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Abstract

Objective—To evaluate cervical stiffness during pregnancy using ultrasound-derived
elastography, a method used to estimate the average tissue displacement (strain) on a defined
region of interest when oscillatory compression is applied.

Methods—Strain was calculated in two regions of interest, the endocervical canal and the entire
cervix, from three anatomical planes of the cervix: mid-sagittal in the plane used for cervical
length measurement, and in cross-sectional planes located at the internal and external cervical os.
Associations between strain values, method of ascertainment and patient characteristics were
assessed using linear mixed models to account for within-subject correlation. Inter-rater agreement
in defining the degree of cervical stiffness was evaluated in 120 regions of interest acquired by
two operators in 20 patients.

Results—A total of 1557 strain estimations were performed in 262 patients at 8-40 weeks of
gestation. Adjusting for other sources of variation, 1) cervical tissue strain estimates obtained in
the endocervical canal were on average 33% greater than those obtained in the entire cervix; 2)
measures obtained in the cross-sectional plane of the external cervical os and sagittal plane were
45% and 13% greater compared to those measured in the cross-sectional plane of the internal
cervical os, respectively; 3) mean strain rate was 14% and 5% greater among multiparous women
with and without a history of preterm delivery compared to nulliparous women, respectively, and
was on average 13% greater among women with a cervical length between 25-30mm compared to
those with a cervical length >30mm; and 4) cervical tissue strain was more strongly associated
with cervical length than with gestational age.

Conclusion—Semiquantitative elastography can be employed to evaluate changes in cervical
stiffness during pregnancy.
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Introduction

Ultrasound-derived elastography has been successfully applied in the diagnosis and
classification of breast!-4 and thyroid tumors®8, lymph nodes,’ prostate cancer® and diffuse/
focal liver disease®10, and has recently been introduced in obstetrics and gynecologyl1-18,
Elastography is used to evaluate stiffness and is based on the estimation of displacement of
moving tissues when oscillatory pressure is applied*19-22, The method assesses three
mechanical proprieties: 1) stress; 2) strain; and 3) deformation23. “Stress” represents the
pressure applied per unit area to the structure; pressure produces displacement and changes
in the shape of the structure (“deformation, strain”)24-26, Stiffness is the resistance of tissues
or structures to displacement and deformation, and is inversely related to strain?3.

Tissue displacement can be estimated using ultrasound (US) by tracking movements among
consecutive frames; the average displacement of all structures within a region of interest
represents the strain rate?2:24.27-30_ Strain can be displayed by a color code. Conventionally,
blue represents stiff tissue, green is indicative of average stiff/soft tissue, and red represents
soft tissue. This color code differs across US units and can be modified by the operator31:32,
In most elastography reports in obstetrics and gynecology, the definition of tissue stiffness/
softness relies on this operator-dependent qualitative estimation11:14.17, Alternatively, strain
can be expressed numerically as the percentage of tissue displacement within a region of
interest1®:31,

In obstetrics, cervical elastography may yield clinically meaningful information, considering
that, during normal pregnancy, the uterine cervix undergoes physiological changes in the
extracellular matrix in order to reduce stiffness, but increase its tensile proprieties. These
changes are thought to represent cervical adaptation to progressive increases in intrauterine
pressure from the growing fetus33-37. Elastography can document the degree of cervical
stiffness/softness which, in addition to cervical length, might constitute a complementary
method to identify cases at risk for preterm delivery. During labor, elastography might
provide additional information on the process of cervical effacement to that obtained from
digital examination and conventional ultrasound38-44, It also may be helpful to assess the
likelihood of successful induction of labor.

The aims of this study were to: 1) examine methodological variation in cervical tissue strain
estimation; 2) investigate whether patient characteristics modify the relationship between
method of measurement and estimated tissue strain; and 3) propose a method for estimating
changes in cervical stiffness during pregnancy using ultrasound-derived elastography.

Materials and Methods

In this cross-sectional study, consecutive pregnant women with singleton gestations and
cervical lengths =25 mm evaluated at the Center for Advanced Obstetrical Care and
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Research (CAOCR) [Perinatology Research Branch of the Eunice Kennedy Shriver National
Institute of Child Health and Human Development, National Institutes of Health, at Wayne
State University School of Medicine and Hutzel Women's Hospital, Detroit MI] were
invited to participate. All patients provided written informed consent for ultrasound
examination prior to enroliment in research protocols approved by the Institutional Review
Boards of the National Institute of Child Health and Human Development, and by the
Human Investigation Committee of Wayne State University.

