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Evolving cervical imaging technologies to predict preterm birth
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Abstract
Preterm birth, defined as delivery at less than 37 weeks’ gestation, increases maternal-fetal morbidity and mortality and places
heavy financial and emotional burdens on families and society. Although premature cervical remodeling is a major factor inmany
preterm deliveries, how and why this occurs is poorly understood. This review describes existing and emerging imaging
techniques and their advantages and disadvantages in assessing cervical remodeling. Brightness mode (B-mode) ultrasound is
used to measure the cervical length, currently the gold standard for determining risk of preterm birth. Several new B-mode
ultrasound techniques are being developed, including measuring attenuation, cervical gland area, and the cervical consistency
index. Shear wave speed can differentiate between soft (ripe) and firm (unripe) cervices by measuring the speed of ultrasound
through a tissue. Elastography provides qualitative information regarding cervical stiffness by compressing the tissue with the
ultrasound probe. Raman spectroscopy uses a fiber optic probe to assess the biochemical composition of the cervix throughout
pregnancy. Second harmonic generation microscopy uses light to quantify changes in collagen fiber structure and size during
cervical maturation. Finally, photoacoustic endoscopy records light-induced sound to determine optical characteristics of cervical
tissue. In the long term, a combination of several imaging approaches, combined with consideration of clinical epidemiologic
characteristics, will likely be required to accurately predict preterm birth.
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Introduction

Each year, preterm birth, defined as delivery before 37 weeks’
gestation, affects approximately 15 million babies and causes
roughly one million deaths in children under the age of five [1,
2]. Those who survive face a lifetime of adverse health out-
comes, such as blindness, deafness, respiratory difficulties,

and cognitive disabilities [2]. As of 2005, more than $26 bil-
lion is spent each year to hospitalize premature infants in the
USA [2]. The financial burden of preterm birth would likely
be even more staggering if the long-term costs to caregivers
and families were quantified [3].

One of the largest hurdles to reducing preterm birth is our
lack of knowledge regarding the underlying mechanisms.
Although several preterm birth risk factors have been
identified—such as previous preterm birth, short cervix, infec-
tion/inflammation, race, environment, genetics, nutrition, and
socioeconomic stressors—more than half of preterm births
occur in women with no known risk factors [4–6]. Several
recent research endeavors focus on inflammation as a bio-
marker for PTB. In fact, a number of studies have shown that
evidence of immune activity is present long before the onset
of PTB symptoms [7–10].

Preterm birth is often subtyped into two broad categories,
spontaneous and indicated. Spontaneous preterm birth typical-
ly includes preterm labor (painful contractions leading to cer-
vical change and delivery) or preterm rupture of membranes.
Indicated preterm birth includes deliveries that are performed
for maternal, placental, or fetal factors such as preeclampsia,
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fetal growth restriction, oligohydramnios, placental abnormal-
ities, or maternal medical conditions [11]. Spontaneous pre-
term births result from multiple, likely overlapping, patholo-
gies, all eventually converging in a final common pathway of
cervical change and delivery [5, 11]. In a paradigm put forth
by Vink and Feltovich, the path to PTB includes three main
elements: preterm premature rupture of membranes, prema-
ture myometrial contractions, and cervical remodeling [5]. In
this model, the three components happen in no particular order
and may all lead to one another.

Cervical remodeling, in which the cervix transitions from a
firm and closed structure to a soft and open structure, is es-
sential for both term and preterm birth. Additionally, much of
cervical remodeling occurs several weeks before contractions
begin [6]. Thus, the biomedical community has focused ex-
tensively on cervical remodeling both to understand the un-
derlying mechanisms and pathologies and to identify markers
of remodeling that can be used to predict, and potentially
prevent, preterm birth. In this review, we describe the micro-
structural changes that occur during cervical remodeling and
several of the evolving imaging technologies for measuring
these changes.

Gross and microscopic cervical anatomy

The cervix is contiguous with the lower segment of the
uterus, forming a cylindrical canal that connects the uterus
to the vagina. The cervix is in the true pelvis between the
bladder and the rectum. Laterally, its ligamentous and
peritoneal extensions project onto the pelvic wall encasing
important structures, such as the ureters and the uterine
vessels. A dense vascular network supplies the cervix,
with the principal blood supply arising from uterine and
vaginal artery branches. The cervix is held in place by the
uterosacral and cardinal ligaments. The opening from the
body of the uterus to the endocervical canal is termed the
internal os, and the opening from the canal into the vagina
is termed the external os.

On the microscopic level, the cervix has two components:
two epithelial layers surrounding a stroma. The endocervix
epithelium is composed of columnar cells, whereas the
exocervix epithelium is composed of squamous cells [12].
These epithelia undergo significant proliferation and differen-
tiation throughout pregnancy. The stroma consists mostly of
collagen and extracellular matrix (ECM), with minimal
smooth muscle, vascular cells, and immune cells [5, 6, 13,
14]. In contrast, the uterine body is composed mostly of
smooth muscle [15].

The cervical collagen network comprises three layers
[5, 16]. The inner and outermost layers are composed of
longitudinal fibers that run parallel to the endocervical
canal and help prevent the cervix from separating from

the uterus during dilation [5]. The middle layer, composed
of circumferential collagen fibers, is thought to control
cervical dilation [5]. In addition to the structural hetero-
geneity of these three layers, the internal os and external
os may also have different amounts of collagen solubility
and crosslinking [5, 17]. Thus, in studies of the cervix, it
may be valuable to measure properties in multiple regions
to best predict preterm birth. For example, as the internal
os usually dilates first, it may be especially important to
understand the mechanical and biochemical properties of
this region [14].

The cervix provides an important mechanical barrier to
prevent ascending infections between the uterus and the
microbe-rich vagina [18–21]. Additionally, the cervical mu-
cus plug, which forms during pregnancy, constitutes another
physical and antimicrobial barrier [11, 21]. The cervical mu-
cus, cervical epithelium, and pericellular matrix all serve as
physical, mechanical, and immunologic barriers [18–22]. An
intact, healthy epithelium creates a physical and immunologic
barrier with innate and adaptive qualities. Antimicrobials in
the epithelium can sense viral and bacterial antigens, and then
mount an appropriate immune response that protects against
ascending infection [18, 19, 21].

Cervical remodeling during pregnancy

Cervical remodeling, in which the cervix transitions from
a rigid structure to a highly compliant tissue, involves
dynamic and complex changes to the collagen network.
There are four overlapping phases: softening, ripening,
dilation (aided by uterine contractions), and postpartum
recovery [5, 13, 23]. Softening, defined as a decrease in
tensile strength or tissue compliance, begins in the first
trimester and progresses slowly [4, 5, 13, 22]. This phase
is characterized by a decrease in cross-linked collagen and
an overall decline in collagen concentration due to water
absorption [5, 15, 24]. The next phase, ripening, occurs in
the weeks or days before parturition and involves accel-
erated softening and shortening of the cervix [5]. During
this phase, the cervix experiences the greatest loss of
competency [13]. Ripening is characterized by additional
hydration and further collagen degradation as collagen
fibers increase in diameter and become disorganized and
dispersed [4, 5, 15, 24]. The final phase of remodeling is
known as postpartum repair. This process is key to recov-
er the integrity and competency of cervical tissue. Timely
repair is also essential to block environmental insults to
the reproductive tract and ensure successful future preg-
nancies. Similar to cervical maturation, postpartum repair
is believed to be multifactorial involving epithelial modi-
fications, specific inflammatory changes, and ECM re-
modeling [15, 21].
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Evolving technologies

By the time a physician recognizes that a woman’s cervix has
ripened, the microstructure has already transformed. Thus, the
transition from softening to ripening is a critical time point to
predict PTB and target interventions to prevent PTB. Because
increasing gestational length by even a few days can improve
maternal and fetal outcomes, many researchers are focused on
developing and testing methods to detect the microstructural
changes that precede cervical ripening.

