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Collagen provides tissue strength and structural integrity. Quanti¯cation of the orientated dis-
persion of collagen ¯bers is an important factor when studying the mechanical properties of the
cervix. In this study, for the ¯rst time, a new method for rapid characterization of the collagen
¯ber orientations of the cervix using linearly polarized light colposcopy is presented. A total of 24
colposcopic images were captured using a cross-polarized imaging system with white LED light
sources. In the preprocessing stage, the Red channel of the RGB image was chosen, which
contains no information of the blood vessels because of the low-absorption of blood cells in the red
region. OrientationJ, which is an ImageJ plug-in, was used to estimate the local orientation of the
collagen ¯bers. The result shows that in the nonpregnant cervix, the middle zone (Zone 2) has
circumferentially aligned collagen ¯bers while the inner zone (Zone 1) has randomly arranged.
The collagen ¯ber dispersion in Zone 2 is much smaller than that in Zone 1 at all four quadrants
region (anterior, posterior, left, and right quadrant). This new analysis technique could potentially
combine with diagnostic tools to provide a quantitative platform of collagen ¯bers in the clinic.
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1. Introduction

The cervix, which is dominated by ¯brous connec-
tive tissue, is primarily composed of an extracellular
matrix (ECM) of collagen. Collagen – the primary
component of an extracellular matrix plays an im-
portant role in increasing the biomechanical
strength of the cervix. Therefore, the ultrastructure
of the collagen ¯ber network is an important factor
in studying the mechanical properties of the cervix.
Determining the characterization of collagen ¯bers
such as collagen concentration, distribution of
collagen types, the amount and types of collagen
cross-links, especially the orientation of collagen
¯bers is necessary to help the diagnosis of cervical
cancer as well as preterm birth.1–4

In the anatomical position, the cervix is the lower
¯bromuscular portion of the uterus, divided into
two main parts: The endocervix and the ectocervix.
The endocervix is the inner part of the cervix lining
the canal leading into the uterus, while the ecto-
cervix is the portion of the cervix that bulges into
the top of the vagina.5 The changes in structural
and mechanical properties of the cervix mainly
relate to the organization and alignment of its
hierarchical collagen ¯ber network. Various diag-
nostic imaging techniques including X-rays, second-
harmonic generation (SHG), optical coherence to-
mography (OCT), Mueller matrix polarimetry
(MMP), etc., have been used to determine the col-
lagen ¯ber orientation and dispersion in the cer-
vix.6–11 X-rays di®raction studies show that the
cervix, which is roughly cylindrical, has three ana-
tomic regions with distinct collagen ¯bers orienta-
tion. In the inner and outer zones, collagen ¯bers are
arranged parallel to the canal. In the middle zone,
the collagen ¯bers have a preferred orientation in a
circumferential around the canal.6 Further studies
on nonpregnant human cervical tissue using OCT
have veri¯ed that collagen ¯bers in a middle zone
are oriented circumferentially around the endo-
cervical canal. These studies highlight that collagen
¯bers in the anterior (A) and posterior (P) quad-
rants are less dispersed than the left (L) and right
(R) quadrants.8 Imaging with SHG signals has
emerged as a useful tool to evaluate cervical colla-
gen ¯ber distribution and enables the 3D analysis of
collagen architecture at the micron level. Some
researches demonstrated that SHG imaging, which
is suitable for the development of new in vivo di-
agnostic devices, has the potential to distinguish

abnormal cervical remodeling and its disorders.9,10

Previous studies using SHG imaging show that the
primary alignment of collagen ¯bers is longitudinal
in the region nearest the canal, and circumferen-
tially orientated ¯bers appear in the central region
of the cervix. At the micrometer length scale (SHG
scale), the collagen ¯bers in Region 1 (the anterior
and posterior quadrants), on average, have a similar
degree of alignment compared to those in Region 2
(the left and right quadrants).9 MMP is commonly
used in biomedical imaging that enables to provide
the changes in the structure of tissue with a wide
¯eld image. In previous studies, MMP was used to
provide useful information in cervical pre-cancer
detection relies on polarimetric images of Depolari-
zation, Retardance, and Azimuth.12,13 MMP
has also been used extensively to measure collagen
arrangement and distribution non-invasively.11

