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Abstract
Dysregulated remodeling of the cervix precedes preterm birth, a major cause of infant mortality
and morbidity. The goal of this work was to identify changes in the mechanical properties of the
cervix in late gestation. The tensile and load relaxation properties of cervices from rats 15 days to
21 days (full term) post-conception were measured. Stiffness and load at 25% circumferential
strain decreased with gestational age and correlated with the initial circumference of the cervix.
Load-relaxation curves were accurately described by a seven parameter quasi-linear viscoelastic
model, where three parameters associated with stiffness and load capacity decrease with
gestational age and correlate with initial circumference. Time-dependent parameters did not
depend on age or structure. Mechanical properties correlated with water content, but unexpectedly
not with measures of collagen content, solubility, or organization. Quantitative measurements of
cervical stiffness and structure will lead to a more accurate description of cervical remodeling and
prediction of preterm birth.
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1. Introduction
Preterm birth is the leading contributor to infant mortality and morbidity. 12% of US births
in 2010 delivered preterm, a moderate decline from 2006 levels but still well above rates in
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1981 (Hamilton et al., 2011). The total societal cost of preterm birth was estimated in 2006
to be over $26 billion annually (Berhman and Butler, 2007). Preterm birth is a syndrome
with a variety of causes. Mechanical failure of the cervix (called cervical incompetence or
insufficiency) is one cause of preterm birth (Timmons et al., 2010). The cervix is the fibrous
tissue at the base of the uterus. It serves two functions: first as a barrier between the
developing fetus and the outside world, and second to maintain the fetus within the uterine
cavity until the fetus is mature. At term, this tissue must deform to allow the fetus to pass. In
the past decade, many studies have suggested that the cervix may be an important factor
leading to successful outcome. The mechanical properties of the cervix are therefore one
focus of strategies to predict preterm cervical remodeling leading to birth (McFarlin, 2009).

Multiple investigators have demonstrated that the cervix begins to transform early in
pregnancy and continues to transform through delivery when it reverts back to its non-
pregnant state. A variety of remodeling events occur with changes in macrostructure,
microstructure, and biochemical makeup that are thought to contribute to changes in its
mechanical properties (House et al., 2009b) (Timmons et al., 2010) (Mahendroo, 2012). The
proteoglycan and water content increase with gestational age, while the total amount of
collagen remains the same but is remodeled, resulting in a softer tissue (House et al., 2009b)
(Mahendroo, 2012). The most established method to assess cervical remodeling in humans
is also one of the oldest, most subjective, and least technological. The Bishop score (Bishop,
1964), obtained via a digital examination of the cervix, measures five characteristics:
cervical position, softness, effacement (thinning and shortening), dilation, and fetal station
(descent of the fetus into the pelvis), three of which relate to cervical remodeling: softness,
effacement, and dilation (Bishop, 1964). The Bishop score was proposed as a way to predict
the success of labor induction in multiparous women. It can be highly variable due to the
subjective nature of each component (effacement, dilation, station, consistency, and
position) and lack of precision.

More quantitative measures of cervical remodeling are necessary. Transvaginal ultrasound
examinations and MRI of the human cervix indicate that the cervix begins to shorten from
the internal os outwards (Hassan et al., 2000) (Hassan et al., 2006) (House et al., 2009a)
(Iams, 2003). Thus, it is diffeicult for a clinician to detect some changes by digital
examination. Transvaginal ultrasound measurements of cervical length have been used to
identify cervical remodeling (Crane and Hutchens, 2008) (Chiossi et al., 2006) (Gomez et
al., 2005) (Gramellini et al., 2007) (Hassan et al., 2000) (Hassan et al., 2006) (Iams et al.
1996) (Iams, 2003) (Newman et al., 2008) (Schmitz et al., 2008). Although ultrasound
measurements of cervical structure (length and funneling) are useful for determining the risk
of preterm delivery (Gomez et al., 1994) (Gomez et al., 2005) (Honest et al. 2003), these
measurements alone have low positive predictive value (Gramellini et al., 2007) (Iams,
2003) and in many cases did not outperform the Bishop score in predicting preterm birth
(Newman et al., 2008) (Schmitz et al., 2008). There is a need to develop techniques that
detect tissue remodeling in the pregnant cervix before effacement and dilation occur.