Here, we focus on both traditional and experimental
methods to assess cervical changes during pregnancy. We
describe the uses of these tools in improving our understand-
ing of cervical remodeling and discuss their advantages and
disadvantages. We will group these techniques into categories
which detect morphologic versus molecular changes in cervi-
cal tissue.

Morphologic

B-mode ultrasound

Brightness mode (B-mode) ultrasound-measured cervical
length (CVL) in the second trimester is the best clinical tool
to assess risk of spontaneous preterm birth [1]. A normal CVL
is defined as 30–40 mm, and a short cervix is less than 25 mm
[25–27]. Regardless of obstetrical history, the shorter the
CVL, the higher the risk for preterm birth [1]. However, those
with a history of preterm birth and a short cervix are at the
highest risk [1]. To evaluate CVL, transvaginal ultrasound
(TVUS) is the “gold standard” method (Fig. 1). TVUS mea-
surements are highly reproducible and more sensitive to mea-
surement cutoffs than abdominal ultrasound measurements
[1]. Additionally, they are unaffected by obesity, position,
and shadowing from the fetal head [1]. The current protocol
for obtaining CVL measurements is summarized in Table 1.
Ideally, a sonographer or practitioner with advanced training
should measure CVL once between 16 and 24 weeks’ gesta-
tion. Routine screening is not advised past 24weeks’ gestation
in asymptomatic women because of the limited therapies and
interventions available at that time [1]. Clinical guidelines are
varied and are often unique to patient history and clinical
circumstance. For those with a history of preterm birth, serial
assessments (every 1–2 weeks) are often performed between
16 and 22 weeks’ gestation. Guidelines do not currently rec-
ommend CVL screening in women with cervical cerclage,
multiple gestation, preterm premature rupture of membranes,
or placenta previa [1]. Although CVL is presently the only
clinically used imaging tool to assess preterm birth risk, its
use is limited by its modest predictive values. In two studies,
most womenwith a preterm birth did not have a short cervix in
the early second trimester, and nearly half of patients with a
short cervix delivered at term [28, 29]. Additionally, the

sensitivity of CVL in predicting preterm birth is only 9–11%
[4, 30].

During sonographic evaluation, the presence of intra-
amniotic sludge is also evaluated. Amniotic sludge is defined
as echogenic matter near the internal os; it can be free floating
or dense. Sludge is thought to be a poor prognostic finding for
the risk of PTB especially when it was associated with a short
CVL [31–33]. It has been suggested that this sludge is a bio-
film and could represent ascending microbial infection into
the amniotic cavity. Unfortunately, by the time amniotic

Fig. 1 a B-mode image demonstrating a cervical length measurement.
Cervical tissue is outlined with the dotted line. The endocervical canal is
demonstrated with a solid line. Two contiguous segments are often used
when the cervix is not straight. The cervical length on this patient is
37.1 mm, which is in the normal range. b Ultrasound images
illustrating the assessment of cervical consistency index (CCI). The left
image is without pressure applied to the cervix. The right image is with
pressure applied to the cervix by the transducer. CCI = 26 mm/
32.9 mm× 100 = 79%. A smaller CCI is consistent with a softer cervix.
c Strain elastography makes conclusions regarding tissue stiffness
through observing deformations caused by probe pressure. Each color
represents the difference in compressibility relative to the adjacent area.
Softer tissue appears red while firmer tissue is assigned to blue
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sludge is present, preterm delivery may be imminent. In one
study, the mean interval from ultrasound with sludge present
to delivery was 21.7 ± 30.1 days [33].

We next describe three additional B-mode sonographic
measures that researchers are developing to refine preterm
birth risk assessment. The diagnostic performance of the tech-
niques described below does not have the same well-defined
predictive values as CVL, due to their limited use in clinical
populations.

The first such B-mode ultrasound method is attenuation,
which is a reduction in signal amplitude as depth increases.
Attenuation measurements are useful in other fields, such as
diagnosing diffuse liver disease and differentiating between
benign and malignant tissues. McFarlin et al. hypothesized
that, because attenuation should decrease with increased tissue
hydration, this method could be used to assess tissue changes
associated with cervical ripening [34]. To test this idea, they
first used an ultrasound system that allows access to radiofre-
quency image data to measure a tissue-mimicking phantom.
They developed and validated an algorithm to acquire an at-
tenuation coefficient of 0.64 dB/cm-MHz. They then used this
same ultrasound system to perform TVUS imaging on 40
women scanned once between 10 and 41 weeks’ gestation

[34]. An investigator chose regions of interest in areas of ho-
mogenous tissue and used the algorithm to assess attenuation
in those regions [34, 35]. Regression analysis revealed that
attenuation data reliably predicted the time interval from ex-
amination to delivery but did not reliably predict gestational
age or CVL at the time of examination [4, 34]. The advantages
of attenuation are that the measurements are non-invasive and
use standard ultrasound technology. One primary limitation of
the attenuation algorithm is that it assumes that the tissue is
homogeneous, which may not be the case in the cervix.
Additionally, attenuation measurements require standardized
settings that may be not practical across multiple care settings,
varied ultrasound platforms, and heterogeneous patient-level
sonographic characteristics.

Another method utilizing B-mode ultrasound is assessment
of cervical gland area (CGA). In past studies, the detection
rate of the CGA decreased after the 31st week of pregnancy
[36]. This absence of glands may signify the beginning of the
cervical ripening process [36–38]. In one study assessing the
utility of this measure, 600 pregnant women were examined
by TVUS between 16 and 19 weeks’ gestation [38]. Women
with a short cervix (< 25 mm) were excluded from the study.
There was no significant difference in age, CVL, or obstetrical

Table 1 The Cervical Length
Education and Review (CLEAR)
Program was created in 2011 by
the Perinatal Quality Foundation.
It was developed in order to
standardize measurements of the
cervix. It is accepted as protocol
by several organizations, such as
the American College of
Obstetrics and Gynecology
(ACOG), the Society of Maternal
Fetal Medicine (SMFM), and the
Society of Diagnostic Medical
Sonographers (SDMS) [55]

Criteria: Things to consider:

1. Measurement is taken on a transvaginal image. • Transvaginal measurements are the gold standard.

• Short cervix can be missed on transabdominal scans.

2. The transvaginal image is filled primarily with the
cervix and the field of view is optimized for
measurement.

• The cervix occupies approximately 75% of the
image.

