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Abstract

Introduction—Fetal membranes (FM) usually fail prior to delivery during term labor, but 

occasionally fail at preterm gestation, precipitating preterm birth. To understand the FM 

biomechanical properties underlying these events, study of the baseline in-vivo stretch experienced 

by the FM is required. This study's objective was to utilize high resolution MRI imaging to 

determine in-vivo FM stretch.

Methods—Eight pregnant women (38.4±0.4wks) underwent abdominal-pelvic MRI prior to 

(2.88±0.83d) caesarean delivery. Software was utilized to determine the total FM in-vivo surface 

area (SA) and that of its components: placental disc and reflected FM. At delivery, the SA of the 

disc and FM in the relaxed state were measured. In-vivo (stretched) to delivered SA ratios were 

calculated. FM fragments were then biaxially stretched to determine the force required to re-

stretch the FM back to in-vivo SA.

Results—Total FM SA, in-vivo vs delivered, was 2135.51±108.47 cm2 vs 842.59±35.86 cm2; 

reflected FM was 1778.42±107.39 cm2 vs 545.41±22.90 cm2, and disc was 357.10±28.08 cm2 vs 

297.18±22.14 cm2. The ratio (in-vivo to in-vitro SA) of reflected FM was 3.26±0.11 and disc was 

1.22±0.10. Reflected FM re-stretched to in-vivo SA generated a tension of 72.26N/m, 
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corresponding to approximate pressure of 15.4mmHg. FM rupture occurred at 295.08 ± 31.73N/m 

corresponding to approximate pressure of 34mmHg. Physiological SA was 70% of that at rupture.

Discussion—FM are significantly distended in-vivo. FM collagen fibers were rapidly recruited 

once loaded and functioned near the failure state during in-vitro testing, suggesting that, in-vivo, 

minimal additional (beyond physiological) stretch may facilitate rapid, catastrophic failure.
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Introduction

Normal pregnancy requires that the physical integrity of the fetal membranes (FM) be 

maintained until term delivery. However, premature failure of the FM-aka preterm 

premature of fetal membranes is responsible for nearly 40% of all preterm births. Preterm 

birth is a major global public health problem with an estimated 14.9 million babies being 

born premature in 2010 worldwide1. Prematurity is responsible for 35% of the world's 3.1 

million annual neonatal deaths and is the second largest direct cause of deaths in children 

less than 5 years.2 Preterm birth rate in the US is high at 11.39 % resulting in US being one 

of the ten countries globally with highest number of preterm births.1,3

The physiological mechanisms which cause membranes to fail, term or preterm, are not 

completely understood. In the past, weakening and rupture of the FM were attributed to the 

mechanical stresses of labor contractions. This is clearly inconsistent with the 10% of term 

and 40% of preterm births in which FM rupture precedes contractions. It is now established 

that FM weaken in late gestation as a result of biochemical changes: extracellular matrix 

remodeling and apoptosis in late gestation.4 Many groups have confirmed that these 

biochemical changes are focused at the para-cervical zone of FM overlying the cervix.4,5-18 

We have further demonstrated that this biochemically remodeled, para-cervical FM region is 

physically weaker than other FM regions and have termed it “physiological weak 

zone”.4,12,13 The spontaneous rupture of FM initiates in this physiological weak zone but it 

is not clear how this occurs.

The FM is a collagenous soft tissue that surrounds the fetus with a major role in supporting 

the fetus and amniotic fluid, and in tolerating local deformation associated with fetal 

movements during gestation.19,20 The FM is a complex structure with two components; the 

choriodecidua which is relatively thick and cellular, and the amnion which is thinner and 

stronger. The amnion accounts for approximately 20% of the FM thickness but dominates 

the mechanical response of the FM.21,22 In-vitro, the amnion undergoes a decrease in 

thickness with substantial collagen fiber alignment in response to minimal loads.23 Type I 

collagen in the compact sublayer of the amnion is responsible for much of the mechanical 

strength of the FM.

Individual collagen fibers are initially undulated (crimped) in a stress-free state.24 Undulated 

collagen fibers do not carry load, but once a fiber has been stretched to a “straightened” 

state, the fiber will transmit load in a linearly elastic manner (Figure 1). Stretch can be 

Joyce et al. Page 2

Placenta. Author manuscript; available in PMC 2017 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



defined as: λ=L/Lo, where L is the current (stretched) length of the collagen fiber and Lo is 

the original length of the collagen fiber before being stretched (Figure 1). FM collagen fibers 

are recruited at different stretch levels due to various degrees of initial collagen crimping 

