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Abstract—The mechanical function of the uterus is critical
for a successful pregnancy. During gestation, uterine tissue
grows and stretches to many times its size to accommodate
the growing fetus, and it is hypothesized the magnitude of
uterine tissue stretch triggers the onset of contractions. To
establish rigorous mechanical testing protocols for the
human uterus in hopes of predicting tissue stretch during
pregnancy, this study measures the anisotropic mechanical
properties of the human uterus using optical coherence
tomography (OCT), instrumented spherical indentation, and
video extensometry. In this work, we perform spherical
indentation and digital image correlation to obtain the
tissue’s force and deformation response to a ramp-hold
loading regimen. We translate previously reported fiber
architecture, measured via optical coherence tomography,
into a constitutive fiber composite material model to describe
the equilibrium material behavior during indentation. We use
an inverse finite element method integrated with a genetic
algorithm (GA) to fit the material model to our experimental
data. We report the mechanical properties of human uterine
specimens taken across different anatomical locations and
layers from one non-pregnant (NP) and one pregnant (PG)
patient; both patients had pathological uterine tissue. Com-
pared to NP uterine tissue, PG tissue has a more dispersed
fiber distribution and equivalent stiffness material parame-
ters. In both PG and NP uterine tissue, the mechanical
properties differ significantly between anatomical locations.

Keywords—Biomechanics, Human uterus, Anisotropy,
Inverse finite element analysis.
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INTRODUCTION

The human uterus is a pear-shaped, thick-walled,
smooth muscle-rich organ within which the fetus
develops during pregnancy. Throughout gestation, the
uterine wall (myometrium) remains in a passive state
and accommodates the expanding amniotic sac by
growing, unfolding, and stretching. Then, ideally at
term (defined as 37 weeks), the onset of labor triggers a
drastic functional change in the uterus: its tissue
becomes highly excitable and contractile to safely de-
liver the baby.*'>' Early contractile activation of
uterine tissue can lead to preterm labor and birth
(PTB).” In 2015, more than 10 percent of pregnancies
around the globe ended in PTB; PTB is also the leading
cause of death in children under five years of age.*® In
addition, medically necessary induction of labor past
term via Cesarean section is likewise associated with its
own set of risks.*'* The mechanical function of uterine
tissue is critical for a healthy pregnancy and safe
delivery, yet little is known about its material proper-
ties and its mechanical response during pregnancy.
Therefore, characterizing uterine mechanical proper-
ties is essential for understanding the mechanisms of its
mechanical failure and causes of PTB.

Previous studies using magnetic resonance imaging
(MRI) have discovered the human uterus is a fibrous
tissue exhibiting significant anisotropy across different
anatomical regions and throughout the depth of the
uterine wall.*”®" Studies on other fibrous biological
tissues have found the distributions of its constituent
fibers have a significant impact on its stress and
deformation response to different loading regimes.>

0090-6964/21/0800-1923/0 © 2021 Biomedical Engineering Society


http://orcid.org/0000-0002-5989-0242
http://crossmark.crossref.org/dialog/?doi=10.1007/s10439-021-02769-0&amp;domain=pdf

1924 FANG et al.

Hence, uncovering the structure of a tissue’s fiber
network is critical to understanding its mechanical
properties.

Advanced imaging modalities and mechanical test-
ing frameworks have been successful at measuring the
anisotropic material properties of soft collagenous
tissues. Previous studies have used optical coherence
tomography (OCT) to investigate cervical collagen
ultrastructure for cancer detection®>** and to map
human cervical collagen fiber architecture at different
anatomical locations.!”® Instrumented indentation,
coupled with video extensometry, is a non-destructive
mechanical testing modality that can explore the ani-
sotropic mechanical properties of fibrous materials. A
previous study had used a four-step incremental
indentation test on tissue-equivalents to investigate
their fibrillar organization.*' Another study on human
cervical tissue has combined indentation testing with
inverse finite element analysis (IFEA) to characterize
its anisotropic mechanical properties.>® Building off of
these previous investigations, the goal of this study is
to use these methods (OCT, indentation testing, and
IFEA) to characterize the anisotropic mechanical
properties of the human uterus. Given the constraints
on the availability of human uterine tissue samples, we
report only observed material properties for uterine
tissue taken from hysterectomy patients with reported
uterine and/or placental pathologies.

MATERIALS AND METHODS

Specimen Collection and Preparation

Uterine specimens were collected from two patients:
one non-pregnant (NP), premenopausal patient (< 50
years old) who underwent a total hysterectomy due to
a benign indication and another pregnant (PG) patient
who underwent a Cesarean section hysterectomy due
to abnormal placentation at 34 weeks gestation. This
study was approved by the institutional review boards
at the medical center of Columbia University, and each
subject provided written informed consent. Patients’
demographic data are listed in Table 1.

Immediately after hysterectomy, a specimen was
collected from each of three uterine anatomical loca-

tions: the mid-anterior (front wall of the uterus), the
posterior (back wall of the uterus), and the fundus (the
top of the uterus) (Figs. 1(a)and 1(b)). All specimens
were full-thickness samples ranging from 15 to 35 mm
in depth and covered a square cross-sectional area with
an edge between 15 and 25 mm. All specimens were
flash-frozen using dry ice immediately after collection
and then stored in a —80 °C freezer (Thermo Fisher
Scientific Inc., Waltham, MA) prior to OCT scanning
or mechanical testing.

Before each OCT scan or mechanical test, the
specimens were thawed and equilibrated at 4 °C for 12
hours using phosphate-buffered saline (PBS) solution.
We performed a swelling test similar to our previous
study to determine this thawing protocol.?” Then, each
specimen was cut into four to eight slices parallel to the
uterine wall using a customized slicer to ensure each
slice’s smoothness. The slice dimensions of the NP and
PG specimens are listed in Table 2. The slices were
numbered from the outermost layer to the innermost
layer with increasing numbers starting from 1

(Fig. 1(c)).

Optical Coherence Tomography

To investigate the fibrous network architecture,
three-dimensional volumetric image-sets were obtained
from human uterine specimens using a commercial
spectral-domain OCT system, TELESTO (Thorlabs
GmbH, Germany), with 6.5 um axial resolution,
15 um lateral resolution, and 2.51 mm imaging depth,
in air. To avoid specimen movement, each slice was
laid on top of a coarse cork taped to a weighing boat.
The top of the specimen slice was dried to avoid
reflection, while the bottom was submerged into PBS
to keep the tissue hydrated. The weighing boat was
placed on a linear translation stage underneath the
objective lens. For each slice, both sides were imaged
with multiple volumes obtained by moving the stage
horizontally along the x- or y-axis. Since the surface of
the slice was not completely flat, the z-axis position of
the slice was also adjusted vertically to obtain best-
focused images. FEach volume consisted of
1375 x 1375 x 512 voxels, corresponding to a tissue

TABLE 1. Patient specific obstetric history.

Patient Age Ethnicity G P HYST indication Obstetric history
NP 40 AA 0 0 Symptomatic uterine fibroids No pregnancies
PG 39 White 11 2 34 weeks gestation; complete previa; Prior C/S x 2

suspected placenta accreta

G = Gravida; P = Parity; HYST = hysterectomy; NP = Non-pregnant; AA = African-American;.

