
Three-dimensional remodeling of collagen ¯bers
within cervical tissues in pregnancy

Lingxi Zhou*,||, Rushan Jiang*,||, Jia Meng*, Shuhao Qian*, Shenyi Jiang*,
Chuncheng Wang*, Chen Yang*, Zhihua Ding*, Zheyue Shu‡,§

and Zhiyi Liu*,†,¶

*State Key Laboratory of Modern Optical Instrumentation
College of Optical Science and Engineering

International Research Center for Advanced Photonics
Zhejiang University, Hangzhou, Zhejiang 310027, P. R. China

†Intelligent Optics & Photonics Research Center
Jiaxing Research Institute, Zhejiang University

Jiaxing, Zhejiang 314000, P. R. China

‡Division of Hepatobiliary and Pancreatic Surgery
Department of Surgery, The First A±liated Hospital

Zhejiang University School of Medicine
Hangzhou, Zhejiang 310027 P. R. China

§shuzheyue@zju.edu.cn
¶liuzhiyi07@zju.edu.cn

Received 29 July 2022
Revised 5 December 2022
Accepted 6 December 2022
Published 18 January 2023

The cervix is a collagen-rich connective tissue that must remain closed during pregnancy while
undergoing progressive remodeling in preparation for delivery, which begins before the onset of
the preterm labor process. Therefore, it is important to resolve the changes of collagen ¯bers
during cervical remodeling for the prevention of preterm labor. Herein, we assessed the spatial
organization of collagen ¯bers in a three-dimensional (3D) context within cervical tissues of mice
on day 3, 9, 12, 15 and 18 of gestation. We found that the 3D directional variance, a novel metric
of alignment, was higher on day 9 than that on day 3 and then gradually decreased from day 9 to
day 18. Compared with two-dimensional (2D) approach, a higher sensitivity was achieved
from 3D analysis, highlighting the importance of truly 3D quanti¯cation. Moreover, the depth-
dependent variation of 3D directional variance was investigated. By combining multiple
3D directional variance-derived metrics, a high level of classi¯cation accuracy was acquired in
distinguishing di®erent periods of pregnancy. These results demonstrate that 3D directional
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variance is sensitive to remodeling of collagen ¯bers within cervical tissues, shedding new light on
highly-sensitive, early detection of preterm birth (PTB).
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1. Introduction

Preterm birth (PTB) is most commonly de¯ned as
birth before 37 weeks of gestation for human
beings.1 Complications associated with PTB, the
leading cause of neonatal mortality and the largest
contributor to under-¯ve mortality globally, a®ect
10.6% of pregnant women worldwide, equal to an
estimated 14.84 million births.2 These complica-
tions include intraventricular hemorrhage (IVH),
respiratory distress syndrome (RDS), retinopathy
of prematurity (ROP), cerebral palsy, necrotizing
enteritis, sepsis, chronic lung disease, neonatal in-
fection and patent ductus arteriosis.3,4 Therefore, it
is of great clinical signi¯cance to take e®ective and
safe measures for the detection and prevention of
PTB. Previous studies have shown that abnormal
or inappropriately-timed cervical remodeling can
lead to PTB.5 Cervix is a collagen-rich connective
tissue, which must remain closed during pregnancy,
and at the same time, undergo a progressive remo-
deling for birth preparation.6 It is an active, dynamic
process when cervix transforms from a closed rigid
structure to a su±ciently open one, which begins
long before the onset of labor.7 Cervical remodeling
can be divided into four distinct but overlapping
phases termed softening, ripening, dilation and
postpartum repair.8,9 The fact that the cervix is
mainly connective tissue, predominately collagen,
was ¯rst reported in 1947.10 Leppert demonstrated
that ¯brillar collagen was the main structural
protein that in°uenced the tensile properties of
the cervix.11 In addition, recent studies con¯rmed
that changes in collagen structure preceded cervical
softening and contributed to the progressive decline
in the tensile strength of the cervix. Therefore,
morphological and organizational changes of colla-
gen ¯bers can potentially serve as a sensitive bio-
marker for monitoring cervical remodeling in
gestation.12

