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ABSTRACT: Uterine cervical remodeling is a fundamental feature
of pregnancy, facilitating the delivery of the fetus through the
cervical canal. Yet, we still know very little about this process due
to the lack of methodologies that can quantitatively and
unequivocally pinpoint the changes the cervix undergoes during
pregnancy. We utilize polarization-resolved second harmonic
generation to visualize the alterations the cervix extracellular
matrix, specifically collagen, undergoes during pregnancy with
exquisite resolution. This technique provides images of the
collagen orientation at the pixel level (0.4 ym) over the entire
murine cervical section. They show tight and ordered packing of
collagen fibers around the os at the early stage of pregnancy and
their disruption at the later stages. Furthermore, we utilize a
straightforward statistical analysis to demonstrate the loss of order in the tissue, consistent with the loss of mechanical properties
associated with this process. This work provides a deeper understanding of the parturition process and could support research into
the cause of pathological or premature birth.
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Bl INTRODUCTION strongly to changes in the cervical collagen and fibrous tissue
directionality, dispersion, cross-link density, and turnover, as
8—12,15—17 . .
shown by Myers and others. The cervix comprises a
rich extracellular matrix within the stroma, which lies under an
epithelium, and collagen fibers are a major constituent.'*™>" In
early pregnancy, collagen remains in an organized fibrous
structure. As gestational age advances, the cervix becomes
12,22 o .

softer due to the structural reorganization of collagen in
the stroma.'">>**

Numerous researchers have studied cervical collagen
and its anisotropic alignment surrounding the cervical

9,10,16,32 - . . .
canal through a variety of techniques, including
magnetic tensor imaging,33 quantitative ultrasound,* optical
coherence tomography,” and Mueller matrix polarimetry.**~**
Raman spectroscopy showed an apparent decrease in collagen
type I peaks over the normal pregnancy period.”” Other studies
have utilized second harmonic generation (SHG) microscopy
. A . 40—42

to observe cervical remodeling in mice as SHG has

Preterm birth (PTB) is the leading cause of infant mortality
worldwide. PTB also leads to lifelong morbidities and accounts
for an estimated 69 million disability-adjusted life years
annually worldwide (Global Disease Burden Study, 2019). In
the United States, 1 in 10 babies is born premature,'> and
inequalities in the access and quality of prenatal care* and
other social determinants of health>® contribute to some of the
highest levels of PTB in underserved groups.” Cervical
remodeling, the process by which the cervix transforms from
a closed rigid structure to a compliant structure that can allow
safe passage of the fetus, is an essential feature of normal
parturition. In spontaneous preterm birth (sPTB), which
accounts for around 80% of PTBs,*~' the remodeling process
is accelerated,'”'* and approximately 25% of pregnancy losses
that occur during the fourth to sixth month of pregnancy
happen because of a prematurely weakened cervix. Early

17,2531

identification of pathological or accelerated cervical remodeling
would allow clinicians to improve the design of drug trials for
prevention and start a course of treatment or monitoring that
could significantly improve the baby’s health outcomes.

In both women and animal models, the phases of cervical
remodeling during pregnancy can be described as cervical
softening, ripening, and dilation. These phases are associated
with changes in the cervix’s mechanical properties, which relate
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Figure 1. Full process of cervical remodeling characterization. (a) Timeline of murine pregnancy and stages under study. Delivery is on gestation
day 19. (b) Schematic of the uterus and cervix indicates tissue sectioning perpendicular to the cervical canal. (c) Laser-scanning multiphoton
microscopy with parallel trans- and epi-detection of 2PEF and SHG signals. Polarization is controlled by a quarter- and a half-waveplate. The
sample is on a motorized stage to scan large regions. (d) Imagery and image processing workflow: step 1: polarimetric image stacks are processed
automatically to provide Lpgr and Igyg images as well as R*filtered in-plane orientation ¢ maps; step 2: all the tiles are stitched together starting
from the Igyg image (see the superimposed grid in the SHG image); step 3: order metrics are computed in small regions of interest (see yellow
lines in the orientation map) all over the stitched orientation image and the distribution of the order metrics around the os (within the yellow

elliptical mask) are analyzed for every mouse.

unmatched specificity to fibrillar collagen and provides a direct
visualization without any labeling.”>~*> Mahendroo et al. have
shown that collagen bundles lose their characteristic elongated
appearance during the softening phase in favor of a more
kinked one; they also become thicker with the progression of
gestation.'' Nevertheless, no accurate quantification of
collagen remodeling during pregnancy has been reported due
to limitations in spatial resolution, specificity to collagen, or
sensitivity to orientation of all of these techniques.