3. The anterior width of the cervix equals
the posterior width.

• The anterior cervical thickness and echogenicity is
equal to the posterior cervical thickness and
echogenicity.

• There is limited concavity created by the transducer.

4. The maternal bladder is empty. • The maternal bladder has a variable effect on the
cervical length.

• The bladder is visibly empty, or nearly so.

5. The internal os is seen. • The internal os is a small triangular area at the
superior portion of the endocervical canal, adjacent
to the uterine cavity.

6. The external os is seen. • The external os is a small triangular area at the
inferior portion of the endocervical canal.

7. The endocervical canal is visible throughout. • The endocervical canal is a linear echogenicity
created by the interface between the anterior and
posterior walls, and extends between internal and
external os.

8. Caliper placement is correct. • Calipers are placed at the internal and external os.

• If the cervix is curved, two or more linear
measurements are performed and the values are
added together.

• Do not trace the cervical length.

9. Shortest best of three acceptable
measurements is reported

• Total exam time is about 3–5 min.
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history between subjects. Visually, absence or presence of
cervical glands was determined by whether the images dem-
onstrated hyperechoic or hypoechoic tissue surrounding the
endocervical canal. Mucosal glands were detected in 77% of
the women who delivered at term and in 55% of women who
delivered preterm (P = 0.002) [4, 38]. The primary advantages
of this measure is that it is easy to perform. However, estab-
lishing whether mucosal glands are present can be subjective
[37, 38]. Additionally, cervical gland assessment may not pre-
dict preterm birth significantly better than traditional CVL
measurements [38].

A third B-mode ultrasound method is the cervical consis-
tency index (CCI). This technique involves obtaining the ratio
of the anterior-posterior diameter of the cervix before and after
applying pressure to the cervix (Fig. 1). The rationale behind
this approach is that softer tissue will deform more and have a
lower CCI than stiffer tissue. To test this method, 1031 wom-
en were imaged once between 5 and 36 weeks’ gestation [30].
CCI decreased with increasing gestational age. The sensitivity
for predicting preterm birth by CCI was 45–67%, which is
greater than the 9–11% sensitivity of CVL measurements [4,
26]. Additional advantages to this method are that it is rela-
tively simple, it can be implemented into standard ultrasound
protocols without special software, and results are reproduc-
ible between operators. However, a significant limitation of
CCI is the absence of an objective way to measure the force
used to deform the cervix.

Shear wave speed

Shear wave speed (SWS) is an ultrasound-based approach
used to quantify the mechanical properties of tissues, such as
stiffness. A shear wave is defined as the transverse particle
displacement that results from ultrasound propagating through
tissue [23, 39, 40]. The speed of this wave reflects tissue
stiffness; softer tissue has a lower SWS, and firmer tissue
has a higher SWS [23, 39, 40].

To assess the utility of SWS as a measure of the cervix,
investigators performed ex vivo studies of hysterectomy spec-
imens collected from 22 non-gravid women with benign con-
ditions that did not involve cervical pathology [4, 23, 39].
They divided the women into three groups. The first group,
defined as having “unripened” cervices, was not menstruating
at the time of surgery (n = 9). The second group was bleeding
or expecting menses at the time of surgery (n = 6). The third
group softened their cervix by applying vaginal misoprostol
10–12 h before surgery (n = 7). Ultimately, the second and
third groups were combined into a single “ripened” group
because results did not significantly differ between the two.
After excision, specimens were brought to the pathology lab,
where SWS was measured with a prototype transducer. In
both “ripened” and “unripened” specimens, SWS was higher
at the internal os than at the external os and was higher in the

posterior than in the anterior [23]. Additionally, SWS was
higher in “unripened” cervixes than in “ripened” cervices.
Finally, the difference between the SWS of the interior and
exterior os was greater in the unripened cervixes than in the
ripened cervixes, suggesting that ripening increases cervix
homogeneity [23].

After this in vitro study, Muller et al. examined SWS of the
cervix in 157 pregnant women [41]. Women with no symp-
toms of preterm labor (n = 76) and women hospitalized for
preterm labor (n = 81) were imaged once during their anatomy
or other clinically indicated ultrasound exam. All patients in
the preterm labor group were between 24 and 35 weeks’ ges-
tation and received tocolytic agents, as well as corticosteroids
for fetal maturity. The exam was performed transvaginally
with an 8-mm region of interest in the distal, anterior cervix.
In the preterm labor group, the average SWS was 1.3 ±
0.1 m/s, which was significantly lower than the SWS in the
non-preterm labor group (1.5 ± 0.15 m/s) [41]. Additionally,
the authors noted that SWS was lower in patients in the third
trimester than in the first or second trimester. Together, these
data indicate that SWS reflects cervical softening.

Advantages of SWS are that it is non-invasive and is
operator-independent with reproducible results [23, 39–41].
Additionally, shear wave imaging is regarded as safe and
has been used in sonographic evaluation of the liver for over
a decade. Due to biological and spatial variability, standardiz-
ing sample location in SWS is an important consideration.
One limitation to this method is the need for specialized trans-
ducers and software, which could be an obstacle to wide-
spread clinical implementation.

Elastography

Elastography provides qualitative information regarding me-
chanical properties of materials, including stress, strain, and
deformation [42, 43]. Stress is defined as the pressure applied
to a tissue with an ultrasound probe, and strain is quantified as
changes in the overall shape of the tissue. Conclusions regard-
ing tissue stiffness are made by observing the relationship
between stress applied and strain observed, with higher strain
reflecting softer tissue. Elastography has been used to diag-
nose breast tumors, lymph nodes, thyroid tumors, prostate
cancer, and liver disease [42]. The key principle is that pathol-
ogy can be identified because certain tissue areas (e.g., breast
tumors) are stiffer than the surrounding normal tissue.
Elastography has been applied to the cervix in ultrasound
imaging. The ultrasound machine provides both a grayscale
ultrasound image and an overlapping heat map (Fig. 1) in
which, for example, warm colors reflect softer tissue and cool
colors reflect firmer tissue.

In one study assessing the utility of elastography of the
cervix, 112 women were imaged with TVUS by a single op-
erator between 12 and 40 weeks’ gestation [43]. A second
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operator performed another elastography measurement in 50
of the patients. In each case, probe pressure was applied to
produce four or five compression/decompression cycles. Four
regions of interest were selected for analysis: anterior-distal,
anterior-proximal, posterior-proximal, and posterior-distal.
The rate of change (strain) for tissue displacement, as a func-
tion of imaging depth, was computed for all regions.
Distribution of elastography measurements suggested that
the anterior-distal part of the cervix was significantly softer
than the posterior-proximal part [43]. Importantly, the only
significant differences in elastography measurements between
the two operators were in the area in direct contact with the
transducer.

Another study with 262 patients, between 8 and 40 weeks’
gestation, aimed to evaluate variation in tissue strain, investi-
gate potential patient characteristics that modify these mea-
surements, and propose a method for estimating changes in
tissue stiffness during pregnancy [42]. TVUS was performed
to obtain three elastography images: one longitudinal (in the
same plane as used to measure CVL) and two transverse (ex-
ternal and internal os). Six strain measurements were calculat-
ed in each patient. The authors concluded that the
endocervical canal had higher strain than other areas of the
cervix, strain was greater in parous women than in nulliparous
women, strain was greater in cervixes between 25 and 30 mm
long than in those greater than 30mm long, and cervical tissue
strain more strongly associated with cervical length than with
gestational age [42].