Due to the risks of cervical tissue sampling during pregnancy, animal models have been
used as surrogates for understanding physiological changes in the cervix associated with
parturition (Mahendroo, 2012). As far back as the 1950s, Harkness and Harkness conducted
tensile tests in load-control on pregnant rat cervices (Harkness and Harkness, 1959). A
number of papers since then have reported mechanical properties of cervical tissue from rats
(Hollingsworth et al., 1979) (Clark et al., 2006) (Drzewiecki et al., 2005), mice (Read et al.,
2007) (Kokenyesi et al., 2004), sheep (Owiny et al., 1991), and humans harvested by biopsy
(Rechberger et al., 1988) (Oxlund et al., 2010) or hysterectomy (Myers et al., 2008) (Myers
et al. 2010). The wide range of testing procedures, time points, and measured properties
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make comparisons across the literature difficult. Furthermore, there is little direct
comparison between mechanical, biochemical, and structural properties in the same sample.

The goal of this study was to identify the relationship between the mechanical properties of
the rat cervix with measurements of structure and biochemical composition. The entire
cervix was harvested from pregnant rats between days 15 and 21 (term) of gestation, a
period comparable to the third trimester of pregnancy in humans. The lower half the cervix
underwent displacement-controlled tensile and load-relaxation tests. The structural
mechanical properties measured in these tests were compared with gestational age and
structure (initial inner circumference). The results were also correlated with biochemical
composition using the upper half of the cervix, including measures of water content,
collagen content, soluble (uncrosslinked) collagen content, and collagen organization.

2. Methods
2.1 tissue collection

All procedures were approved by the Institutional Animal Care and Use Committee at the
University of Illinois at Urbana-Champaign and by the Animal Care Committee at the
University of Illinois at Chicago. After euthanasia with carbon dioxide, cervical tissue was
immediately harvested from timed-pregnant Sprague-Dawley rats at 15 (n=6), 17 (n=7), 19
(n=7), and 21 (n=11) days post-conception, as defined by the breeder (Harlan Labs). The
cervix was excised from the uterus at the transition zone where the more muscular lower
segment transitions to a pale fibrous tissue. Each cervix was cut in half transversely,
perpendicular to the cervical canal. The portion containing the internal os was sent for
biochemical analysis (water and collagen), while the portion with the external os was used
for mechanical testing (Figure 1a). All tissue was frozen at −80C.

2.2 mechanical testing, initial circumference measurement
Cervices were thawed, brought to room temperature, and weighed before mechanical
testing. A pair of 1.2 mm-diameter bent stainless steel rods (McMaster Carr) were threaded
through a single canal of the cervix (Figure 1b). The rods were placed into a custom made
fixture fabricated from VeroWhite polymer with an Eden 350 3D printing system (Objet
Inc.). The fixture was designed to fit within an Electroforce Biodynamic test frame (Bose
Corp.). The Electroforce system was fitted with a 1000 g load cell and sealed sample
chamber for submerged testing. Testing was conducted within a 37°C incubator. Once the
cervix was placed in the fixture, the distance between the rods was measured with calipers
and the fluid chamber was filled with 37°C phosphate buffered saline (Lonza).

The test was conducted in displacement control using WinTest control software (Bose). The
sample was preloaded to approximately 1 g above the load cell noise floor. At this point, the
initial circumference was calculated from the measured rod spacing d0, the distance added
with the control software d+, and the diameter of the rods: c0 = 2(d0 + d+) + 1.2π.