Recently, a new low-cost snapshot MMP capable of
the fast acquisition of a full Mueller matrix was
developed and tested successfully on the healthy
human cervix. However, further studies are neces-
sary to evaluate the diagnostic performance of this
method.14

In this case study, we propose a new method for
low-cost and real-time to determine collagen ¯ber
orientation distribution and dispersion across four
quadrants in the cervix. First, we developed a cross-
polarized imaging system based on a standard
colposcope. The use of crossed polarizers in the
colposcopic image eliminates glares and specular
highlights in the surface as well as imaging deeper
into the tissue volume.15,16 Normally, when the
emitted light penetrates the subsurface of the cer-
vix, the blood vessels are the main cause of light
absorption. The Green channel provides the best
contrast of the blood vessels due to the high ab-
sorption of hemoglobin in green wavelengths. By
contrast, the Red channel is not a®ected by the
blood vessels and provides more useful information
about collagen.17 Therefore, the Red channel is
preferred for further operations in the collagen ori-
entation estimation. In imaging processing, an
adaptive dual threshold with a 3� 3 median ¯lter
was applied to remove speckle noise that causes a
shift in the orientation value. Then, collagen ¯bers
orientation was represented by vector ¯eld map, in
which each vector has the same dimension with
collagen ¯bers in a sub-region. We used this map to
calculate the maximum angular of the region of
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interest (ROI) using OrientationJ (an ImageJ-plug-in).
Finally, the coherency coe±cient ranging from 0 to
1 was used to indicate the degree of collagen ¯ber
alignment.18–20 We observe a preferred circumfer-
ential distribution of the collagen ¯ber in Zone 2
and randomly arranged in Zone 1.

2. Materials and Methods

2.1. Cross-polarized colposcope design

A traditional optical colposcope was upgraded with
an auto-focusing full HD CMOS camera (Amscope,
USA) (Fig. 1). Still, images can be saved in 1920�
1080 pixels (2 mega-pixels) and motion HD video
can be captured in 1080 p. The autofocus camera
has an objective lens (L1) with an 18–35mm focal
length and working distance from in¯nite to
200mm. The camera is connected to the computer
via DarkCrystal HD Capture CD311 (AverMedia,
Taiwan). For the light source (LS), we used a cool
white LED (Cree XLamp@ XP-G2, China) com-
bined with an aspheric lens (L2) to achieve uniform
light distribution in the regions of interest. Imaging
of the morphological and functional state of tissues
may be provided based on spectral analysis of the
backscattering light. Polarization-sensitive techni-
ques for imaging were applied to eliminate specular
re°ection on the surface of the tissue. In this case,
the ¯rst polarizer (P1) was placed in the front of the
light source and the second polarizer (Edmund
Optics, USA) (P2) was placed in the front of the
camera to select light either parallel to or perpen-
dicular to the incident light. The second polarizer is
perpendicular to the ¯rst ¯lter (Cross-Polarization
mode - CP) for eliminating the specular re°ection of
light by the surface.

2.2. Samples

The study was approved by the Institutional Review
Board of the Vietnam National University, Ho Chi
Minh City, and conducted according to the tenets of
the Declaration of Helsinki. During the study period,
24 nonpregnant colposcopic images were used to de-
termine the collagen ¯ber orientation distribution and
dispersion of cervical tissue (Table 1). In this research,
we only used images of the healthy or in°ammatory
cervices. Ectopy, polyp, cervical dysplasia, pre-inva-
sive cervical disease, cervical intraepithelial neoplasia,
were eliminated before starting the analysis.

