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ABSTRACT Polarized microscopy provides unique information on anisotropic samples. In its

most complete implementation, namely Mueller microscopy, this technique is well suited for the
visualization of fibrillar proteins orientations, with collagen in the first place. However, the
intrinsic optical anisotropy of unstained tissues has to be enhanced by Picrosirius Red (PR)
staining to enable Mueller measurements. In this work, we compared the orientation mapping
provided by Mueller and second harmonic generation (SHG) microscopies on PR stained samples
of vaginal and uterine cervix tissues. SHG is a multiphoton technique that is highly specific to
fibrillar collagen, and was taken as the “gold standard” for its visualization. We showed that
Mueller microscopy can be safely used to determine collagen orientation in PR stained cervical
tissue. In contrast, in vaginal samples, Mueller microscopy revealed orientations not only of col-
lagen but also of other anisotropic structures. Thus PR is not fully specific to collagen, which
necessitates comparison to SHG microscopy in every type of tissue. In addition to this study of
PR specificity, we determined the optimal values of the staining parameters. We found that
staining times of 5 min, and sample thicknesses of 5 pm were sufficient in cervical and vaginal

tissues. Microsc. Res. Tech. 78:723-730, 2015. © 2015 Wiley Periodicals, Inc.

INTRODUCTION

Collagen fibers are key structural proteins in the
architecture of tissues (Hulmes, 2002; Parry and
Craig, 1984). Alteration of collagen organization is
strongly connected to various pathologies, including
vaginal prolapses (Jackson et al., 1996; Norton et al.,
1992) or cervical neoplasias in gynecology (Arifler
et al., 2007; Das et al., 2013; Shukla and Pradhan,
2009). Visualization of collagen structures by patholo-
gists is therefore a great concern.

Picrosirius red (PR) has been reported decades ago
to stain connective tissues (Sweat et al., 1964). The
pioneering study by Junqueira et al. (1979) suggested
that PR staining combined with polarized microscopy
detects collagen fibers with high specificity. When
applied to a tissue, Sirius Red molecules indeed align
along collagen fibers, and enhance the birefringence
of these anisotropic structures, which in turn pro-
vides a specific contrast with polarized microscopy.
Detailed staining protocols have been described in
various tissues, including vagina, but not uterine cer-
vix. In the former tissue, 1-h PR staining was
reported to be the most efficient method to specifically
visualize collagen using polarized microscopy (Borges
et al., 2007).
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While other staining techniques, such as Masson’s
trichrome, are routinely used by pathologists, they do
not provide enough specificity to collagen fibers in con-
nective tissues. In contrast, immunohistochemical
staining probes a particular collagen type with great
specificity, for instance type I collagen, the prominent
fibrillar collagen. Nevertheless, this technique is some-
what delicate and costly compared to histological stain-
ing, so that it is not used at all times by pathologists in
routine diagnoses (Jeffrey and Prichard., 2014).

Advanced imaging techniques with three-
dimensional capabilities have also been reported for
collagen visualization. While optical coherence tomog-
raphy or reflectance confocal microscopy may lack
specificity or sensitivity to collagen fibers, second har-
monic generation microscopy (SHG) has been shown to
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probe collagen fibers in intact tissues with high speci-
ficity and sensitivity (Campagnola et al., 2002; Cox
et al., 2003; Strupler et al., 2007; Zipfel et al., 2003).
This method, a multiphoton imaging technique based
on a femtosecond infrared laser, is however complex
and expensive and has not been used by pathologists
in routine diagnosis so far. Note that SHG setups can
simultaneously provide two photon excited fluores-
cence (2PEF) images. This latter imaging modality
allows the visualization of other components than col-
lagen in unstained tissues, such as elastin or various
cellular chromophores (Zipfel et al., 2003).