The testing protocol is illustrated in Figure 1c. Following 60 s of baseline recording,
samples were stretched to 25% circumferential strain without preconditioning (Δd = .125c0)
at a rate of 0.02 mm/s with data collection at 20 Hz (defined as the “ramp” section). A
preconditioning cycle was not used because the majority of the cervix is not loaded in vivo,
simulating the physiological state; a prestretched cervix in vivo would result in premature
delivery. These data were used to calculate stiffness. To analyze load-relaxation properties,
the displacement was then held for 5 min with data collection at 5 Hz (defined as the “hold”
section), before ramping down at 0.02 mm/s and holding for another 5 min. Five cycles were
recorded in total.
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2.3 mechanical analysis
Load, time, and displacement data were imported into Matlab (The Mathworks) for analysis
with custom-written code. Stiffness was defined as the linear region of the load-
displacement curve at the end of each ramp and defined as force/displacement (g/mm). The
linear region was automatically identified and fit using a least-squares approach with a
custom-written Matlab program. The load-relaxation data were fit to a quasi-linear
viscoelastic (QLV) model (Abramowitch and Woo, 2004) (Nekouzadeh et al., 2007) (Yang
et al., 2006) using a least-squares method with a custom-written Matlab program. Further
details are provided in Supplementary Materials. Because the data are in terms of force and
displacement rather than stress and strain, the results below represent structural properties --
inseparable from geometry -- rather than intrinsic material properties.

2.4 biochemical analysis
Tissue samples were thawed and weighed to determine the wet weight, then dehydrated in a
freeze dryer for 24 h. The dry weight was obtained to determine water content.

Collagen solubility was determined by first freezing and pulverizing tissue samples.
Extractable collagen was determined using the methods of Faris et al. (Faris et al., 1978).
Weak acid extraction of non-crosslinked collagen was performed with approximately 20 mg
of tissue (wet weight) suspended in 25 volumes of 0.5 M acetic acid in Tris-buffered saline
for 24 h at 4°C. The supernatant containing weak acid extractable collagen was recovered by
centrifugation at 15,000 g for 15 min. Pepsin extractable collagen was determined by
suspending the remaining pellet in 0.5 M acetic acid with 1 mg/ml pepsin for 24 h at 4°C.
The supernatant containing pepsin extractable collagen was recovered by centrifugation at
15,000 g for 15 min. The residual pellet was assayed for hydroxyproline as described below.
Solubilized collagen was determined using Sircol Soluble Collagen Assay (Biocolor)
according to manufacturer's instructions.

Nonsoluble collagen was determined using the method of Stegemann and Stalder to
determine hydroxyproline content (Stegemann and Stalder, 1967). Briefly, the residual pellet
was solubilized in 6 N HCl (100 μl/10 mg) at 110°C for 16 h. The solubilized
hydroxyproline was determined by the DMB assay [ref different than above]. Collagen
content was determined with the assumption that 13.4 wt % of collagen is hydroxyproline.

A subset of the samples (15 day n = 4, 17 day n = 6, 19 day n = 5, 21 day n = 7) were
embedded in OCT, frozen, and sectioned in 7-8 μm slices with a Microm HM 505 N
cryostat onto Superfrost Plus microscope slides (Cole-Parmer). The sections were stained
with picrosirius red and analyzed via polarized light microscopy. Collagen birefringence
was determined using an Olympus BX50 microscope with a polarizer/analyzer combination
at 40× magnification. Two random images were taken from each quadrant of the cervix. The
degree of organization as a percent area of the total image was determined using Metamorph
software (Molecular Devices).

2.5 statistical analysis
All statistical analyses were computed using R software (R Development Core Team, 2010).
Comparisons across gestational ages were made using one-way analysis of variance with
Tukey post-hoc means comparison. These data were represented graphically with box plots,
where horizontal bars indicate pairwise statistical differences with p < .05. The p value
returned by the analysis of variance test is also displayed on each box plot. Pearson product
moment correlations were used to compare measured mechanical, biochemical, and
geometric properties with each other. These data were represented graphically with scatter
plots, with the Pearson product moment correlation (denoted as ‘r’) and p value included on
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each plot. Again, p < .05 was considered statistically significant. In some cases, noted
below, measured properties were log10-transformed prior to statistical analysis where doing
so resulted in normally-distributed data and eliminated large differences in variance. Plots
were created using the ggplot2 plugin (Wickham, 2009). Some labels and legends were
modified and indicators for statistical significance were added with Illustrator (Adobe
Systems Inc.). Where means are reported in the text, ± indicates standard deviation.

