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Abstract

Objective

Cervical remodeling is an important component in determining the pathway of parturition;
therefore, assessing changes in cervical tissue composition may provide information about
the cervix’s status beyond the measurement of cervical length. Photoacoustic imaging is a
non-invasive ultrasound-based technology that captures acoustic signals emitted by tissue
components in response to laser pulses. This optical information allows for the determina-
tion of the collagen-to-water ratio (CWR). The purpose of this study was to compare the
CWR evaluated by using spectroscopic photoacoustic (sPA) imaging in cervical samples
obtained from pregnant and non-pregnant women.

Methods

This cross-sectional study comprised cervical biopsies obtained at the time of hysterectomy
(n=8) and at the scheduled cesarean delivery in pregnant women at term who were not in
labor (n = 8). The cervical CWR was analyzed using a fiber-optic light-delivery system
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integrated to an ultrasound probe. The photoacoustic signals were acquired within the
range of wavelengths that cover the peak absorption of collagen and water. Differences in
the CWR between cervical samples from pregnant and non-pregnant women were ana-
lyzed. Hematoxylin and eosin and Sirius Red stains were used to compare the collagen con-
tent of cervical samples in these two groups.

Results

Eight cervix samples were obtained after hysterectomy, four from women <41 years of age
and four from women >43 years of age; all cervical samples (n = 8) from pregnant women
were obtained after 37 weeks of gestation at the time of cesarean section. The average
CWR in cervical tissue samples from pregnant women was 18.7% (SD 7.5%), while in sam-
ples from non-pregnant women, it was 55.0% (SD 20.3%). There was a significantly higher
CWR in the non-pregnant group compared to the pregnant group with a p-value <0.001. A
subgroup analysis that compared the CWR in cervical samples from pregnant women and
non-pregnant women <41 years of age (mean 46.3%, SD 23.1%) also showed a signifi-
cantly higher CWR (p <0.01). Lower collagen content in the pregnancy group was confirmed
by histological analysis, which revealed the loss of tissue composition, increased water con-
tent, and collagen degradation.

Conclusion

The proposed bimodal ultrasound and sPA imaging system can provide information on the
biochemical composition of cervical tissue in pregnant and non-pregnant women. Photoa-
coustic imaging showed a higher collagen content in cervical samples from non-pregnant
women as compared to those from pregnant women, which matched with the histological
analysis. This novel imaging method envisions a new potential for a sensitive diagnostic tool
in the evaluation of cervical tissue composition.

Introduction

The human cervix is a dynamic structure [1-3] comprising smooth muscle, fibroblasts, epithe-
lial tissue, and blood vessels stabilized within a network of fibrous connective tissue composed
of 70% type I collagen and 30% type III collagen as well as elastin and proteoglycans [4-6].
Throughout pregnancy, multiple phases of remodeling and reorganization result in changes of
cervical “consistency” (stiffness, elasticity) and length [7]. These changes occur during the
reorganization of the collagen network in cervical tissue [8-12], which increases progressively
and at a higher rate closer to delivery [13,14]. The shortening of the cervical length before the
full term of gestation has been associated with a higher risk of preterm delivery.