In Fig. 2(a), a case of normal cervix imaging was
captured using polarized light colposcopy that
removes the specular re°ection of light on the sur-
face. The vagina (1) is out of focus while the ecto-
cervix (2) is seen surrounding the cervical os (3). At
the millimeter and micrometer scale, previous
studies indicated that the normal cervix has three
zones of preferentially aligned collagen: Collagen
¯bers preferentially arranged parallel to the canal in
the inner and outer zone, and in the middle zone,
these ¯bers arrange circumferentially around the
endocervical canal (Fig. 2(b)).6–8 However, the
¯bers, which are aligned perpendicularly to the
ectocervical surface, cannot be visualized through
two-dimensional colposcopic images. It is also very
di±cult to detect exactly the boundary between these
zones. In this research, the ectocervix is separated into
two radial zones: Zone 1 includes the inner zone and a
small part of the middle zone, and Zone 2 includes the
rest of the ectocervix. The collagen ¯ber orientation
distribution and dispersion were presented at four
anatomic quadrants (anterior (A), posterior (P), left
(L), and right (R) quadrants) in Zone 2 (Fig. 2(c)).

2.3. Image analysis with orientationJ

The ¯ber alignment measurement was character-
ized by using an ImageJ (Version 1.52a, by Wayne

Fig. 1. Polarized light colposcopy imaging system.

Table 1. Demographic factors between the di®erent gravidity
groups.

Gravidity

Demographic factor 0 1 2 3

Number of subjects (24) 6 9 7 2
Percentage of subjects (%) 25% 37.5% 29.17% 8.33%
Mean age 31 31.11 31.43 38.5
Pregnancy Status NP NP NP NP
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Rasband, National Institutes of Health, USA)
plug-in (OrientationJ). OrientationJ uses the ¯rst
derivative and a Gaussian weighting function to
construct a structure tensor with four functionali-
ties: (1) Performing a visual representation of the
orientation of an image, (2) creating a vector ¯eld
map, (3) plotting the distribution of orientations,
and (4) detecting of keypoints. It has also been
commonly used for measuring the orientation and
coherency in a ROI of images. The coherence coef-
¯cient, which ranges from 0 to 1, indicates the dis-
persity of the ¯ber orientations. Larger values of
coherency coe±cient correspond to low ¯ber dis-
persion, and smaller numbers indicate higher ¯ber
dispersion.18–20

Noise, blur, and glare in the image are the major
reasons causing problems for automated image
analysis systems. Cross-polarization ¯lters can be
used to enhance contrast in images as well as elim-
inate specular re°ectance and glare. To show the
e®ectiveness of this technique, Tilapia ¯sh skin was
selected as a phantom in our model (Fig. 3), as it
has been suggested as an option of biological

material for the management of burn wounds as
well as a biological graft in gynecology.21 Two
images of the same position of the Tilapia ¯sh skin
sample were captured under nonpolarized (NP)
light and cross-polarized (CP) light. The image with
CPs showed considerably less glare from the
surface, thereby improving image contrast and
allowing for a more detailed evaluation of underly-
ing structures (Figs. 3(a) and 3(b)). In Figs. 3(c)
and 3(d), the results of OrientationJ analysis for
determining texture orientation were presented. To
understand the di®erence, we randomly selected
three corresponding regions (A, B, and C) located in
the same position of each sample to analyze di®er-
ences between them. We can see that the orienta-
tion distribution of the texture is di®erent in the
two images. The probability distributions gathered
in Figs. 3(e) and 3(f) show that regions A, B, and C
have almost the same preferred orientation in the
CP mode, while they have been fully randomly ar-
ranged in the NP mode. Overall, the Tilapia ¯sh
skin sample which was observed using the CP light
is consistent with the results of several previous

(a) (b)

(c)

Fig. 2. (a) Polarized RGB image of a normal adult nonpregnant cervix, (b) Three theory zones of the cervical collagen network:
inner, middle, and outer zones.6 (c) Illustration of four anatomical quadrants (A-anterior, P-posterior, L-left, and R-right) in Zones
1 and 2 for ¯ber orientation and dispersion analysis.
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studies, where the collagen ¯bers were well orga-
nized and distributed in a parallel pattern.22 The
results were also shown that the angular distribu-
tion of the sample was observed using NP light,
which cannot be measured exactly by using orien-
tation. It can be concluded that glare is one of the
main factors causing deviated results when using
OrientationJ to measure automatically the orien-
tations in test samples. Therefore, applying any
image processing in the glare region is impossible.
On the other hand, many research studies recently
have demonstrated that polarized light microscopy
is a powerful technique for measuring the properties
of the collagen ¯bers of the biological samples.23

Therefore, we propose an e®ect estimation method
to determine the collagen ¯ber orientation distri-
bution and dispersion of the cervix using polarized
light colposcopy.