PG = Pregnant; C/S = Cesarean section.
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FIGURE 1. Human anatomy, tissue collection, and specimen preparation. (a) The uterus and cervix are segmented from an MRI of
a 24-week pregnant patient.'? (b) Uterine specimens were collected through the full thickness at three anatomical locations: the
anterior (front) wall, the posterior (back) wall, and the fundus (top). (c) Each specimen was sliced through the thickness, parallel to
the uterine wall surface, into multiple slices with a height of 3 to 5 mm. The tissue slices were numbered 1 to 6 from the outermost
to the innermost layer. (d) A representative specimen slice viewed from the bottom (with speckling pattern for digital image
correlation analysis (“Digital Image Correlation (DIC)” section)).

TABLE 2. Uterine specimen dimensions.

Tissue type Length (mm) Width (mm) Thickness (mm)
NP 23.07+2.40 20.41+2.91 4.84+0.61
PG 25.30+3.21 20.82+3.70 4.43+0.93

volume of 5.5 x 5.5 x 2.51 mm’. A 10% scanning
overlap was applied between adjacent volumes for
image stitching. A white-light camera image was
obtained simultaneously with an OCT image to
delineate the field of view of the tissue. All volumes
were stitched adjacently to create a single mosaic vol-
ume using the image blending algorithm developed in a
previous study.'’

Masson trichrome stained histology was applied to
eight of the slices (2 NP & 6 PG) to evaluate the
microscopic tissue structure and to later compare with
OCT results (Fig. 2)."> By Masson trichrome protocol,
collagen and muscle tissue were stained blue and red,
respectively (Fig. 2(a)). In an OCT image, the extra-
cellular matrix (ECM) presents as a higher-intensity
region when compared with muscle tissue (Fig. 2(b)).
Biologically, collagen fibers are ECM components and
act as a sheath separating, structurally supporting, and
aligned with muscle fiber bundles.***® Consequently,
we characterized the fibrous network orientation by
tracking the orientation of the collagen fibers. Note
that, given the resolution of the OCT image, the term
“fiber”” here technically describes a fiber bundle, which
typically comprises hundreds of fibers that align in the
same direction. In this study, we measured network
characteristics at the scale of a fiber bundle
(>10 um).>'*** Hence, throughout the manuscript,
fiber alignment and dispersion describe the character-
istics of a fiber bundle as delineated in the OCT. The 3-

D collagen fiber architecture was mapped for each
OCT mosaic volume using a previously developed
custom image processing pipeline.*® The OCT images
were first de-noised and processed to enhance the
collagen fiber contrast. Valid regions of fiber mea-
surement were determined by segmenting the uneven
tissue surface using edge detection. The 3-D collagen
fiber en-face orientation is measured at each image
voxel and is described by the in-plane orientation map
0(x,y,z), whose value of zero starts at the positive x-
axis. A local gradient-based method was applied to
each en-face OCT image of the mosaic volume to ob-
tain 0(x, y, z)."* The gradient method operated within a
small “window” of the image and then calculated the
fiber orientation within the windowed area. Local
orientation was determined by the direction along
which the image gradient was maximized within each
window. The image gradient was obtained using 2-D,
3 x 3 pixel, horizontal and vertical Sobel filters G and
G,, and the gradient direction was 0 = arctan(G,/G,).
A D’Agostino-Pearson x? (normality) test was used to
determine if a windowed image area contained a valid
fiber orientation.” A k2 threshold value of 0.02 and a
window size of 51 x 51 pixels was selected for all
analyses.

Fiber Distribution Characterization

We used a von Mises distribution to characterize the
fiber distribution in the uterine samples, where we fo-
cus the characterization at a region of interest (ROI)
centered under the indenter. The von Mises distribu-
tion is commonly used to characterize fibers in soft
biological tissues when preferential fiber direction and
fiber dispersion significantly impact the tissues’ stress
and deformation under different loading regimes.'®*
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FIGURE 2. OCT and histology to verify tissue composition in the NP uterus. (a) Masson trichrome stained histology section from
the NP anterior uterine wall. The blue stain represents collagen, and the red stain represents smooth muscle tissue. (b) OCT en-
face image from the same uterine tissue sample. Features are not matching exactly due to the small scale and different view depths
of the images. The visual comparison shows that in the OCT image, the higher intensity areas are collagen fibers, while the lower

intensity areas between collagen fibers are smooth muscle tissue.

A typical von Mises, also known as the circular normal
distribution, is defined continuously over the range, in
radians, from zero to 2n. Fibers, however, have ori-
entations rather than directions; as such, they span the
range, in radians, from zero to n. Therefore, a hybrid
method was developed in this study to characterize the
fiber distribution by fitting a =-periodic von Mises
distribution, or a mixture of them, to the 0 values
determined from OCT (“‘Optical Coherence Tomog-
raphy” section). To incorporate the OCT results into
our IFEA workflow and to balance computational cost
with accuracy, we selected a region in the tissue with
the largest strains and an approximately uniform stress
distribution as the ROI. This 2-mm diameter circle
centered at the specimen bottom is informed by our
preliminary FEA results (not shown here). The number
of distributions was iteratively tested to find the best
fit. The modified probability density function for a
single m-periodic von Mises is defined, following a
previous study,” as:

1 eKcos(Z(x—,u)) {

f(X|,u,K)—n_ IO(K> ( )
where p is a measure of mean angle, representing the
preferred fiber orientation; k is a measure of concen-
tration (a reciprocal measure of dispersion), with small
Kk representing a close-to uniform (very dispersed)
distribution and large x representing a distribution
very concentrated around the angle p; and I is the
modified Bessel function of order zero. We calculated u
using an R package, BAMBI (BAMBI only supports
estimation of parameters for a 2n-periodic von Mises
distribution. However, the relationship between 6 and
u is stable under linear transformation. Therefore, we
fitted the distribution to raw 6 values multiplied by
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two. The recovered u was then divided by two to return
its m-periodic value).” x was calculated using a root-
finding algorithm in R to solve for the equation
I &
npgg =S eos2x — ) =0, k>0 (2)

i=1

where I and I' are the modified Bessel functions of
orders zero and one, and 7 is the size of 0.

Indentation Test Regimen

A four-level, ramp-hold indentation test was per-
formed using a customized experiment rig (Fig. 3(a)).
To keep the specimen slice hydrated throughout the
test and to allow tracking of its speckled bottom sur-
face for DIC analysis (“Digital Image Correlation
(DIC)” section), we placed the specimen in a PBS-filled
bath chamber with a clear acrylic window on the
bottom. Below the window, a 90° prism was fixed to
reflect the specimen bottom into a charge-coupled de-
vice camera (Point Gray Grasshopper, GRAS-50S5M-
C75 mm, f/4 lens) at the front. The light was cast by
two LYKOS Daylight LED lights (Vitec Imaging
Distribution Inc, Upper Saddle River, NJ) from the
front. We placed the experiment rig on a universal
testing machine (Instron, Inc., Norwood, MA).
Indentation tests were performed using a 6-mm
diameter spherical indenter attached to a 5 N load cell
(Instron, Inc., Norwood, MA, accuracy of 0.005 N).