Cervical remodeling occurs throughout gestation and is characterized by the reorganization
of collagen structure, increased hydration, degradation of extracellular matrix proteins, and
increased vascularity that alter the cervix’s consistency and length [15-18]. Evaluating these
biochemical changes in conjunction with cervical length may help increase the prediction of
preterm birth [19-23]. Previous studies demonstrated that preterm birth occurs when struc-
tural remodeling or disorganization of the cervical collagen/muscular network begins earlier
than expected [24,25].
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Transvaginal ultrasound (TVUS) measurement of the cervical length is currently the main
imaging technique used to evaluate changes in the cervix during pregnancy [26,27]. Alterna-
tive ultrasound (US) techniques, such as elastography [28,29] and attenuation, provide quanti-
tative measures of structural and biomechanical properties of cervical tissue. However, these
modalities garner no information about the underlying mechanisms of cervical tissue remod-
eling, which is required to more accurately determine the timing and success of labor induc-
tion. During the past decade, several non-invasive optical techniques have been described to
evaluate the collagen network remodeling. These include Raman spectroscopy [30], light-
induced fluorescence [31], second harmonic generation (SHG) [32], infra-red spectroscopy
[33], and optical coherence tomography (OCT) [34,35]. However, these techniques are mostly
optical with a very narrow region of interest and need a separate probe from the transvaginal
ultrasound (TVUS) transducer. Furthermore, the quantitative data is obtained without an
ultrasound image, which is difficult to implement in clinical settings (OCT and SHG). There-
fore, novel imaging instrumentation and methods that allow for quantitative visualization of
molecular and microstructural changes in the cervical stroma (i.e., collagen fibers, microvascu-
lature) and smooth muscle cell networks may provide objective, quantitative data on the pro-
cess of cervical remodeling and might contribute to the determination of the optimal time for
induction of labor.

Photoacoustic (PA) imaging has been applied for the evaluation of different organs [36-
40], such as the brain [41,42], liver [43], cervix [44-48], lymph nodes [49], aorta [50], and
breast [51], to quantify biochemical constituents and to aid in cancer diagnosis and manage-
ment, such as skin [52], cervical [53], and breast cancers [54-57]. Given its ability to acquire
functional and molecular images with a high resolution at clinically relevant depths, in addi-
tion to sharing common signal-acquisition hardware with ultrasound, PA imaging can serve
as a valuable adjunct to cervical length measurement [46,58] by providing additional informa-
tion on the cervix’s composition. Our objective was to perform PA profiling of the collagen-to-
water ratio (CWR) in ex-vivo cervix samples from pregnant and non-pregnant women to vali-
date its capability during cervical remodeling in pregnancy.

Materials and methods

This cross-sectional study was conducted at the Labor & Delivery Research Unit and the Gyne-
cology Unit of the Detroit Medical Center/Hutzel Women’s Hospital and the Perinatology
Research Branch, Eunice Kennedy Shriver National Institute of Child Health and Human
Development (NICHD), National Institutes of Health, U.S. Department of Health and Human
Services, Wayne State University School of Medicine, and the Department of Biomedical Engi-
neering, Wayne State University College of Engineering, Detroit, Michigan. All patients pro-
vided written informed consent prior to the collection of the cervical biopsies and were
enrolled in research protocol (040302M1F) approved by the Human Investigation Committee
of Wayne State University and the Institutional Review Board of NICHD. Eight women under-
going total hysterectomy due to uterine bleeding or premalignant lesions, and eight women
with a singleton term pregnancy without labor scheduled for an elective cesarean section, were
included in the current study. Demographic data and clinical characteristics of all patients
were obtained and registered.

Cervix sample collection and preparation

The cervical samples were divided into two groups, with eight samples per group, collected
after hysterectomy and during cesarean delivery procedures, respectively. For the hysterec-
tomy group, the cervical samples were taken immediately after the removal of the uterus in the
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operating room. For each individual, a five-cubic-millimeter (mm?) cervical sample was
excised from the 12 o’clock position of the cervix. The excised sample was rinsed with phos-
phate-buffered saline (PBS, Corning™, 1X without calcium and magnesium, PH 7.4 + 0.1) to
remove blood from the tissue surface before placement into Ambion™ RNALater™ (Invitrogen
Inc.) storage solution at 4°C. During imaging and transportation, samples were kept in RNA-
Later at 4°C. After imaging, samples were embedded into the O.C.T. compound (Tissue-Tec,
Sakura Finetek Inc.) and frozen with liquid nitrogen. Several (>2) ten-micrometer-thick sec-
tions were sliced using a cryostat and separated into two groups. Samples from one group
were stained with hematoxylin and eosin (H&E), and samples from the other group were
stained with Sirius Red for further histological analyses.