This study uses polarization-resolved SHG (p-SHG)
microscopy to map and assess collagen remodeling during
pregnancy. P-SHG consists of recording SHG images for a
series of different linear polarizations of the laser excitation.
This technique’s unique feature is the ability to directly
quantify the orientation of collagen fibers’ primary axis at the
pixel level (420 nm)**™*" without the use of interpretative or
contrast-based algorithms commonly used in SHG imag-
ing.’”>® As such, p-SHG is used to observe collagen
remodeling during pregnancy with unmatched spatial reso-
lution. This modality is combined with two-photon-excited
fluorescence microscopy (2PEF) from endogenous cellular
chromophores in unstained sections, yielding mapping of the
cervix morphology. From p-SHG data, we have created
collagen orientation maps of the entire murine cervix and
have used metrics of order, such as circular variance, entropy,
and kurtosis, to observe the changes in the extracellular matrix
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architecture at four time points in the 19 day mouse gestation
and in nonpregnant (NP) mice. This new study provides
evidence of a significant disorganization of collagen between
the early and late stages of pregnancy in our murine model.

B RESULTS

Multiphoton images of unstained cervical sections of NP mice
and mice at gestation days 6 (D6), 12 (D12), 15 (D1S), and
18 (D18) are recorded and processed as shown in Figure 1. A
combined 2PEF/SHG image acquired with submicrometer
resolution over the total size of a D6 murine cervix is shown in
Figure 2a. In this representative D6 sample, the internal
cervical os is visible around a central region with no SHG or
2PEF signal. The strong 2PEF signal (red color) is due to
endogenous cellular chromophores (NAD(P)H, FAD, etc.)**
that reveal the epithelial cells delineating the cervical os. The
SHG signal (green color) shows the collagen fibers around the
os. A stronger SHG signal is observed near the epithelial cells
around the os, which reveals a high density of well-aligned
collagen fibers. The collagen fibers away from the os exhibit a
circumferential organization. An accurate orientation of the
fibers cannot be visualized clearly because of the high density
of the collagen network. This limitation is overcome when
using the pSHG modality, as shown in Figure 2b, which
provides the orientation of the collagen fibers in every pixel.
This orientation map shows that the collagen fibers away from
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Figure 2. 2PEF/pSHG images of murine cervices at gestation days 6
and 18. (a,c) Combined Lpgy (red color) and Igyg (green color)
images showing the morphology of the cervix at D6 (a) and D18 (c).
2PEF is obtained from endogenous cellular chromophores. SHG
reveals collagen fibers. (b,d) Orientation map of collagen fibers
extracted from pSHG data from the same samples as in (2) and (c).
HSV look-up table is used: H codes the collagen orientation as shown
by the color wheel (red color means horizontal, cyan color means
vertical), S = 1 and V = R? for R?> > 0.5, V = 0 otherwise.

the os are well aligned with a tangential direction around the
os. In contrast, the collagen close to the os is primarily oriented
toward the os.

Figure 2¢,d displays similar data for a D18 murine cervix that
is 1 day before birth. Consistent with cell proliferation and
tissue growth during pregnancy, the cervix is larger on
gestation day 18.%° Second, the orientation map in Figure 2d
demonstrates a marked change in the distribution of collagen
with a random distribution of collagen fibers throughout the
cervix, in contrast to the well-aligned fibers seen on D6 (Figure
2b). Note that the raw SHG images in Figure 2a,c do not
enable us to differentiate the fiber distributions in the D6 and
D18 samples because the collagen density remains high in the
D18 sample. Notably, the pSHG map (Figure 2d) shows that
the apparent organization of collagen around the os in the raw
SHG image (Figure 2c) that corresponds to collagen packing,
not to the collagen overall orientation.

Similar patterns are obtained in the other D6 and D18
samples. Moreover, 2PEF/SHG images and orientation maps
recorded in NP and D12 samples are similar to those in the D6
sample. In contrast, by gestation day D15, the random
distribution of collagen as in D18 samples becomes evident
(see Supporting Information Figures S1 and S2).