3. Results
3.1 geometry and mass

The mass of the portion of the cervix used for mechanical testing increased with gestational
age (F = 11.776, p < .0001), from 45.50 mg ± 8.04 mg at 15 days to 84.53 mg ± 11.42 mg at
21 days. Tukey means comparison revealed that 15 day cervices weighed less than all other
time points, but the mean mass of the 17, 19, and 21 day cervices were statistically
indistinguishable (Figure 2a). Analysis of variance also showed that circumference increased
with gestational age (F = 40.978, p < .0001), averaging 6.93 mm ± 0.62 mm at 15 days and
increasing to 13.02 mm ± 1.63 mm at 21 days, with the means of 17 and 19 day samples
statistically indistinguishable (Figure 2b). The gestational ages were supplied by the breeder,
and some uncertainty regarding the exact time of conception must be considered in addition
to expected variation from animal to animal. The initial circumference is a structural
measure independent of reported gestational age but still representative of progress in
pregnancy, analogous to dilation measured clinically. Circumference correlated with the
mass of each sample (r = +.6694, p < .0001, Figure 2c).

3.2 stiffness and load at 25% strain
The stiffness and load at 25% strain decreased with gestational age and with cervical
circumference. Stiffness was defined as the linear region for the force-displacement curve as
the sample approaches 25% circumferential strain (Figure 3a). This value for strain was
chosen because some 15 day samples tore at higher strains in preliminary tests. A relatively
large variance observed in 15 day samples was accounted for by using log10-transformed
stiffness prior to statistical analysis. Stiffness decreased with gestational age (F = 21.999, p
< .0001), though 19 and 21 day samples were statistically equivalent. A comparison between
log10-transformed stiffness and circumference revealed a strong negative correlation (r = −.
7338, p < .0001). When the data were not transformed, 17-21 day samples were no longer
different with 95% confidence. Though stiffness here is expressed in g/mm, most of the
statistically significant comparisons are the same when expressed in g/% strain
(Supplementary Figure S2). The load at 25% circumferential strain (also log10-transformed)
similarly decreased with gestational age (F = 8.9889, p = .0003) and negatively correlated
with initial circumference (r = −.5471, p = .0014). Both stiffness and peak load decreased
dramatically from day 15 to 17, then continued to decrease at a slower rate after that.

3.3 load-relaxation
The instantaneous load response (Abramowitch and Woo, 2004) was described by the
following equation as a function of displacement (x):

where A and B are structural properties related to stiffness. A five-parameter relaxation
function was chosen because in a preliminary analysis, it closely fit the load of the ‘hold’
section without the “ramp.” The relaxation function was defined as
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where the parameters k0, k1, τ1, k2, τ2 were unknowns. The QLV theorem was used to
describe both the elastic response during the ‘ramp’ and the relaxation response during the
following “hold” by convolving the two functions (Abramowitch and Woo, 2004)
(Nekouzadeh et al., 2007) (Yang et al., 2006):

The resulting, seven parameter function was fit to load-time data from the first ramp and
hold by least-squares method using the Levenberg-Marquart algorithm. Further details are
provided in the supplementary materials.

The ramp and hold data were well described by the QLV model, with an average coefficient
of determination (R2) of .9596. The two parameters that describe stiffness, A and B (Figure
4b and c), depended on gestational age (F = 4.5979, p = .0100 and F = 6.5059, p = .0019,
respectively) correlated with initial circumference (r = −.4092, p = .0223 and r = −.6721, p
< .0001, respectively). The parameter k0 (Figure 4d), which represents the load approached
as time continues towards infinity, also depended on gestational age (F = 5.8070, p = .0034)
and correlated with initial circumference (r = −.6763, p < .0001). In each case, day 17, 19,
and 21 samples were not statistically different at 95% confidence according to Tukey tests
post-ANOVA. However, the means of B and k0 decrease with both age and circumference,
as indicated in scatter plots (Supplementary Figure S4).