Cervical samples from women who underwent cesarean delivery were taken from the 12
o’clock position of the cervix after the procedure. Under aseptic conditions, a sterile speculum
was placed, and Kevorkian biopsy forceps were used to obtain the cervical sample. The sample
was rinsed with PBS to remove blood on the tissue surface before preservation in RNALater.
Imaging, transportation, and histology procedures followed the same protocol as the cervix-
hysterectomy samples.

Principles of photoacoustic imaging to measure collagen-to-water ratio
(CWR)

The proposed bimodal imaging system includes a TVUS probe coupled to a fiber-optic light
delivery system surrounding the TVUS transducer for spectroscopic photoacoustic (sPA)
imaging. This custom-built light delivery system consists of 19 fibers (NA = 0.39, Thorlabs,
Inc., USA). Of the 19 fibers, 18 delivered light around the TVUS probe, and one fiber was used
to monitor real-time energy. The fiber-holding sheath is designed to hold the fibers in place.
The total diameter of this combined probe is 29 mm, which fits well with clinical requirements.
The fibers were bent close to the probe’s tip to enhance the illumination patterns. A Monte-
Carlo model simulation to optimize the alignment and bending angles of the fibers was per-
formed to achieve the optimal light delivery for PA imaging [59]. The proximal end of the
fiber bundle was coupled to a self-cooled nanosecond, tunable pulsed laser (Phocus Core,
OPOTek™ Inc., USA) across a range of wavelengths between 680 nm to 2500 nm at a pulse
repetition of 10 Hz. A programmable digital US acquisition system (Vantage 128, Veraso-
nics™, Inc., USA) acquired US and PA images. A custom-built, high-speed, field-programma-
ble gate array synchronized laser excitation and US acquisition and controlled the interleaved
acquisition of US and PA frames. Interleaved US and PA images were reconstructed by using
an adaptive beamforming algorithm [60]. Real-time TVUS and PA imaging sequences were
developed in which three US frames were acquired between two consecutive PA frames, all
synchronization signals were calibrated, and co-registered TVUS/PA images were recon-
structed. Additionally, the imaging of a calibration phantom characterized the axial resolution
of 260 um and lateral resolution (at 25 mm depth) of 450 um [44].

Spectroscopic photoacoustic evaluation of CWR

Spectroscopic PA (sPA) is a widely used PA imaging technology that utilizes laser illumination
at different wavelengths to the tissue of interest and probes the object’s optical properties as
broadband acoustic pressure waves. To estimate the CWR in cervical tissue, we developed a
two-step sSPA-CWR measurement algorithm. First, amplification of the PA signal acquired
between 1150 and 1250 nm (window 1: collagen domination, where collagen has its peak
absorption) detected the relatively small variations [61]. At wavelength (1) of 1150 to 1250 nm,
water absorption remained constant, but collagen absorption had a clear peak [62,63]. Since
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Fig 1. Optical absorptions of oxyhemoglobin, lipid, collagen, and water. In the collagen dominating (window #1),
water has nearly constant absorption and, by contrast, collagen peaks around 1200 nm. In the water dominating
(window #2), water peaks about 1470 nm, and collagen peaks around 1520 and 1540 nm (figure adopted from [61]).

https://doi.org/10.1371/journal.pone.0247385.9001

collagen is still relatively weak compared to water (Fig 1) [61], we used an algorithm (Eq 1)
[64] to amplify collagen’s PA.

Later, the amplified images were passed through a standard sPA wavelength unmixing
method (Eq 2) [41] to calculate the final CWR. This spectroscopic process, performed for each
pixel of the image, was guided by the B-mode US to identify the true location of the cervical tis-
sue. The sPA wavelength unmixing method took the average of two pairs of PA data, which
were 1150 with 1200 and 1200 with 1250. The higher wavelength features (window 2: water
dominating) were not applied in the unmixing method given that water has a strong absorp-
tion peak at A = ~1450 nm. The CWR calculation method may be further enhanced by includ-
ing sPA data acquired between 1400 and 1600 nm.