For further quantitative analysis of the collagen orientation
maps, metrics of order such as statistical entropy, circular
variance, and kurtosis are calculated in regions of interest
(ROI) of size 10 X 10 pixels (4.2 X 4.2 um*) spanning the full
cervix. The entropy and the variance are equal to 1 when the
orientation distribution in the ROI is completely random,
while they are O for a perfectly ordered distribution with a
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Figure 3. Order metrics of collagen orientation. The circular variance is 0 for a perfectly ordered distribution and 1 for a completely random one.
(a,b) Map of the circular variance calculated in small ROIs spanning the pSHG orientation image of the same (a) D6 and (b) D18 samples as in
Figure 2. (c) Violin plots of the circular variance calculated in all the ROIs spanning the cervix for all samples under study. Each column represents
a different sample from a different mouse. Median (white dot) and interquartile line (black bold line) are plotted for every column. In every sample,
the edges are eliminated by an elliptical mask covering the os. (d) Median circular variance of the groups NP, D6 and D12 (n = 9) and D15 to D18

(n = 6). Welch’s t-test shows a significant difference (p = 0.0009).
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unique orientation. Accordingly, maps of the circular variance
show lower values in the D6 sample than in the D18 sample
(Figure 3a)b). The same trend is observed for the entropy
(Supporting Information Figure S3a,c), while the kurtosis is
higher in the D6 sample (Supporting Information Figure
S3b,d) and the skewness is close to zero in all samples (Table
S1).

The results for all samples (NP, D6, D12, D15, and D18)
are summarized in Figure 3c,d. The violin plots display the
values of the circular variance calculated for every murine
sample in all of the ROIs spanning the cervix, after elimination
of the edges by an appropriate elliptical mask covering the os.
These violin plots show median variance values of 0.2 or lower
for NP, D6 and D12 samples, while for D15 and D18, variance
values are at 0.3 or above. The distribution is also broader in
the late stage of pregnancy compared to that in the early stages
of pregnancy. Similar trends are observed for other metrics,
such as entropy and kurtosis, shown in Figure S3. In the
Supporting Information, we also show the entire imaged set
(Figures S1 and S2).

Finally, Welch’s ¢ tests are performed on the median values
of these order metrics (Figure 3d). They show that the median
circular variance at the early stage of pregnancy (DO + D6 +
D12) is significantly different from the one at late stages of
pregnancy (D15 + D18) (p = 0.0009). A significant difference
is also found for the entropy (p = 0.0065) and the kurtosis (p =
0.0004), as shown in Supporting Information Figure S3ef.

B DISCUSSION

In this study, we have recorded multimodal multiphoton
images of an unstained murine cervix at different stages of
gestation utilizing pSHG and 2PEF. Combining 2PEF images
of cellular chromophores with SHG images of collagen fibers
provides a clear visualization of the cervix morphology at
submicrometer resolution. Applying p-SHG to obtain direct
visualization of collagen orientation in each pixel provides
unique insights into spatial variations in collagen orientation at
a previously unachieved resolution. The application of this
novel methodology holds the potential to identify regional
variations in the pattern of collagen remodeling during
gestation without the use of algorithms based on contrast
and Fourier transform, often used with SHG microscopy. In
NP mice, as well as before 12 days of gestation, the collagen
fibers are well organized, aligning along the circumference of
the os. Regional variations exist as collagen fibers in the
subepithelia stroma region near the os show a different
organization, following the edges of the folds. At the late stages
of gestation, i.e., from 15 days of gestation, the distribution of
the collagen fibers changes abruptly: they show a random
organization.

These qualitative observations of cervix remodeling during
gestation call for a quantitative measurement of collagen
distribution. Collagen visualization in small cervical tissue
samples has been accomplished with hydroxyproline titration,
and such measurements have indicated a constant collagen
content through pregnancy.55 However, this is a lengthy and
specialized process that still requires the identification and
classification of collagen fibers. Quantitative analysis of the raw
SHG images has also been used in this context'' but it is a
complex issue. First, the SHG intensity alone is not considered
a robust metric because of this modality’s coherent and
nonlinear nature.*”***” Second, quantification of the collagen
distribution in the field of view by appropriate image
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processing is affected by the high density of the collagen
network in the cervix, which hinders the segmentation of
individual fibers or the analysis of their direction on scales
smaller than a few micrometers. For instance, a combination of
SHG microscopy with Fourier transform analysis can provide
orientations of collagen in rat cervix only in ~25 um-sized
regions.“’45