In biological tissues, collagen ¯bers have strong
second-order nonlinear polarizability and non-
centrosymmetric structure, which can generate
strong second harmonic generation (SHG) sig-
nals,13,14 with advantages of little photo-damage

and photo-toxicity. SHG has emerged as a powerful
tool for imaging collagen ¯bers of di®erent biological
tissues with sub-micrometer resolution in a
completely label-free manner.15–19 However, even
as high-resolution three-dimensional (3D) images
of collagen ¯bers become more readily accessible,
quantitative analysis methodologies for their
orientation and organization have largely
remained limited to analysis of two-dimensional
(2D) images,12,20,21 with a few notable exceptions
only.22–24

To establish the real architecture of collagen
¯bers in biological tissues, we developed a 3D ori-
entation determination algorithm which provided
voxel-wise orientation information with high accu-
racy, and o®ered advantages in computational time
and sensitivity over previous approaches.25 Based
on the 3D orientation, we further proposed a novel
optical metric termed 3D directional variance
which was able to provide a direct, simpli¯ed esti-
mation of spatial organization of collagen ¯bers in a
truly 3D context.26 This metric ranges between 0
and 1, with 0 corresponding to perfectly parallel
alignment of ¯brillar structures, while 1 corre-
sponding to complete randomness.26 Using this
metric, we have recognized speci¯c characteristics of
collagen ¯bers in a variety of diseases including
breast cancer, pancreatic cancer, ovarian cancer,
peritoneal metastasis and arthritis,26–29 as well as
in engineered tissues where cell-matrix interac-
tions in response to di®erent treatments are
investigated.30–32

In this study, label-free SHG images of colla-
gen ¯bers are acquired from cervical tissues of
mice on day 3, 9, 12, 15 and 18 during the 19-day
mouse gestation, and the 3D orientation and di-
rectional variance assessments are applied to the
analysis of these collagen ¯ber images. A com-
parison of 2D and 3D analysis is performed. By
exploring the collagen ¯ber organization in a truly
3D way, we obtain information of dynamic cervical
remodeling in gestation of mouse model, highlighting
the potential of the quantitative SHG imaging in
staging pregnancy.
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2. Materials and Methods

2.1. Cervical tissue preparation

Mice were housed together at � 24�C, relative hu-
midity of 55–65% with a 12 h light/dark cycle and
fed with standard chow and water. On days 3, 9, 12,
15 and 18 of gestation, mice were sacri¯ced and
cervical tissues were harvested. Fresh tissues were
used for imaging immediately following excision.
We cut tissues with a size of approximately
3� 3� 1:5mm, at the location close to the side of
external os in the cervix [marked by the green box in
Fig. 1(a)], and the orientation of the cutting plane
was perpendicular to the inner canal. All the ex-
perimental procedures for mice were approved by
the Animal Use and Care Committee at Zhejiang
University and in accordance with the National
Institutes of Health Guidelines.

2.2. SHG image acquisition

The schematic of the imaging system is shown in
Fig. 1(a). SHG and two-photon excited °uorescence

(TPEF) images (512� 512 pixels; 386� 386�m)
were collected from a custom-built multiphoton
microscope. Laser emission from a mode-locked Ti:
sapphire laser (Spectra Physics, MaiTai) was fo-
cused by a water-immersion 25� objective (NA
0.95; 2.4mm working distance) for the excitation of
harmonophores and endogenous °uorophores (such
as nicotinamide adenine dinucleotide, NAD(P)H
and °avin adenine dinucleotide, FAD, data not
shown) at 800 nm with average laser power of
40mW. SHG and °uorescence signals were collected
through the same objective and spectrally separated
by a sequence of dichroic mirrors and ¯lters. Optical
signals were detected by a pair of GaAsP photo-
multiplier tubes (PMT), each behind a bandpass
¯lter for isolating SHG (400� 10 nm) or °uores-
cence (460� 20 nm) signals. In this study, the gain
was kept the same for the two PMTs and
throughout all the experiments; therefore, the
image intensity was calculated and normalized by
the square of the incident laser power, as measured
at the sample plane prior to each experiment. As
shown in Fig. 1(a), the imaging area was right close