E, E
_ €cir00 Ecri2m
PAAmpliﬁed(i) - : : PA,t (1)

Ecuso €caiso

CWR — [Collagen,, ]
[Collagen,,] + [Water,,] ,
Ewyy PAM “Ewy PAi‘z ( )

PA; (gw,;2 _£c22> —PA, (Sw;,l _gc,;l)

where the g, is the mass extinction coefficient for the absorbers (Collagen C, Water W) at the
wavelength A, and the PA, represents the received PA signal amplitude at wavelength A.
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Fig 2. Collagen-to water-ratio in collagen phantoms. (a) Photograph of collagen phantoms at different
concentrations ranging from 0 (PBS) to 1 mg/mL. (b) Normalized sPA-CWR to estimate the collagen concentration for
the collagen phantoms at different concentrations. The linear curve fit showed a high correlation between the detected
CWR to the collagen concentration, with the coefficient of determination (R2) of 99.66%.

https://doi.org/10.1371/journal.pone.0247385.9002

Collagen phantoms

Before applying the sPA-CWR method in human samples, we validated the method in collagen
phantoms with known concentrations (1.0, 0.75, and 0.5 mg/ml) and blanks (containing only
PBS). The collagen phantoms (Fig 2a) were prepared with collagen solutions and then freeze-
dried under sterile conditions. The dried powder was resuspended in sterile ImM HCI solu-
tion to form a high-purity, uniform collagen solution. After its preparation, the collagen solu-
tion was transferred to an imaging phantom and kept at low temperature (4°C). The collagen
solution was then scanned using sPA imaging technology (wavelengths of 1070 to 1650 nm, 10
nm step size) to evaluate absorption behavior. The maximum fluence is 24 mJ/cm” at 1070
nm, which is about 25% of the maximum permissible exposure (MPE) [65]. The CWRs were
then calculated by the sPA unmixing method, and the range of detected CWRs was normalized
to the highest concentration of the prepared collagen samples (1 mg/ml). The detected results
are shown in Fig 2b, which indicated that the proposed sPA wavelength unmixing method was
sensitive in its detection of the CWR in controlled collagen samples. Additionally, the concen-
tration of collagen gels used in this study was below the collagen concentration in cervical tis-
sue [15,66-68]. Therefore, the sPA measurement of collagen variations was anticipated to be
even more sensitive in in-vivo human studies.

CWR in tissue samples of the human cervix

We performed another study in human cervical samples to indicate the capability of the sPA
method to detect the CWR. Wide-spectrum range sPA (from 1150 nm to 1650 nm) imaging
was acquired, and the laser energies at different wavelengths were recorded to normalize the
sPA signals with respect to energy variations, with the maximum fluence of 20 mJ/cm? at

1150 nm. Although water is generally diffuse in soft tissue, the light beam acts locally. Hence, it
produces the gradient required for generating PA signals. RNALater solution was also spectro-
scopically imaged in the same wavelength range to assure no interference from the background
solution. Upon completion of the imaging studies, the tissue samples were washed with PBS,
embedded into optimal cutting temperature compound, and underwent snap-freezing using
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liquid nitrogen, followed by storage at —80°C prior to histologic analyses. There were two
types of stains applied to cervix samples: 1) Haemotoxylin and eosin (H&E) to depict edema
(increased water content), in which water was visualized as void (uncolored) space [69], and 2)
Sirius Red to semi-quantitatively determine the amount of collagen and non-collagen proteins
[70]. By utilizing polarized light microscopic imaging, the organized concentric network of
collagen can be visualized as a red/yellow rod-like structure.

Cervix samples from the hysterectomy groups were separated in those from women still in
reproductive age (<41 years of age), and women at the end of the reproductive age (>41 years
old). We aimed to evaluate if changes in collagen and water content were related only to the
effect of pregnancy and not by hormonal changes in the perimenopausal period.