(Figure 1). While one fiber may be fully stretched, another may still be crimped, resulting in 

a non-linear tension-stretch curve (Figure 1). Once all collagen fibers are straightened, the 

tension-stretch curve becomes linear. In this region, membrane tension can be defined as 

force/unit length (Figure 1). When a small number of fibers are present, the various regions 

of the tension-stretch curve (i.e. “toe” region, transition regions between the “toe” and linear 

regions, highly linear region) are discrete (Figure 1; solid line). However, when a large 

population of fibers is present, the tension-stretch curve is continuous, as demonstrated 

previously by Oyen et al. (Figure 1; dashed line).19-21

Tissue failure (rupture), which occurs when the FM can stretch no further, is a unique event 

in normal human physiology. Other tissue failures (e.g. bone fracture, skin tears, vascular 

aneurysms) are all pathological processes. Because tissue failure typically occurs as a result 

of a pathological process and not normal function, the biomechanics of soft tissue failure is 

generally poorly understood. The importance of biomechanics in FM failure is reflected in 

the relation between biomechanical and biochemical processes. Millar et al. have suggested 

that distention of the FM extracellular matrix (ECM) normally stimulates remodeling of the 

ECM, resulting in an increase in membrane surface although there is minimal growth of the 

FM during the final weeks of pregnancy as demonstrated by decreased mitosis25. Excessive 

distension or inadequate remodeling, could result in preterm premature rupture of the FM 

and preterm birth.26 We have demonstrated in both clinical human FM specimens, and from 

our in-vitro human FM weakening model, that FM remodeling associated with collagen 

degradation and cellular apoptosis plays an important role in FM weakening.4,12,13,27-33 

Biochemically pre-weakened FM more readily fail as a result of the mechanical forces of 

uterine contractions at the onset of labor. This is supported by the known interplay between 

mechanical deformation and collagen degradation in other collagenous soft tissues both of 

which perhaps works synergistically to induce tissue failure.34-37 Ellsmere et al. 

demonstrated that tensile loading accelerates the proteolysis of bovine pericardium subjected 

to collagenase, while another study demonstrated that the degradation rate of collagen 

increased with stretch.34,36

In order to develop a rational basis for treatment and prevention of premature FM failure, a 

better understanding of FM structural and mechanical behavior at near/full term under both 

sub-failure and failure conditions is necessary. In order to quantify the intact FM (FM with 

amnion adherent to the choriodecidua) mechanical behavior under sub-failure and failure 

conditions from full term tissues, it is necessary to perform this ordered sequence: (1) 

Accurately measure baseline FM stress in-vivo in order to determine its effects on growth 

and failure of the FM; (2) Quantify the FM mechanical properties under biaxial stretch; (3) 

Use the biaxial stretch data to develop a structural (mathematical) model to derive intrinsic 

fiber properties; and (4) Use the model to gain insight into the micromechanical mechanisms 

of failure. To initiate this, intrauterine physiological tension of the FM was determined 

utilizing a two-step procedure. First, the areal stretch, the ratio of the surface area of the FM 

in-vivo (at term just prior to delivery) vs in-vitro surface area (immediately after delivery) 
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was determined. Second, fragments of FM were biaxially stretched with a novel membrane 

inflation device to provide tension-areal stretch data from sub-failure to failure. The surface 

area ratio obtained in the first step was used to interpolate the intrauterine stress from this 

tension-areal stretch data.

Methods

Tissue procurement

The protocols for this study were approved by the Institutional Review Board at 

MetroHealth Medical Center/Case Western Reserve University. Informed consent was 

obtained from all participants. FMs were obtained from term pregnant (mean gestational age 

of 38.41±0.36 weeks) women delivering in the MetroHealth Medical Center by repeat 

Cesarean Section. The patients had no pregnancy complications and underwent Cesarean 

deliveries only because of a previous Cesarean delivery. Patients were scheduled for MRI 

within several days (0-7) of the scheduled delivery (average number of days between MRI 

and delivery = 2.88±0.83). The MRI data from these patients were used to determine the in-

vivo surface area measurements. In-vitro FM surface area measurements were performed 

immediately following delivery

In-vivo surface area measurement

T2-weighted fast breath hold sequences were utilized to generate isotropic MRI images 

throughout the placenta and FM. The MRI images (Figure 2a) were then segmented (Figure 

2b) using free software, Medical Image Processing, Analysis, and Visualization (MIPAV), 

from the NIH website (http://mipav.cit.nih.gov/). Each MRI image was segmented and 

stacked (Fig. 2c). The resulting segmented images (Figure 2c) were then imported into 

Geomagic/Studio (Research Triangle Park, NC), a commercial software package, in order to 

produce a three-dimensional cloud of points, commonly referred to as a point cloud (Figure 

2d). The point cloud data derived from segmentation served as a link between MRI and a 

three-dimensional geometric model. Next, a surface wrap was performed to produce a 

stereolithography (STL) formatted surface (Figure 2e). A STL surface is a simple surface 

definition made by triangulating the point cloud data, which produces a set of triangular 

elements that only contains information of connectivity and surface normals (Figure 2f). The 

STL surface was then conservatively smoothed because raw data can lead to imperfections 

in the geometric quality. Next, four sided patches were defined which capture significant 

topological and curvature surface characteristics. A Non Uniform Rational B-spline 

(NURBs) based model was then constructed from the patch definition by establishing a grid 

of control points within the field of patches (Figure 2g). The NURBs format is compatible 

with CAD modeling tools such as SolidWorks (Dassault Systemes SolidWorks Corp. 