To find the zero-contact point before each test, the
indenter was positioned closely above the specimen
and moved down in 8 um increments until a force
change greater than 0.15 mN was observed. The
indenter was then moved out of contact with the
specimen, and the specimen was allowed to equilibrate
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FIGURE 3. Indentation test setup, test protocol profile, and corresponding force and strain data (a) Schematic illustration of the
custom indentation test rig. The clear acrylic window allows the front camera to capture the deformation of the specimen bottom
surface. (b) A representative image of the specimen bottom surface and its speckle pattern. The indentation test was performed at
the center of the red square shown by (c). (d) A four-level ramp-hold protocol was used for the indentation test. The indentation
depth was prescribed as a percentage of the full tissue thickness at the indenting location. The tissue was held for a sufficient time
to equilibrate after each displacement. (e) The force-time data of the indenter are shown as a black line, with asterisks marking the
equilibrium state at each level. (f) First (e;) and second (&) principal strain of the specimen bottom under the indenter are shown as
the continuous lines, with asterisks marking the equilibrium state at each level.

for one minute. The force was reset before the actual
test. Indentation depths were prescribed as displace-
ment—15, 30, 45, and 60% of the specimen thickness
at the indenting location (Fig. 3(d)). To avoid hori-
zontal movement during testing, all the specimen slices
were indented in the center. (A small number of slices
were indented slightly off-center due to the speckle
quality and smoothness of their bottom surfaces.) For
all the slices, the ramping rate was one percent of the
thickness per second. After each ramp, the indenter
was held still for 480, 600, 720, and 900 seconds,
respectively, for the specimen tissue to relax and reach
an equilibrium. Force—time (N-s) data were recorded
using a material tester software (Instron, Inc., Blue Hill
version 3.11.1209) (Fig. 3(e)).

Digital Image Correlation (DIC)

DIC, a non-contact, length scale-independent tech-
nique, was used to measure displacements and calculate
the 2-D strain field of the specimen’s bottom surface.”
The correlation algorithm identifies unique pattern
features within multiple small pixel subsets. It tracks the
translation, rotation, and deformation of each subset,
rendering the full-field displacements and corresponding
strains. 2-D DIC was applied in this scenario of planar
test subjects. Before indentation tests, each specimen
slice was dried and speckled with Verhoeff’s elastic stain
(VEG). Black water-insoluble ink (Chartpak, Inc.,
Leeds, MA) was applied to the bottom surface using an

airbrush (Harder & Steenbeck GmbH & Co., Germany)
and a Sprint Jet air compressor (Iwata Medea Inc.,
Portland, OR) (Fig. 3(b)). The camera aperture was set
to produce a high contrast while maximizing the depth
of field. Images were taken using Vic-Snap (Correlation
Solutions, v2010, Irmo, SC) at two set acquisition rates:
two images per second during the ramps and one image
every 30 seconds during the holds. Calibration images
were taken for each test set; a ruler with 1/16 inch
gradations was included in the field of view.

The images were processed using software Vic-2D
(Correlated Solutions, v6) with an incremental corre-
lation method where a seed point was defined in one
image and searched in the following ones. A square
area with discernible displacement and good speckle
quality was selected around the indentation center to
perform a good correlation. The correlation quality is
indicated by the confidence interval o, a parameter
calculated by the DIC software to show the match at
this point, in pixels.®> A confidence interval larger than
95% was set to determine a good correlation. The area
of interest was then meshed into square subsets with an
edge between 47 and 61 pixels (0.69-0.90 in mm),
where each subset had a unique speckle pattern to
improve tracking. Step size, the spacing of pixels
between each analysis step during correlation, was set
to be roughly 1/4 of the subset size as suggested by the
software manual. The displacement field was converted
from the pixel field to mm using the calibration images.

o . . DIC
The first and second principal Lagrangian strains (e;
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and eP’€) were calculated using a 90% centered
Gaussian filter (Fig. 3(f)).

Finite Element Analysis (FEA)

FEA was performed to simulate and compare with
the mechanical tests using FEBio Software Suite (Salt
Lake City, Utah). The actual length, width, and
thickness of the specimen slice were measured after
thawing to create the computational model. Finite
element models were created in Preview, the prepro-
cessor of FEBio specifically designed for setting up FE
problems. A rectangular cuboid represented the spec-
imen slice, and a 6-mm diameter rigid sphere repre-
sented the stainless steel indenter. The solid model of
the uterine slice and the indenter sphere were both
meshed using HEX-8 elements, which are computa-
tionally cheaper with satisfactory accuracy for simple
geometries compared to TET-10 elements.”* A mesh
convergence study (not detailed here) showed an ade-
quate discretization with an element edge length of
0.5 mm. The number of elements ranged from 11,648
to 18,048, depending on different specimens’ sizes. We
applied a sliding-tension-compression contact between
the lower hemisphere of the indenter and the top sur-
face of the specimen. This contact mode allows a sur-
face to separate from the other or have contact and
slide across the other (but not to penetrate), repre-
senting the frictionless interface between the indenter
and the specimen in the experiments. Only the z-dis-
placement (vertical) of the specimen bottom was fixed
as it could not penetrate but could move freely across
the bath chamber. These frictionless contact assump-
tions were guided by the fact we were interrogating
equilibrium and quasi-static loading conditions. Pre-
vious studies on soft collagenous tissues have adopted
this assumption.'??%3>4%:% In addition, our friction
sensitivity study, using finite element analysis, on both
contact surfaces found less than 5% change in both
indenter force and specimen bottom principal strains.
A fixed-displacement boundary condition was applied
to the specimen’s further side to stabilize the geometry
(Fig. 4(b)). The indentation profile was modeled as a
prescribed displacement (“‘Indentation Test Regimen”
section noitces); the process was divided equally into
four steps to model the four-level ramp-hold protocol.
The rigid sphere (indenter) was placed on the cuboid
(specimen) top surface at time point zero to simulate
the zero-contact point in the mechanical test.

Constitutive Model

Uterine tissue in this study was modeled using a
previously published constitutive material model,™
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where a continuously distributed 3-D fibrous network
was embedded in a compressible neo-Hookean ground
substance. This material model was verified for human
cervical tissue, consisting mostly of collagen fibers
embedded in an elastic ground substance. The human
uterine tissue has the same framework but with smooth
muscle fibers in addition to collagen fibers as the fi-
brous network. Biologically, uterine smooth muscle
cells (SMCs) and collagen fibers have some degree of
interconnectivity: SMCs are grouped into fiber bundles
by connective tissue within and around the bundle. The
connective tissue is predominantly composed of colla-
gen. Mechanically, a previous study on the material
properties of muscle fiber composites (muscle and
collagen) showed its fiber modulus, a measurement of
fiber stiffness, is about five times higher than that of
muscle fiber alone, indicating collagen fibers acting as
the primary load-bearing component.* Consequently,
collagen and smooth muscle fibers were altogether
modeled as the fibrous network here. (This simplifying
assumption is a limitation of the model. Once addi-
tional experimental evidence of the interconnectivity of
the uterine collagen and SMCs are realized, the
material model can be refined.) The total Helmholtz
free energy density W, therefore, is an additive contri-
bution from a ground substance W of non-fibrous
ECM components and the fibrous network W/. This
is expressed by

¥(F,n) = ¥Y°5(F) + ¥V(F,n) (3)

where F is the deformation tensor and n is the prefer-
ential direction of the fiber distribution.