Results
CWR in collagen phantoms

Fig 2 shows the SPA-CWR detection for the collagen phantoms. The collagen concentrations
in the collagen phantoms ranged from 0% (PBS) to 1 mg/mL. The detection results were nor-
malized to 1 mg/ml. The linear-fitted curve shows a high correlation (R* = 0.9966) along with
the collagen concentration increment. This result demonstrated that the sPA-CWR method is
capable of detecting the collagen concentration in the collagen phantoms with high accuracy.

CWR in samples of the human cervix

The age range for pregnant women was 21 to 36 years of age (median, 30 years), whereas it var-
ied from 29 to 58 years (median, 42 years) for the hysterectomy group. In the hysterectomy
group, there were four patients under 41 years of age and four patients over the age of 43 years.
The demographic characteristics of all patients are detailed in Table 1. Fig 3 shows the

Table 1. Patient information and collagen-to-water ratio (CWR) [%] estimated by spectroscopic photoacoustic (sPA) imaging.

Sample No

® NN N U s W N

AW

1
2
3
4

Age (Years)

29
28
38
28
24
36
32
21

45
50
58
43

41
29
36
37

Ethnicity Cervical Length [mm] Gestational Age [Weeks] BMI sPA-CWR [%]
Pregnant Cervical Samples
AA 38.5 39.4 19.6 18.5
AA 42.0 39.3 12.6 12.3
AA 28.0 39.0 16.5 15.8
AA 22.5 40.3 18.6 17.7
AA 23.7 39.6 39.0 35.8
AA 23.6 38.0 22.7 21.3
AA 29.0 39.7 15.9 15.2
AA 28.6 39.1 13.3 12.9
Non-Pregnant Cervical Samples > 41 years of age
AA 22.2 55.3
AA 31.6 74.8
AA 27.7 77.9
AA 21.4 47.0
Non-pregnant Cervical Samples < 41 years of age
Other 30.0 18.6
AA 37.3 72.9
Other 32.9 38.9
AA 27.2 54.7

AA, African American; BMI, Body mass index; Other, Caucasian/Oriental/Hispanic.

https://doi.org/10.1371/journal.pone.0247385.t001
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Fig 3. Averaged PA signal amplitudes and histological images of non-pregnant and pregnant women. (a, b)
Spectroscopic photoacoustic (sPA) imaging signals of cervix samples obtained from pregnant and non-pregnant
women (n = 8 for each group). The cervix samples from non-pregnant women showed higher PA signal amplitudes in
the collagen absorption peak (around 1200 nm). By contrast, the cervix samples from pregnant women presented
higher PA signal amplitudes in water absorption peak (around 1470 nm). (c, d) H&E-stained images indicated the loss
of tissue composition (uncolored space) in non-pregnant cervix samples compare to pregnant cervix samples. (e, f)
Sirius Red-stained images of non-pregnant and pregnant tissue visualized by polarized light microscope. The latter
revealed less packed collagen fibers (red/yellow rod-like structure).

https://doi.org/10.1371/journal.pone.0247385.9003

averaged sPA amplitude changes across eight cervical tissue samples in each group along wave-
lengths, histological H&E staining, and Sirius Red-stained images of non-pregnant and preg-
nant women. From the detected PA signal amplitudes (Fig 3a and 3b), the non-pregnant
cervical tissues had a clear peak from collagen absorptions in the collagen-dominating range
(1150 to 1250 nm). By contrast, in the water-dominating range (1300 to 1650 nm), the cervical
tissues from pregnant women had higher PA amplitude. H&E microscopic images (Fig 3c) of
cervix samples taken from non-pregnant humans showed compact collagen bundles with min-
imal or no intervening edema. When examined with Sirius Red stain, it was evident that the
collagen fibers form bundles with distinct fasciculation (Fig 3e). By contrast, the cervical sam-
ples from pregnant women showed loose collagen fibers with no discrete bundles and the pres-
ence of water (edema) separating the collagen fibers (Fig 3d). The absence of discrete collagen
bundles, as well as the loss of the distinct fasciculation seen in samples from non-pregnant
women, was evident (Fig 3f). We further quantified the CWR with the sPA wavelength
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Fig 4. Spectroscopic photoacoustic (sPA) imaging estimated CWR in pregnant and non-pregnant < 41 year-old
and in non-pregnant > 41 year-old cervix samples. The analysis of all cervix samples from non-pregnant and
pregnant women showed a significantly lower CWR in the pregnant cervix (at-term). A subgroup analysis comparing
pregnant women and non-pregnant women age < 41 years also indicated a significantly lower CWR in the cervix
samples from pregnant women.