2.4. Tissue absorption

The surface color of the cervix is in°uenced by the
absorption spectrum of hemoglobin. Hemoglobin is
found in the blood vessels located in the stroma. In
this method, cervical images obtained by the CMOS
camera were separated into three grayscale images
(Red, Green, and Blue channel images). The
hemoglobin absorption spectrum exhibits a major

peak in the blue light, and a minor one in the green
light. Due to the decrease of the absorption by he-
moglobin, the light penetration depth also increases
with increasing wavelengths from the range of
wavelengths from green light to red light. Thus, the
Green channel image is characterized by high con-
trast and contains more information than the Blue
channel image. It is commonly used for analyzing
blood vessel image data or performing segmentation
of blood vessels. The appearance of the blood vessels
in the Green and Blue channel looks more con-
trasted than the background, it will cause the un-
even distribution of pixel intensity on the surface of
the cervix. However, the OrientationJ based on the
evaluation of the gradient structure tensor in a local
neighborhood can be used to detect the orientation
of objects. Changes in the intensity of an image
have a signi¯cant e®ect on the estimation of the
directional and organized collagen ¯bril. In con-
trast, hemoglobin has signi¯cantly lower absorption
light in the red than in the other regions of the
visible spectrum. This property makes blood vessels
appear much lighter than that of the background in
the Red channel image. In addition, the absorption
of collagen is slightly higher than hemoglobin in the
red regions.16 Therefore, Red channel image could
also be used to produce a high contrast image for
collagen structures in the cervix. Finally, the red

(a) (c) (e)

(b) (d) (f)

Fig. 3. Distinguishing between images of the Tilapia ¯sh skin samples. (a) With cross-polarization detection (CP mode) and
(b) with nonpolarization detection (NP mode). Three corresponding regions (A, B, and C) were shown in the CP mode (c) and NP
mode (d). Comparing angular distributions of region A (red solid), region B (black solid), and region C (green solid) in the CP mode
(e), and NP mode (f).
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light penetration into cervical tissue is deeper than the
penetration of blue light and green light. For all of
these reasons, the Red channel is selected for further
operations in the collagen orientation estimation.

A case of a nonpregnant cervix (Fig. 2(a)) was
divided into the Red, Green, and Blue channels
(Figs. 4(a)–4(c)). We have discussed earlier that the
interaction between light and tissue depends on the
wavelengths of the incident light. As a result, dis-
play information is di®erent among the Red, Green,
and Blue channels. For more clearly direct obser-
vation of the distribution of pixel intensities, the 3D
contour map of cervix surface obtained from Red,
Green, and Blue channels were shown in Figs. 4(d)–
4(f), respectively. These images show the ability to
distinguish the ectocervix region inside the yellow
circle (Fig. 4(c)) from the background. As shown in

Fig. 4(c), to determine the orientation of collagen
¯bers, the ectocervix was divided into Zones 1 and
2. From the 3D contour map shown in Figs. 4(e)
and 4(f), we can easily recognize that the intensity
values of the pixels of Zones 1 and 2 have changed
drastically. This sudden change can lead to mea-
surement errors in collagen ¯bers orientation esti-
mation using OrientationJ. On the other hand, as we
can see in Fig. 4(d), the pixel values have been more
evenly distributed throughout Zone 1 as well as the
Zone 2 of the ectocervix. In brief, the Red channel has
a smooth surface with fewer unexpected noises.