The strain-energy function for the neo-Hookean
ground substance W% and the fibrous network P
are as follows, respectively,

U

)
\pGSZE(/]—s)—uanJrz(anz) (4)

21 T
FN(F ) — _ [)\WEN
W (F n) /0 /O Hiln’ DWE(1,) .
1 [k ¥

e .
E\/;—;msmd)d(ba@

where u (only here) and 4 are Lamé parameters and
can be converted to Young’s modulus E and Poisson’s
ratio v. x is the von Mises concentration factor char-
acterized in ““Fiber Distribution Characterization”
section. [ is the first invariant of right Cauchy-Green
deformation tensor C = FTF , and J =detF is the
determinant of the deformation gradient tensor. H(-) is
the Heaviside unit step function that ensures fibers are
only active in tension, since collagen fibers cannot
support compressive stresses due to their wavy struc-
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FIGURE 4. A finite element model was built to simulate the indentation test, and its strain and force responses were compared
with the experimental data to find best-fit material parameters. (a) The indentation test was performed on the specimen slice in a
PBS bath using the universal testing machine. (b) The specimen was modeled as a rectangular cuboid with its bottom surface
restrained in the z-direction and one side restrained in all directions to stabilize the geometry. The indenter was modeled as a rigid
sphere with a prescribed displacement in the z-direction. Both parts were meshed using HEX-8 elements. (c) The lines represent
the first (efF4) and second (eft4) principal strain responses in FEA, while the asterisks represent the experimental equilibrium
strain responses (efXF and ef*”). (d) The line represents the FEA force response (F4) while the asterisks represent the

experimental equilibrium force responses (FEXF),

ture.>* I, =n-C-n is the normal component of C
along n. erfi(-) is the imaginary error function, and ¢
and 0 (only here) are the spherical coordinates.

The exponential law gives the strain-energy density
function of a single fiber

w_ S

" 2a
where fiber modulus ¢ is greater than zero and expo-
nential coefficient « is equal to or greater than zero.

In this constitutive model, six parameters
(E, v, 0, x, £, and ) were used to describe the material
behavior. For the compressible neo-Hookean ground
substance, Young’s Modulus E describes the stiffness
and Poisson’s ratio v describes the Poisson effect. For
the anisotropic fibrous network, preferential direction
0 and concentration factor x describe the fiber distri-
bution, fiber modulus ¢ describes the fiber stiffness,
and o describes a single fiber’s exponential behavior. E,
v, and ¢ were determined by IFEA optimization (Sec.
2.8); 0 and k were determined by OCT and von Mises
fitting (““Optical Coherence Tomography” and “Fiber
Distribution Characterization” section); and o was
chosen to be 5.7 based on our sensitivity study (Sec.
2.10).

[ea(l,ﬁl)z _ 1} (6)

Inverse Finite Element Analysis (IFEA)

We used an inverse finite element method, deploying
a previously-verified genetic algorithm (GA) written in
MATLAB, to fit model parameters to our experi-
mental data.’® Force-displacement and the equilibrium
principal strain data of the specimen at the ROI were
collected from the universal testing machine and DIC
analysis results, respectively, as experimental (EXP)
data. The same type of data was also collected from the
corresponding region of the computational model as
finite element (FEA) data (Figs. 4(c) and 4(d)). Three
material parameters (E, v, and ) were iteratively
optimized within the boundaries listed in Table 3, and
the following objective function was calculated and
examined to find the best-fit material parameters,

N

E(E,v,&) =)

i=1

FEA"

EXP'
€ €]

EXPY
norm
FEA' EXP'!
)

EXPN
norm

FFEA’ _ FEXP"

N
>
i=1
N
>
i=1
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TABLE 3. IFEA fitted fiber composite material parameters.

Parameter Mean value Standard deviation
E[0.1, 100] kPa 1.758 kPa 0.670 kPa

v [0, 0.499] 0.329 0.121

£ 10.1, 10] kPa 0.389 kPa 0.341 kPa

Results represent all specimens including NP (N = 14) and PG
(N = 13); Values in square brackets represent the search space of
each parameter for IFEA based on preliminary results prior to IFEA
and our previous study.®°.

where i is the level number of the indentation test
protocol with a total being N =4, e represents the
equilibrium principal strain of the specimen in the
ROI, and F represents the equilibrium force of the

. N . .
indenter. The term ¢EXP" is the Euclidean norm of
EXPN

et and eEXP". Superscripts “FEA” and “EXP”
denote the data of the finite element model and the
experiment, respectively.

As a comparison and to provide a more simplistic
modeling approach, we also performed IFEA on the
indentation tests using a simple neo-Hookean model
with model parameters E,y and v,y. Optimization
computations were run on Columbia University’s
high-performance computer Terremoto (https://cuit.c
olumbia.edu/shared-research-computing-facility).

Model Validation

Next, we validated the material model and best-fit
material parameters against the measured 2-D strain
field just outside the IFEA ROI. Error between the
model and experiment just outside our ROI was cal-
culated (comparing ¢/ and %1 to P and Y7,
respectively). The resolution of the DIC experimental
data was larger than the number of elements in the
FEA model, so the DIC data were downscaled by
averaging pixels falling within a fixed width of each
FEA element. Natural neighbor interpolation algo-
rithm in MATLAB was applied to fill vacancies in DIC
results caused by imperfect speckle patterns. The error
for each element of FEA was then calculated using

oFEA _ EXP

(3)

error =

eEXP

To examine the fitness of our material model in ten-
sion, we applied the best-fit fiber composite models of
six randomly-selected specimens (3 NP & 3 PG) to
their tensile counterparts. We also applied a simple
neo-Hookean model to them. We then used forward
FEA to predict their stretches and stress responses
under tension and compared the predictions with our
tensile experimental results. For the uniaxial tensile
experiments, we performed a three-level load—hold—
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unload protocol on the same specimens from the
indentation in a PBS bath on the universal testing
machine. Two orthogonal cameras captured the spec-
imen’s dimension changes from the front and the side.
Tension displacements were prescribed as percentages
of the grip-to-grip distance—15, 30, and 45%. The
tissue was held for 30, 45, and 60 minutes to equilibrate
after each displacement, respectively. Force—time (N-s)
data were recorded using the material tester software
(Instron, Inc., Blue Hill version 3.11.1209), and camera
images were segmented in MATLAB to extract speci-
mens’ dimensions.

Sample Topology Study and IFEA Sensitivity Study

We dissected the tissue using a customized slicer to
create an even specimen surface. Hence, in an effort to
quantitatively determine whether the tissue is suffi-
ciently smooth, we performed a topology study using
nano-indentation (Piuma, probe No.P190689, stiffness
0.49 N/m, tip radius 104 um, Opticsl1 Life, Amster-
dam) on one NP and one PG slice, both randomly
chosen. On each slice, we tested two square areas with
an edge length of 6 mm, equivalent to the maximum
contact area during the indentation test. Within each
area, we tested 49 spots in a 7 x 7 mesh grid, and the
two areas were 5 mm apart. We then constructed three
FEA models where the specimen had undulations (as
tall as the largest detected height difference) on its top
surface to simulate the unevenness, and the indenter tip
was placed on top, in the valley, and on the ridge of the
undulations. The indenter force and the first and sec-
ond principal strains centered at the specimen bottom
were compared between the scenarios.