The aim of this paper is to optimize PR staining pro-
tocols for polarized microscopy in its most complete
implementation, i.e. Mueller microscopy. Here we
briefly describe the essentials of the technique but the
reader interested in the details of this technique will
find complete information in references (Bancelin
et al., 2014; Laude-Boulesteix et al., 2004). While
standard polarized microscopy consists in placing the
sample between two crossed linear polarizers, or two
opposite sense circular polarizers, in Mueller micros-
copy the sample is illuminated via a polarization state
generator, which sequentially generates four different
polarization states, and the emerging light is analyzed
by a polarization state analyzer, which generates four
different polarization filters. As a result, Mueller
microscopy provides a full characterization of the
polarimetric response of the sample. In particular, ani-
sotropic samples exhibit an orientation-dependent
refractive index, with high and low index axes (also
called slow and fast axes), 90° apart from each other.
This optical anisotropy introduces a difference in the
optical path, also called retardation and expressed in
degree or radian, between the polarizations aligned
with the slow and fast axes. The value of the retarda-
tion (also called scalar retardation) is related to the
sample birefringence and considered as a measure-
ment of the sample anisotropy. While standard polar-
ized microscopy can only provide qualitative
information about the sample optical anisotropy, Muel-
ler polarimetry provides a measure of the scalar retar-
dation and the orientation (azimuthal angle) of slow
and fast axes at each point of the image.

Interestingly, when fibrillar proteins are present in
a tissue with a preferential orientation, they induce an
optical anisotropy, with the slow axis aligned with the
fibers (Junqueira et al., 1979; Wolman and Kasten,
1986). In this context, Mueller polarimetry may pro-
vide a reliable, simple and low-cost method to visualize
collagen fiber organization in vaginal and uterine cer-
vix, and probably many other human tissues. To vali-
date this idea, we compared Mueller images of PR
stained histological sections to SHG images of the
same sections as “gold standard” references for colla-
gen fiber visualization. 2PEF images have also been
used to improve the visualization of the tissue mor-
phology. In this work, we focused on the organization
of collagen fibers lying under Malpighian epithelium
in uterine cervix because we expect this organization
to be altered in neoplastic tissues with respect to
healthy ones to account for the polarimetric responses
observed in macroscopic images of conizations (Pieran-
gelo et al., 2013). We also probed collagen distribution
in vaginal biopsies because it may be altered with

prolapse, a frequent pathology with unknown etiology
(Badiou et al., 2008; Kerkhof et al., 2009).

MATERIALS AND METHODS
Tissue Preparation

Five vaginal samples were collected from patients
either operated for a grade three vaginal prolapse
(Visco et al., 2003) (3 females) or for a hysterectomy for
functional reasons (2 females) after obtaining their
consent. These samples were removed from the ante-
rior vagina wall, up to two centimeters on a median
line from the uterine cervix to the proximal direction.
These samples were 2 cm long and 0.5 cm wide, on the
entire vaginal thickness from the epithelium to the
adventitia. Eleven uterine cervical cones were also col-
lected from patients after obtaining their consent,
including 10 conizations performed because of grade 3
cervical intraepithelial neoplasia (CIN3) and 1 coniza-
tion sampled during hysterectomy due for menorrha-
gia. Note that the collagen distribution of these
vaginal and uterine samples may be affected by the
underlying pathology. This advantageously provides
different types of samples for comparison of Mueller
and SHG imaging.

Each sample was processed to obtain histological
sections using the usual protocol of standard micros-
copy, summarized in Figure 1. The epithelium was
marked with black ink, and samples were fixed in neu-
tral formalin for 24-48 h and embedded in paraffin.
Sections were cut from each paraffin block and stained
with Picrosirius red for collagen visualization or
Hematoxylin, Eosin and Safran (HES) for usual histo-
logical diagnosis. Finally, each histological section was
positioned on a glass slide and covered by a glass cover
slip instead of the usual plastic film to avoid birefrin-
gence artefacts due to this anisotropic plastic film.

Two parameters were tested in PR stained sections.
First, these sections were cut to three different thick-
nesses: 5 um (which corresponds to the usual section
thickness for histological diagnoses), 10 and 15 pm to
take advantage of SHG three-dimensional imaging in
thick tissues. Second, slides were incubated with PR
over 5-60 min, the latter duration corresponding to
optimized protocols as reported for vaginal tissues
(Borges et al., 2007). Table 1 summarizes the main fea-
tures of the tissues under study and the number of
measures with Mueller polarimetric and second har-
monic generation microscopies.