(a) (b)

Fig. 1. Schematic of the sample preparation, imaging system and analysis algorithm to extract the 3D alignment of ¯ber-like
structures. (a) Illustration of the location of the harvested tissues and the imaging area, as well as the layout of the imaging system.
BP, bandpass tunable ¯lter; DCM, dispersion compensation module; DM, dichroic mirror; PMT, photomultiplier tube. (b) De¯-
nition of angles to depict a certain orientation (the magenta line) in 3D space. (c) Validation of the analysis algorithm by comparing
the directional variance maps (middle row) and corresponding distributions (bottom row) of simulated 3D ¯ber stacks (top row)
with gradients in alignment level (¯bers being more disorganized from left to right).
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to the inner canal and selected beneath the
squamous epithelium, approximately 100�m from
the surface. Cervical tissues were acquired from
4 mice at each time point (day 3, 9, 12, 15 and 18)
of gestation, with one or two tissue specimens
harvested from each mouse, leading to totally
six tissue specimens at each time point. Two SHG
3D image stacks, recorded 2�m apart, were
acquired from each tissue specimen for data
analysis.

2.3. 3D analysis of orientation and

organization

In 2D space, the spatial orientation of a ¯ber could
be described by the azimuthal angle �. While in
3D space, both azimuthal angle � and polar angle
’ were needed to depict a certain orientation
[Fig. 1(b)]. Actually, it was not straightforward to
calculate the polar angle ’. To address this issue,
we de¯ned another two azimuthal angles, � and �,

which were related to the polar angle ’ with the
following equation25:

tan2’ ¼ 1=tan2� þ 1=tan2�; ð1Þ
where � is de¯ned as the angle between the ¯ber's
projection in the yz plane and the �y axis, and � is
de¯ned as the angle between the ¯ber's projection
in the zx plane and the x axis [Fig. 1(b)]. In our
previous study, we developed the weighted vector
summation algorithm for the determination of �, �
and �, thus obtaining the orientation information of
any ¯ber direction in 3D space.25

Based on the 3D orientation information, we
further proposed a novel optical metric termed 3D
directional variance, V3D, which provided a simple
but highly-accurate measure of ¯ber-like structures
in a 3D context,26 with its de¯nition shown as
follows:

V3D ¼ 1� �R3D; ð2Þ
�R3D ¼ ð�C 2

3D þ �S
2
3D þ �Z

2
3DÞ 1=2

: ð3Þ

(c)

Fig. 1. (Continued)
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Besides, we de¯ned bj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1=tan2ð2�jÞ þ 1=tan2ð2�jÞ

p
to derive these components as follows:

�C
a

3D ¼ ð1=nÞ
Xn
j¼1

ðbj=
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ b2j

q
Þ cosð2�jÞ; ð4Þ

�S
a

3D ¼ ð1=nÞ
Xn
j¼1

ðbj=
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ b2j

q
Þ sinð2�jÞ; ð5Þ

�Z
a

3D ¼ ð1=nÞ
Xn
j¼1

SI=
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ b2j

q
; ð6Þ

where SI ¼ ð�1Þ � ð’� 90Þ=j’� 90j when ’ 6¼ 90�,
and SI ¼ 1 when ’ ¼ 90�. Here n indicates the total
number of voxels devoted to the calculation of 3D
directional variance. As mentioned above, 3D di-
rectional variance ranged between 0 and 1, with a
lower variance value corresponding to a more par-
allel alignment.26

To demonstrate the ability of the 3D algorithm
in describing the orientation and organization of
¯ber-like structures, we simulated four stacks with a
size of 200� 200� 200 voxels containing ¯bers with
gradients in alignment, which became more and
more disorganized (corresponding to a higher di-
rectional variance level) from left to right [Fig. 1(c),
top]. Then, the 3D analysis algorithm was applied
to those stacks to obtain 3D directional variance
maps [Fig. 1(c), middle], along with corresponding
distribution histograms [Fig. 1(c), bottom]. As
expected, ¯bers with a better alignment led to a
lower peak location in variance distribution histo-
grams, and vice versa. These results proved that the
3D directional variance in this study was a simple
while highly-sensitive metric that accurately de-
scribed the organization of ¯ber-like structures in a
3D context.