Concord, MA). After the NURBs-based geometry was constructed, SolidWorks was used to 

calculate the in-vivo FM surface area. In addition to the total gestational sack surface area, 

the surface area of the placental amnion (covering the disc) was separately determined. The 

reflected FM SA was then the total minus the disc area.
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In-vitro surface area measurements

Upon receipt of the placenta and FM, the membranes were carefully dissected from the 

placental disc as close to the placental rim as possible. The reflected FM was washed in 

room temperature phosphate buffered saline (PBS) and carefully cut into three or four 

fragments. Note, the number of fragments used was sufficient to flatten the membranes with 

no apparent residual curvature or wrinkling. The fragments were maintained in room 

temperature PBS for 10-15 minutes while the disc was traced. Tracing involved placing the 

placental disc in a dish fetal side up. The pan was covered with a plexiglass plate (plate does 

not touch the disc) and a marker was used to carefully trace the placental (amnion covered) 

disc area onto the plexiglass. This tracing was then transferred to tracing paper. Each of the 

FM fragments was then gently placed on a shallow flat tray which was filled with room 

temperature PBS to a depth of approximately 0.5 cm. Once filled, the FM fragments were 

suspended in the PBS in slight contact with the bottom of the tray. The FM fragments (if 

contorted) were carefully unfolded into single layers, amnion side facing down (toward the 

bottom of the tray). The tray was gently agitated for 30-40 seconds resulting in spreading 

and suspension of the FM fragments. The PBS was removed from the tray by vacuum 

aspiration leaving the wet FM fragment lying on the bottom of the tray in the same 

conformation as when suspended. The plexiglass sheet was then placed over the tray without 

touching the FM and the area of each fragment was traced onto the plexiglass, then 

transferred to tracing paper as outlined above for the disc.

To calculate the post-delivery surface area from the tracings, four 10 cm × 10 cm pieces of 

tracing paper were carefully measured and cut out. The four fragments of tracing paper were 

weighed, and the average weight for a 100 cm2 area was determined. Then, the placental 

disc tracing and the FM fragment tracings were cut out. The tracings were then weighed, and 

the surface areas of each tracing were determined by comparing their weights against the 

“standard” calculated above. Note that for these studies, only the amnion surface of the 

placental disc was included in the surface area measurements. The disc was traced because 

the surface area of the placental amnion over the disc needed to be measured, and separating 

this tissue from the placenta would have severely stretched the amnion.

Physiological membrane deformation analysis

In order to estimate the in-vivo stretch of the FM, the surface area determined from the in-

vivo measurements was divided by the in-vitro surface area measurements:

(1)

Membrane inflation study

Membrane inflation studies were performed on post-delivered intact FM in order to produce 

a FM tension-areal stretch curve, allowing direct correlation between in-vivo areal stretch, 

which was determined from the MRI, and the corresponding membrane tension. They were 

also performed on the amnion layer to gain insight into the FM failure process.
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A novel membrane inflation device was developed in order to perform membrane failure 

tests on the FM by means of equi-biaxial stretch loading while simultaneously quantifying 

collagen fiber architecture of the amnion layer during loading. The device consisted of a 

pressure chamber with imaging windows and specimen holder. PBS was utilized to apply 

sufficient pressure to induce failure (Figure 3A, B, and C). Pressure is applied with a syringe 

pump and was monitored with a pressure transducer, and small angle light scattering 

(SALS) was used to nondestructively quantify the collagen fiber architecture as pressure 

was incrementally applied. A detailed description of the SALS technique has been 

previously reported.38,39 Briefly, a 4 mW HeNe continuous unpolarized laser (λ = 632.8 nm) 

was passed through the tissue specimen. The spatial intensity distribution of the resulting 

scattered light represented the sum of all structural information within the light beam 

envelope. The angular distribution of scattered light pattern, I(Φ), which represented 

distribution of fiber angles within light beam envelope, was obtained. Quantifiable 

information based on I(Φ) included orientation index (OI), which is defined as the angle that 

contains one half of the total area under the I(Φ) distribution. Normalized orientation index 

(NOI) was calculated using:

(2)

where NOI ranged from 0% for a complete random network to 100% for a perfectly aligned 

network.38 Pressure and axial displacement were measured and recorded.

Full thickness FM tissue fragments selected to be away from the paracervical weak zone FM 

(n = 4, each fragment from a different FM) were utilized for these experiments.4,12,13 The 

FM was first cut into a circular shape approximately 10-13 cm in diameter. This ensured that 

the sample was large enough to be securely fastened between the clamping plates of the 

membrane inflation device (Figure 3A, 3B, and 3C). Hollow cylinder 1 was filled with PBS 

(pH 7.4) at room temperature, and the circular FM section was then placed on top of the 

clamping plate 1 connected to cylinder 1. Next, hollow cylinder 2 attached to clamping plate 

2 was filled with PBS and hollow cylinder 1 attached to clamping plate 1 was then fastened 

to clamping plate 2, securing the FM between both clamping plates. Note, both clamping 

plates contained a series of interlocking grooves, which served to align the clamping plates 

as well as hold the FM in place. In to the interlocking grooves, each clamping plate 

contained two o-ring grooves, where o-rings were placed in each groove in order to grip the 

membrane and prevent slippage as well as to serve as a seal to the atmosphere. Finally, the 

device was placed in its cradle. A three-way stop cock was connected to the side of cylinder 

2, and a syringe pump and pressure transducer were connected to ports of the stop cock. 