Comparative Study of Mueller and SHG Imaging

Each section was imaged using polarization and
multiphoton microscopies in the same re%ions for the
sake of comparison. To that end, 1 X 1 mm* areas were
delineated on the glass coverslip using black ink as
shown in Figure 1. Polarization images were then
recorded within these delineated areas in regions of
interests (ROIs) exhibiting remarkable patterns to
facilitate image registration (480 X 480 um? field of
view). Finally, SHG imaging was performed in the
very same ROIs by adjusting the section position in
the microscope stage until visualizing similar patterns
on the multiphoton images. 2PEF images were
recorded simultaneously to better reveal the tissue
morphology through endogenous fluorescent signals
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Fig. 1. Essential steps (1-5) of the pathology procedure providing
histological slides from a fresh tissue biopsy. In step 6, these slides
are marked to delineate areas (open squares in the zoom at the bot-
tom of the figure) within which identical ROIs were identified and

imaged by both multiphoton and Mueller microscopies (step 7). [Color
figure can be viewed in the online issue, which is available at wileyon-
linelibrary.com. ]

TABLE 1. Summary of the tissue samples studied with Mueller polarimetry (MP) and second harmonic generation (SHG) microscopy

Tissue Patient Clinical indication Mueller polarimetry Second harmonic generation
Vaginal tissue Vi Grade 3 vaginal prolapse Yes (80 images/13 slides) Yes (27 images/6 slides)
V2 Grade 3 vaginal prolapse Yes (44 images/6 slides) No
V3 Grade 3 vaginal prolapse Yes (4 images/1 slide) No
V4 Hysterectomy for functional reasons Yes (12 images/12 slides) No
V5 Hysterectomy for functional reasons Yes (12 images/12 slides) No
Uterine cervix C1 CIN3 Yes (12 images/1 slide) Yes (6 images/1 slide)
Cc2 CIN3 Yes (28 images/1 slide) Yes (9 images/1 slide)
C3 CIN3 Yes (17 images/1 slide) No
C4 CIN3 Yes (10 images/1 slide) No
C5 CIN3 Yes (11 images/1 slide) No
C6 CIN3 Yes (7 images/1 slide) No
C7 CIN3 Yes (9 images/1 slide) No
C8 CIN3 Yes (7 images/1 slide) No
C9 CIN3 Yes (6 images/1 slide) No
C10 CIN3 Yes (7 images/1 slide) No
C11 Hysterectomy due to menorrhagia Yes (6 images/1 slide) No

(enhanced by the fixation process) and facilitate com-
parison with polarization images.

In vaginal sections, we delineated 1 X 1 mm? areas
in the three layers of the vaginal wall namely the sub-
mucosa, the muscularis and the adventitia (Boreham
et al., 2002; Weber and Walters, 1997). We then imaged
with Mueller microscopy a total of 152 ROIs in 44
slides with different thickness or staining duration
from the 5 patients (see Table 1). 27 ROIs in 6 slides
from 1 patient were also imaged with SHG microscopy.
In cervical sections, we focused on subepithelial
regions corresponding to two different epithelial
states, either healthy Malpighian epithelium or CIN3.
We then imaged using Mueller microscopy a total of
120 ROIs (just under the epithelial layer) in 11 slides
from the 11 patients (6 to 28 images per slide, see Table
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1). 15 ROIs in 2 slides from 2 patients (6-9 images per
slide) were also imaged using SHG microscopy.