To overcome these limitations, we have acquired pSHG
images and used a processing workflow to automatically extract
collagen orientation in every pixel of 420 nm size. The basic
principle of this method is that the SHG signal is larger for
incident polarization parallel to the fibrils than for incident
polarization perpendicular to the fibrils. Recording a series of
images with different incident polarizations then provides the
main orientation of the collagen fibrils in every voxel,
independently of the neighboring voxels. The advantage of
this approach is the establishment of orientation maps with
improved resolution compared to other techniques, including
optical techniques like Mueller matrix polarimetry®*”***% or
optical coherence tomography.* The latter techniques are not
specific for collagen, resulting in a strong image background.
Mueller matrix polarimetry thus uses large pixel size (>10 pm)
to improve the signal-overnoise ratio, while the OCT
resolution is also a few micrometers. In contrast, pSHG
imaging is specific for collagen, and its low background
translates into high sensitivity.*”**>* Moreover, the orientation
of the collagen fiber in every voxel is determined in a
ratiometric way, which is highly robust. Therefore, the pSHG
orientation maps are reliable data, which cannot be affected by
any subtle variation in the imaging conditions or tissue
preparation. Accordingly, pSHG orientation maps uniquely
show the collagen orientation distribution in the cervix at
submicrometer resolution. However, pSHG is a slow technique
since it requires acquiring several images upon different
incident polarization orientations. From this point of view,
advanced image processing techniques may be an interesting
trade-off between resolution and imaging speed.53 Alternately,
advanced implementation of pSHG can improve the speed of
pSHG acquisition.éo’(’1

Order metrics are processed in small ROIs spanning the
cervix for quantitative analysis, offering an unbiased view of the
cervix structure. We compute the statistical entropy and the
circular variance, which both increase with disorder and are
equal to O for a perfectly ordered distribution and 1 for a
random distribution; we also use circular kurtosis (respectively
skewness) that is higher when the distribution is more tailed
(respectively asymmetric). In NP mice and the early gestation
stages, the collagen fibers’ circumferential orientation is
observed, and the circular variance is relatively low, confirming
that collagen fibers are very well ordered, with low dispersion
around the main direction. Interestingly, pSHG images do not
show areas of preferential alignment in the anterior, posterior,
right, or left quadrant of the cervix, as reported by Zork et al.
and others.® The variance image indicates a narrowing in the
packing in the superior and posterior zones, but this is believed
to be due to the geometry of the cervix rather than other
forces. A different collagen organization is observed in the
folds, closer to the os, where the circular variance is more
significant, indicating a less ordered area. Other investigators
have shown through histology that in this area, collagen is
arranged longitudinally;” since our imaging is conducted en
face and pSHG measures in-plane orientation, the longitudinal
orientation of collagen is not well visualized here.
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When observing the timeline of pregnancy, a great deal of
change occurs from day 12 to day 15 of gestation, with an
almost complete loss of order in all metrics: the orientation
map shows fine scattered fibers in every color, and the circular
variance image shows higher values over all of the entire cervix.
This difference is highlighted in the violin plots, and statistical
tests evidence a significant difference between the D15 and
D18 mice, on one hand, and the NP, D6, and D12 mice, on the
other hand, for all order metrics. This abrupt change of
collagen distribution between D12 and D13 supports previous
reports based on other techniques, which show an increase in
cervix volume and dry mass and a decrease in collagen cross-
links and apparent density.'”>> These reports also show that
these changes are associated with a loss of equilibrium stiffness
from D6, with a stronger decrease of this mechanical property
between D12 and DI15.'%>° These concordant timelines
confirm that collagen remodeling toward a more disordered
distribution is a key process enabling delivery. Importantly, our
data further provide a quantitative metric of this collagen
remodeling at a micrometer scale, which is not accessible by
other techniques.

The structural changes in the cervix are inextricably linked to
the changes in its mechanical properties and ability to maintain
a growing fetus in utero. Several investigators have argued that
a constitutive material model for cervical tissue inspired by its
microstructure is needed to achieve a realistic model of cervical
mechanical load distribution.'® Structural parameters used in
recently reported constitutive models include collagen
orientation and dispersion.””*® Collagen orientation maps at
the micrometer scale obtained by pSHG thus provide
invaluable quantitative data on the anisotropy and hetero-
geneity of collagen structure and will facilitate improved design
of an advanced constitutive model based on a more realistic
description of the cervix microstructure.

Future work will focus on further understanding of both
animal and human cervical remodeling with this new tool. In
the animal model, there seems to be a bimodal behavior before
and after day 12 of pregnancy that should be explored further.
The remodeling rate is unknown and could be investigated
with the appropriate timing of the experiments. Furthermore,
how the remodeling propagates from the endo to the
ectocervix could provide valuable information to researchers
devising diagnostic devices for preterm labor diagnosis; this
could be studied by probing the cervical tissue in-depth and
further sectioning the cervix. The ability to obtain high-
resolution and spatially defined structural collagen information
can enhance understanding of premature cervical remodeling
in mouse models of inflammation-induced or hormone-
withdrawal-induced premature birth and with cervical
insufficiency. Expanding this work to a human cervical sample
will provide, for the first time, a clear characterization of the
woman’s cervical extracellular matrix at an unseen resolution.
Although some have shown SHG images of the human
cervix,"’~** the addition of the angular orientation with pSHG
can provide exquisite detail of spatially defined changes in
collagen architecture. We anticipate the application of this
novel methodology to the study of term and preterm cervical
remodeling in animal models and humans holds future
potential to develop improved tools for detecting and
preventing PTB.
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B METHODS