2.4. Statistical analysis

For statistical analysis, a one-way ANOVA with
post-hoc Tukey HSD test was used to assess sig-
ni¯cant di®erences using JMP. Results are consid-
ered signi¯cant at p < 0:05. To verify the ability of
the 3D directional variance related metrics in dis-
tinguishing di®erent periods of gestation, we per-
formed canonical linear discriminant analysis using
SPSS, and original classi¯cation accuracy (OCA)
and cross-validated classi¯cation accuracy (CVCA)
were acquired, respectively, based on the entire
dataset and the leave-one-out cross validation
dataset.

3. Results and Discussion

3.1. Overview of 3D ¯ber alignment at

di®erent periods of gestation

First of all, we tried to gain an overview of the 3D
orientation and organization of collagen ¯bers in
cervical tissues of pregnant mice at di®erent peri-
ods, i.e., day 3, 9, 12, 15 and 18 of the 19-day mouse
gestation. Representative SHG images of collagen
¯bers from distinct gestational days are shown in
Fig. 2(a). The cervical remodeling in pregnancy
most likely occurred at length-scales ranging from
the molecule to the tissue level (�10 nm–10mm),
i.e., from the collagen ¯brils (�10–500 nm) gather-
ing together to form collagen ¯bers (�1–500�m)
and the collagen ¯bers further bundling together to
form the tissue level ultrastructure (�1–10mm).33

Owing to the spatial resolution of SHG microscopy,
we focused on and quanti¯ed the micrometer-scale
organization of collagen ¯bers within pregnant
mouse cervix. By performing our 3D orientation
algorithm on 3D collagen ¯ber image stacks from
these speci¯c periods, we obtained corresponding �
[Fig. 2(b)] and ’ [Fig. 2(c)] orientation maps. Note
that representative maps at the same tissue depth
were shown here. As can be seen from � orientation
maps [Fig. 2(b)], collagen ¯bers on day 3 exhibited
relatively uniform hues, indicating that these ¯bers
oriented consistently along a certain direction, in
contrast to variations in hues observed from the �
map on day 9. However, ’ orientation maps from all
the periods [Fig. 2(c)] typically exhibited greenish
hues (corresponding to ’ orientation of � 90�),
although heterogeneity in hues on each map was
observed, revealing that collagen ¯bers mainly
aligned parallel to the optical sections (i.e., the
plane of these 2D frames).

Then, we acquired the 3D directional variance
maps at these periods accordingly [Fig. 2(d)], along
with corresponding distribution histograms [Fig. 2
(e)] of all the collagen ¯bers on these representative
frames. As revealed by blue hues of the variance
map on day 3, there was a low level of variance at
the beginning of pregnancy, indicating that at this
stage, collagen ¯bers aligned orderly. In contrast,
collagen ¯bers were found to exhibit a high level of
variance on day 9, corresponding to a rather ran-
dom alignment at the middle of gestation. Inter-
estingly, hues of the variance maps on day 12, 15
and 18 were at an intermediate status, indicating
that collagen ¯bers might undergo remodeling
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following the trend of a better alignment at rela-
tively late gestation stage, although the exact date
of re-aligning needed to be investigated in more
detail. These observations from 3D directional
variance maps were consistent with the distribution
histograms [Fig. 2(e)], where the distribution peak
was centered at a low variance level on day 3 (i.e.,
around 0.3 in this case), while at a high level on day
9 (i.e., around 0.65) and a level in-between on day
12, 15 and 18 (i.e., around 0.5–0.6).