https://doi.org/10.1371/journal.pone.0247385.9004

unmixing method for pregnant (18.7%, SD 7.5%) and non-pregnant (55.0%, SD 20.3%)
women and demonstrated a significant higher CWR in the non-pregnant group (two samples
one-tailed t-test with equal variance, p = 0.00016). Subgroup analysis in pregnant vs. non-preg-
nant women <41 years of age also demonstrated a significant difference in the CWR between
these two groups (pregnant 18.7%, SD 7.5% and non-pregnant < 41 years, 46.3%, SD 23.1%;

p = 0.0049) (Fig 4). The detected CWRs for each sample are shown in Table 1.

Discussion

The main finding of this study is that photoacoustic imaging showed significant differences in
the CWR between cervical samples from pregnant and non-pregnant women. Cervical tissue
from pregnant women at term showed a higher proportion of water and a lower proportion of
collagen than samples from non-pregnant women. The proposed novel imaging spectroscopic
photoacoustic estimation of collagen-to-water ratio (sSPA-CWR) method is a non-invasive
imaging modality that can provide important information on the cervical structure and its
changes in the remodeling process during pregnancy and labor and after delivery.

The results of this study are in accordance with our previous observations in murine preg-
nancy, for which the collagen-and-water content changed during cervical remodeling, demon-
strated by using PA imaging [46]. Combined US and PA techniques were used to evaluate
cervical remodeling using in-vitro extracted collagen phantoms and ex-vivo murine cervical
tissues collected at mid-pregnancy and term. The distinct sPA imaging (sPA patterns between
collagen and water) delineated the cervical collagen network and cervical changes occurring
during pregnancy. The sPA imaging accuracy to unmixing two spectroscopic separated
absorbers had been determined as an error within 5% in our previous study [46].

The PA imaging findings were also supported by the histological analyses of the cervical tis-
sue samples for pregnant and non-pregnant women. H&E staining images showed increased
water content (more uncolored space) in pregnant women as compared to non-pregnant
women. The polarized light microscope imaging with Sirius Red stain indicated that the non-
pregnant group had a denser and more organized concentric network of collagen fibers than
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the pregnant group. These findings were also supported by previous literature reports that uti-
lized optical imaging devices such as SHG and OCT in animal models [34,71-73].

The developed US/PA imaging system is capable of meeting the safety aspects required in a
labor and delivery unit. The system provides enclosed laser illumination with fiber optics that
directs the beam to the cervix. The laser energy can be controlled in real-time with a power
meter during the operation. The fluence required for imaging the cervix’s stroma layer is 24
mJ/cm? at 1070 nm, which is less than 25% of the MPE defined by American National Stan-
dard Institute (ANSI) guideline for safe use of lasers [65]. Additionally, the TVUS/PA safety
has been reported for in-vivo imaging of human ovarian cancer (requiring greater penetration
depth than our application) [74,75], and its safety is also regarded in an ongoing clinical trial
[76].