PBS was chosen as the means to apply pressure on the FM, and a blood pressure transducer 

(BLPR2) with an operating range between -50 to +300 mmHg (Sarasota, FL) monitored the 

pressure level up to failure. Pressure was applied continuously using a syringe pump 

(Harvard Apparatus PHD 2000 Syringe Pump) until membrane rupture. Pressure was 

recorded and axial images were taken of the FM during inflation in order to determine the 

displacement of the center of the inflated membrane. This is a necessary requirement for the 

determination of the membrane tension and the areal stretch as discussed below.
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Because the amnion layer of the FM is largely composed of collagen and because it is the 

major strength bearing component of the FM21,22, collagen fiber architecture measurements 

were performed on the amnion layer. Samples (n = 6, each from a different FM) were 

prepared by separating the amnion layer from the intact FM, and then tested with the 

membrane inflation device, as described above. Specifically, collagen fiber architecture was 

measured at 0 mmHg, 5 mmHg, 20 mmHg, 50 mmHg, 100 mmHg, after which it was 

measured in 10mmHg pressure increments until membrane rupture.

Stress-Stretch analysis of membrane

A hollow cylinder within hollow cylinder 2 exists in order to deform the FM into a known 

geometry, allowing one to easily compute the membrane stresses within the FM (Figure 

4A). In order to ensure that the FM was deforming uniformly, validation studies were first 

performed on latex, an assumed isotropic material, and then on the intact FM. For the 

validation study, images were taken of the profiles of inflated latex from the top view and 

side view of the burst device, which were then segmented with free software, Medical Image 

Processing, Analysis, and Visualization (MIPAV), from the NIH website (http://

mipav.cit.nih.gov/). Next, the pixel coordinates from the surface of the segmented images 

were extracted and plotted for comparison. The R2 value between the two profile curves was 

0.9105, where any difference in the plotted curves can be contributed to experimental error 

associated with manual segmentation of the profile images and image quality. Next, the 

amnion was inflated until the total displacement was of the amnion was ∼15mm, since pilot 

study revealed that the amnion ruptured at a displacement of ∼18-20 mm. Through the same 

analysis, the R2 value between the two profile curves was 0.9398, where any difference in 

the plotted curves can be contributed to experimental error associated with manual 

segmentation of the profile images and image quality. Thus, it was concluded from the 

validation studies that both the latex material and the FM deformed similarly and uniformly.

Due to the constrained geometry of the deformed FM and the deformed state of the FM, 

assumptions about the deformation of the FM during burst testing can be made. The 

deformation assumption utilized in the analysis of cells during micropipette aspiration was 

thus exploited40. In micropipette analysis, it is assumed that the equilibrium shapes of an 

aspirated cell or, in this case, the FM, are composed of spherical and cylindrical parts. In the 

case of a cell, as aspiration proceeds, the cell projection into the pipette grows, where the 

radius of the pipette is R1, the radius of the spherical part of the cell in the pipette is R2, and 

the projection length of the cell is L. This same approach was applied to the FM during the 

membrane inflation studies, where R1 is the diameter of the inner wall of the membrane 

inflation device (1.5 cm, Figure 3C), R2 is the radius of the FM, and L is the measured 

displacement of the center the inflated FM. Displacement of the center of the inflated FM 

was determined from the sequential axial images taken at each pressure value during 

inflation. In the case when L<R1, the geometry of the intact FM was treated as an oblate 

spheroid, or an elliptical membrane. However, when the L ≥ R1, the projection length 

continues to increase as a cylinder with a hemispherical cap with the same radius as the 

pipette, R1, and R1 = R2. The principal stress resultants for an inflated elliptical membrane 

can be defined as:  and
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(3)

T1 and T2 are the meridional (Figure 4B) and circumferential (Figure 4B) stress resultants, 

respectively, P is the distension pressure, and a and b are the deformed principal radii. a is 

the radius of the deformed membrane, which is determined from the displacement of the 

center of the inflated FM, and b is the radius of the membrane inflation device (1.5 cm). Φ is 

the angle formed between any point on the inflated membrane and center of the inflated 

membrane and ranges from 0° to 90°. When a = b, equation 3 reduces to the results for an 

inflated spherical membrane:

(4)

as in the case of micropipette aspiration. Thus, when the projection length L was less than 

1.5 cm, equation 3 will be employed, and when L is greater or equal to 1.5 cm, equation 4 

was employed. Note that when the projection length, L, of the FM is less than R1 and the 

meridional membrane tension and the circumferential membrane tension (T1 and T2, 

respectively) vary over the surface of the membrane, with the greatest tension at the top of 

the membrane. In this case, the reported membrane tension is the average of the meridional 

and the circumferential membrane tension, where:

(5)

The areal stretch of the deformed FM can be defined by the deformed FM surface area 

divided by the undeformed area. Note that due to equi-biaxial stretch conditions, shear 

stretches are zero and principle stretches are equal. When L<R1, the geometry of the intact 

FM was treated as an oblate spheroid, or an elliptical membrane, the deformed surface area 

of the membrane can be defined as:

(6)

When the L ≥ R1, the surface area of the deformed membrane can be described by the 

surface area of a hollow cylinder and hemispherical cap:

(7)

Thus, the areal stretch can be determined by dividing the deformed surface area of the FM 

determined from equations (6) or (7) by the undeformed area of the FM, which is defined as 

a circle:
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(8)

Results

Determination of areal stretch

Areal stretch of the FM, the ratio of the surface area of the FM in-vivo (at term just prior to 

delivery) to the in-vitro FM surface area (measured immediately after delivery) was initially 

determined. Eight patients underwent MRI before delivery (range 0-7; mean 2.9 days) by 

Cesarean Section at term (mean 38.41±0.36; range 36.57-39.85 weeks). The in-vivo surface 

areas of the FM were determined from the MRIs using the process described in Methods and 

Figure 2. Figure 5 depicts the three dimensional reconstruction of the FM from MRI, which 

was utilized to determine the in-vivo surface areas. The surface area of the delivered 

gestational sac (i.e. in-vitro surface area), which included both the reflected FM and the 

placental amnion (on the disc surface) was measured as described in Methods. The details 

for each FM are listed in Table 1.

The in-vivo surface area of the placental amnion (disc) was 357.09 ± 28.08 cm2 and that of 

the reflected FM was 1778.42 ± 107.39 cm2. The in-vitro surface area of the placental 

amnion (disc) was 297.18 ± 22.14 cm2 and the surface area of the reflected FM was 545.41 

± 22.90 cm2. The ratio of the in-vivo surface area to the in-vitro surface area of the reflected 

FM (not including disc stretch), or the fold areal stretch in-vivo, was 3.26 ± 0.11. The 

placental disc did not stretch to the extent of the membranes. The ratio of the in-vivo surface 

area to the in-vitro surface area of the placental disc was 1.22 ± 0.10.

Determination of in-vitro FM tension

Fragments of FM were biaxially stretched with the apparatus as described in Methods 

(Figure 3 & 4) to provide tension-areal stretch data from sub-failure to failure. The areal 

stretch ratio obtained (above) was then used to interpolate the intrauterine stress from this 

tension-areal stretch data. The FM tension-areal stretch curve displayed a typical “toe” 

region at lower values of areal stretch, followed by a transition into highly linear, stiff region 

(note, only data common to all data sets was averaged and plotted) (Figure 6). Using this 

curve, an in-vivo areal stretch of 3.26 ± 0.11 corresponded to a tension level of 72.26 N/m 

(Figure 6; solid and dashed lines). Additionally, the average intact FM rupture pressure was 

determined to be 302.63 ± 29.19 mmHg or 295.08 ± 31.73 N/m (Figure 6; red circle and 

dashed lines).

It is important to note that these pressure values are dependent on device geometry, while 

the tension values are not. In-vivo pressure values would be much less. For example, if one 

approximates the in-vivo geometry of the FM as a sphere with a radius of 13 cm (based on 

total in-vivo surface area of 2135.51 cm2 given in Table 1), a membrane rupture tension of 

295.08 ± 31.73 N/m would yield an estimated in-vivo rupture pressure of 34 mmHg, based 

on the Law of LaPlace (Pressure = 2T/a from equation 4). Note, previously reported FM 
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rupture pressures range from 40 to 393 mmHg (or estimated rupture tensions of 101.95 to 

261.98 N/m)41.

Although the ratio of tension at rupture to normal physiological tension was 4.08, the 

physiological areal stretch is ∼70% of the total membrane areal stretch (i.e. stretch at 

rupture). Thus the collagen fibers are close to maximally stretched and have minimal 

structural reserve under normal physiological conditions. Note that since each sample did 

not rupture at the same pressure, the average data represents the average response (n=4) up 

to the point where data exists for each sample (i.e. an areal stretch value of 3.528). These 

data were then fit with a polynomial equation, and the data was then extrapolated up the 

rupture pressure, which corresponds to an areal stretch of 4.681 at rupture.

Quantitative fiber architecture measurements

Under homogenous loading, the collagen fibers of the amnion were not aligned globally in 

relation to any anatomic structure in the uterus or placenta. Collagen fibers were recruited 

(uncrimped) rapidly with loading. NOI values, a measure of collagen alignment, showed an 

increasing trend with increased pressure, although these changes were not found to be 

statistically significant. Only minimal further deformation occurred after 50 mmHg of 

pressure, however, as indicated by the small change in the NOI (Figure 7A and B). Finally, 

failure at the fiber level in the amnion layer of the FM is a catastrophic event. Furthermore, 

this strictly catastrophic failure at the fiber level in the amnion was evidenced by a clean, 

rapid tear. This same behavior was corroborated in the in-vitro membrane inflation studies, 

where collagen fibers were fully recruited and stretched under physiological areal stretch 

(∼70% of the total membrane stretch), and a minimal increase in areal stretch resulted in 

membrane failure.