3.2. Comparison of 3D and 2D analyses

These observations of di®erences in color-coded 3D

directional variance maps [Fig. 2(d)] or variance

distributions [Fig. 2(e)] acquired by 3D algorithm

[Fig. 3(a), top], were further validated by statistical

analysis [Fig. 3(a), bottom]. The mean directional

variance increased from day 3 to day 9, and then

gradually decreased from day 9 to day 18, with

signi¯cance levels labeled in the plot. In order to

Fig. 2. Representative images and corresponding maps of tissue samples acquired from di®erent periods of gestation. (a) SHG
images from day 3, 9, 12, 15 and 18 of gestation. (b) Color-coded � orientation maps. (c) Color-coded ’ orientation maps. (d) 3D
directional variance maps. (e) 3D directional variance distributions.
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demonstrate the sensitivity enhancement achieved
by employing a 3D image analysis approach for
the acquired 3D stacks, we compared the results
with that from a typical 2D image analysis method.
As shown in the schematic [Fig. 3(b), top], this
approach was based on estimating the 2D direc-
tional variance frame-by-frame,30 and analysis
results were obtained accordingly [Fig. 3(b), bot-
tom]. Besides, we calculated OCA and CVCA to
reveal the ability of staging gestation by 3D and 2D
variance analysis (see Methods), with these values
shown in each boxplot. Although 2D analysis led to
similar trends in directional variance as 3D analysis,
the classi¯cation accuracy values were di®erent.
Speci¯cally, 3D analysis led to 76.7% in OCA and
73.3% in CVCA, in contrast to 56.7% in OCA and
50.0% in CVCA by 2D analysis. Such a comparison
revealed that 3D analysis was more sensitive in
identifying organizational di®erences in 3D stacks of

collagen ¯ber images than 2D image-based method,
which was sensitive to changes in � orientation only.

3.3. Depth-dependent features of 3D
¯ber alignment

To take advantage of 3D nature of the image stack,
we assessed the depth-dependent pro¯les of directional
variance. Speci¯cally, we applied the 3D directional
variance algorithm to the 3D image stacks of cer-
vical specimens from representative time points, i.e.,
day 3, 9 and 18 of gestation [Fig. 4(a)], and acquired
the directional variance maps at di®erent depths,
with six representative ones shown in Fig. 4(b).
Then, we plotted and ¯tted the mean variance of
each frame as a function of depth [Fig. 4(c)]. As can
be seen from these pro¯les, collagen ¯bers from
di®erent periods of gestation exhibited di®erent
features in the average level and °uctuation of

(a) (b)

Fig. 3. Comparison of 3D and 2D analysis. (a) 3D analysis scheme (top) and boxplot of 3D analysis results at di®erent time points
(bottom). (b) 2D analysis scheme (top) and boxplot of 2D analysis results at di®erent time points (bottom). n ¼ 6 tissues at each
time point. ��, p < 0:01; ���, p < 0:001.
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variance. Generally, collagen ¯bers from day 9 spe-
cimens exhibited a high level of directional variance,
in contrast to that from day 3 and day 18 specimens.
Moreover, we observed a relatively higher °uctuation
in depth-dependent pro¯les of directional variance
from day 3 and day 18 specimens contrasted to day 9
ones, indicating that the variation in variance
throughout imaging depth might potentially serve as
an optical biomarker for staging gestation.

3.4. Staging mice gestation using 3D
directional variance related

measures

Inspired by the observations mentioned above, we
generated the standard deviation of mean variance

with depth (MVWD) to represent the depth-
dependent variation, and assessed its ability in
staging gestation. This metric was able to distin-
guish certain time points, and we obtained an OCA
of 53.5% and a CVCA 40.0% in classifying all the
groups [Fig. 5(a)]. Besides, in complement to stan-
dard deviation, we acquired the range of the depth-
dependent dataset, as calculated from the di®erence
between the maximum and the minimum variance
value along the depth. Similarly, this metric led to
an OCA of 56.7% and a CVCA 53.3% [Fig. 5(b)].
Finally, we investigated the informational comple-
mentarity from these 3D directional variance-de-
rived measures, i.e., the mean variance, and
standard deviation and range of MVWD, in un-
derstanding and identi¯cation of speci¯c gestation