3. Results and Discussion

As mentioned above, mapping collagen ¯ber in the
cervical surface is a challenge. By selecting the

(a) (d)

(b) (e)

(c) (f)

Fig. 4. Red, Green, and Blue channels of a case of a nonpregnant image are shown in Fig. 2. Each channel is depicted as a grayscale
image: (a) Red channel, (b) Green channel, (c) Blue channel. 3D contour map comparisons of Red, Green and Blue channels for the
same tuples are also provided (d)–(f) respectively.
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cervical image in the Red channel and using the
cross-polarized method, in°uences of blood vessels
and surface glare were minimized to an acceptable
level. After separating the image of the cervix in the
Red channel from the raw image, Red channel
image was smoothed with a 3� 3 median to remove
outlier pixels with a shift in the orientation value.
Then, OrientationJ was used to determine the ori-
entation properties of ROI in an image. The local
orientation properties are calculated according to
the structure tensor created by collagen ¯ber ab-
sorption intensity and visualized as color images
with the orientation encoded in a hue saturation-
brightness map where hue is orientation, saturation
is coherency, and brightness is the same as the
original image. To facilitate calculating collagen
alignment, collagen ¯bers orientation is represented
by a vector ¯eld, called collagen ¯bers orientation
map. Each vector has the same dimension with
collagen ¯bers in a 50� 50 pixels sub-region.

Figure 5 shows the example of the directionality
maps using OrientationJ of nonpregnant cervix live
sample (Fig. 2(a)). The Red, Green, and Blue
channels of the color image were used as input of the
structure tensor computation. For visualizing the
existence of distinct ¯ber distribution groups at
di®erent orientations, collagen ¯ber orientation
distribution was presented by an HSB color-coded
map. Each color represents an angle of the segment
[−90�, 90�]. As mentioned above, the ectocervix was
divided into two radial zones. We can see that the
Red channel extraction makes the distribution map
of collagen ¯ber orientation is di®erent in these
zones more clearly (Fig. 5(a)). Zone 1 has turbu-
lence distribution of the colors whereas Zone 2 has
symmetry distribution across the cervical OS.

This means that cervical collagen ¯bers have
the circumferential trend in Zone 2 and random
distribution in Zone 1. However, similar distribution

trends of orientation are not observed in the Green
and Blue channel images (Figs. 5(b) and 5(c)). This
proves once again that the Red channel provides the
best view for collagen ¯ber orientations in cervical
tissues compared to the other two channels.

Collagen ¯bers orientation maps of cervix live
samples were presented by vector ¯eld using
OrientationJ (Fig. 6). Each vector stands for col-
lagen alignment in about 50� 50 pixels sub-region.
The orange bars show local ¯bers orientation
in each sub-region. For studying collagen ¯bers
orientation distribution in Zone 2, four quadrants
were selected to compare: Anterior (A), posterior
(P), left (L), and right region (R). The normalized
angular distributions of each quadrant region were
shown in Fig. 6. We can see that the OrientationJ
analysis detects the presence of ¯bers at 0� in an-
terior and posterior regions. Whereas, OrientationJ
analysis produces strong peaks at 90�/−90� for both
left and right regions. The angular distribution
analyses of each quadrant region are similar in all
other cervical samples.

We compared the histograms of the ¯ber metrics
at all four quadrants (A, P, L, R) regions for both
Zones 1 and 2. The signi¯cant di®erence occurred in
¯ber orientation, which is found in Figs. 7(a)–7(d).
The graphs describe this situation in detail, where
for Zone 2, the orientation angle of most ¯bers is
close to 0� (A, P region) and 90�/−90� (L, R region),
indicating ¯bers are more likely aligning along a
certain direction, whereas for Zone 1, the ¯ber
orientation seemed to be more random at all four
quadrants (A, P, L, R) region. To further con¯rm
the alignment and provide an angle distribution
map in the horizontal plane of the cervix, we split
the four quadrants regions into small sub-regions
and calculated the angle in each sub-region. A total
of 60 sub-regions were selected around Zone 2, and
48 sub-regions around Zone 1. The orientation angle

