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Abstract

Phthalates are endocrine-disrupting chemicals associated with adverse reproductive outcomes and
uterine extracellular matrix remodeling. However, whether such remodeling alters organ-level
uterine mechanics remains unknown. Uterine horns from mice exposed to a phthalate mixture (0,
0.15, 1.5, or 1500 ppm for one year) underwent balloon inflation testing to characterize mechanical
behavior and second harmonic generation imaging to quantify wall geometry and collagen
microstructure. Exposure reduced endometrial (Em) area, increased circumferential myometrial
(CM) thickness, and decreased Em:CM area and thickness ratios, while increasing inflation
stiffness, work, and resistance. Lower Em ratios correlated with greater inflation resistance. An
image-informed, three-layer finite element model showed that geometric redistribution alone, with
constitutive properties unchanged, reproduced experimental inflation trends, reduced deformation,
and redistributed layer-specific stresses and strains. Within the investigated ranges, geometric
remodeling influenced inflation mechanics more than twofold CM stiffening, identifying uterine
wall geometry as a key determinant of passive biomechanics following phthalate exposure.



Introduction

Environmental toxicants have emerged as important contributors to adverse reproductive health
outcomes [1-4]. Among these, phthalates are widely used plasticizers present in numerous
consumer products, resulting in widespread human exposure [5—11]. As endocrine-disrupting
chemicals, phthalates can interfere with hormonally regulated tissue remodeling processes,
including extracellular matrix turnover and collagen microstructure [12]. Chronic phthalate
exposure has been associated with infertility, impaired implantation, pregnancy complications, and
altered uterine physiology, suggesting that these chemicals may compromise both the structure and
function of the uterus [13-20].

The uterus is a mechanically active organ that undergoes extensive deformation throughout the
reproductive lifespan, including during menstruation, implantation, pregnancy, and parturition
[21-23]. Its mechanical response depends on the organization of the uterine wall, which consists
of the endometrium (Em) and two anatomically distinct myometrial layers embedded within a
collagen-rich extracellular matrix [24, 25]. The Em forms the inner uterine lining, while the
myometrium is composed predominantly of smooth muscle cells and is organized into
circumferential (CM) and longitudinal (LM) layers according to their predominant orientations.
Myometrial smooth muscle generates the contractile forces required for uterine function, while the
surrounding collagen-rich extracellular matrix provides passive mechanical support during
deformation. The architecture of the uterine wall, including the tissue constituents composition,
layer geometry, and collagen microstructure, governs the passive mechanics of the uterus during
loading [26-29]. Here, uterine wall geometry refers collectively to layer thicknesses, cross-
sectional areas, and relative layer proportions. Consequently, geometric remodeling of the uterine
wall has the potential to alter organ-level mechanical function.

Previous studies have demonstrated that chronic phthalate exposure induces extracellular matrix
remodeling, altered collagen organization, fibrotic changes, inflammatory responses, and changes
in uterine morphology [16, 19, 30-33]. However, these investigations have focused primarily on
molecular and histological outcomes, and whether exposure-induced remodeling translates into
measurable changes in organ-level mechanics has remained largely unknown. Establishing this
relationship is essential for understanding how environmental toxicants influence uterine function.

To address this gap, the first part of this study combined organ-level balloon inflation testing with
quantitative characterization of uterine wall geometry. Pressure—volume measurements were used
to quantify inflation mechanics, while second harmonic generation (SHG) imaging provided
measurements of layer areas, thicknesses, and relative proportions. Correlation analyses were then
used to evaluate relationships between uterine wall geometry and organ-level inflation mechanics
and to identify geometric features for subsequent computational investigation.

Although these experimental analyses allowed relationships between uterine wall geometry and
inflation mechanics to be evaluated, they could not determine whether changes in geometry
directly contributed to the altered mechanical response. Chronic phthalate exposure can



simultaneously affect multiple biological processes, including extracellular matrix composition,
collagen organization, and tissue material properties, making it difficult to isolate the mechanical
effects of geometric remodeling through experimental measurements alone. In addition, previous
nanoindentation measurements demonstrated increased stiffness of the CM following chronic
phthalate exposure, indicating that changes in material properties may also contribute to the altered
inflation response [12]. Thus, the independent contributions of geometric remodeling and CM
stiffening to organ-level inflation mechanics remain unclear.