(a) (b) (c)

Fig. 4. Directional variance changes with depth following di®erent pro¯les at di®erent periods of gestation. (a) 3D reconstruction
of collagen ¯ber images of cervical tissue specimens from representative time points, i.e., day 3, day 9 and day 18 of gestation.
(b) Directional variance maps at six representative depths. (c) Depth-dependent 3D directional variance pro¯les.
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periods. Owing to the powerful classi¯cation capa-
bility by combining insights from di®erent aspects,
an OCA of 90.0% and a CVCA of 80.0% were
achieved [Fig. 5(c)], highlighting the potential of
multi-parametric analysis.

3.5. Discussion

In this study, we employed the 3D directional
variance analysis to resolve the potential cervical
remodeling in mouse gestation, in a completely au-
tomated and quantitative manner, with collagen
¯ber images that were acquired label-free from SHG
imaging. Although SHG provided the ability of 3D
imaging, previous studies focused on collagen ori-
entation or organization readouts mainly based on
analysis of 2D images;34 in contrast, the 3D direc-
tional variance o®ered a truly 3D assessment of
collagen ¯ber organization with enhanced sensitiv-
ity, as validated from the 3D versus 2D comparison
in this study. A possible reason was that 3D analysis
stacked up collagen ¯bers without discarding po-
tential direction information (i.e., the ’ orientation
in this context),30 which might more faithfully
represent the actual spatial organization of ¯brillar
structures in 3D space.

The 3D directional variance analysis enabled us
to gain a better understanding of the collagen ¯ber
organization at distinct periods of gestation, which
drew lots of attention in recent years and became a
target of PTB researches. Akins et al. used SHG
microscopy to assess changes in collagen structure
of murine cervix during cervical remodeling of
pregnancy by collecting both forward and backward
SHG signals, and found that the ¯ber size progres-
sively increased from early to late pregnancy, while
pores between collagen ¯bers became larger and
farther apart.35 With home-built SHG scanning
endomicroscope, Zhang et al. found that the diam-
eter of collagen ¯bers and the fractional area and
mean gray value (MGV) of the collagen signals
would gradually increase in mouse gestation, and
qualitative impression of a degradation in collagen
¯ber alignment with progression of gestation was
acquired.5 Using the quantitative 3D SHG micros-
copy, Moghaddam et al. assessed the collagen ¯ber
alignment at distinct regions of the internal os side
in rat cervix, including the outer zone, the inner
zone and the septum, and demonstrated that rat
cervical remodeling during pregnancy was not uni-
form across the cervix.36 Especially, they found that
the alignment of collagen ¯bers in the inner zone

Fig. 5. Classi¯cation of di®erent groups using di®erent optical metrics or a combination of them. (a) Boxplot of standard deviation
of MVWD at di®erent time points. (b) Boxplot of range of MVWD at di®erent time points. (c) 3D scatterplot showing the
classi¯cation of cervical tissues at di®erent periods in pregnancy using a combination of three directional variance-related optical
metrics. STD: standard deviation. OCA and CVCA values are marked in each panel. n ¼ 6 tissues at each time point. �p < 0:05;
��p < 0:01; ���p < 0:001.
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increased with the gestational day from the non-
pregnant cervix to day 15 but then progressively
decreased from day 15 to day 21, which could only
be resolved from the 3D analysis, instead of the 2D
analysis.36 Similarly, in our study, we also found
that the alignment of collagen ¯bers was not
changing unidirectionally throughout the entire
progress of mice gestation, as revealed by our
highly-sensitive 3D directional variance analysis.
Speci¯cally, collagen ¯bers on day 9 were signi¯-
cantly less aligned than that on day 3, while ¯bers
on day 18 were more aligned than that on day 9.
These subtle changes could hardly be obtained from
traditional qualitative observations, highlighting
the sensitivity of the quantitative 3D analysis, al-
though the underlying mechanisms for the observed
collagen reprogramming was worthy for future
investigations. Interestingly, Yoshida et al. reported
that the immature crosslink density followed the
similar trends as the directional variance level that
we observed throughout the mice gestation, as
measured from the ultra-performance liquid chro-
matography-electrospray ionization tandem mass
spectrometry.37 Previous studies found that an in-
creased crosslink density level corresponded to a
decrease in collagen ¯ber organization (i.e., an in-
crease in directional variance) within mice cartilage
specimens by immunostaining;38 thus, the crosslink
characterizations by Yoshida et al. supported
changes in ¯ber alignment in mice gestation from
our study.