Mueller and SHG images were then processed as
previously published (Bancelin et al., 2014). Briefly,
complete Muller measurements provided azimuthal
(in plane) angular orientation of the slow optical axis
of the PR-enhanced retardation. SHG images provided
a direct visualization of the collagen fibers, whose azi-
muthal orientation was obtained directly from the
images after suitable filtering. The azimuthal angles
obtained by Mueller and SHG techniques were directly
compared on processed images of the same ROIs using
the same RGBR color code (red to green to blue to red
again from 0° to 180°). Further processing provided the
corresponding histograms of the azimuthal angles of
all pixels of every ROL.
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Influence of Section Thickness and Staining
Duration for Mueller Microscopy

In order to optimize PR staining duration for Muel-
ler microscopy, we measured the mean scalar retarda-
tion on the full field of view as a function of the
staining duration. This study was performed on vagi-
nal sections because they are more homogenous than
cervical sections. Staining durations were 5, 10, 15, 30,
and 60 min. We also imaged unstained vaginal sections
to test the intrinsic retardation of these samples.

In order to verify the consistency of our measure-
ments, we imaged four sets of vaginal serial sections
(15 min Picrosirius red staining) with three different
thicknesses: 5, 10, and 15 um. We then compared the
mean scalar retardations over the full field of view.

RESULTS
Comparative Study of Mueller and SHG Imaging
of Vaginal Tissue

Figure 2 displays typical results obtained from
Mueller and multiphoton microscopies in the same
ROI of a vaginal sagittal section, in the muscularis
layer (patient V1). The unpolarized transmitted light
(Fig. 2A) and SHG (green color in Fig. 2B) images
exhibit similar structures in some regions but not
everywhere in the field of view. All the structures
revealed by the SHG image also appear in the trans-
mitted light image, while, in contrast, some structures
in the transmitted light images are not present in the
SHG image, but appear in the 2PEF image (red color
in Fig. 2B). The white circle identifies one spot exhibit-
ing such behavior in images 2A-2D). The orientation
images (Figs. 2C and 2D) obtained from both SHG and
Mueller imaging techniques also show similar azi-
muthal angles in some regions but not everywhere,
and in particular not in the above-mentioned SHG-
silent regions. Finally, the orientation histograms
(Figs. 2E and 2F) do not match, which confirms that
only a minor pixel number in Mueller and SHG images
show similar orientations.

Comparative Study of Mueller and SHG Imaging
of Cervical Tissue

Figure 3 displays typical orientation images
obtained from polarization and multiphoton micros-
copies in the same ROI of a cervical section, around a
crypt in a healthy region (patient C1), which corre-
sponds to an invagination of the glandular epithelium
into the substance of the cervical stroma. The unpolar-
ized transmitted light image (Fig. 3A) and the raw
SHG image (Fig. 3B) exhibit similar structures in the
whole field of view. Interestingly, both images show
that the residual mucus present in the crypt lumen is
slightly stained by PR and appears in the 2PEF image
but not in the SHG one. The orientation images (Figs.
3C and 3D) and the histograms (Figs. 3E and 3F)
obtained from the two techniques also match in a satis-
factorily way.

Influence of Section Thickness for Mueller
Imaging
Table 2 displays the mean scalar retardation for

serial vaginal sections with the same staining duration
(15 min) as a function of the section thickness. We

observe no strong variation within the range under
study, while scalar retardation is expected to increase
linearly with sample thickness in homogeneous
samples.

Optimization of Picrosirius Red Staining
Duration for Mueller Imaging

Originally, we studied unstained vaginal sections to
verify whether the intrinsic collagen retardation may
be measured using polarization microscopy. We
observed no significant signal even in 15 pm thick sec-
tions on 30 different slides. On these slides, the mean
scalar retardation is only 2°, which corresponds to the
background noise measured in the polarization
microscope.

The effect of the staining duration was studied by
plotting histograms of the scalar retardation for vari-
ous staining durations. A typical result is shown in
Figure 4 for serial vaginal sections (patient V4). When
the staining time increases, the histogram gets wider,
implying a significant increase of the mean value with
respect to the 2° measured without staining. Table 3
displays the mean scalar retardation for serial sections
showing similar histological structures. These sections
are either sagittal or transversal sections with the
same thickness (15 um) from five different patients.
We did not observe any differences in the mean retar-
dation of sagittal or transversal sections and merged
the results of both types of sections. Table 3 shows that
different samples with the same staining duration
exhibit similar mean scalar retardations.