The main advantage to elastography is that it can easily be
performed with a TVUS probe. The central limitation of
elastography is that measurements are dependent on operator
force with no way to control for variability and standardize
pressure. Additionally, elastography has only been clinically
successful in applications where the stiffness of the region of
interest is compared with normal surrounding tissue. In eval-
uating cervical tissue, elastography is limited by the lack of a
reference tissue. Current elastography research is working to
address these limitations by adding reference material with a
known Young’s modulus to the transvaginal probe, as well as
using aspiration to objectively determine the amount of pres-
sure applied [44, 45].

Molecular

Raman spectroscopy

Raman spectroscopy uses light to assess biochemical data in
real time. The Raman effect refers to the differences in energy
produced by vibrations from scattered photons when light is
introduced [6, 46, 47]. The Raman spectrum is represented by
peaks that each correspond with a defined molecule, such as
water, lipids, and carbohydrates [6, 46, 47]. Therefore, the
entire Raman spectrum provides information about the

biochemistry and structure of tissues [6, 46, 47]. Raman spec-
troscopy has been used to detect cervical dysplasia [6, 46, 47].
Initial research revealed that Raman spectra of the cervix are
sensitive to hormonal changes, leading investigators to use
this method to examine the cervix longitudinally in pregnant
mice and humans.

O’Brien et al. used Raman spectroscopy to compare the
cervix in wild-type mice and mice lacking the enzyme
cyclooxygenase-1 (Cox-1). In humans, Cox-1 is required to
produce the prostaglandins that promote cervical ripening
[46], and Cox-1 null mice exhibit delayed parturition but nor-
mal uterine contractility [46]. In wild-type mice, Raman spec-
tra of the cervix changed as gestation advanced, and these
changes occurred later in Cox-1 null mice. Specifically, the
lipid-to-protein ratio changed just before parturition in both
types of mice, but this change occurred later in gestation in
Cox-1 null mice. These formative studies indicate that Raman
spectroscopy can be used to identify biochemical and physical
properties of the cervix during softening and ripening.

In preliminary human studies, O’Brien and colleagues re-
cruited five women expected to have healthy pregnancies.
Patients were measured monthly during their first two trimes-
ters, weekly during the third trimester, and once again at their
postpartum visit [6]. Cervical alterations were analyzed longi-
tudinally with a generalized linear model. The authors noted
significant changes throughout pregnancy, with four Raman
spectral peaks of interest: phenylalanine (near 1000 cm−1),
Amide III (near 1300 cm−1), CH2 (near 1440 cm−1), and
Amide I (near 1650 cm−1). The Amide I peak was analyzed
with a generalized estimating equation to compare values
from each patient across gestation. The peak intensity de-
creased throughout pregnancy, with the most rapid change
in the last month before delivery. This decrease in the
Amide I peak likely represents ECM breakdown, as Amide I
bonds (C=O) are widespread in ECM proteins [6].

In a study of 68 pregnant patients, the Raman spectra
changed significantly throughout pregnancy. For example,
the peaks associated with ECM proteins decreased as gesta-
tion progressed and returned to early pregnancy values by the
time of the postpartum exam [47]. O’Brien and colleagues
also found that the peaks associated with blood (1530–
1600 cm−1) increased over gestation. However, multiparous
patients’ baseline measurements were significantly higher
than those of nulliparous patients, suggesting the development
of a permanent vascular network [47]. Additionally, actin
peaks and ECM protein peaks both decreased more over ges-
tation in patients with low BMI (< 25 kg/m2) than in patients
with high BMI, suggesting that cervical ECM remodeling
occurs more slowly in patients with high BMI than in patients
with low BMI [47].

One major advantage of Raman spectroscopy is the ability
to capture multiple biological and biochemical features with a
single non-invasive measurement. Combining biochemical
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data from Raman spectroscopy with data from other imaging
modalities may provide a more complete picture of cervical
remodeling.

Second harmonic generation imaging

Second harmonic generation (SHG) microscopy has recently
emerged as a superior imagingmodality for assessing collagen
architecture. SHG refers to the specific photons that are emit-
ted by tissue proteins, such as collage type I, after excitation
by light [48]. These photons are exactly half the wavelength of
the excitation light. For example, collagen type I generates a
SHG signal from 350 to 532 nm with an excitation wave-
length between 700 and 1064 nm [49, 50]. Using the spatial
information obtained from individual collagen fibers, SHG
has the potential to provide data concerning the physiologic
changes of the cervix.

Over the past decade, several ex vivo human and murine
studies utilizing SHG imaging have been conducted. In one
murine study, cervices were collected from non-pregnant
mice, mice on days 6, 12, 15, and 18.75 days of gestation,
and from mice treated with mifepristone. Mifepristone is a
progesterone receptor antagonist and, thus, results in prema-
ture cervical ripening [15, 17, 21, 24, 51]. Cervical tissue
samples were then frozen and imaged with SHG microscopy.
The laser was tuned to 900 nm, which resulted in an SHG
signal detected at 450 nm [50]. Quantifiable changes in
SHG intensity, collagen fiber size, and matrix porosity were
observed.

SHG signal intensity doubled between day 6 and day 12 of
gestation, and increased another 35% from day 12 to day 15
[50]. Collagen fiber size increased progressively by 30–40%
from non-pregnant mice to early gestation mice (day 6) to late
gestation mice (day 18) [50]. Porosity can be quantified in a
number of ways: number of pores, pore-to-pore spacing, pore

size, and pore fractional area. The number of pores decreased
throughout gestation, while pore-to-pore spacing increased
[50]. Pore size decreased significantly from the non-pregnant
mice to the early gestation mice, and then progressively in-
creased throughout the remainder of the pregnancy [50]. Pore
fractional area decreased significantly from the non-pregnant
mice to day 6 and then remained constant at that level [50].
SHG was able to differentiate collagen organization in mice
treated with mifepristone from normal gestation mice as well.
Mifepristone-treated mice had a small decrease in SHG inten-
sity in comparison with the control mice, but saw a twofold
increase in pore size. Collagen fiber size was moderately larg-
er in the treatment group [50]. The information obtained by
SHG imaging gives researchers a greater understanding of
how the cervix is ripening during the normal progression of
pregnancy, as well as in a preterm birth model.

The properties of SHG make it highly sensitive to collagen
fiber size and structure. Even without a detailed understanding
of how and why these collagen changes occur, SHG could be
developed into an effective tool for identifying women at risk
for preterm birth. Translation of this technology into human
studies is ongoing and offers promise for early detection of
cervical ripening.