Samples. Pregnant female mice, strain CS7BL6/129sv,
were utilized in this study. The time of pregnancy (day 0) was
determined by observing a vaginal plug at the end of a 6 h
breeding process that started in the morning of the same day.
Mice delivered pups in the early morning on day 19. We
followed the NIH Guide for the Care and Use of Laboratory
Animals for all animal breeding procedures. The Institutional
Animal Care and Use Committee reviewed and approved the
research protocols at the University of Texas Southwestern
Medical Center (IACUC 2016-101519) and at Florida
International University (registration number: IACUC-20-
014). All animals were maintained and used in accordance
with ARRIVE guidelines.

In this study, we imaged the cervices of three NP mice and
three mice at gestation day 6 (D6), at gestation day 12 (D12),
at gestation day 15 (D1S), and at gestation day 18 (D18)
(Figure 1a). First, the mice cervices were snapped frozen at
—80 °C in optimal cutting temperature compound (Tissue
Tek, Elkhart, Indiana). A cryostat (Leica CM3050) was used
for the transverse cryosectioning of the cervix at —20 °C. The
cervical tissue sections were taken in the first 200 gm of uterine
cervix starting from the end of the vaginal canal. They had a
nominal thickness of S0 ym and were mounted on glass slides
(Figure 1b).

P-SHG Imaging. Multimodal SHG/2PEF images were
recorded using a custom-built upright laser scanning multi-
photon microscope as previously described (Figure 1c).**%
Excitation was provided by a femtosecond titanium-sapphire
laser (Mai-Tai, Spectra-Physics) tuned at 860 nm and scanned
in the XY directions using galvanometric mirrors. Resolutions
of 0.35 um X 1.2 um (fwhm, lateral X axial) and a field of view
of 540 X 540 um® were achieved using a high numerical
aperture (NA) objective lens with water immersion (25X, NA
1.05, XLPLN-MP, Olympus). Excitation power at the sample
was 5—10 mW. SHG and 2PEF signals were detected
simultaneously in the epi- and trans-directions utilizing
photon-counting photomultiplier tubes (P2SPC, Electron
tubes) and suitable spectral filters and dichroic mirrors to
reject the excitation beam and select the SHG signal at 430 nm
(FF01-680SP, FF01-720SP, FF01-427/10 Semrock) and the
2PEF signal in the 450—650 nm range (FF01-680SP, FFO1-
720SP Semrock, GG4SS, Schott). Because the SHG signal was
larger than the 2PEF signal and trans-detection was more
efficient than epi-detection, neutral densities (2 to 10-fold
attenuation) were added on the trans-SHG channel to avoid
photon counting saturation.

Polarimetric imaging was obtained by controlling the linear
polarization of the incident field by an achromatic half-
waveplate inserted in a motorized rotating mount at the back
aperture of the objective (F102978, 30 mm diameter, Fichou).
An achromatic quarter wave-plate (F102977, 30 mm diameter,
Fichou) was inserted at the same place to optimize the linearity
of the polarization. Series of 18 images were acquired every 10°
between 0 and 170°, in a reduced field of view of 370 X 336
um?, using a pixel size of 420 nm and S us pixel dwell time
(total acquisition time around 15 s).

A motorized sample stage (PLS-XY/MCM3001, Thorlabs)
was implemented to record a series of polarization-resolved
images over the full section (around 2 X 2 mm?®). A snake
motion pattern was used with 250 um steps in the X and Y
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directions, i.e., with around 30% overlap between adjacent tiles.
Typically 8 X 8 tiles were acquired over around 2.4 X 2.4 mm”.