(a) (b) (c)

Fig. 5. Collagen ¯ber visualization map of a nonpregnant sample (in Fig. 2(a)) of Red channel image (a), Green channel image
(b), and Blue channel image (c) using OrientationJ. The color bar corresponds to dominant ¯ber orientation on the ectocervix [−90�, 90�].
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(a) (c) (e)

(b) (d) (f)

Fig. 7. Comparison of the angle distribution at all four quadrants region corresponding to the Red channel image of sample 1
(shown in Fig. 4(a)). The pairs of histograms in (a) anterior, (b) posterior, (c) left, and (d) right. The orientation angle of each
sub-region was shown on the polar diagram with (e) Zone 1 and (f) Zone 2.

CERVIX L-R A-P 

I 

II 

III 

(a) (b) (c)

Fig. 6. (a) Collagen ¯bers orientation maps in Zone 2 of three nonpregnant samples are presented by vector ¯eld using
OrientationJ. (b) Comparing angular distributions of the anterior region (red dotted) and posterior region (black dotted).
(c) Comparing angular distributions of the left region (red solid) and right region (black solid).
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of each sub-region is shown on the polar diagram
(Figs. 7 (e) and 7(f))). The radius R (arbitrary unit)
is calculated by the formula (1), where � 2 [0, 2�] is
the orientation angle of each sub-region.

R ¼ 0:375þ 0:625� cos �ð Þj j: ð1Þ
As we can see, the orientation of collagen ¯bers is
randomly oriented in Zone 1 (Fig. 7(e)), and cir-
cumferential trends in Zone 2 (Fig. 7(f)).

The changes in collagen alignment have an ex-
tremely important role in the mechanical proper-
ties, physiological, and biochemical functions of
cervical tissues. The dispersity of collagen ¯ber
orientation can be estimated by a statistical mea-
sure called the alignment coe±cient. There are
several types of alignment coe±cients, such as an-
isotropy index based on eigenvalues of a second
rank tensor, anisotropy based on the circular vari-
ance in circular statistics, and coherency based on
the ratio between the di®erence and the sum of the
eigenvalues.18,19

In this research, the coherency coe±cient was
used to indicate the dispersity of the ¯ber orienta-
tions. The values range between 0 and 1. Here 1
indicates perfectly aligned ¯bers (correspond to low
¯ber dispersion) and smaller values represent more
randomly distributed ¯bers (correspond to strong
¯ber dispersion). To further analyze the dispersion
of ¯ber organization, the coherency coe±cient cor-
responding to ¯ber dispersion is computed at all
four quadrants (A, P, L, R) from all 24 cervical
samples in both Zones 1 and 2. The coherency co-
e±cient of all samples is shown in Fig. 8. The
results indicated that the values of the coherency

coe±cient were region-dependent in the ectocervix.
When choosing 50� 50 pixels sub-regions in Zone 1,
the values of the coherency coe±cient are very low
at all four quadrants region in Zone 1 (mean ¼ 0:06)
(Fig. 8(a)). This means that ¯ber orientation ten-
ded more randomly along the radial direction, and
the collagen ¯bers are much more heterogeneous
distributed. In contrast, the values of the coherency
coe±cient in Zone 2 (mean ¼ 0:3) are nearly ¯ve
times higher than that in Zone 1 (Fig. 8(b)). These
trends show that ¯ber orientation tended in Zone 2
more preferentially aligned, and the collagen ¯bers
are more homogeneous spatial distribution. When
comparing 50� 50 pixels sub-regions at four quad-
rants region in Zone 2, the values of the coherency
coe±cient are higher in the posterior
(0:350� 0:095) and left (0:313� 0:079) quadrants
compared to that in anterior (0:254� 0:050) and
right (0:275� 0:082) quadrants (Fig. 8(b)).