Cervical photoacoustic endoscopy

Photoacoustic endoscopy (PAE) uses a small probe consisting
of a light-guiding optical fiber and a single-element ultrasonic
transducer in a stainless steel tube. The optical fiber delivers
light pulses into a tissue, and the single-element transducer
receives light-induced ultrasound waves (i.e., photoacoustic
waves) [52, 53]. Light is optimal for imaging human tissue
because it does not require sample preparation and does not
cause damage to the structure it is interrogating [52]. The

Fig. 2 a Cervical PANIR spectra measured at 5 different gestational ages
in one patient. The solid line represents water. The closer the spectra get
to the water reference line, the greater the water content. b Longitudinal
measurements in all 205 women. The red solid line represents the

generalized linear model, while the black-dashed line represents the
level of the intercept [52]. Permission granted to reprint figure on
February 13, 2020, from the publisher and original authors
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photoacoustic signals recorded by the probe provide optical
signatures of molecules in the tissue.

PAE probes can be specialized to evaluate different tissue
characteristics, such as water content and vascularity, by using
different wavelengths of light and mechanical configurations.

For example, multi-wavelength PAE in the near-infrared re-
gion can assess tissue hydration of the cervix. Currently, near-
infrared (NIR) spectroscopy is used industrially to quantify
the water content of numerous substances [52, 54]. In 2018,
photoacoustic near-infrared (PANIR) spectra were measured

Fig. 3 Fast-scanning optical-resolution photoacoustic endoscopy (fsOR-
PAE) images acquired in vivo. a and b were obtained from the same
patient at 32 and 36 weeks, respectively. c was acquired by a second

patient at 36 weeks [53]. Permission granted to reprint figure on
February 13, 2020, from the publisher and original authors

Table 2 Summary table of current biotechnologies being developed to assess preterm birth risk

Imaging technology Advantage Disadvantage

Cervical length (TVUS)
[1, 4, 25–27, 30]

• Reproducible • Incomplete picture
• Limited predictive value

Attenuation algorithms [4, 34, 35] • Easily incorporated into prenatal care • Assumes homogeneous tissue
• Need to standardize ultrasound settings

Cervical gland area [4, 36–38] • Can be performed on any standard US machine • Subjective
• Predictive utility may not be superior to CVL

Cervical consistency index
[4, 26, 30]

• Superior sensitivity compared
to traditional CVL

• Can be performed on any standard US machine

• Force applied not quantified

Shear wave speed [23, 39–41] • Reproducible
• Operator-independent

• Specialized software required
• Standardization of anatomic location needed

Strain elastography [42–45] • Easy to perform • Specialized software required (compatible
with most existing equipment)

• Dependent on operator force
• No reference tissue

Raman spectroscopy [6, 46, 47] • Abundant biochemical information in
a single measurement

• Biochemical components only (not tissue architecture)

Second harmonic generation
[15, 17, 21, 24, 48–51]

• Directly visualizes collagen microstructure
• Quantitative

• Development for in vivo use is needed

Cervical photoacoustic
endoscopy [52–54]

• Provides information about tissue
hydration and vasculature

• Quantitative

• Specialized equipment needed
• Accessibility to technology
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and analyzed in phantoms made of hydrogel to mimic con-
nective tissues [52]. The water contents of the gels ranged
from 70 to 100%. The PANIR systemwas tested at two wave-
lengths, 1460 and 1940 nm [52]. At both wavelengths, the
system was able to provide a similar and accurate prediction
of water content of the phantoms. Next, the PANIR probe was
used to examine the cervix in pregnant women longitudinally
across pregnancy. The probe was placed on the anterior por-
tion of the cervix during a speculum exam, and three or four
measurements were obtained [52]. Analysis of the PANIR
spectra showed little change in tissue hydration before
20 weeks’ gestation. However, by the end of the second tri-
mester, the water content began to increase. Overall, increas-
ing water content had a significant linear relationship with
advancing gestational age (Fig. 2).

Another PAE system has been developed to examine cer-
vical vasculature. A fast-scanning optical-resolution PAE
probe was custom designed to execute mechanical scanning
[53]. Sector scanning in this probe is achieved by a rotating
mirror that is steered by a micromotor. The coupling medium
for the acoustic waves is provided by deionized water within
the tip of the probe. This probe was first validated in tissue-
mimicking phantoms and then in ex vivo cervix specimens
obtained from hysterectomies. Finally, this probe was used for
in vivo cervix imaging in two pregnant women, one at 32 and
36 weeks’ gestation, and the other only at 36 weeks’ gestation
(Fig. 3). With this method, the investigators detected morpho-
logical vasculature differences between the ectocervix, uterine
body, and sublingual mucosa and observed longitudinal dif-
ferences in cervical vasculature.

One limitation of cervical PAE is accessibility, as it re-
quires complex hardware and software that are not commer-
cially available. Nevertheless, given the large amount of data
it can provide, PAE holds promise as a non-invasive cervical
imaging technology.

Conclusion

Table 2 provides a summary of current and developing tech-
nologies to assess cervical remodeling. Due to the predomi-
nant experimental use of some of these technologies, clinical
diagnostic performance in specific patient populations is not
well described at this time. Although there have been major
breakthroughs in the last decade, many questions remain
about cervical remodeling and preterm birth risk assessment.
For example, how and why does the cervix shift from soften-
ing to ripening? Researchers must focus on developing non-
invasive tools that can produce reliable repeated measure-
ments in the same patient over time and provide between-
patient comparisons. It is also important to note that these
studies are restricted to singleton pregnancies, and therefore,
any conclusions cannot necessarily be applied to multiple ges-
tations. Given that preterm birth is a result of multiple, com-
plex pathways, a combination of approaches will likely be
required for comprehensive risk assessment. Additionally,
clinical and obstetric characteristics will likely need to be in-
corporated into novel imaging risk assessment tools. With
future studies, innovative imaging techniques combined with
artificial intelligence analytic techniques may reveal new

Fig. 4 Comprehensive risk assessment will require the help of artificial intelligence to detect patterns of clinical characteristics and complex physiologic
pathways while incorporating novel imaging risk assessment tools
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phenomena that are important in human cervix remodeling
(Fig. 4). Ultimately, continued collaboration across disciplines
is required to improve our abilities to predict, and hopefully
prevent, preterm birth.

Acknowledgments The authors thank Megan Steiner, RN, for her help
obtaining ultrasound images. The authors would also like to thankDebbie
Frank for her assistance with editing this article.

Authors’ contributions SP, NEH, and SKE conceived the presented in-
formation. SP took the lead in writing the manuscript with input from all
the authors. SP obtained original ultrasound images. All authors provided
critical feedback and helped shape the manuscript.

Funding information The authors are supported, in part, by a Research
Grant fromMarch of Dimes and by theWashington University School of
Medicine Department of Obstetrics and Gynecology Division of Clinical
Research.

Compliance with ethical standards

Conflicts of interest/competing interests The authors declare that they
have no conflict of interest.

Ethics approval N/A

Consent to participate N/A

Consent for publication Authors have obtained permission to reprint
relevant figures from the original authors and the publishers.