DISCUSSION
Comparative Study of Mueller and SHG Imaging
of Vaginal Tissue

Considering that SHG specifically reveals collagen
fibers and that the transmitted light MP image reveals
absorption by Picrosirius red, we deduce that the
transmitted light image shows some absorbing compo-
nents that are not collagen fibers and still are stained
by Picrosirius red and appear in 2PEF images. The
nonzero retardance observed in most of these regions
indicates that the PR molecules exhibit local preferen-
tial orientations, which certainly highlight the local
preferential orientations of the components other than
collagen visualized by 2PEF. Similar observations
have been reported in other tissues, and it has been
suggested that these oriented PR stained components
may be oriented basic proteins or amyloid fibrils (Con-
stantine and Mowry, 1968; Junqueira et al., 1979).
While the accurate nature of these components is
beyond the aim of this study, our data clearly show
that MP of PR stained vaginal tissue is not fully spe-
cific for collagen.

Comparative Study of Mueller and SHG Imaging
of Cervical Tissue

The residual mucus present in the crypt lumen is
composed of biomolecules other than collagen, which
explains the absence of any SHG signal. It is neverthe-
less slightly stained by PR, but no significant scalar
retardation is seen in the MP image, which means that
the PR molecules do not exhibit any preferential orien-
tation, even at the micrometer scale. This complete
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Fig. 2. Comparison of Mueller and combined SHG/2PEF microscop-
ies on the same region of a vaginal sample. (A) Unpolarized transmit-
ted light image at 550 nm. Transmission varies from 0 (black) to 1
(white). (B) Multiphoton image upon 860 nm excitation, where SHG
(in green) shows collagen fibers and 2PEF (in red) other tissue compo-
nents. (C) Azimuthal orientation a of the retardation slow axis, dis-
played in the RGBR scale from 0° to 180° shown on the right side. (D)
Azimuthal orientation of the collagen fibers derived from the SHG

orientational disorder of the PR molecules is attributed
to a similar disorder of the components the PR mole-
cules stick on.

Orientation histograms measured from both techni-
ques are in good agreement. They exhibit the same
shape with a main peak corresponding to the major
azimuthal orientation in the image. While the width
and the contrast of the peaks are different for the two
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image. (E) Histogram of the slow axis orientation. (F) Histogram of
the collagen fibers orientation. The white circle highlights a region
without collagen but with 2PEF active biomolecules (image b). This
region exhibits significant retardance with well defined orientation of
slow axis (image c). Images size: 480 X 480 pm? [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.
com.]

techniques, due to various filtering techniques, both
histograms peak at the same angle, so that they pro-
vide the same main orientation of collagen fibers. The
peaks of the orientation histograms provided by the
two techniques have been found to coincide to within
7° (rms) in a study on 12 different samples of cervical
tissue. More details about this study have been pub-
lished recently in the reference (Bancelin et al., 2014).
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Fig. 3. A-F: Analogs to Figure 2, for a histological section of healthy uterine cervical tissue beneath
the epithelium with a crypt. This crypt is partially filled with mucus, which is clearly visible in transmis-
sion and 2PEF images (A and B). Images size: 480 X 480 ym?. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

These results show that in PR stained cervical tissue,
Mueller microscopy based on scalar retardation meas-
urements only reveals collagen fibers.

Influence of Section Thickness for Mueller
Imaging

The absence of any increase of scalar retardation
with sample thickness may be attributed to sample
heterogeneities occurring within the section, leading
to variations of the collagen density and organization
along the section thickness. As a consequence, increas-
ing the section thickness is not effective to enhance the

scalar retardation and 5-10 um are sufficient to opti-
mize the retardation for these samples.

Optimization of Picrosirius Red Staining
Duration for Mueller Imaging

Mueller imaging of unstained vaginal sections
shows that PR staining is mandatory to enhance the
collagen retardation and allow detection of these aniso-
tropic structures by polarization microscopy.