In this paper, we introduced a new method,
which can be used in practice to measure cervical
collagen orientation and dispersion as well as to
conduct a feasibility study on human cervical
tissue (n ¼ 24). This method can be applied in
three main steps: (1) Polarization adapter is
attached to a colposcope for capturing orthogonally
polarized images to eliminate glares and specular
highlights as well as get more information deeper
into the tissue volume; (2) the Red channel which
has a smooth surface with fewer unexpected noises
is selected for further operations in the collagen
orientation estimation method; (3) Orientaion J
analysis is used to objectively quantify collagen
morphology.

(a) (b)

Fig. 8. Coherency analysis at all four quadrants region in Zone 1 (a) and Zone 2 (b).
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We carefully compared our results with similar
papers, which used X-ray, SHG, OCT, and MMP to
study the characterization of cervical collagen in
nonpregnant women in vivo and in vitro. These
studies proved that the cervical collagen network in
the ECM consists of three anatomic zones with
distinct collagen ¯bers orientation. In the inner and
outer zone, collagen ¯bers are arranged parallel to
the canal. In the middle zone, the collagen ¯bers
have a preferred orientation in a circumferential
around the canal.6–11 Unlike X-ray, SHG, and OCT
that can produce in-depth image-speci¯c cross-sec-
tions below the surface of the cervix, the polarized
colposcopic images are 2D whole ¯eld images of the
ectocervix. With our 2D images, it is very di±cult
to detect exactly the boundary of the collagen ¯brils
distribution. Besides that, during the colposcopy, if
the speculum is not too widely separated, the outer
zone of the ectocervix may be hidden by the walls of
the vagina. Therefore, we separated the ectocervix
into two radial zones: Zone 1 includes the inner zone
and a small part of the middle zone, and Zone 2
includes the rest of the ectocervix, this is similar to
that observed by Yao et al.8 First, we found that
Zone 2 has circumferentially aligned ¯bers while
Zone 1 was randomly arranged. The collagen ¯ber
dispersion in Zone 2 is much smaller than that in
Zone 1. This is achieved through similar results in
Refs. 6–11. Second, for nonpregnant samples, OCT
images show that the posterior and anterior quad-
rants of the outer zone had more aligned ¯bers
compared to the left and right quadrants,8 while by
the SHG ellipticity measurement, the collagen ¯bers
have a similar degree of alignment at all four
quadrants region.9 In our study, the left and pos-
terior quadrants are more aligned than the other
anatomic zones.

There are several limitations in the methods of
this work. The images presented in this work are 2D
¯eld images of the cervix. Using the 2D data does
not help us recognize any di®erences in the orien-
tation of collagen ¯bers in deeper layers of the cer-
vix. It is best suited to investigate the changes in
collagen circumferentially aligned around the cervix
os. In addition, only nonpregnant cervical samples
were obtained. In this study, the imaging was ac-
cepted in healthy or in°ammatory of the cervix.
Ectopy, polyp, cervical dysplasia, pre-invasive cer-
vical disease, cervical intraepithelial neoplasia, etc.,
were eliminated before starting the analysis.
Further research on collagen orientation in cervical

remodeling is needed to evaluate the e®ectiveness of
this work.

4. Conclusions

The ECM is a dense network of collagen ¯bers,
which is the load-bearing component of the cervical
tissue. Identi¯cation of cervical microstructural ar-
chitecture during speci¯c stages of the cervix is
necessary for the study of cervical diseases and
giving suitable treatments in time. In this paper, a
new method was presented for quantitative ¯ber
orientation analysis and visualization within the
cervix in vivo. We found that in the nonpregnant
cervix, Zone 2 (middle zone) has circumferentially
aligned collagen ¯bers that are less dispersed than
Zone 1 (inner zone) at all four quadrants region.
This result is consistent with the previous studies.
In further studies, collagen ¯ber orientation in the
pregnant cervix will be analyzed for understanding
the changing of collagen ¯ber direction trends. In
summary, this method is simple, fast, low-cost, and
e®ective for measuring changes in cervical collagen
¯bers orientation, which could be applied to diag-
nosis in providing a quantitative platform for the
clinical environment.
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