We quanti¯ed the changes of collagen ¯ber
alignment, as represented by 3D directional vari-
ance, in cervical tissues of mice during normal
pregnancy, and found that this metric was indeed
di®erent at distinct stages of pregnancy, which
proved it to be one of the optical biomarkers for
collagen structural organization. However, as can be
seen from statistical analysis results and classi¯ca-
tion accuracies, there was still room to improve the
staging capability based on collagen ¯ber sig-
natures. In addition to directional variance, there
were several other features closely associated with
collagen ¯ber morphology and organization, in-
cluding waviness,27,39 thickness40 and local densi-
ty,28 which might potentially contribute to proper
staging of pregnancy. Besides, owing to the ability
of this system to acquire TPEF and SHG signals
simultaneously (see Methods), endogenous °uores-
cence from coenzymes, such as NAD(P)H and FAD,
could be harvested and processed to gain

information of cellular metabolism.41–43 Therefore,
the fusion analysis of multiple parameters,44 from
both collagen ¯bers and cells, would be the goal of
our next move to gain a better understanding of
collagen arrangement in pregnancy.

Lots of previous studies focused on the mechan-
ical properties of cervix in pregnancy. The most
common loading protocol used to measure me-
chanical properties of rodent cervix was a load-to-
break test, where the tissue was continuously dis-
placed until it broke.45 Despite the variations
among studies, load-to-break studies on mouse
cervix generally reported that the instantaneous
sti®ness from nonpregnant to term (day 18) de-
creased by � 20-fold.45 Interestingly, several studies
also observed that the change of sti®ness was not
unidirectional, with an increase until 6–10 days
followed by a decrease after then.46–48 Even though
a more detailed assessment is needed to correlate
the tissue sti®ness with the directional variance
readout reported in this study, other factors such as
the collagen content and morphological features
might contribute to tissue mechanical properties as
well.18

There are some limitations in our study. First,
we perform ex vivo imaging of cervical tissues;
therefore, we are not able to assess the collagen ¯ber
remodeling continuously from the same mouse and
the analysis results might su®er from artifacts
originating from individual di®erences, which could
potentially bring uncertainty to our results. Second,
we mainly focus on locations close to the side of
external os in cervix. Actually, locations close to the
side of the internal os are worthy of future investi-
gations since these locations might provide com-
plementary, region-dependent (including the outer
zone, the inner zone and the septum) insights re-
garding the collagen remodeling.

4. Conclusions

In this study, we apply the quantitative SHG im-
aging to the assessments of cervical remodeling
during normal pregnancy in mouse model. Espe-
cially, the 3D directional variance measures enable
automated, quantitative, highly-sensitive char-
acterizations of collagen ¯bers in a truly 3D manner
at di®erent periods of gestation. Owing to the sen-
sitivity enhancement by the analysis methodology,
we ¯nd that the reprogramming of collagen ¯bers is
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not unidirectional. Although in this study, experi-
ments are conducted ex vivo using excised tissue
specimens, recent developments of probe-based
multiphoton microscopes may enable translation
of such studies in vivo which will o®er a unique
potential to monitor cervical alterations in
normal pregnancy, allow early prediction of PTB
risk and facilitate development of therapies for
prevention.
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