with mixtures of benign, borderline, and
malignant elements often found within the same
neoplasm, in a spectrum pattern. They are com-
monly large tumors that occasionally reach massive
proportions. The heterogeneity in these mucinous tu-
mors suggests that malignant transformation is se-
quential and slow, progressing from adenoma to bor-
derline tumor and, finally, to invasive carcinoma
[43]. This behavior is probably reflected in a more
organized stroma.

In conclusion, we have tested the capability of
SHG microscopy and different image-pattern analy-
sis approaches to characterize different ovarian tu-
mors with some particular stromal disorder. We
found that SHG imaging allows the visualization of
collagen alteration with epithelial tumor progression
and to quantify features of collagen-fibril bundles or-
ientation and collagen fibril structure that can estab-
lish a quantitative link between collagen alteration
and epithelial tumor progression. The methods pre-
sented in this work represent a promising analysis/
scoring tool for cancer pathogenesis and diagnosis
(Table 2). We believe that a combination of these
methods can give complementary information to fa-
cilitate the identification of alterations in ovarian
stroma. The capability of quantifying collagen altera-

tion with epithelial tumor progression renders SHG
microscopy an in situ histological tool that is free
from the labeling requirement of conventional meth-
ods. The present study will provide the groundwork
for the exploitation of SHG based analysis in clinical
settings.
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Table 2 Summary of the different techniques for the analysis of collagen fibers in ovary stroma.

Technique Measured
Variable

Values Conclusion Calculation

TACS Fiber angle
(relative to
epithelium)

TACS-2
(q ffi 0 deg)
TACS-3
(q ffi 90 deg)

Normal ovaries present
TACS-2 while adenocarcino-
mas show TACS-3, which
may be indicative of the
invasive and metastatic
growth potential.

Angle tool of ImageJ

AR Fiber direction AR = 0
(anisotropic)
AR = 1
(isotropic)

Normal ovaries fibers show
isotropic behavior. While in
adenocarcinomas the fibers
are more anisotropic.

FFT process of ImageJ

Correlation Fiber separation C ffi 1
(displaced image =
non displaced one,
non-periodic fibers)
C ffi 0
(displaced image 6¼
non displaced one,
periodic fibers)

Normal ovaries show more
defined and periodic fibers.
While adenocarcinomas tissues
show more random and
non-periodic fibers.

GLCM plugin of ImageJ

TACS: Tumor-Associated Collagen Signatures, AR: Aspect Ratio, q: angle, C: correlation, FFT: Fast Fourier transform,
GLCM: Gray-Level Co-occurrence Matrix.
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