Transvaginal ultrasound was performed using an endocavitary probe (Hitachi 8-4 MHz, HI
Vision 9000, Hitachi Medical Corporation, Tokyo, Japan). Cervical length was measured in
a sagittal view of the cervix, following the recommendations of Burger et al.#> and lams et
al. 46, After the cervical length was measured, elastography evaluation was conducted. Three
cervical projections were selected for evaluation: one mid-sagittal at the same level of the
cervical length measurement, and two cross-sectional, one at the level of the internal and the
other at the level of the external cervical os. The rationale in selecting these three anatomical
planes was that the mid sagittal view is necessary for cervical length measurement and to
identify the internal and external os, while the cross-sectional planes of the internal and
external os were selected to compare well-defined regions of the cervix. In the three planes,
the interrogation box for color elastography was adjusted to include the entire cervix.

Continuous oscillatory pressure with the US probe was manually applied to the cervix by the
ultrasound operator. The intensity was controlled by the pressure bar displayed in the US
monitor, ranging from 0 (no pressure) to 7 (highest pressure) and maintained at an
intermediate value of 3. Images with the interrogated area covered with color information
were selected for strain quantification. Strain was calculated in two regions of interest
(ROI), the endocervical canal and entire cervix, delineated by a geometric tool provided by
the US manufacturer for irregular structures with eight points of adjustment (Figure 1). A
total of six strain estimations were performed in each patient (each anatomical plane in both
regions of interest). As strain cannot be estimated in stored images, all measurements were
performed at the time of the US examination. The endocervical canal was manually
delineated approximately 1-2 mm outside the acoustic interface between the mucous content
and the rest of the cervix. The entire cervix was delineated following the acoustic interface
between the cervix and the vaginal walls. Strain calculations of the entire cervix also
included strain values from the endocervical canal. Strain values represent the averaged
displacement or deformation of tissues within the region of interest among consecutive US
frames when oscillatory pressure is applied. Strain calculation is performed by computing
changes in velocity of the vertical excursions of the ultrasound scatters within the area of
elastography interrogation before and after compression is applied.1® All velocity
differences or gradients within the defined region of interest are then averaged.4”

Strain values obtained from the endocervical canal and entire cervix were independently
plotted for defining their normal distribution overall and by region of interest and anatomical
plane. In each, three stiff/soft categories were defined: stiff tissues <25t percentile; average
stiff/soft tissues between 251 and 75™ percentiles: and soft tissues >75! percentile.
Agreement in classifying patients using these categories was assessed among a subset of 120
elastography estimations made by two operators. Each operator performed the complete US
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examination in 20 women, calculating strain values from the endocervical canal and entire
cervix in the sagittal plane and cross-sectional planes of the internal and external cervical os.
A total of 6 estimations per patient were performed by each operator. Concordance was
assessed in the definition of stiff, average soft/stiff, and soft areas according to the strain
reference values for each region of interest and anatomical plane.

Statistical Analysis

Results

Patients were evaluated only once during pregnancy*®49. Normality of strain rate
distributions was assessed using the Kolmogorov-Smirnov test and inspection of histograms
and quantile-quantile (Q-Q) plots. Because multiple cervical tissue strain measurements
were clustered within individual patients, regression analysis was performed using linear
mixed models to account for the within-subject correlation. A compound symmetry serial
correlation structure was used based on model fit as reflected by the Bayesian Information
Criterion (BIC). This structure maintains equal correlation among repeated measures nested
within an individual participant rather than allowing it to vary over time. Accordingly, the
compound symmetry serial correlation coefficient is also an intra-class correlation
coefficient. Region of interest and anatomical plane were modeled as fixed effects to
evaluate methodological differences in cervical tissue strain estimation. Selected patient
characteristics were additionally included as fixed effects in a multivariable model. Effect
modification terms were used to determine whether the relationship between methodological
differences in cervical tissue strain estimation varied further as a function of clinical patient
characteristics. Gestational age and cervical length were each modeled first as continuous
parameters; categorical analogues were used to show trend more clearly in constructed
figures.