3.4 change in load at 25% strain over multiple cycles
The decrease in load at 25% strain (immediately after the “ramp”) from cycle-to-cycle was
used as a measure of non-recoverable deformation. On the second cycle, 15 day cervices
reached a mean load 59.19% ± 8.31% of the magnitude reached on the first, compared to a
mean of 43.00% ± 6.08% for all other days. Results were consistent through subsequent
cycles. At 25% strain on the fifth cycle, 15 day samples were 33.22% ± 7.73% from their
initial loads compared with a 22.12% ± 7.74% for all other samples (F = 3.2406, p = .0376,
Figure 5c). The decrease in load at the maximum strain also correlated with circumference (r
= -.4176, p = .0194, Figure 5d). These lower loads were attributed to the toe region, which
began at larger strains and persisted to larger strains with each cycle. In other words, 15 day
samples were able to recover from the prescribed strain more quickly, while 17-21 day
cervices may have accumulated damage or simply recover over much larger time scales.

3.5 biochemistry
The water content of samples, with two outliers omitted because testing reported <70%
water, increased with gestational age (F = 12.627, p < .0001, Figure 6a). However, the only
time point with a statistically significant difference from the others was day 15, with a mean
of 84.18% ± 1.56%. Days 17, 19, and 21 averaged 85.92% ± 9.53%. Water content strongly
correlated with initial circumference (r = .7473, p < .0001, Figure 6b). It follows that water
content was negatively correlated with stiffness (r = −.6691, p < .0001), the load at 25%
strain in the first cycle (r = −.6068, p = .0005), and the QLV best-fit parameters A (r = -.
5873, p = .0008), B (r = -.4201, p = .0233) and k0 (r = -.5624, p = .0015).

Total collagen content was independent of gestational age (F = 0.4245, p = .7370),
averaging 5.89 mg ±1.76 mg. Additionally, neither measure of soluble collagen, pepsin-
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digested uncrosslinked collagen or tropocollagen, showed any statistical difference across
gestational ages (49.1 μg ± 16.8 μg, F = 0.4901, p = .6922 and 1.0 μg ± 0.9 μg, F = 1.2437,
p = .3150, respectively). These measured properties did not correlate with initial
circumference, stiffness, load at 25% strain, or any load-relaxation parameters. Finally,
birefringence measurements also showed no relationship to gestational age (F = 1.0159, p
= .4087), averaging 32.76% ±17.62% alignment, nor did they correlate with any other
mechanical measurement.

4. Discussion
An important goal of this study was to establish links between the structure, extrinsic
mechanical properties, and biochemical composition of rat cervices in late-stage pregnancy.
Increasing cervical circumference with gestational age has been noted in previous work
(Harkness and Harkness, 1959) (Drzewiecki et al., 2005) (Read et al., 2007), but to our
knowledge this was the first work to actually test the correlation of initial circumference
with other measured properties. These experiments indicated that changes in cervical
structure (circumference) were more apparent than changes in extrinsic, structural
mechanical properties over the last days of term. The mean stiffness and load of day 19 and
day 21 cervices at 25% strain were statistically equivalent, but circumference increased from
a mean of 10.34 mm ±0.92 mm to 13.02 mm ±1.63 mm (p = .0002 according to Tukey
means comparison). However, we emphasize that these are one-dimensional, extrinsic
measures and not true material properties. The intrinsic properties could be determined if an
accurate measure of the cross-sectional area could have been determined for each sample.
The cervices enlarge with gestational age, as evidenced by mass, circumference, and water
content measurements. An intrinsic measure of stiffness like Young's modulus would likely
decrease even from day 19 to day 21. Thus, it may be that our reported differences of
extrinsic properties are conservative relative to the intrinsic ones.