Our previous study found the indentation test is not
sensitive to changes in o; we therefore set o to be 5.7 to
reduce the unknown parameter set, improving accu-
racy.”” o will be better informed by our ongoing ten-
sion study. To assess the sensitivity of all IFEA-fitted
material parameters to the indentation test, we per-
formed a sensitivity study on one NP and one PG
specimen, both randomly chosen. We altered each of
the three parameters, one at a time, from 10% to 200%
of its best-fit value, and compared the differences in
indenter force, and first and second principal strains. A
new fitting error was also calculated using Eq. 7.

Statistical Analysis

One-way analysis of variance (ANOVA) was per-
formed in MATLAB and R (a p-value of 0.05 was
considered statistically significant) on the fiber distri-
bution concentration factor (x) and the IFEA-opti-
mized material model parameter set (E, v, and &) in
several different comparison groups. These groups
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were determined according to (1) the pregnancy status
of the patient (non-pregnant, pregnant), (2) the
anatomical locations of the specimen (anterior, poste-
rior, fundus), and (3) the relative specimen depth in the
uterine wall (outermost layer, middle layers, innermost
layer).

RESULTS

Fiber Distribution

Preferential alignment of collagen fiber bundles is
observed in the human uterine specimens collected for
this study, evidenced by OCT and tissue strain data.
Within the interrogated ROIs, one or two fiber families
are found. Fig. 5 shows a representative fiber distri-
bution characterization. For this specific NP fundus
specimen, two von-Mises distributions
(0, =049,k =6.03;0, =2.28,k, = 2.11) are fitted
after 100 iterations. Among all 27 specimens, 36 von
Mises distributions are fitted to 36 detected fiber
families (Fig. 6(a)).

Both NP and PG uterine tissue samples contained
preferentially-aligned fiber bundles, with significant
differences in uterine fiber distribution (Fig. 6(a)). Each
fiber family is represented by a single line in the figure,
and the concentration of the fibers about the prefer-
ential direction, according to the von Mises distribu-
tion, is indicated by the color bar. Blue denotes a fiber
concentration factor equal to zero, representing a
uniform distribution, while red denotes a concentra-
tion factor equal to four, representing a more aligned
distribution. Values larger than four (N = 4) are set

(@

equal to four to improve presentation. The distribution
concentration factors are compared between the NP
and PG specimens quantitatively (Fig. 6(b)), and PG
specimens  have  significantly  smaller  values
(p = 0.00362), indicating a more uniform (dispersed)
distribution. For the anterior and posterior specimens,
the majority of NP fiber families orient at around n/4
and 37n/4 (anatomically oblique), while the PG fiber
families orient dominantly at 7/2 (anatomically longi-
tudinal) (Figs. 6(c) and 6(d)).

Indentation Test Force—Strain Response

Human uterine tissue displays a force-relaxation
response to the ramp—hold displacement profile of the
indentation test (Fig. 7(a)), and both the force and
strain responses at equilibrium states are nonlinear
with respect to the indenter displacements (Fig. 4).
Among all fourteen NP specimen slices, the equilib-
rium force response distribution at the fourth level,
60% thickness displacement, is 0.051 +0.023 N. For
thirteen PG specimen slices, the equilibrium force
response distribution at the fourth level is
0.040 £ 0.019 N. Note, specimens have varying thick-
nesses due to tissue collection constraints. For almost
all of the specimens, the principal strains (e** and
ef¥P) are at the maximum centered under the indenter
(Figs. 7(b) and 7(c)), except for three PG specimens.
(For these three specimens, it appears maximum strain
may not have been centered under the indenter because
indentation was performed at the boundary of two
distinct fiber family profiles. In this case, the typical
engineering assumption of affine motion of fibers with

b /2
® 2713

oml6 /6 57/6

2x/3 \\ Y

4
/2 0 10% 20%
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FIGURE 5. En-face 0 data map fiber orientations, and a mixture of two von Mises distributions are fitted to the 6 in the ROI. (a) ¢
data are obtained by the gradient-based method at each subset of one NP uterine slice. The fiber orientations in radian range from
0 to =. The white dashed-line circle denotes the ROI, a 2-mm circle centered under the indenter. White pixels on the specimen edge
represent the background, while white pixels inside the specimen represent missing data from OCT. (b) A polar histogram for
values of 6 in the ROl was plotted from 0 to =, the resolution is z/20. (c) Histogram, empirical PDF, and fitted von Mises distribution
of 0 data in the ROI are plotted as the grey bars, the black line, and the red line, respectively. The values of 0 and x show the

direction and concentration of the von Mises.
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FIGURE 6. The fiber distribution compared between the NP and PG patients. (a) Each line represents one fiber family with its
direction representing the preferred fiber orientation and its color representing the distribution concentration. The color bar
denotes the value of the concentration factor with red equal to four (more concentrated) and blue equal to zero (uniformly
distributed). The tissue is viewed from above. (b) Fiber concentration factors of the PG tissue are significantly (p = 0.00362) smaller
than those of the NP tissue. (¢)—(d) Fiber distributions viewed at various anatomical locations show NP tissue has more obliquely
arranged fiber families; PG uterine tissue has more longitudinally arranged fiber families.

respect to the total deformation gradient does not
hold.) Among all specimens, a large difference is
observed between the first (¢;) and second (e,) princi-
pal strain. The average of the ratios between these two
strains of all specimens is 1.92 + 0.72. Therefore, this
result indicates an anisotropy of various degrees in the
uterine tissue’s material properties. All specimen
geometries and equilibrium force and strain data are
available at the Columbia University Libraries’ Aca-
demic Commons (https://doi.org/10.7916/d8-r7mq-at2

).

IFEA: Best-Fit Material Parameters

Among IFEA-fitted parameters (E, v, and &), E, and
v are found to be sensitive to the indentation test. This
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is supported by large changes in indenter force and
principal strains caused by changes in the parameter
from our sensitivity study results (not detailed here).
The best-fit parameter set for the fiber composite
material model is averaged and listed in Table 3. Va-
lues in the table reflect the average of all data,
including 27 indentation tests (four to six layers of the
uterine wall at three anatomical locations of two
human uteri) (Fig. 8). The GA-based optimization
converged for all specimens. The errors calculated by
the objective function (Eq. 7) E=0.50 £+ 0.19, indi-
cating a nice fit by the defined criteria. The comparison
of Young’s modulus E and Poisson’s ratio v of the
ground substance between the two patients show a
discernible difference, although the high p-values sug-
gest these differences are not significant. The average
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FIGURE 7. Force response of one PG fundus specimen and corresponding equilibrium principal strains at the four levels. (a) The
black line represents the force response recorded by the Instron with red asterisks marking the equilibrium points at each level. (b)
A von Mises distribution (z = 1.65, x = 2.13) is fitted to the 0 data in the ROI (white dashed-line circle) and plotted. (c)—(d) The DIC
analysis renders the equilibrium first (e1) and second (e;) principal strain fields of the specimen bottom at each level with the white
asterisks marking the indenting location. For each measurement (e; and e;), the strain fields at different levels are in the same color

scale.

of E is 1.758 kPa with a standard deviation of
0.670 kPa. The average of v is 0.329 with a standard
deviation of 0.121. The ¢ are within the range of 0.1 to
1.339 kPa, and the average is 0.389 kPa with a stan-
dard deviation of 0.341 kPa.