Discussion

Novel methodologies were developed and utilized to determine normal physiologic 

intrauterine FM deformation and the corresponding in-vitro membrane tension at term. 

Intrauterine FM tension was obtained by: First, using the ratio of the in-vivo FM surface area 

obtained via MRI close to delivery vs the in-vitro surface area measured immediately after 

delivery to calculate the fold change, or areal stretch of FM in-vivo; Second, experimentally 

determining the relationship between FM areal stretch and FM tension with a specially 

designed FM inflation device; and Finally, identifying the tension corresponding to the 

intrauterine fold areal stretch from the experimentally determined Tension-Areal Stretch 

curve (Figure 6). We were also able to determine the FM structural reserve by comparing 

normal physiological intrauterine stretch with that which caused rupture in the inflation 

device.

The few previous measurements of fold areal stretch that exist were based on direct 

measurement of the maternal abdomen or ultrasonography.26,42 Parry-Jones and Priya 

assessed the in-vivo surface area in women at preterm and term by placing calipers on the 

abdomen and measured horizontally between the symphysis pubis and the fundus of the 

uterus at 5 cm intervals.42 They determined that the ratio of the in-vivo surface area to the 

in-vitro surface area (the degree of distension) was 2.1 in term patients. Millar et al. obtained 
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serial longitudinal images of the uterus of women at preterm and term by ultrasonography.26 

The ultrasound images were then analyzed with custom software to determine the in-vivo 

surface area. They then measured the area of the expelled membranes after delivery. They 

determined that the ratio of the in-vivo surface area to the in-vitro surface area was 1.7 ± 0.3. 

In both of these studies the assumption was made that the placental amnion (overlying the 

disc) stretched to the same degree as the reflected FM. Using the same assumption our data 

show a 2.53 ± .06 fold areal stretch, somewhat higher than the preceding studies. With the 

more correct assumption that the disc, and its adherent placental amnion, stretch minimally 

(1.22 ± 0.10), the fold areal stretch of the reflected membranes is even larger (3.26 ± 0.11). 

It is not surprising that these results are different from those found by Parry-Jones and Priya 

due to utilization of such simple techniques, which resulted in limited precision in their 

measurements. Additionally, the results of the current study are likely more accurate than 

the study performed by Millar et al. due to the use of MRI sections as opposed to ultrasound 

images.

Through the current study, it can be concluded that the FM is distended during late gestation 

in-vivo with an areal stretch of 3.26 ± 0.11, assuming that the placental amnion (disc) 

stretches minimally (1.22 ± 0.10). These results corroborate the study performed by Millar 

et al, which demonstrated that the FM grows as well as becomes distended as gestation 

advances.26 Although the biochemical processes affecting FM weakening have been 

somewhat clarified, the concomitant effects of mechanical processes that lead to tissue 

failure are less clear. The manner in which physical stretch acts upon the biochemically 

weakened membranes which overlay the cervix is not known (as this region of the FM was 

not tested), but rupture initiation is postulated to occur in this region.4,12,13 The relatively, 

highly loaded state of the FM in-vivo may facilitate its susceptibility to enzymatic 

degradation, which has been shown to be augmented with increased load in other 

collagenous tissues, as discussed previously.34-37

Unlike the FM, other membranous soft tissues, such as the pericardium, heart valves, and 

unidimensional connective tissues such as ligaments often have a large structural reserve. By 

this we mean that their internal structures are designed so that they can withstand substantial 

loading beyond those encountered in normal physiological function. This is evidenced by 

the observation that their physiological loading ranges are well below their failure 

strengths.43-48

For example, native bovine pericardium has a physiological loading range of 0.6-1 MPa 

(4,500-7,501 mmHg)43-45 compared with an ultimate tensile strength of 5 to 26 MPa 

(37,503 to 195,016 mmHg).46 Native porcine aortic valve leaflet tissue normally functions 

at 140 kPa (1,050 mmHg) and has an ultimate tensile strength of 600-1200 kPa (4,500-9,000 

mmHg). Ligaments are thought to function in the “toe” region and the early portion of the 

linear region of the stress-strain curve, approximately 1-6.25 Mpa (7,501- 46,879 mmHg) 

and have an ultimate tensile strength between 4-45 Mpa (30,002- 337,528 mmHg) 

depending on the age and type of ligament.47,48 This structural reserve found in these tissues 

allows them to withstand loadings beyond their normal physiological demands without 

incurring damage. In contrast, the FM functions near its failure range (i.e. an estimated 

physiological tension of 72.26 N/m vs. a burst tension of 295.08 N/m), and well into its 

Joyce et al. Page 11

Placenta. Author manuscript; available in PMC 2017 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



linear region of the Tension-Areal Stretch curve. The FM is thus only capable of 

withstanding a 4-fold increase in stress above the in-vitro stress, and in-vivo areal stretch is 

approximately 70% of the total membrane areal stretch which the FM can withstand. Again 

the FM tissue in the untested weak zone may tolerate much less stress. Minimal stretch past 

the determined in-vivo stretch results in an exponential increase in tension, which likely 

facilitates failure of the FM at a prescribed time.