Mean scalar retardations of different samples with
the same staining duration are in good agreement,
although these measurements are performed in tissues
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TABLE 2. Mean scalar retardation (degree) as a function of section thickness (um) in serial vaginal sections stained for 15 min from patients
V4 and V5 (transversal and sagittal sections)

Mean scalar retardation for various staining durations

Patient Histological
number region 5 min 10 min 15 min 30 min 60 min
C1 Adventitia 5.4+ 0.8(n=6) 6.0 + 1.0 7.0+ 1.1(n=23) NA NA
(n =6)
C1 Muscularis 59*+08(n=2) NA 8.6 = 1.3 (n=20) NA NA
C1 Submucosa 75*+260n=2) 5.6 8.9+ 1.7 (n=20) NA NA
(n=1)
C2 Adventitia 74+12((n=13) NA NA NA NA
C2 Muscularis 6.8+ 1.9(n=15) NA NA NA NA
C2 Submucosa 5.6 £ 0.7(n=16) NA NA NA NA
C3 Muscularis NA NA 9.7+16(1n=4) NA NA
C4 Muscularis NA NA 95+20(n=2) 125 +6.4(n=2) 13.2*+3.7(n=2)
C5 Muscularis NA NA 129 +23(n=2) 11.8*+0.1(n=2) 133+1.1(n=2)

Without
staining

0 4 8 12
R (deg.)

16 0

Fig. 4. Histograms of the scalar retardation values measured over the whole field of view for three dif-

ferent staining durations. Sample thickness: 15 pm.

TABLE 3. Mean scalar retardation (degree) for various staining
duration (min) in 152 ROIs from different sagittal or transversal vag-
inal sections from five patients

Thickness (pm)
Sample 5 10 15
V4H 9.5 13 10.9
v4T 8.4 13.9 8
V5H 20.7 10.9 11.3
V5T 9.7 11.3 14.5

Sections from the same sample are 15 pm thick serial sections. NA stands for
Not Available (no section imaged).

with complex collagen distribution instead of “model” tis-
sues, such as rat tendons exhibiting highly uniform den-
sity and orientation of collagen fibers. Accordingly, we
observe a significant variability in the retardation val-
ues, due to significant dispersion of collagen density and
polar angles (which are not currently accessible in Muel-
ler microscopy). Nevertheless, Table 3 shows unambigu-
ously the reproducibility of Mueller measurements.

We also consistently observe that the mean scalar
retardation increases with the staining duration, but in
a sublinear way. It may be attributed to a faster tissue
staining at the beginning of the procedure, followed by
progressive saturation of the stain access to collagen
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fibers. Most importantly, the scalar retardation meas-
ured for only 5 min staining is significantly higher than
the background noise level and therefore enables the
azimuthal angle measurement in a reliable way.

In conclusion, this study was devoted to the use of
Mueller polarized microscopy of Picrosirius red stained
samples for the visualization of collagen fiber orienta-
tions in vaginal and uterine cervical tissues. Our main
results are twofold.

First, we compared the data provided by Mueller
and multiphoton (SHG and 2PEF) microscopies, SHG
being the “gold standard” for collagen fiber visualiza-
tion. We showed that Mueller microscopy in conjunc-
tion with PR staining provides reliable orientation
images in cervical tissue, which is known to be rich in
collagen, in contrast with vaginal tissue, where these
images include contributions from other components
which show up in 2PEF images. Thus, PR staining is
not totally specific for collagen as suggested by previ-
ous studies, and each type of tissue should be investi-
gated by comparison with other techniques, such as
SHG microscopy to assess the specificity of PR staining
and to correctly interpret the data provided by polar-
ized imaging.

Second, we determined an acceptable “window” for
the samples thickness and staining time to obtain
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adequate retardations. With our system, these retar-
dations must be larger than 3° for a sufficient fraction
of pixels (of the order of 80%). Such retardations are
obtained in cervical and vaginal tissues with 5 min
staining duration, which is much shorter than previ-
ously published values, and 5 pm thicknesses, which
are compatible with standard histological practice.
Such an information should be of great interest for
pathologists by providing a reliable method for the
analysis of the extracellular matrix in histological sec-
tions with very low staining duration.
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