Interoperator agreement for soft, average and stiff tissue strain classifications was assessed
using the Kappa-Cohen statistic. A priori interpretation of the kappa statistic was based on
the following distribution: poor 0.00-0.20; fair 0.21-0.40; moderate 0.41-0.60; substantial
0.61-0.80; and near perfect 0.81-1.00%C. Percent agreement was also reported. Additionally,
the Pearson correlation coefficient is calculated to assess inter-observer correlation between
the two operators' strain rate measurements rounded to the nearest tenth decimal place.
Rounded measurements were evaluated to represent potentially clinically meaningful
differences rather than smaller variations in measurements. Statistical analyses were
performed with Med Calc version 9.0.1.0 (Mariakerke, Belgium) and SAS version 9.3
(Cary, North Carolina U.S.) statistical software.

Cervical elastography was possible in all cases (n=262). A total of 1572 regions of interest
for strain evaluation were performed; however, in 15 of them (1%) the strain calculation
function was not activated, leaving a total of 1552 elastography estimates for analysis.
Patient characteristics are presented in Table 1. Figure 2 shows the distribution of strain
values obtained for both regions of interest by anatomical plane (sagittal, internal os,
external 0s). One-way analysis of variance revealed that the distribution of strain rates
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differed significantly (p<.0001) both by region of interest and separately by anatomical
plane for measures obtained within each region of interest.

Data obtained from the endocervical canal and complete cervix, analyzed using a
multivariable model, showed: predicted mean strain rates differed significantly by region of
interest (p<.0001), anatomical plane (p<.0001), combined parity and prior preterm delivery
(p<.0001), gestational length (p <.0001) and cervical length (p<. 01). While gestational age
and cervical length are known to be correlated, both were included in the same multivariable
model based on a negligible variance inflation factor (1.1) and examination of model fit.
Maternal age was marginally associated with cervical tissue strain (p=0.06), although its
inclusion as a fixed effect meaningfully reduced model fit, so it was removed from the final
model. Further significant differences in estimated mean cervical tissue strain by anatomical
plane were found separately as a function of region of interest (p<.0001), gestational length
(p=0.02) and cervical length (p<.01). Together, this final multivariable model explained
60% of the total variation in cervical strain rates. The intra-class correlation coefficient
estimated by the compound symmetry serial correlation parameter was 0.33.

Figure 3 shows the predicted mean strain rates for each region of interest by anatomical
plane viewed separately as a function of gestational age and cervical length, adjusted further
for combined parity and prior preterm delivery. Predicted mean strain rates varied
significantly by region of interest and anatomical plane. Holding other factors constant,
strain rates measured in the endocervical canal were on average 33% greater than measures
obtained in the entire cervix (p<.0001). Endocervical strain values obtained in the cross
sectional plane of the external cervical os, and in the sagittal plane were 45% and 13%
greater when compared to those obtained in the cross sectional plane of the internal cervical
os, respectively (both p<.0001).

Additional differences were observed by selected patient characteristics. Holding other
factors constant, mean strain rate was 14% and 5% greater among multiparous women with
a history of preterm delivery and multiparous women without a history of preterm delivery,
each compared to nulliparous women (p<.01, p=0.06, respectively). Among multiparous
women, the estimated strain rate was marginally greater in women with a history of preterm
delivery compared to those without (p=0.06). Interestingly, apart from modifying the
relationship between anatomical plane and tissue strain, continuous gestational length
modeled as an independent fixed effect was not significantly associated with cervical tissue
strain (p=0.40) and was only marginally associated when cervical length was removed from
the adjusted model(p=0.07). Alternatively, cervical length, apart from its modifying
relationship with the anatomical plane, was strongly associated with cervical tissue strain,
regardless of the inclusion of gestational age in the model (p<.01); for each 10 mm unit
increase in cervical length, the estimated strain rate decreased by .03, holding other
parameters constant.

Overall, the adjusted mean strain rate in women with a cervical length <30mm (n=37) was
13% greater than in women with cervical lengths above 30mm (p=0.003). Figure 4 shows
the adjusted relationship between categorical cervical length and estimated tissue strain.
Women with cervical lengths <30mm had significantly softer tissue than women with
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cervical lengths at or above 30mm, although correction for multiple pairwise comparisons
left only the difference between groups having the shortest (<30) and longest (=45mm)
cervical lengths statistically significant. There were no significant differences in adjusted
strain rates comparing groups categorized by cervical lengths above 30mm (uncorrected
p=0.44).

Table 2 shows the inter-observer reliability of two operators' classifications of 120 strain
measurements obtained from 20 patients as stiff (strain rate <25 the percentile), average
(25t-<75! percentile) and soft (>75™ percentile) tissue, both overall and within each
anatomical plane and region. Overall, moderate interobserver agreement in classifying the
degree of cervical tissue strain was observed (Kappa =0.43). The two raters agreed exactly
on 65% of the three-level cervical tissue strain classifications. Excluding average tissue
strain estimations, the operators exhibited substantial overall agreement on soft/stiff
estimates (Kappa=75), matching on 82% of these classifications. An appreciable overall
interobserver correlation for strain measurements rounded to the nearest 10" decimal place
was also observed (Pearson correlation coefficient 0.73).