The structural measurements further corroborate the biomechanical findings that the FM 

functions physiologically in highly loaded state and that the highly loaded state of the FM 

in-vivo may facilitate its susceptibility to enzymatic degradation for programmed, 

biochemically mediated FM weakening of the para-cervical zone of FM overlying the cervix 

at term. Under homogenous loading, the collagen fibers of the amnion are not aligned 

globally in relation to any anatomic structure in the uterus or placenta, and the FM is an 

effectively isotropic material. Additionally, collagen fibers of the amnion layer were 

recruited rapidly (i.e. largest change in NOI occurred between 0 and 5 mmHg), and due to 

the equi-biaxial stretch state and since the change in preferred direction was not significant, 

the increase in fiber alignment was likely due to the uncrimping of the collagen fibers and 

not fiber re-orientation. Failure at the fiber level in the amnion layer of the FM is a 

catastrophic event, evidenced by a clean, rapid tear. If failure was not catastrophic and it 

manifested due to point defects leading to complete failure, small areas of dark blue 

(indicative of disruption to the fiber network) would begin to appear prior to failure. 

However, a large dark blue area in the center of the test specimen, which corresponded to 

the area of rupture, appeared at rupture. These finding suggests that no fibers are 

predisposed towards failure, meaning that no fiber is weaker than another fiber prior to 

biochemical weakening, providing a basis for establishing how the structure-function 

relationship of the FM is altered in the “weak zone.” It is likely that proteolytic enzymes 

play a role in the weakening of the FM, and these enzymes perhaps work synergistically 

with mechanical forces to induce tissue failure. 12,49-51

The baseline values obtained in these studies define the appropriate ranges for applied 

stresses in future in-vitro biomechanical testing of FM. Biomechanical and structural results 

demonstrated that FM collagen fibers were rapidly recruited with stretch, followed by a 

distinct linear region and rapid, catastrophic failure. As a whole, it is apparent that collagen 

fibers do not fail catastrophically until all collagen fibers are fully recruited and 

straightened.

Study Limitations

We reported tension values (force per unit length) in our study as opposed to stress values 

(force per unit area). This is because thickness varies slightly over the surface of the FM, 

and thus local areas of stress will likely vary over the surface of the FM as well. 

Additionally, the cross- sectional area of a ductile material over which the applied force acts 

changes greatly during loading and thus, the stress is difficult to measure. Due to the 

difficulty of measuring the change in cross-sectional area of the FM under loading and since 

performing thickness measurements over the entire surface of the FM is not feasible, tension 

values were which do not vary over the surface of the membrane were reported. Further, 
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while stress may vary due to thickness variations within the FM, a state of equi-tension is a 

reasonable assumption. Due the random distribution of collagen fibers within the FM and 

thus, the effective isotropic behavior of the FM, tension over the surface of the membrane 

will be the same in all directions. This feature is essential for the accommodation of fetal 

movement throughout gestation. If the fibers were strongly aligned in a preferred direction, 

the collagen fibers would only support the fetal movement in one direction (i.e. the preferred 

fiber direction). Thus, the FM would likely more often rupture aberrantly with minimal 

force.

As discussed in the methods section, collagen fiber architecture was quantified at 0mmHg, 

5mmHg, 20mmHg, 50mmHg, 80mmHg, 100mmHg, after which it was measured in 

10mmHg pressure increments until membrane rupture. The 10mmHg increment was chosen 

because the rupture pressure in individual specimens was unknown due to specimen 

variability. If a smaller increment was chosen, total test time would drastically increase the 

experimental time. Thus, 10mmHg increments of pressure were applied. The fact that no 

flaws prior to failure were detected with the current 10 mmHg increment should not be 

construed as an experimental flaw. While finer pressure increments may have shown point 

defects, it is far more likely that there were none.

Finally, the FM is a delicate tissue and is susceptible to deformation during handling. In 

order to minimize the impact on measure outcomes, the FM was subjected to minimal 

handling throughout testing. While performing in-vitro surface area measurements, tissue 

fragments were maintained in a pan of PBS. The fragments were never handled while 

surface area measurements were being made and were only handled during cutting and 

transferring tissue to pans of PBS. During mechanical testing, the cylinder of the membrane 

inflation device is slightly overfilled such that during set-up the membrane is floating on a 

thin layer of water and not suctioned against the surface of the testing device. While it is 

inevitable that any handling results in some deformation of the tissue, the reported 

physiological areal stretch are more than those reported in the literature (3.26 vs. 1.7-2.1). If 

the reported in-vivo areal stretch values in this study were much less than values reported in 

literature, one could argue that the FM was severely deformed during handling, but that is 

not the case. Additionally, during mechanical testing, the FM was capable of being stretched 

more than the estimated in-vivo areal stretch 3.26 and up to 4.68. If the FM was severely 

deformed during test set up, it would likely not stretch up to or more than the estimated in-

vivo areal stretch and a limited “toe region” would be present on the tension-stretch curve, 

which did not occur. Thus, deformation associated with handling was minimal.