Finite element (FE) modeling provides a framework for addressing this limitation by allowing
individual geometric and material variables to be investigated independently [34, 35]. Because the
Em, CM, and LM each exhibit distinct collagen fiber microstructure, orientation, and material
properties, their individual mechanical contributions can combine to determine the overall passive
behavior of the uterine wall. Conventional models that represent the uterus as a homogeneous
material overlook this layered anatomy, limiting their ability to capture how each compartment
contributes to organ-level mechanics or how layer-specific changes, such as those induced by
phthalate exposure, propagate to alter whole-organ mechanical behavior. A layered, image-
informed FE model is therefore needed to resolve the individual and combined mechanical roles
of each uterine wall layer.

In the present study, SHG-derived measurements were used to reconstruct an image-informed
three-layer FE model of the uterine wall. The FE framework was used to independently evaluate
the mechanical contributions of geometric remodeling and CM stiffening to organ-level inflation
behavior and layer-specific stress and strain distributions. We hypothesized that geometric
remodeling of the uterine wall, independent of CM stiffening, would be sufficient to alter organ-
level inflation mechanics and layer-specific stress and strain distributions. Together, experimental
and computational approaches were used to investigate how phthalate-induced geometric and
material remodeling contribute to altered uterine biomechanics.

Results
Phthalate exposure remodels uterine wall geometry

Representative SHG images demonstrated differences in uterine wall geometry following chronic
phthalate exposure (Fig. 1A, Supplementary Fig. S1). Compared with controls, exposed tissues
exhibited a visibly smaller Em compartment and a thicker CM.

Quantitative analysis of the geometric parameters confirmed these geometric changes. Em area
was significantly reduced in all phthalate-exposed groups relative to controls (Fig. 1B). Local CM
thickness was significantly greater in all exposed groups compared with controls, and additional
significant differences were observed between the low and high exposure groups and between the
medium and high exposure groups (Fig. 1C).

Changes in the relative geometry of the Em and CM were similarly evident from the layer ratios.
The Em:CM area ratio was significantly reduced in the medium and high exposure groups relative



to controls (Fig. 1D). Likewise, the Em:CM thickness ratio was significantly reduced in the
medium and high exposure groups compared with controls (Fig. 1E). Additional measurements of
CM area, LM area, total uterine cross-sectional area, and local Em thickness are provided in
Supplementary Fig. S2.
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Fig. 1 Chronic phthalate exposure remodels uterine wall geometry and alters uterine geometric
parameters. (A) Representative second harmonic generation (SHG) images of uterine cross-
sections from control and phthalate-exposed mice (low, medium, and high exposure groups). Scale
bar = 1000 um. (B) Endometrium (Em) total area. (C) Local circumferential myometrium (CM)
thickness. Small points represent individual local thickness measurements, which were treated as
individual observations in the statistical analysis; larger colored circles represent specimen
means. (D) Em:CM area ratio. (E) Em:CM thickness ratio. In B, D, and E, boxplots show the
median (center line), interquartile range (box), and whiskers extending to the most extreme data
points within 1.5% the interquartile range; individual points represent individual specimens.
Statistical comparisons were performed using one-way ANOVA followed by Tukey s post hoc test.
n = 4 specimens per group for B, D, and E. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

Phthalate exposure alters uterine inflation mechanics

Phthalate exposure increased uterine resistance during balloon inflation (Fig. 2A). Compared with
controls, all exposure groups exhibited upward-shifted pressure—volume curves, indicating greater
resistance throughout inflation. The largest increases were observed in the low and high exposure
groups, whereas the medium exposure group exhibited greater specimen-to-specimen variability.
Exposure-related differences were also observed in the mechanical parameters derived from the
pressure—volume response (Fig. 2B-E).

Toe-region stiffness increased following phthalate exposure (Fig. 2B). Control specimens
exhibited a mean toe-region stiffness of 190.4 +22.7 kPa/mL, compared with 336.3 + 63.4 kPa/mL
in the low group, 338.2 + 129.0 kPa/mL in the medium group, and 400.7 + 112.7 kPa/mL in the
high group. Toe-region stiffness was significantly greater in the low and high groups than in
controls, whereas the increase in the medium group did not reach statistical significance because
of the larger variability.

Inflation work increased largely following phthalate exposure (Fig. 2C). Mean inflation work
increased from 6.38 + 0.75 kPa-mL in controls to 9.39 + 1.77, 8.90 + 2.42, and 10.55 £ 1.07
kPa-mL in the low, medium, and high groups, respectively. Significant increases were observed in
the low and high groups compared with controls.