The specimen bottom’s first and second principal
strain responses are found to be sensitive to v and the
fiber distribution (0 and «) and are captured well by the
anisotropic material model with a similar pattern and
magnitude between the experiment and FEA (Fig. 9).

The best-fit parameter set (E,y and v,y) for an
isotropic neo-Hookean model is also listed (Table 4).
The isotropic neo-Hookean material model is able to
capture the force-displacement indentation response
but does not capture the difference between the first
and second principal strain.

Mapping Uterine Material Properties

Human uterine tissue displays heterogeneous
mechanical properties at different anatomical locations
and across different layers through the uterine wall
(Fig. 10); an intrasubject analysis accounts for
incomparable uterine pathology (more details are in-
cluded in “Discussion” section). Fourteen NP speci-
mens in total were tested from the anterior (n = 4), the
fundus (n = 5), and the posterior (n = 5) of the uterus
(Fig. 10(a)). At each location, the total number of
uterine slices differs due to differing uterine wall
thicknesses (Fig. 10(b)). Noncontinuous numbers
indicate certain slices were not mechanically tested due
to the histology process where specimens were fixed
and embedded in paraffin blocks, and therefore, un-
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Best-fit parameters between subjects
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FIGURE 8. The best-fit material parameters are compared
between the NP and PG tissue. The average E and average v of
the NP tissue are both slightly larger than those of the PG
tissue, while the ¢ has a reversed trend. However, the high p-
values evaluated by one-way ANOVA in R suggest these
differences are not significant.

able to be mechanically tested. Young’s modulus E
appears to be significantly different between NP
anatomical locations (p = 0.0229). Poisson’s ratio v of
the NP posterior specimens has a wide spread of values
where the middle three layers are much larger than the
innermost and outermost layers. Thirteen PG speci-
mens in total were tested from the anterior (n = 4), the
fundus (n = 4), and the posterior (n = 5) of the uterus
(Fig. 10(c)). Poisson’s ratio v of the PG posterior
specimens has a wide spread of values. No significant
differences are observed otherwise, as suggested by
high p-values. However, due to the difficulty of col-
lecting specimens from human subjects, the sample size
of this study is small, limiting its statistical significance.

DISCUSSION

In this study, the anisotropic material behavior of
two human uteri is characterized at various anatomical
locations using spherical indentation coupled with 2-
dimensional video extensometry. We improve on pre-
vious methods by (1) developing a new fiber distribu-
tion characterization method using the imaging results
to reveal uterine tissue anisotropy and (2) employing
the observed fiber structure to optimize material
modeling. Using a non-destructive imaging modality,
OCT, instrumented spherical indentation, and inverse
finite element analysis, the anisotropic mechanical
properties of two human uteri are discovered, com-
pared, and reported.
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Previous Mechanical Characterization of Human
Uterine Tissue

Human uterine tissue has been tested in multiple
mechanical loading conditions, both ex vivo and
in vivo. A study compared the passive stress—relaxation
response of non-pregnant (NP) and pregnant (PG)
uteri from 92 patients using tensile tests.® The study
found the NP tissue exhibits a steeper stress—strain
response, indicating a higher elastic modulus, than the
PG response. One of the first studies to combine ten-
sion and compression tests on the human uterus found
a nonlinear relationship between true stress and true
strain, which agrees with our findings. The study re-
ports the Young’s modulus under compression ranges
from 68.95 to 103.42 kPa.*® Our best-fit isotropic neo-
Hookean Young’s modulus E,; ranges from 0.35 to
3.99 kPa. These results differ by two orders of mag-
nitude from Pearsall et al. because we analyze equi-
librium rather than instantaneous tissue behavior. A
nonlinear stress—strain relationship was also observed
in a study quantifying uterine dynamic material
properties (strain rate 1.5s~!) under tension.*® Almost
all PG uterine strips broke at a similar peak strain
(0.324+0.112), exhibiting a peak stress of
656 + 484 kPa. Anisotropic material properties were
observed in human uterine tissue using strain gauge
rosette and aspiration tests, both ex vivo and
in vivo.”®* The former discovered the anisotropic
behavior of the uterine muscle progresses with stages
of labor at the anterior and fundal regions, while the
latter test collected different stretch values at the ven-
tral, dorsal, and fundal uterine regions under the same
aspiration pressure.

Fiber Distribution Characterization

Both non-pregnant (NP) and pregnant (PG) tissue
have anisotropic material properties, but there is a
significant difference in uterine fiber distribution
between the two. Various fiber orientations ranging
from 0 to © are observed among all specimens from
two uteri (Fig. 6(a)). Among NP specimens, the
majority of fiber families orient at around =/4 and
3n/4 (Fig. 6(c)), indicating an obliquely arranged
architecture consistent with a previous study.®” This
feature also agrees with our previous findings in a fiber
tractography study using OCT, in which two almost-
orthogonal fiber tracts can be seen weaving with each
other between planes.*® Among PG specimens, more
fiber families orient at around n/2 (Fig. 6(d)), indi-
cating a more longitudinally or meridionally arranged
architecture. Additionally, fiber families of PG tissue
display a significantly lower degree of concentration,
indicating a more dispersed distribution around the
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FIGURE 9. Comparison of the first (e;) and second (e;) principal strain fields between the experiment and FEA. (a) The
experimental data efXP and e£** are plotted with the color bar indicating the magnitude. The red-square areas are viewed close up
to show the vector directions indicated by the lines. (b) The corresponding FEA data ef*4 and ef** are plotted with the arrows
indicating the vector directions. (c) Error maps of a 5-mm diameter circle around the indenter (0, 0) are generated between the
strain fields of the experiment and FEA (Sec. 2.9). Errors larger than 0.5 are set equal to 0.5 for a more refined representation. Data

are from one PG fundus specimen.

TABLE 4. IFEA fitted neo-Hookean material parameters.
Parameter Mean value Standard deviation
Enn 0.1, 100] kPa 2.180 kPa 0.834 kPa
Vo [0, 0.499] 0.258 0.141

Results represent all specimens including NP (N = 14) and PG
(N = 13); Values in square brackets represent the search space of
each parameter for IFEA based on preliminary results prior to IFEA
and our previous study.®°.

preferential orientation. During pregnancy, the uterus
grows upward and develops out of the pelvic region
starting week 12, and by week 36, the top of the uterus
is at the tip of the xiphoid cartilage at the lower end of
the breastbone. Therefore, it makes sense to find more

fibers longitudinally aligned to bear strain caused by
an almost 6-fold length increase.'” While the fiber
families orient more longitudinally, they also become
more dispersed to accommodate a change in uterine
size along other directions.