P-SHG Theoretical Analysis and Image Processing.
The variation of the SHG signal as a function of the incident
polarization can be described theoretically in the framework of
tensorial nonlinear optics.® Detailed derivation can be found
in the Supporting Information. Briefly, following previous
reports, we consider here that the collagen fibrils exhibit a
cylindrical symmetry and that the Kleinman symmetry is
valid.*® The second-order nonlinear susceptibility tensor y® of
collagen then comprises only 2 independent components in
the fibril frame and the SHG signal intensity of a collagen fibril
oriented at angle ¢ to the X axis in the imaging plane writes as
follows

Iic(0) = ag + a, cos[2(0 — @)] + a, cos[4(6 — ¢)]

1
Here, 0 is the orientation of the incident polarization to the X
axis and dag, d,, and a, are related to the collagen susceptibility,
the collagen orientation out of the imaging plane XY, the
square of the excitation intensity, as well as to other
experimental parameters. Fourier analysis of Igyg(6) then
provides 4 parameters (Figure 1d):

e The SHG signal averaged over all linear polarizations:
Isue = ao. This SHG intensity is similar to the usual
SHG image acquired with circularly polarized excitation
and same total acquisition duration. The 2PEF signal
that is acquired simultaneously is processed the same
way to get an averaged 2PEF signal similar to the one
acquired without polarimetric modality: I,pgg.

e The in-plane orientation ¢ of the collagen fibrils.

e A coefficient of determination R® that compares the
experimental data and the curve obtained from the ay, a,,
and a, Fourier parameters (see eq SS in the Supporting
Information). Indeed, the Fourier analysis provide
angles even if the experimental data do not match the
theoretical analysis at all. For instance, the cylindrical
symmetry does not apply in voxels encompassing
crossing fibrils. In this case, eq 1 is not valid anymore
because of higher-order Fourier components and the ¢
angle determined from the second and fourth Fourier
components is not reliable. Angles determined with R* <
0.5 are thus filtered out and depicted as black pixels in
the images. R? > 0.5 are used to code the brightness in
orientation maps. Quantitative analyses (see below) are
performed only on pixels with R* > 0.5.

e The ratio of the 2 components of collagen 7% in the
microscope frame can also be obtained.””®” This
parameter varies with the collagen out-of-plane
orientation and the orientation disorder of the collagen
fibrils within the focal volume. It is not directly
informative in this study.

An automatic processing workflow was implemented using
Matlab (MathWorks Inc.) to get Iy and Lpgy images and R*-
filtered in-plane orientation ¢ maps for all of the tiles acquired
in the same section (Figure 1d). The Fiji Plugin “Grid/
collection stitching”®® was then used to stitch together all the
tiles (Figure 1d). It was first applied to the Igyg tiles, and the
configuration file was saved. A Matlab script was then used to
load the single I,ppr and @ images and collate them in the same
way as the Igyg images by use of the tile coordinates collected
from the Igyg configuration file. The stitched Igyg and Lpgg
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images were then merged by using false colors. The stitched
orientation maps of the in-plane angle ¢ were depicted using
an HSV look-up table: H codes the collagen orientation
according to the color wheel in inset, S=1and V = R*for R* >
0.5, V = 0 otherwise.

Order Metrics and Statistical Analysis of the
Orientation Maps. A statistical analysis was conducted for
further quantitative mapping of the collagen orientation
distribution (Figure 1d). The local orientation distributions
were first computed in sliding ROIs all over the stitched
orientation image. 10 X 10 pixels ROIs (4.2 X 4.2 um?*) were
used as the best trade-off between the spatial resolution and
the precision of the statistical parameters. We also utilized
ROIs of 5 X 5 pixels, which produced similar results, while
larger ROIs lowered the resolution of the maps to an
unacceptable level. The collagen organization was then
quantified by computing the statistical entropy, the circular
variance, the circular kurtosis, and the circular skewness of
these local orientation distributions.**>*” The latter param-
eters were computed using the circular statistics toolbox in
Matlab.®” Angles were first doubled to account for the [0—
180°] range of orientation angles obtained from p-SHG. The
statistical entropy was calculated as®®

_ -1

90°
" In[nb(g)] 2. p(@)nlp(e)]

p==90° ()
Here, p(¢) is the normalized number of pixels with the
orientation ¢ in the image; the denominator is a normalization
factor to be independent of the total number of angular bins
nb(p) in the distribution.

Circular kurtosis, skewness, and variance are metrics similar
to their non-circular counter-parts. The circular variance
assesses the width of the orientation distribution of collagen,
the circular kurtosis is a measure of the “tailedness” of this
distribution, and the skewness is a measure of the asymmetry
of this distribution. The entropy is a more general disorder
metric that measures the disorder of any distribution, while the
variance is more meaningful for single-peaked distributions.

Once the images of these order parameters were created, an
elliptical mask was utilized to suppress pixels not belonging to
the cervix, such as vaginal walls and other connective tissue.
The size of the mask was dependent on the image, but we
strived to accept 75% of the data starting from the center
defined as a visible os. The selected pixels were then used to
create the violin plots.