References

1. McIntosh J, Feltovich H, Berghella V,Manuck T (2016) The role of
routine cervical length screening in selected high- and low-risk
women for preterm birth prevention. Am J Obstet Gynecol 215:
B2–B7. https://doi.org/10.1016/j.ajog.2016.04.027

2. Preterm birth, (n.d.). https://www.who.int/news-room/fact-sheets/
detail/preterm-birth (accessed January 10, 2020)

3. Societal Costs of Preterm Birth - Preterm Birth - NCBI Bookshelf,
(n.d.). https://www.ncbi.nlm.nih.gov/books/NBK11358/ (accessed
December 5, 2019)

4. Feltovich H, Hall TJ, Berghella V (2012) Beyond cervical length:
emerging technologies for assessing the pregnant cervix. Am J
Obstet Gynecol 207:345–354. https://doi.org/10.1016/j.ajog.2012.
05.015

5. Vink J, Feltovich H (2016) Cervical etiology of spontaneous pre-
term birth. Semin Fetal Neonatal Med 21:106–112. https://doi.org/
10.1016/j.siny.2015.12.009

6. C.M. O’Brien, E. Vargis, C. Slaughter, A.P. Rudin, J.L. Herington,
K.A. Bennett, J. Reese, A. Mahadevan-Jansen, Characterization of
human cervical remodeling throughout pregnancy using in vivo
Raman spectroscopy, in: Photonic Ther. Diagnostics XI, SPIE,
2015: p. 93032F. https://doi.org/10.1117/12.2077775

7. Venkatesh KK, Meeker JD, Cantonwine DE, McElrath TF,
Ferguson KK (2019) Association of antenatal depression with ox-
idative stress and impact on spontaneous preterm birth. J Perinatol
39:554–562. https://doi.org/10.1038/s41372-019-0317-x

8. Wallenstein MB, Jelliffe-Pawlowski LL, Yang W, Carmichael SL,
Stevenson DK, Ryckman KK, Shaw GM (2015) Inflammatory

biomarkers and spontaneous preterm birth among obese women. J
Matern Neonatal Med 29:1–6. https://doi.org/10.3109/14767058.
2015.1124083

9. Aung MT, Yu Y, Ferguson KK, Cantonwine DE, Zeng L,
McElrath TF, Pennathur S, Mukherjee B, Meeker JD (2019)
Prediction and associations of preterm birth and its subtypes with
eicosanoid enzymatic pathways and inflammatory markers. Sci
Rep 9:1–17. https://doi.org/10.1038/s41598-019-53448-z

10. Sun B, Parks WT, Simhan HN, Bertolet M, Catov JM (2020) Early
pregnancy immune profile and preterm birth classified according to
uteroplacental lesions. Placenta. 89:99–106. https://doi.org/10.
1016/j.placenta.2019.12.007

11. Myers KM, Feltovich H, Mazza E, Vink J, Bajka M, Wapner RJ,
Hall TJ, House M (2015) The mechanical role of the cervix in
pregnancy. J Biomech 48:1511–1523. https://doi.org/10.1016/j.
jbiomech.2015.02.065

12. Nott JP, Bonney EA, Pickering JD, Simpson NAB (2016) The
structure and function of the cervix during pregnancy. Transl Res
Anat 2:1–7. https://doi.org/10.1016/j.tria.2016.02.001

13. Timmons B, Akins M, Mahendroo M (2010) Cervical remodeling
during pregnancy and parturition. Trends Endocrinol Metab 21:
353–361. https://doi.org/10.1016/j.tem.2010.01.011

14. J.Y. Vink, S. Qin, C.O. Brock, N.M. Zork, H.M. Feltovich, X.
Chen, P. Urie, K.M. Myers, T.J. Hall, R. Wapner, J.K.
Kitajewski, C.J. Shawber, G. Gallos, A new paradigm for the role
of smooth muscle cells in the human cervix, in: Am. J. Obstet.
Gynecol., Mosby Inc., 2016: pp. 478.e1–478.e11. https://doi.org/
10.1016/j.ajog.2016.04.053

15. Myers K, Socrate S, Tzeranis D, House M (2009) Changes in the
biochemical constituents and morphologic appearance of the hu-
man cervical stroma during pregnancy. Eur J Obstet Gynecol
Reprod Biol 144:82–89. https://doi.org/10.1016/j.ejogrb.2009.02.
008

16. Myers KM, Paskaleva AP, House M, Socrate S (2008) Mechanical
and biochemical properties of human cervical tissue. Acta Biomater
4:104–116. https://doi.org/10.1016/j.actbio.2007.04.009

17. Reusch LM, Feltovich H, Carlson LC, Hall G, Campagnola PJ,
Eliceiri KW, Hall TJ (2013) Nonlinear optical microscopy and ul-
trasound imaging of human cervical structure. J Biomed Opt 18:
031110. https://doi.org/10.1117/1.jbo.18.3.031110

18. Racicot K, Cardenas I, Wünsche V, Aldo P, Guller S, Means RE,
Romero R, Mor G (2013) Viral infection of the pregnant cervix
predisposes to ascending bacterial infection. J Immunol 191:934–
941. https://doi.org/10.4049/jimmunol.1300661

19. Critchfield AS, Yao G, Jaishankar A, Friedlander RS, Lieleg O,
Doyle PS, McKinley G, House M, Ribbeck K (2013) Cervical
mucus properties stratify risk for preterm birth. PLoS One 8:
e69528. https://doi.org/10.1371/journal.pone.0069528

20. Aflatoonian R, Amjadi F, Mehdizadeh M, Salehi E (2014) Role of
the innate immunity in female reproductive tract. Adv Biomed Res
3:1. https://doi.org/10.4103/2277-9175.124626

21. Nallasamy S, Mahendroo M (2017) Distinct roles of cervical epi-
thelia and stroma in pregnancy and parturition. Semin Reprod Med
35:190–199. https://doi.org/10.1055/s-0037-1599091

22. Word RA, Li X-H, Hnat M, Carrick K (2007) Dynamics of cervical
remodeling during pregnancy and parturition: mechanisms and cur-
rent concepts. Semin Reprod Med 25:69–80. https://doi.org/10.
1055/s-2006-956777

23. Carlson LC, Feltovich H, Palmeri ML, Dahl JJ, Munoz del Rio A,
Hall TJ (2014) Estimation of shear wave speed in the human uterine
cervix. Ultrasound Obstet Gynecol 43:452–458. https://doi.org/10.
1002/uog.12555

24. Yellon SM (2017) Contributions to the dynamics of cervix remod-
eling prior to term and preterm birth†. Biol Reprod 96:13–23.
https://doi.org/10.1095/biolreprod.116.142844