Material Behavior of Human Uterine Tissue

The force response of human uterine tissue to
spherical indentation is time-dependent and nonlinear
(Fig. 4(d)), and uterine fiber architecture dictates the 2-
D principal strain fields (Fig. 9(a)—-(b)), similar to
human cervical tissue.”® A time-dependent behavior of
the human uterus is observed with force—relaxation to
a hold in displacement (Fig. 3(e)). Future work will
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FIGURE 10. The fitted parameters of the NP and PG uteri compared across anatomical locations and through the uterine wall
thickness within each subject. (a)—(b): NP; (c)—(d): PG; ant.: anterior; fun.: fundus; post.: posterior; 1: the outermost layer; 6: the
innermost layer. (a) The posterior NP uterine tissue has the largest E, followed by the fundus and the anterior. The difference of v
and ¢ at different locations are not significant. (b) For the NP tissue, E is larger at the middle layers while fiber stiffness is smaller at
the middle layers when compared to the innermost and outermost layers. v is larger at the middle layers for posterior uterine tissue
but similar throughout the layers for anterior and fundus tissue. (c) For the PG tissue, all three parameters are similar at different
locations. (d) v is larger at the outer layers for anterior and fundus tissue of the PG uterus.

address this time-dependent material behavior of
uterine tissue because the evolution of the time-de-
pendent behavior is a key characteristic of tissue
remodeling in pregnancy.®® To lay the foundation for
possible visco- and/or poroelastic mechanisms in the
uterus, this study focuses on developing an equilibrium
material model first. Focusing at the ROI, the first and
second principal strain fields differ significantly from
each other, indicating an anisotropic fiber distribution.
The first principal strain e} runs perpendicular to tissue
fibers while the second principal strain e, runs parallel
to tissue fibers. For instance, in the presented specimen
(Fig. 9), the observed distribution of fibers in the ROI
is a von Mises with y = 85.631 (~ n/2) and x = 1.017.
This angle is perpendicular to the first principal strain
field and parallel to the second principal strain field
observed in the experiments (Fig. 9(a)). The ratio
between the first and second principal strain is
approximately 1.44, which is relatively small among all
specimens. This ratio is consistent with its k = 1.017
being relatively small among all specimens, as a smaller
concentration factor represents a more uniform fiber
distribution that contributes to a more uniform strain
distribution. Therefore, we have found uterine fiber
distribution contributes mechanically to uterine mate-
rial response to indentation loading.

Opverall, the Young’s modulus of the ground sub-
stance E is 1.756 £0.685 kPa for the equilibrium
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response, smaller than cervical tissue (3.20 4+ 3.30 kPa)
but in the same order of magnitude. The Poisson’s
ratio of the ground substance v is 0.329 + 0.124, which
is higher than cervical tissue (0.22 + 0.13), indicating
the uterus has a lower level of compressibility.”®
Though the differences between subjects are not sta-
tistically significant, this may be attributable to the
pathological nature of these specimens (Table 1). For
the NP uterus, the reported cause for hysterectomy was
severe fibroids (in particular, the uterus was anteverted
and enlarged to the size of a 20-week pregnant uterus).
Fibroids, also known as leiomyoma, are muscular
tumors that grow in the uterine wall and can cause
abdominal pain, heavy menstrual bleeding, and pres-
sure on surrounding organs. A study on 19 fibroids
from 8 women has shown wide-spanned stiffness
measurements (3.028 — 14.18 kPa) by rheometry
among all subjects and a within-subject coefficient of
variation ranging from 1.6 to 42.9%.%° suggesting that
fibroids behave differently from nonpathological
uterine tissue. Despite an effort to avoid visible fibroids
during tissue collection, its severe pathology means
that small fibroids were difficult to completely avoid.
For the PG uterus, the reported cause for Cesarean
hysterectomy is complete previa and posterior placenta
accreta. Complete previa refers to the condition where
the placenta overlies the cervix’s internal os, blocking
the pathway for the fetus during delivery. Placenta
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accreta refers to the condition where the placenta in-
vades the myometrium and cannot safely detach from
the uterine wall during delivery. Though it is still un-
clear why these placenta abnormalities happen, scar-
ring caused by the Cesarean incision is suspected as the
primary cause.*” A previous study using shear wave
velocity to investigate placenta function has found
placentas with abnormal location (placenta previa),
and penetration (placenta accreta) has higher shear
wave velocity than the placenta of normal pregnancy.>
It is possible for the inner layers of the collected pos-
terior uterine tissue to be mixed with placental tissue,
thus affecting the measured material responses.

Within the NP uterus, significant differences (p =
0.0021) are observed in Young’s modulus E between
anatomical locations. The posterior tissue has the
highest value, followed by the fundus and the anterior.
The Poisson’s ratio v appears to have a reverse trend,
but it is not significant due to the wide range of pos-
terior measurements. There is no difference observed
in fiber stiffness . Through uterine wall layers, both £
and v seem to have higher values in the middle layers
while having lower values for the outermost and
innermost layers. This trend is reversed for the mea-
surements of £. Biologically, the NP uterine wall con-
sists of three distinct layers (perimetrium,
myometrium, and endometrium, from outermost to
innermost). Different layers perform specific functions
to maintain healthy menstruation and to prepare for a
potential pregnancy. Therefore, it makes sense for
them to exhibit different material properties. Perime-
trium is the outer serosa layer that is very thin and can
be identified as approximately half the thickness of the
slices numbered as 1. However, the exact thickness of
the endometrium varies between subjects and points in
time during a menstrual cycle. Thus, we cannot con-
clusively identify whether the remaining slices come
from the myometrium or endometrium. Once preg-
nant, the most inner layer, the endometrium, transi-
tions into the decidua as part of the placenta to provide
support and protection for gestation. Therefore, all of
the PG specimens except slices numbered ““1”” can be
identified as myometrium. Within the PG uterus,
posterior inner layers have significantly smaller v and
larger ¢ compared to the rest of the tissue, which could
be due to the previously discussed placenta penetration
condition.

The spherical indentation method presented in this
work imposes a complex stress field in the tissue and
features a wide range of compressive and tensile strains
(0.36 + 0.15—average maximum first principal strain;
—0.37 £ 0.03-average maximum compressive third
principal strain; both informed by FEA). When
applied to the tensile loading condition, the fiber-
composite material model captures the tissue stretch

ratios well (Fig. 11(d) and 11(h)). Our predictions for
the tissue’s Cauchy stress, however, exhibit mixed
performance. Between the two cases reported here, one
is able to capture the tensile stress response up to a
Lagrangian strain level of 0.54 and exhibits an obvious
superiority over a simple neo-Hookean model for
capturing nonlinearities (Fig. 11(c)), while the other
prediction diverts from the experimental result at 0.22
Lagrangian strain and exhibits a similar linearity as a
neo-Hookean model (Fig. 11(g)). Hence, the aniso-
tropic material properties reported in this work (Ta-
ble 3) can be applied to loading conditions that fall
between —0.30 to 0.22 Lagrangian strain and if the
magnitude and pattern of tissue strain drive a critical
biologic mechanism, as in cellular responses in
mechanobiology.?! Otherwise, if the pattern of strain
in the tissue is not important, then the isotropic neo-
Hookean material model and properties (Table 4) can
be used to describe the uterine tissue in the small strain
regime. The presented fiber composite model is also
able to capture the tissue’s anisotropic material
behavior informed by different fiber distributions,
where fibers in ROI 1 orient dominantly parallel to the
tensile direction, while the orientation is perpendicular
in ROI 2 (Fig. 11(f)). This makes sense as fibers are