Conclusion

In conclusion, the FM is significantly distended in-vivo. The derived tension-areal stretch 

curve and structural measurements show that the FM collagen fibers were rapidly recruited 

and function near the failure region. Minimal stretch past the physiological stretch results in 

an acute increase in tension facilitating rapid, catastrophic failure. These architectural and 

mechanical features underscore how the FM is intrinsically designed to withstand loading 

yet also undergo catastrophic programmatic failure.
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Highlights

• In-vivo fetal membrane stretch was determined utilizing MRI imaging.

• Fetal membrane collagen fibers function near their failure state at term.

• The physiological surface area at term is approximately 70% of that at rupture.
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Figure 1. 
FM collagen fiber recruitment: Traditional recruitment modeling assumes that a collagen 

fiber does not bear load until the collagen fiber is straightened, where K is the elastic 

constant. Gradual recruitment of collagen fibers results in a non-linear tension-stretch 

relationship. Initially all collagen fibers are crimped and do not bear load, which results in 

the toe region. With increased stretch, the fiber with the least amount of crimp, fiber 1 in this 

schematic, will bear load and become straightened. With increased stretch, fibers 2 and 3 

will become straightened, causing the tension-stretch curve to increase in a non-linear 

manner. As stretch continues to increase, all collagen fibers (1, 2, 3, and 4) will bear load 

and become straightened resulting in a highly linear region on the tension-stretch curve. 

When a small population of fibers is present, the tension-stretch curve is discrete (indicated 

by the solid line), but when a large population of fibers exists, the tension-stretch curve is 

continuous (dashed line).
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Figure 2. 
Key steps in the three dimensional reconstruction process: The FM (not including the 

placenta) in (a) each MRI section is (b) outlined and converted to a black and white image, 

referred to as segmentation. (c) After each MRI section of the entire FM is segmented, the 

segments are then (d) imported into Geomagic/Studio in order to generate a point cloud. (e) 

Next, a surface wrap is mathematically applied in order to generate a stereolithography 

(STL) surface. (f) The STL surface is a simple surface definition made by triangulating the 

point cloud from data, which produces a set of triangular elements that only contains 

information of connectivity and surface normals. (g) Finally, a Non Uniform Rational B-

spline (NURBs) based surface is constructed, which is compatible with commercial CAD 

modeling tools, such as SolidWorks which can calculate the desired surface area.
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Figure 3. 
Membrane inflation device: (A) Image of the membrane inflation device. (B) Schematic of 

the membrane inflation device. The device consisted of hollow cylinders (1 and 2) attached 

to clamping plates (3 and 4), which hold the FM fragment between them during inflation. 

Each cylinder (1 and 2) contains a clear acrylic window (5). (C) The diameter of the 

membrane inflation device is 3.0 cm.
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Figure 4. 
Determination of membrane tension: (A) An inflated membrane, confined by the walls of 

the membrane inflation device with the coordinate system used to determine membrane 

tension, where ϕ is between 0° and 90°, L is the measured displacement of the center of the 

inflated FM; a (R2) is the radius of the deformed membrane; b (R1) is the radius of the 

membrane inflation device; and P is the applied pressure. (B) A free body diagram of the 

meridional stress resultant (T1) and the circumferential stress resultant (T2).
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Figure 5. 
Three dimensional reconstruction from MRI: A representative image of three dimensional 

reconstruction of one FM from MRI using the process diagramed in Figure 2. This is a 360° 

view of a single membrane.
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Figure 6. 
The FM tension-areal stretch curve: The in-vivo deformation determined was 3.26±0.11, 

which corresponds to a tension value of 76.26 N/m. The average rupture tension was 295.08 

± 31.73 N/m, which is represented by the open circle. The solid black circles represent the 

averaged data. The dashed lines designate the physiological loading (in-vivo deformation) as 

well as membrane rupture.
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Figure 7. 
Quantitative fiber architectural measurements: (A) Representative image of the 

microstructural changes that occur in the amnion layer of the FM under isotropic loading. 

NOI values increased with increased pressure. However these changes were not found to be 

statistically significant. Since the change in preferred direction was not significant, the 

increase in fiber alignment was likely due to the uncrimping of the collagen fibers. Most 

importantly, failure of the amnion layer was found to be catastrophic. Point defects did not 

appear in the tissue leading up to failure. (B) These results can also be graphically presented. 

The NOI increase with increased pressure, with the greatest change in NOI occurs under the 

first 5 mmHg. NOI continually increases with pressure up to 100 mmHg, with minimal 

change thereafter.
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