Semin Immunopathol

https://doi.org/10.1016/j.ajog.2016.04.027
https://doi.org/10.1016/j.ajog.2016.04.027
https://doi.org/10.1016/j.ajog.2016.04.027
https://doi.org/10.1016/j.ajog.2016.04.027
https://doi.org/10.1016/j.ajog.2012.05.015
https://doi.org/10.1016/j.ajog.2012.05.015
https://doi.org/10.1016/j.siny.2015.12.009
https://doi.org/10.1016/j.siny.2015.12.009
https://doi.org/10.1117/12.2077775
https://doi.org/10.1038/s41372-019-0317-x
https://doi.org/10.3109/14767058.2015.1124083
https://doi.org/10.3109/14767058.2015.1124083
https://doi.org/10.1038/s41598-019-53448-z
https://doi.org/10.1016/j.placenta.2019.12.007
https://doi.org/10.1016/j.placenta.2019.12.007
https://doi.org/10.1016/j.jbiomech.2015.02.065
https://doi.org/10.1016/j.jbiomech.2015.02.065
https://doi.org/10.1016/j.tria.2016.02.001
https://doi.org/10.1016/j.tem.2010.01.011
https://doi.org/10.1016/j.ajog.2016.04.053
https://doi.org/10.1016/j.ajog.2016.04.053
https://doi.org/10.1016/j.ejogrb.2009.02.008
https://doi.org/10.1016/j.ejogrb.2009.02.008
https://doi.org/10.1016/j.actbio.2007.04.009
https://doi.org/10.1117/1.jbo.18.3.031110
https://doi.org/10.4049/jimmunol.1300661
https://doi.org/10.1371/journal.pone.0069528
https://doi.org/10.4103/2277-9175.124626
https://doi.org/10.1055/s-0037-1599091
https://doi.org/10.1055/s-2006-956777
https://doi.org/10.1055/s-2006-956777
https://doi.org/10.1002/uog.12555
https://doi.org/10.1002/uog.12555
https://doi.org/10.1095/biolreprod.116.142844


25. Son M, Miller ES (2017) Predicting preterm birth: cervical length
and fetal fibronectin. Semin Perinatol 41:445–451. https://doi.org/
10.1053/j.semperi.2017.08.002

26. Berghella V, Rafael TJ, Szychowski JM, Rust OA, Owen J (2011)
Cerclage for short cervix on ultrasonography in women with sin-
gleton gestations and previous preterm birth: a meta-analysis.
Obstet Gynecol 117:663–671. https://doi.org/10.1097/AOG.
0b013e31820ca847

27. Iams JD, Goldenberg RL,Meis PJ,Mercer BM,MoawadA, Das A,
Thom E, McNellis D, Copper RL, Johnson F, Roberts JM (1996)
The length of the cervix and the risk of spontaneous premature
delivery. N Engl J Med 334:567–573. https://doi.org/10.1056/
NEJM199602293340904

28. Parry S, Simhan H, Elovitz M, Iams J (2012) Universal maternal
cervical length screening during the second trimester: pros and cons
of a strategy to identify women at risk of spontaneous preterm
delivery. Am J Obstet Gynecol 207:101–106. https://doi.org/10.
1016/j.ajog.2012.04.021

29. Second-trimester evaluation of cervical length for prediction of
spontaneous preterm birth - UpToDate, (n.d.). https://www.
uptodate.com/contents/second-trimester-evaluation-of-cervical-
length-for-prediction-of-spontaneous-preterm-birth (accessed
January 27, 2020)

30. Parra-Saavedra M, Gómez L, Barrero A, Parra G, Vergara F,
Navarro E (2011) Prediction of preterm birth using the cervical
consistency index. Ultrasound Obstet Gynecol 38:44–51. https://
doi.org/10.1002/uog.9010

31. Bujold E, Pasquier JC, Simoneau J, Arpin MH, Duperron L,
Morency AM, Audibert F (2006) Intra-amniotic sludge, short cer-
vix, and risk of preterm delivery. J Obstet Gynaecol Can 28:198–
202. https://doi.org/10.1016/S1701-2163(16)32108-9

32. E. Himaya, N. Rhalmi, M. Girard, Amelie Tétu, J. Desgagné, B.
Abdous, J. Gekas, Y. Giguère, E. Bujold, Midtrimester intra-
amniotic sludge and the risk of spontaneous preterm birth, (n.d.).
https://doi.org/10.1055/s-0031-1295638

33. Ventura W, Nazario C, Ingar J, Huertas E, Limay O, Castillo W
(2011) Risk of impending preterm delivery associated with the
presence of amniotic fluid sludge in women in preterm labor with
intact membranes. Fetal Diagn Ther 30:116–121. https://doi.org/10.
1159/000325461

34. McFarlin BL, Bigelow TA, Laybed Y, O’Brien WD, Oelze ML,
Abramowicz JS (2010) Ultrasonic attenuation estimation of the
pregnant cervix: a preliminary report. Ultrasound Obstet Gynecol
36:218–225. https://doi.org/10.1002/uog.7643

35. Yao LX, Zagzebski JA, Madsen EL (1990) Backscatter coefficient
measurements using a reference phantom to extract depth-
dependent instrumentation factors. Ultrason Imaging 12:58–70.
https://doi.org/10.1177/016173469001200105

36. Sekiya T, Ishihara K, Yoshimatsu K, Fukami T, Kikuchi S, Araki T
(1998) Detection rate of the cervical gland area during pregnancy
by transvaginal sonography in the assessment of cervical matura-
tion. Ultrasound Obstet Gynecol 12:328–333. https://doi.org/10.
1046/j.1469-0705.1998.12050328.x

37. Marsoosi V, Pirjani R, Asghari JafarabadiM,MashhadianM, Ziaee
S, Moini A (2017) Cervical gland area as an ultrasound marker for
prediction of preterm delivery: a cohort study. Int J Reprod Biomed
(Yazd, Iran) 15:729–734 http://www.ncbi.nlm.nih.gov/pubmed/
29404535 (accessed January 27, 2020)

38. Afzali N, Mohajeri M, Malek A, Alamatian A (2012) Cervical
gland area: a new sonographic marker in predicting preterm deliv-
ery. Arch Gynecol Obstet 285:255–258. https://doi.org/10.1007/
s00404-011-1986-7

39. Carlson LC, Feltovich H, Palmeri ML, Muñoz Del Rio A, Hall TJ
(2014) Statistical analysis of shear wave speed in the uterine cervix.
IEEE Trans Ultrason Ferroelectr Freq Control 61:1651–1660.
https://doi.org/10.1109/TUFFC.2014.006360

40. Carlson LC, Romero ST, Palmeri ML, Muñoz del Rio A, Esplin
SM, Rotemberg VM, Hall TJ, Feltovich H (2015) Changes in shear
wave speed pre- and post-induction of labor: a feasibility study.
Ultrasound Obstet Gynecol 46:93–98. https://doi.org/10.1002/
uog.14663

41. Muller M, Aït-Belkacem D, Hessabi M, Gennisson JL, Grangé G,
Goffinet F, Lecarpentier E, Cabrol D, Tanter M, Tsatsaris V (2015)
Assessment of the cervix in pregnant women using shear wave
elastography: a feasibility study. Ultrasound Med Biol 41:2789–
2797. https://doi.org/10.1016/j.ultrasmedbio.2015.06.020

42. Hernandez-Andrade E, Hassan SS, Ahn H, Korzeniewski SJ, Yeo
L, Chaiworapongsa T, Romero R (2013) Evaluation of cervical
stiffness during pregnancy using semiquantitative ultrasound
elastography. Ultrasound Obstet Gynecol 41:152–161. https://doi.
org/10.1002/uog.12344

43. Molina FS, Gómez LF, Florido J, Padilla MC, Nicolaides KH
(2012) Quantification of cervical elastography: a reproducibility
study. Ultrasound Obstet Gynecol 39:685–689. https://doi.org/10.
1002/uog.11067