shown to be stiffer in the direction of their align-
ment 20-29-31.61

Experimental and Computational Error Analysis

Experimental errors are introduced by the load cell
tolerance (0.005 N), the displacement resolution
(8 um), and the buoyancy force (£, <pgV <0.001 N)
exerted on the indenter. Errors are also introduced into
the force—displacement response by the specimen
topology. Our topology study results show the largest
height difference within each area is between 0.25 and
0.5 mm. The first and second principal strains of the
specimen bottom and the indenter forces between the
three scenarios where the indenter is placed at different
locations of the uneven surface all differ less than 2%.
When mapping the indenter location onto the OCT
image for the fiber distribution characterization, errors
are introduced by the small distortion of the specimen
caused by the freeze—thaw cycle between the OCT
scanning and the mechanical testing. To reduce this
error impact, we matched the northwestern and
southeastern corners of the specimen in one image on
top of the corners in the other image when manually
overlaying the OCT camera image and the indentation
camera image. For errors introduced by the DIC
process, they are treated in the same way as our pre-
vious study, as well as the GA-based optimization.™
For the finite element modeling process, the errors are
introduced by fixing the far-end side surface com-
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FIGURE 11. Comparisons between the best-fit model predictions and experimental results under tension. (a)—(d): one NP fundus

specimen; (e)—(h): one NP posterior specimen; both specimens are randomly selected for validation. (a) and (e) Camera images of
the specimen in the tensile test. The width (w) of the specimen is measured from the front, while the depth (d) and length (I) are
measured from the side. The second specimen is divided into two ROls based on its fiber distribution characterized using the
method in “Fiber Distribution Characterization” section. (b) and (f) von Mises distributions are fitted to the fibers in the ROls. The
angle is measured relative to the positive x-axis. (¢) and (g) Cauchy stress—-Lagrangian strain curves of the experiment, our fibrous
model, and the neo-Hookean model are represented by the markers, the red, and the blue dashed line, respectively. (d) and (h) The
stretch ratios of the width (1), depth (/>), and length (i3) are compared between the experiment (markers), the fibrous model, and

the neo-Hookean model (colored dashed lines).

pletely to stabilize the geometry. To assess the impact
of this boundary assignment, we conducted a com-
parative FEA test on five randomly selected specimen
models by instead fixing the nearer orthogonal side
surface. Results showed the same strain field pattern
and a less than 2% difference in magnitude and a less
than 3% difference in force change, indicating the
impact caused by fixing the boundary is negligible.
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Limitations

While the IFEA and indentation test capture the
material behavior of human uterine tissue well among
27 specimen slices, the material model fits for two
specimens demonstrate a subjectively large error. For
these cases, the strains of the specimen bottom surface
are not well predicted due to its uneven surface and
imperfect speckle quality, both contributing to the
complex deformation pattern recorded by DIC for the
strain analysis.
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Our validation study shows the fitted material
model predicts the principal strains effectively within
the 4-mm diameter circle around the indenter, as
shown by small errors, but less accurately outside this
circle, as shown by larger errors (Fig. 9(c)). This is
expected for the following reasons: first, the stress
distribution is more nonuniform further away from the
ROI; second, fiber distribution outside this region
varies significantly and is not encompassed for char-
acterization and IFEA (Fig. 12). A parallel computa-
tional study is underway to implement the
characterized fiber distribution into the FEA at the
scale of the whole specimen. Future work will also
develop a mechanical test that provides a uniform
stress field to characterize the material property across
the whole specimen.

Due to the nature of the tissue collection process
and restrictions we faced in the operating room, our
specimens went through two freeze—thaw cycles in to-
tal, from tissue collection to OCT scanning and
mechanical testing. Many previous studies on soft tis-
sue with similar components have found mixed results
on whether and how freeze-thaw cycles affect the tis-
sue’s mechanical properties.""'" We previously per-
formed comparison mechanical tests on a different set
of PG uterine tissue (16 C-section uteri) when they
were fresh (< 2 hours after surgery) and thawed (at
4 °C for 12 hours, from —80 °C for more than 24
hours). No systematic stiffening or weakening due to
freeze-thaw was observed.

Our sensitivity studies (not shown here) on uterine
tissue (and previously on cervical tissue™’) have con-
cluded the fiber stiffness & affects tensile response more
than it affects compressive response, which is largely
due to the fiber recruitment process of collagenous
tissue under different loadings.****>>" Therefore, it is
not sensitive to the indentation loading. A parallel

(@

study using tensile tests coupled with IFEA is under-
way to better capture the fiber stiffness value.

With the current state of knowledge, we treated the
SMC-collagen fibrous network the same way as col-
lagen fibers alone, as we do not have further data to
understand how SMCs and collagen fibers within the
uterine tissue separate from or interact with each other.
This assumption may be an important oversimplifica-
tion and further studies are warranted.

Finally, this study is a case study on two specific
uteri under compressive loads. For obvious reasons,
specimens collected from hysterectomy are usually
pathological. The NP and PG uteri are from an Afri-
can-American and a white patient, respectively. Dif-
ferences in uterine material properties between women
of different racial backgrounds have been demon-
strated elsewhere,®?” but these differences are not
explored in this study. During pregnancy, more com-
plex loading patterns, such as abrupt fetal movement
or an acute external impact, may occur and are not
studied in this work. Biological tissue has different
material behaviors under differing loading condi-
tions.'®4043:36 Therefore, the reported material prop-
erties should only be applied to similar strain regimes
and study objectives as advised in ‘““Material Behavior
of Human Uterine Tissue™ section.

Conclusions

Human uterine tissue has anisotropic material
properties, which facilitates its complex biomechanical
function in pregnancy. This study provides mechanical
testing data and an initial 3-D anisotropic constitutive
modeling framework that incorporates quantitative
tissue fiber architecture. Mechanical data are presented
for a non-pregnant and pregnant uterus at various
anatomical locations and through-thickness locations
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FIGURE 12. Fiber distributions exhibit spatial variations. (a) Four 4-mm diameter circles are selected in the close vicinity of the
ROI, and their 0 data are collected. (b) Histograms and fittings of the 6 of the four circles show spatial variations between the
regions. The numbers (1-4) denote the correspondence between the circles and their 0 fittings, and the asterisk represents the
indenter location. All x-axes are the angle of fiber orientation, and all y-axes are the frequency density.

BIOMEDICAL
ENGINEERING
SOCIETY



1940 FANG et al.

using spherical indentation coupled with video exten-
sometry. Although difficult to analyze given complex
stress distributions, spherical indentation allows for
material property mapping, preserves tissue architec-
ture, and enables follow-up tensile testing of the tissue
sample. Aided by finite element analysis, the constitu-
tive model’s material parameters are optimized to de-
scribe the specimen’s indentation response and 2-D
strain field against its rigid substrate. The model cap-
tures the tissue’s material response, where the inclusion
of the oriented fiber solid network allows for an
accurate description of tissue strain. There is no sig-
nificant difference in material stiffness parameters
between the non-pregnant and pregnant specimens
studied here, although the pregnant tissue has a more
dispersed fiber distribution. Both non-pregnant and
pregnant samples have heterogeneous material prop-
erties. The specimens are taken from patients with
known pathology. Hence, this study serves as a first
step to establish a viable mechanical testing framework
that accounts for the nonlinear and anisotropic mate-
rial properties of the human uterus.
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