The degree of interobserver agreement for soft, average, stiff tissue strain classifications and
correlation for rounded strain estimates varied greatly by method of measurement.
Substantial interobserver agreement (Kappa=0.67) was achieved specific to measurements
obtained in the complete cervix in the cross sectional plane of the internal cervical os; the
two operators agreed on 80% of these tissue strain classifications. Alternatively, only fair
agreement (Kappa=0.26) was achieved for classifications of measurements obtained in the
endocervical canal in the cross sectional plane of the external cervical os; the confidence
interval crossing ‘0’ also indicated that the null hypothesis (chance finding) cannot be ruled
out with 95% certainty. Similarly, interobserver correlation observed for rounded strain
estimates was greatest in both regions of interest for measurements obtained in the cross
sectional plane of the internal os as and least for measurements obtained in the sagittal
anatomical plane as shown in Figure 5. Altogether, interobserver agreement/correlation was
stronger for measurements obtained in the cross sectional plane of the internal os.

Discussion

Principal findings of the study

1) ultrasound-derived elastography is capable of measuring differences in softness/stiffness
of the uterine cervix, quantified as strain, throughout pregnancy and across selected patient
groupings; 2) tissue strain estimates varied systematically by region of interest and
anatomical plane adjusted for other sources of variation. In general, measurements from the
endocervical canal were on average 33% greater than those obtained in the entire cervix.
Endocervical strain values obtained in the cross-sectional plane of the external cervical os,
and sagittal plane were 4% and 13% greater compared to those measured in the cross-
sectional plane of the internal cervical os, respectively; 3) estimated cervical tissue strain
differed significantly by selected patient characteristics- holding other factors constant,
mean strain rate was 14% and 5% greater among multiparous women with and without a
history of preterm delivery compared to nulliparous women, and was on average 13%
greater among women with a cervical length between 25-30mm compared those having
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cervical lengths >30 mm. Finally, cervical tissue strain was more strongly associated with
cervical length than to gestational age at examination, adjusted for other parameters.

Physiological cervical changes during pregnancy and elastography

Our results show a continuous reduction in cervical stiffness with decreasing cervical length
and advancing gestational age mainly manifested in the internal cervical os. This is in
keeping with previous reports showing physiologic changes in the cervix during pregnancy,
leading to reduced stiffness and enhanced tensile “capacity”>1:52, These changes have been
attributed to active remodeling of the extracellular matrix (i.e. collagen)3°53-57 and to an
increase in water content related to increased concentrations of hydrophilic
glycosaminoglycans3°28-60, Specifically, hyaluronan (HA) has been implicated in the
biophysical changes associated with cervical ripening and remodeling®:61-64, An increase in
water content appears to be a major contributor in the reduction of cervical stiffness
throughout pregnancy. The role of other mechanisms (such as the changes in other
components of extracellular matrix and smooth muscle) cannot be excluded38-53.65,

Increased strain in parous women can be related to changes in the collagen content after
pregnancy. Sundtoft et al. sequentially evaluated collagen concentration in the human cervix
after delivery, and found that at 9 months the collagen concentration reached 62% (SD 4.45)
of dry weight of tissue with no further changes.5* In addition, Oxlund et al.56 reported
similar mean collagen values in non-pregnant parous women, with a significant reduction in
collagen concentration of 1.7% per each previous pregnancy. Cervical strain changes related
to a previous preterm delivery might also be related to differences in collagen content.
Petersen et al.8” showed a reduction in the collagen and hydroxyproline concentrations in
the cervix of women with history of cervical insufficiency. Contrary, Oxlund et al.%8 could
not replicate those results and found no differences in the collagen concentrations of non-
pregnant parous women when compared with non-pregnant women with history of cervical
insufficiency. Other variables such as changes in the water content, composition of the
collagen network and the extracellular matrix in the cervix of pregnant women with history
of previous preterm pregnancies might be responsible for the observed increased strain
values.