Finally, the group composed of early stage cervix samples
NP, D6, and D12 and the one composed of D1S and D18
samples were compared using an unpaired t-test with Welch’s
correction. A p value less than 0.05 was considered as
significant. Box plots show the median.
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Data Availability Statement

Raw imaging data as well as processed orientation map and
SHG/2PEF map of every cervical sample are available for
download at 10.5281/zenodo.12795328. All images are in tif
format.
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Supplementary Methods

Polarization-resolved SHG (p-SHG) theoretical background

Second Harmonic Generation (SHG) is a multiphoton modality that is complementary to 2-photon excited
fluorescence (2PEF). It appears at exactly half the excitation wavelength and is specific to dense and non-
centrosymmetric materials'. At the molecular level, the main so-called “harmonophore” in biological
tissues is the peptide bond because it exhibits delocalized © electrons in a non-centrosymmetric
environment that behave as a nonlinear dipole at the harmonic frequency?>. Tight alignment of these
peptide bonds within collagen triple helices and fibrils results in a detectable SHG signal that is specific to
the dense and non centro-symmetric fibrillar organization of collagen. SHG microscopy thus allows 3D
imaging of collagen at the micrometer scale without any staining and with unprecedented contrast. In
practice, SHG can be excited at any wavelength in the red-near infrared range. It can be spectrally
separated from the Stokes-shifted 2PEF signals using dichroic mirrors.

Most interestingly, the SHG signal of fibrillar collagen depends on the orientation of the collagen fibril
to the polarization angle of the laser excitation. Recording series of SHG images when varying the
polarization orientation of a linearly-polarized laser thus enables the determination of the collagen
orientation in every pixel, independently of the neighboring pixels. It relies on a theoretical analysis of the
variation of the SHG signal as a function of the excitation polarization. This analysis of the so-called p-SHG
signal is performed in the framework of tensorial nonlinear optics'. SHG is described theoretically by a
susceptibility tensor ¥ , which exhibits the symmetry of the material under study. Considering the
cylindrical symmetry of collagen fibrils and assuming that Kleinman symmetry is valid because of the non-

o . : 2 2
resonant excitation, there are only 2 non zero independent tensorial components:® )()(Q?X and X)((y)y =

)(E(ZZ)Z = )(,(,ZX)Y = )(EZX)Z = )(gzzy)x = )(ézz)x. We define the anisotropy parameter as: p = Yxxx/ Xxyy, which

has been measured as p = 1.4%7. The induced second harmonic polarization then writes?:
2 — 2 — —
PiP(F) = €0 Sy xin B/ Ek () (51)

Here I,J,K refer to the Cartesian components of the fields and E(?, t) = E(?) et + cc is the
excitation electric field at frequency w. Let’s consider a linearly-polarized excitation laser at angle 6 to the
axis X in the microscope frame (X,Y,2):

. . [€0S
E(F) = EoelkZ(SlTég ) (S2)
(X,Y,2)



Eg. (2) is written in the plane wave approximation and neglects the axial electric field component along
the microscope axis Z due to strong focusing. We have indeed shown previously that strong focusing does
not affect the determination of the in-plane orientation ¢ of collagen fibrils®. The SHG signal intensity is
then obtained from the square modulus of the nonlinear polarization. Summing the X- and Y-polarized
contributions, one gets °13:

Ispc(0) = C 1,7 [(p cos?(8 — @) + sin?(0 — (p))2 + (sin2(0 — (p))z] (S3)

Here I, is the intensity of the excitation laser and C is a parameter merging geometrical and other
parameters. Note that the expression of p is modified for collagen fibrils oriented out of the imaging
plane or a disordered assembly of fibrils within the focal volume, resulting in a higher value®3.
Nevertheless, Eq. (S3) still applies and ¢ corresponds to the main orientation in the imaging plane of the
fibril assembly.

Eq. (S3) describes the p-SHG response in every pixel and well reproduces the experimental data as
exemplified in Fig. S4. Fig. S4.a displays SHG images recorded at different excitation polarization, which
exhibit different intensities as expected. The p-SHG response in a small region of interest is plotted in Fig.
S4.b (black solid dots) and well fitted with Eq. (S3) (red solid line). It exhibits 2 maxima and 2 minima in
the [0, 180°] range: the main fibril orientation ¢ is given by the first minimum and the anisotropy
parameter is given by the square root of the 2 minima (orange and blue solid dots in Figure S4.b). Note
that SHG is not sensitive to the polarity of the fibrils, so that this polarimetric diagram is symmetric in the
[0, 180°] and [180°, 360°] ranges.