44. Badir S, Mazza E, Zimmermann R, Bajka M (2013) Cervical soft-
ening occurs early in pregnancy: characterization of cervical stiff-
ness in 100 healthy women using the aspiration technique. Prenat
Diagn 33:737–741. https://doi.org/10.1002/pd.4116

45. Fruscalzo A, Mazza E, Feltovich H, Schmitz R (2016) Cervical
elastography during pregnancy: a critical review of current ap-
proaches with a focus on controversies and limitations. J Med
Ultrason 43:493–504. https://doi.org/10.1007/s10396-016-0723-z

46. O’Brien CM, Herington JL, Brown N, Pence IJ, Paria BC,
Slaughter JC, Reese J, Mahadevan-Jansen A (2017) In vivo
Raman spectral analysis of impaired cervical remodeling in a
mouse model of delayed parturition. Sci Rep 7. https://doi.org/10.
1038/s41598-017-07047-5

47. O’Brien CM, Vargis E, Rudin A, Slaughter JC, Thomas G, Newton
JM, Reese J, Bennett KA, Mahadevan-Jansen A (2018) In vivo
Raman spectroscopy for biochemical monitoring of the human cer-
vix throughout pregnancy. Am J Obstet Gynecol 218:528.e1–
528.e18. https://doi.org/10.1016/j.ajog.2018.01.030

48. Y. Zhang, M.L. Akins, K. Murari, J. Xi, M.-J. Li, K. Luby-Phelps,
M. Mahendroo, X. Li, D. W. Russell, A compact fiber-optic SHG
scanning endomicroscope and its application to visualize cervical
remodeling during pregnancy, (n.d.). https://doi.org/10.1073/pnas.
1121495109/-/DCSupplemental

49. Chen X, Nadiarynkh O, Plotnikov S, Campagnola PJ (2012)
Second harmonic generation microscopy for quantitative analysis
of collagen fibrillar structure. Nat Protoc 7:654–669. https://doi.
org/10.1038/nprot.2012.009

50. AkinsML, Luby-Phelps K,MahendrooM (2010) Second harmonic
generation imaging as a potential tool for staging pregnancy and
predicting preterm birth. J Biomed Opt 15:026020. https://doi.org/
10.1117/1.3381184

51. Mahendroo M (2012) Cervical remodeling in term and preterm
birth: insights from an animal model. Reproduction 143:429–438.
https://doi.org/10.1530/REP-11-0466

52. Qu Y, Hu P, Shi J, Maslov K, Zhao P, Li C, Ma J, Garcia-Uribe A,
Meyers K, Diveley E, Pizzella S, Muench L, Punyamurthy N,
Goldstein N, Onwumere O, Alisio M, Meyenburg K, Maynard J,
Helm K, Altieri E, Slaughter J, Barber S, Burger T, Kramer C,
Chubiz J, Anderson M, Mccarthy R, England SK, Macones GA,
Stout MJ, Tuuli M, Wang LV (2018) In vivo characterization of
connective tissue remodeling using infrared photoacoustic spectra.
J Biomed Opt 23:121621. https://doi.org/10.1117/1.JBO.23.12.
121621

53. QuY, Li C, Shi J, Chen R, Xu S, Rafsanjani H,Maslov K, Krigman
H, Garvey L, Hu P, Zhao P, Meyers K, Diveley E, Pizzella S,
Muench L, Punyamurthy N, Goldstein N, Onwumere O, Alisio
M, Meyenburg K, Maynard J, Helm K, Slaughter J, Barber S,

Semin Immunopathol

https://doi.org/10.1053/j.semperi.2017.08.002
https://doi.org/10.1053/j.semperi.2017.08.002
https://doi.org/10.1097/AOG.0b013e31820ca847
https://doi.org/10.1097/AOG.0b013e31820ca847
https://doi.org/10.1056/NEJM199602293340904
https://doi.org/10.1056/NEJM199602293340904
https://doi.org/10.1016/j.ajog.2012.04.021
https://doi.org/10.1016/j.ajog.2012.04.021
https://doi.org/10.1016/j.ajog.2016.04.027
https://doi.org/10.1016/j.ajog.2016.04.027
https://doi.org/10.1016/j.ajog.2016.04.027
https://doi.org/10.1002/uog.9010
https://doi.org/10.1002/uog.9010
https://doi.org/10.1016/S1701-2163(16)32108-9
https://doi.org/10.1055/s-0031-1295638
https://doi.org/10.1159/000325461
https://doi.org/10.1159/000325461
https://doi.org/10.1002/uog.7643
https://doi.org/10.1177/016173469001200105
https://doi.org/10.1046/j.1469-0705.1998.12050328.x
https://doi.org/10.1046/j.1469-0705.1998.12050328.x
https://doi.org/10.1016/j.ajog.2016.04.027
https://doi.org/10.1016/j.ajog.2016.04.027
https://doi.org/10.1007/s00404-011-1986-7
https://doi.org/10.1007/s00404-011-1986-7
https://doi.org/10.1109/TUFFC.2014.006360
https://doi.org/10.1002/uog.14663
https://doi.org/10.1002/uog.14663
https://doi.org/10.1016/j.ultrasmedbio.2015.06.020
https://doi.org/10.1002/uog.12344
https://doi.org/10.1002/uog.12344
https://doi.org/10.1002/uog.11067
https://doi.org/10.1002/uog.11067
https://doi.org/10.1002/pd.4116
https://doi.org/10.1007/s10396-016-0723-z
https://doi.org/10.1038/s41598-017-07047-5
https://doi.org/10.1038/s41598-017-07047-5
https://doi.org/10.1016/j.ajog.2018.01.030
https://doi.org/10.1073/pnas.1121495109/-/DCSupplemental
https://doi.org/10.1073/pnas.1121495109/-/DCSupplemental
https://doi.org/10.1038/nprot.2012.009
https://doi.org/10.1038/nprot.2012.009
https://doi.org/10.1117/1.3381184
https://doi.org/10.1117/1.3381184
https://doi.org/10.1530/REP-11-0466
https://doi.org/10.1117/1.JBO.23.12.121621
https://doi.org/10.1117/1.JBO.23.12.121621


Burger T, Kramer C, Chubiz J, Anderson M, McCarthy R, England
SK, Macones GA, Zhou Q, Shung KK, Zou J, Stout MJ, Tuuli M,
Wang LV (2018) Transvaginal fast-scanning optical-resolution
photoacoustic endoscopy. J Biomed Opt 23. https://doi.org/10.
1117/1.JBO.23.12.121617

54. Krauklis AE, Gagani AI, Echtermeyer AT (2018) Near-infrared
spectroscopic method for monitoring water content in epoxy resins
and fiber-reinforced composites. Materials (Basel) 11. https://doi.
org/10.3390/ma11040586

55. Cervical Length Education and Review Program, (n.d.). https://
clear.perinatalquality.org/wfImageCriteria.aspx (accessed January
6, 2020)

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

Semin Immunopathol

https://doi.org/10.1117/1.JBO.23.12.121617
https://doi.org/10.1117/1.JBO.23.12.121617
https://doi.org/10.3390/ma11040586
https://doi.org/10.3390/ma11040586
https://doi.org/10.1016/j.ajog.2016.04.027
https://doi.org/10.1016/j.ajog.2016.04.027