Factors affecting US elastography evaluation

Graphic representation and averaged values of strain are based on the Young's modulus
calculation 8970 which is defined as the ratio of uniaxial stress over uniaxial strain 71,
Young's modulus and its graphic representation of displacement are affected by the intensity
and direction of the pressure exerted. It is noteworthy, however, that pressure does not affect
only the uniaxial components of the Young's modulus but its color graphic

representation 72-76, Therefore, it is important to maintain the same pressure to obtain
reproducible results. Both methods perform more efficiently in areas located under the
ultrasound beam 77. Regions located deeper and laterally may not show strain values in
agreement with real tissue stiffness. These technical factors might affect the strain rate
values when larger regions of interest, such as the entire cervix, are evaluated
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The pressure level bar attempts to standardize the stress applied by the operator. Some
elastography studies have been performed using an automated device called Fibroscan®,
consisting of an US transducer mounted in a mechanic piston which regulates the frequency
and intensity of compression 8. Fibroscan® elastography has been used mainly for
detecting focal or diffuse liver disease 79-82. Unfortunately, an equivalent device is not yet
available for obstetrical and gynecological applications. Therefore, the pressure bar must be
kept at the same value; otherwise, different pressures may alter strain rate values.

Lack of definition of the cervical boundaries in the ultrasound images might affect the
delineation of the entire cervix8384. The area between the anterior border of the cervix and
the vaginal wall is technically difficult to delineate, as there is no clearly visible US
interphase in all pregnant women82, In addition, mechanical pressure applied by the
ultrasound probe and bladder size can modify the shape of the cervix86, and the software
used to perform elastography does not allow multiple adjustments on the contour of the
region of interest. Similarly, the force generated by mechanical compression may not reach
deep areas of the cervix. This view is consistent with the observation that structures located
directly under the ultrasound probe had a high strain rate87. All these factors may increase
variability among operators, mainly when large areas are assessed. Nevertheless, our results
showed a substantial agreement in correctly classifying soft or stiff tissues®Y. We also found
that in both regions of interest, measures obtained in the cross-sectional plane of the internal
cervical os were more reliable than when obtained otherwise.

Clinical application of elastography in Obstetrics and Gynecology

Elastography is not a new technique; yet, few reports have addressed its use in obstetrics and
gynecology1-17. To date, elastography has been used to characterize malignant cervical
lesions in postmenopausal women?®, assess stiffness in uterine fibroids compared with the
surrounding myometrium in non-pregnant women!1, and evaluate tissue differences in the
presence of subchorionic hematomas!’. Others have suggested that elastography might help
in differentiating between polyps and leiomyomas!8, that it could be useful for cervical
evaluation during pregnancy!?, and that qualitative assessment of the softness of the cervical
canal by elastography might help to predict successful induction of labor13,

Recently, Molina et al.12 evaluated the reproducibility of cervical elastography during
pregnancy. Despite reporting acceptable agreement, the authors concluded that it is
premature to suggest that elastography can reliably reflect changes associated with cervical
ripening. We agree with the authors that such studies need to be conducted. We provide
herein a systematic protocol for image acquisition, application of pressure, and placement of
the region of interest box to standardize a technique that has been largely subjective thus far.
However, we also demonstrate that ultrasound-derived elastography is capable of detecting
significant differences in tissue strain by selected patient characteristics, notably including
cervical length, combined parity and prior preterm delivery and gestational length at
examination. These findings suggest that ultrasound-derived elastography may be able to
identify meaningful changes in tissue strain associated with cervical ripening. However, as
our study is cross-sectional, longitudinal evaluations are necessary to demonstrate within-
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subject change over time associated with cervical ripening and its relationship with clinical
outcomes.

Conclusion

Changes in softness/stiffness of the uterine cervix throughout pregnancy, quantified as
strain, can be measured using ultrasound-derived elastography. Cervical tissue strain rates
vary both by method of ascertainment and selected patient characteristics. Strain estimation
performed in the cross-sectional plane of the internal cervical os may be the most reliable.
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Figure 1.
Cervical strain calculation performed in: a) endocervical canal in a sagittal plane, b)

endocervical canal in a cross sectional plane at the level of the internal os, ¢) endocervical
canal in a cross sectional plane at the level of the external cervical os, and d) complete
cervix in a cross sectional plane at the level of the external cervical os.
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Table 1
Demographics of the studied population

Maternal characteristics

Age, completed years, median (range) 23 (17-41)
Number of pregnancies, n, median (range) 1 (1-14)
Gestational age at ultrasound, weeks + days, median (range) 21+4  (8+2-40+3)
Cervical length, mm, median (range) 36 (25-52)
Prior preterm delivery, n, (%) 55 (21)
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