Efficient pixel-by-pixel processing of p-SHG data is obtained by an automated Fast Fourier Transform
(FFT) analysis. Eq. (S3) is thus expressed as its Fourier components as follows:

Ispg(0) = ag +az cos[2(0 — )] + as cos[4(0 — )] (S4)

ay, a; and a4 are functions of the collagen susceptibility tensor components and of the square modulus
of the excitation intensity, as well as other geometrical or experimental parameters. They provide 4
parameters as described in the main text'3. As FFT processing of experimental p-SHG data results in
complex parameters ag, a» and ay, the fibril orientation ¢ is processed as a weighted average of the
phases of the 2" and 4t Fourier components (a3 and ay). The coefficient of determination R? is calculated
as follows:

R2 = max (0 1— Yo [Isuc(8)~Irer(8)12 ) (S5)
’ Yo [Isuc(8)—(Isuc(8))]?

where Irpr(0) = ag + 2% + ase*® + c.c. (S6)



Supplementary Table

Mouse Entropy Circ. variance | Circ. kurtosis | Circ. skewness
NP-a 0.644 0.218 0.474 0.000
NP-b 0.690 0.280 0.396 0.002
NP-c 0.625 0.176 0.532 0.000
D6-a 0.645 0.181 0.524 0.001
D6-b 0.598 0.142 0.599 0.001
D6-c 0.614 0.216 0.480 0.000
D12-a 0.616 0.169 0.550 0.000

D12-b 0.592 0.159 0.570 0.000
D12-c 0.647 0.227 0.471 0.000
D15-a 0.714 0.330 0.358 -0.001
D15-b 0.678 0.313 0.377 -0.001
D15-c 0.639 0.254 0.440 -0.002
D18-a 0.707 0.329 0.356 0.000
D18-b 0.770 0.431 0.261 0.000
D18-c 0.731 0.345 0.336 0.001

Table T1: Median value of the order metrics of collagen orientation for all the mice under study.



Supplementary Figures
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Figure S1: typical imaging data for NP (top), D6 (middle) and D12 (bottom) mice. (a) Isyg image, (b) Iopgr
image, (c) Combined I,pgr (red color) and Isy¢ (green color) image, (d) Orientation map of collagen fibers
extracted from pSHG data. HSV look-up table is used: H codes the collagen orientation (see colored
wheel), S=1 and V=R? for R>0.5, V=0 otherwise. (e) Circular variance of the orientation distribution from
10 x10 pixels ROIs. Scale bars: 200 pum.



(a) SHG 2PEF (c) SHG/2PEF Orientation (e)  Circ. variance

Figure S2: typical imaging data for D15 (top) and D18 (bottom) mice. (a) Isyg image, (b) I2pgr image, (c)
Combined I, pgr (red color) and Isy (green color) image, (d) Orientation map of collagen fibers extracted
from pSHG data. HSV look-up table is used: H codes the collagen orientation (see colored wheel), S=1 and
V=R? for R2>0.5, V=0 otherwise. (e) Circular variance of the orientation distribution from 10 x10 pixels
ROls. Scale bars: 200 pum.
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Figure S3: Order metrics of collagen orientation. The entropy is O for a perfectly ordered distribution and
1 for a completely random one. The kurtosis is higher when the distribution is more tailed. (a, d) Map of
the (a, c) entropy and of the (b,d) kurtosis calculated in small ROIs spanning the pSHG orientation image
of the same (a, b) D6 and (c, d) D18 samples as in figs 2 and 3. (e,f) Violin plots of the (e) entropy and of
the (f) kurtosis calculated in all the ROIs spanning the cervix for all samples under study. Each column
represents a different sample from a different mouse. Median (white dot) and interquartile line (black
bold line) are plotted for every column. In every sample, the edges are eliminated by an elliptical mask
covering the os. Scale bar: 200 pum.



SHG signal (arb. units)

Figure S4: p-SHG imaging and analysis. (a) SHG images of the same tile recorded for different excitation
polarization orientations, indicated in yellow color. (b) Angular plot of the experimental SHG signal (black
solid squares) in the red rectangles in (a). The red solid line is a fit using Eq. (S3), which gives the main
fibril orientation ¢ along the first minimum (green double arrow). The anisotropy parameter is given by
the square root of the 2 minima (orange and blue solid dots). Note that the same process can be applied
to a single pixel. Here a small region of interest is processed to obtain a better signal to noise ratio and to
facilitate comparison with the orientation in the image. Scale bar: 50 um.
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