Our measurements were consistent with literature that has shown a decrease in stiffness with
gestational age in sheep (Owiny et al., 1991) and mice (Read et al., 2007). Studies reporting
the stiffness of rat cervices indicate significant decreases in stiffness at gestational ages of
10 (Drzewiecki et al., 2005) and 16 (Buhimschi et al., 2004) days, with no further
statistically significant softening after gestational day 16. In this study, the wide variance in
stiffness of 15 day samples at 25% strain compared to later time points may be indicative of
an abrupt softening at that age. Significant differences were likely observed in this work for
two reasons. First, by log-transforming the data - necessary to satisfy the requirement that
variances across groups are equal - differences at low stiffness became more apparent. The
mean stiffness values of all gestational ages were statistically different from each other with
the exception of days 19 and 21. Second, the equipment used in this study has much higher
precision than that used in previous work (Read et al., 2007) (Drzewiecki et al., 2005)
(Buhimschi et al., 2004), where displacement was added in discrete increments rather than
as a continuous ramp.

Creep tests, in which a constant load is applied to the cervix and deformation is measured,
are much more common in the literature. An abrupt increase in extensibility in cervices from
mice (Kokenyesi et al., 2004) and rats (Harkness and Harkness, 1959) (Hollingsworth et al.,
1979) (Clark et al., 2006) has been observed mid-gestation (12-16 days). An increase in
extensibility in creep may be related to the reduced QLV parameter k0 observed in this
study.

The load during “ramp” and “hold” sections were well-described by a 7-parameter QLV
model. The most interesting result from this model is the fact that neither the time constants
(τ1 and τ2) or the constants that scale the time-dependent exponentials (k1 and k2) change
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with gestational age or with cervical circumference. This may reflect some fundamental
properties of the extracellular matrix such as the rate at which water is squeezed out of the
protein and proteoglycan network or the forces between sliding macromolecules. The
relaxation function (G(t)) can be interpreted as a constitutive model consisting of a spring
and two Maxwell elements in parallel (Fung, 1993). Similar one-dimensional lumped-
parameter models have been proposed to describe the load-relaxation behavior of human
cervices in compression (Myers et al. 2010) (Jordan et al., 2011) and fibroblast-populated
collagen rings in tension (Nekouzadeh et al., 2007).

The parameters that reflect stiffness (A and B) and the parameter that represents the
minimum load supported by the cervix under a given deformation (k0) all decrease with
gestational age. The ability to resist deformation and the ability to maintain load-bearing
capacity are of great importance in earlier gestational ages when cervical dilation would
increase the risk of a poor outcome. In contrast, at term decreased elasticity is desirable to
provide a more efficient labor process. Further work is necessary to establish these
connections, as differences in biochemical structure and composition were not observed in
this study (see further discussion below).

One limitation of this study was the fact that each cervix was divided in two in order to have
tissue for mechanical and biochemical analysis. A pregnant rat cervix measures
approximately 7 mm length × 6 mm width × 2.5 mm thick. The upper (uterine) portion was
sent for biochemical analysis while the lower (vaginal) portion was used for mechanical
testing. In this study, the biochemical content and microstructure unexpectedly did not
change with gestational age. Other researchers have shown that mechanical properties
(Owiny et al., 1991) and tissue composition (Harkness and Harkness, 1959) change along
the length of the cervical canal. Owiny et al. (1991) suggest that cervical remodeling begins
at the internal os, while Read et al. (2007) have shown that collagen solubility increases in
rat cervices before softening but levels off at later time points.

An additional limitation of the work was related to the test equipment. The sealed sample
chamber was too small to allow manual measurement of cervix geometry before testing.
Additionally, only two of the four sidewalls of the chamber were transparent, so
measurement with imaging was not possible. Accurate measurement of cross-sectional area
would enable calculation of intrinsic material properties like the Young's modulus. Still,
even without controlling for geometry after manual bisection of the tissue, the differences
observed in tensile stiffness and load-relaxation are illuminating and will inform future
work. Strain measurement, perhaps by digital image correlation (Andonian, 2008) would be
particularly valuable for identifying differences in properties in different locations of the
cervix.