Potential clinical application

This study demonstrates, for the first time, the use of PA imaging to evaluate the characteristics
of the cervix at term by using human cervical tissue. This emerging modality may serve as a
promising ancillary tool to provide real-time, high-resolution molecular images by using non-
ionizing radiation and the added advantage of compatibility with an ultrasound imaging sys-
tem [77]. The acquisition of valuable information of cervical changes occurring at the molecu-
lar level during pregnancy by means of a non-invasive approach may be used to increase the
predictive accuracy of conventional transvaginal sonography if combined with the PA imaging
modality. Photoacoustic imaging could also be used to assess patient response to therapy,
which can help to individualize the clinical management with progesterone, cerclage, or pes-
sary in women at risk for spontaneous preterm birth [78-87]. This bimodal imaging method
can potentially acquire data for tissue elasticity, blood perfusion, and tissue oxygenation. The
single device is capable of measuring anatomical, biomechanical, molecular, and functional
characteristics of the cervix and has the potential of optimizing the time for induction of labor.

Strengths and weaknesses

Among its strengths, the proposed imaging system is more advanced than standard TVUS and
sonographic evaluation for cervical length; it can supplement the existing, widely used TVUS;
and it has a high safety standard, making it reliable to use for pregnant women [88]. We antici-
pate that the sSPA measurements can be performed in 3-5 minutes. The additional requirement
of sPA imaging can be easily combined with the current ultrasound system, thus providing a
point-of-care diagnostic tool. The whole system, including the laser, control, and ultrasound
unit, can be easily fitted in a portable cart of similar size to a clinical ultrasound machine. The
device holds the potential for a clinically acceptable routine examination capable of identifying
cervical changes during pregnancy and throughout labor induction in a labor and delivery
unit. Fig 5 shows the design and physical dimension of a developed prototype with current
TVUS transducers.

We noted certain limitations of the study and the PA imaging. The statistical results
obtained in this study were limited given the small sample size. Although the sSPA-CWRs were
estimated in-vitro, it is still feasible to detect cervical changes leading to spontaneous preterm
birth at a larger scale in the in-vivo study. The lack of Bishop scores associated with the preg-
nant cervices may lead to the loss of valuable information. The estimation of sSPA-CWR of the
whole cervix in PA imaging cannot be evaluated at one scanning. Data should be obtained
from different cervical areas to create a global PA cervical score. A higher frequency linear US
probe was used to image samples of about five cubic millimeters. By contrast, a TVUS probe
set at lower frequency and bandwidth may offer a different sensitivity. The sensitivity may also
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ding Sheath

Fiber Hol

Fig 5. Transvaginal ultrasound and photoacoustic imaging system for future in-vivo studies. (a) Computer-
assisted 3D design of the fiber-optical delivery system around a clinical transvaginal ultrasound transducer. (b) A
photograph of the assembled combined photoacoustic (PA) and transvaginal ultrasound imaging transducer. This
prototype can be a point-of-care device for the future clinical diagnoses by characterizing cervix status. The diameter of
this prototype is 29 mm, which satisfies clinical requirements.

https://doi.org/10.1371/journal.pone.0247385.g005

vary during in-vivo studies. Future studies will focus on patients presenting a torn or insuffi-
cient cervix who undergo labor; however, the cervices of cesarean deliveries may not be rip-
ened at the time of the study. Future studies are also required to determine the cost-
effectiveness and long-term effects of this modality.

Conclusions

This research demonstrated the abilities of a combined US and sPA imaging system and
method that measures the cervical tissue optical properties in the near-infrared range. From
the imaging results of 16 samples, the PA imaging of CWR can detect variations in the collagen
organization in the human cervix between the non-pregnant and cesarean delivery groups.
Significant differences were indicated in the CWR of cervical samples obtained from pregnant
and non-pregnant women. In addition, we observed detectable spectral changes, probably
reflecting the cervical collagen network organization. Moreover, we compared the sPA results
with histological tissue analysis of the human cervix and confirmed the capability of the
bimodal system to evaluate the process of cervical remodeling accurately. The proposed imag-
ing system will pave the way toward achieving reliable screening/diagnosis with higher sensi-
tivity and specificity to detect early signs of cervical insufficiency and as a potential method to
predict preterm birth.
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