Additionally, the use of smaller but stronger rods (Webster et al., 2011) would enable testing
at earlier time points with smaller diameter cervices.

5. Conclusion
The purpose of this work was to characterize the uniaxial tensile and relaxation mechanical
behavior of the rat cervix tissue between 15 and 21 days post-conception. The resting
circumference of the cervical canal increased significantly with gestational age. Tensile tests
to 25% circumferential strain showed that the cervix softens as term nears, and that this
softening also strongly correlates with the initial circumference. The load during the initial
ramp and hold cycle was accurately described by a seven parameter QLV model. Three
parameters related to stiffness and load capacity decreased as term approached, while four
parameters that relate to relaxation over time did not. In subsequent loading cycles, cervices
at 15 days sustained less unrecoverable damage than 17-21 day cervices. These mechanical
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properties, particularly in conjunction with structural measures like circumference, may be
useful measures for predicting the timing of birth.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Research Highlights

• Late-term rat cervical tissue was subjected to tension and load-relaxation tests.

• Extrinsic measures of stiffness decreased with gestational age and
circumference.

• Time-dependent relaxation properties did not change with gestational age.

• Load-relaxation was well-described by a quasi-linear viscoelastic (QLV) model.

• Water content correlated with age. Collagen composition and organization did
not.
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Figure 1.
Illustration of the rat cervix (a). The cervix was removed and cut in half, perpendicular to
the canals. The section near the internal os was used for biochemical composition and
collagen organization using birefringence measurements, while the section near the external
os was used for biomechanical testing. The rat cervix has two canals, indicated by the
vertical dotted lines, one leading to each uterine horn. For biomechanical testing, stainless
steel rods were threaded through a single canal (b). A photograph of the cervix positioned in
the custom-designed fixture attached to the Bose Biodynamic test system, submerged in
phosphate buffered saline (c). The displacement waveform applied to each specimen, where
25% circumferential strain was calculated from the distance between the rods (d). Samples
were stretched at 0.02 mm/s in the “ramp” section, then kept at 25% strain for 5 min during
the “hold.”

Poellmann et al. Page 13

J Mech Behav Biomed Mater. Author manuscript; available in PMC 2014 January 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Figure 2.
Mass (a) and initial circumference (b) increased with gestational age. Horizontal bars show
pairwise statistical significance at p < .05. Mass and initial circumference were strongly
correlated (c).
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Figure 3.
Representative load-displacement data with stiffness indicated (a). The maximum
displacement for each test was set at 25% circumferential strain. Stiffness decreased with
gestational age (b) and showed a strong negative correlation with initial circumference (c).
In addition to the pairwise differences shown, the mean stiffness of day 17 and 19 samples
just missed statistical significance (p = .0516). The load at 25% strain also decreased with
gestational age (d) and negatively correlated with initial circumference (e). Horizontal bars
show pairwise statistical significance. All values were log10-transformed prior to running
statistics.
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Figure 4.
Representative load-relaxation data from 15 and 21 day samples with lines of best fit
according to a quasi-linear viscoelastic (QLV) model (a). Best-fit parameters A (b), B (c),
and k0 (d) all decreased with age. Horizontal bars show pairwise statistical significance.
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Figure 5.
Representative load-displacement curves from cycles 1, 3, and 5 from 15 day (a) and 21 day
(b) cervices. The load at 25% strain decreased less in 15 day samples than in other
gestational ages after 5 cycles (c) and negatively correlated with initial circumference (d). In
addition to the pairwise difference illustrated in (c), the means comparison of day 15 with
days 19 and 21 approached statistical significance (p = .0701 and .0826, respectively). A
50% decrease is equivalent to the load at cycle 5 being half what it was in cycle 1.
Horizontal bars show pairwise statistical significance.
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Figure 6.
Water content increased after 15 days (a) and was positively correlated with initial
circumference (b). Horizontal bars show pairwise statistical significance.

Poellmann et al. Page 18

J Mech Behav Biomed Mater. Author manuscript; available in PMC 2014 January 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text