Linear-region stiffness also increased with exposure (Fig. 2D). Mean linear-region stiffness was
501.7 £ 76.9 kPa/mL in controls and increased to 609.1 + 113.1, 553.1 £ 116.1, and 614.8 £ 70.5
kPa/mL in the low, medium, and high groups, respectively. A significant increase was observed
only in the high group relative to controls.

Resistance at the final inflation volume of 0.20 mL showed a similar pattern (Fig. 2E). Final
resistance increased from approximately 78 kPa in controls to 106 kPa, 98 kPa, and 113 kPa in the
low, medium, and high groups, respectively. Resistance at 0.20 mL was significantly greater in the
low and high groups than in controls, whereas the medium group did not differ significantly.
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Fig. 2 Phthalate exposure alters uterine inflation mechanics. (4) Resistance—volume curves for
control and phthalate-exposed uterine horns. Thin lines represent individual specimens, and thick
lines with markers represent group means. (B) Toe-region stiffness calculated from the slope of the
resistance—volume response between 0 and 0.05 mL. (C) Linear-region stiffness calculated from
the slope between 0.10 and 0.20 mL. (D) Inflation work, calculated as the area under the
resistance—volume curve over the full inflation range from 0 to 0.20 mL. (E) Uterine resistance at
the final inflation volume of 0.20 mL. Boxplots show the median (center line), interquartile range
(box), and whiskers extending to the most extreme data points within 1.5 the interquartile range.
Individual points represent individual specimens. Statistical comparisons were performed using
one-way ANOVA followed by Tukey's honestly significant difference (HSD) post hoc test. n = 4
specimens per group. *p < 0.05, **p < 0.01.



Uterine wall remodeling is associated with altered inflation mechanics

Correlation analysis identified consistent associations between uterine wall geometry and organ-
level inflation mechanics (Fig. 3A, Supplementary Fig. S3). Total Em area and Em area fraction
exhibited strong, significant negative correlations with all four mechanical parameters, whereas
myometrium thickness fraction exhibited moderate positive correlations, which were significant
for inflation work, linear-region stiffness, and resistance at 0.20 mL, but not for toe-region
stiffness. This pattern extended across the additional structural measures (Supplementary Fig. S3),
with Em-related measures generally showing negative correlations, CM-related measures showing
positive correlations, and LM-related measures showing weak or nonsignificant correlations. The
strongest correlations were observed for the Em:CM area and thickness ratios, both of which
exhibited strong, significant negative correlations with all four mechanical parameters (p = —0.66
to —0.74).

Given the strong correlations between Em:CM area and thickness ratios and all four mechanical
parameters, the Em:CM area ratio was selected to visualize these relationships in Fig. 3B-E. Lower
Em:CM area ratios were associated with greater inflation work (p = —0.73; Fig. 3B), toe-region
stiffness (p = —0.68; Fig. 3C), linear-region stiffness (p = —0.67; Fig. 3D), and resistance at the
final inflation volume of 0.20 mL (p = —0.74; Fig. 3E).

Geometry-driven finite element (FE) simulations reproduce the experimental inflation
response

Experimental and simulated AA—P curves exhibited similar overall inflation behavior (Fig. 4A).
Experimentally, phthalate-exposed uterine horns generally exhibited reduced cross-sectional area
expansion at a given pressure relative to controls, consistent with increased resistance to inflation.
The FE simulations reproduced this behavior with progressive reductions in the Em:CM area and
thickness ratios. The reference geometry exhibited the greatest cross-sectional area change at a
given pressure, whereas the moderately and highly remodeled geometries exhibited progressively
reduced expansion. Although the FE geometries were not intended to correspond directly to
individual exposure groups, the simulated responses spanned the experimental range and
reproduced the overall shift toward reduced expansion associated with phthalate exposure.

Parameters derived from the AA-P response further demonstrated agreement between the
experimental and simulated inflation responses (Fig. 4B—D). Experimentally, toe-region and
linear-region P—AA slopes generally increased with phthalate exposure, whereas AA—pressure
AUC decreased. The same trends were reproduced by the FE simulations with increasing
geometric remodeling, with progressively greater P-AA slopes and lower AA—pressure AUC from
the reference to the moderately and highly remodeled geometries. The magnitudes of the simulated
parameters also fell within or close to the experimental ranges, with the reference geometry
approximating the control response and the remodeled geometries approaching the values
observed in the phthalate-exposed groups.
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Fig. 3 Associations between uterine wall structure and organ-level inflation mechanics. (A)
Heatmap showing Spearman rank correlations between uterine geometric and mechanical
parameters across all specimens. Values indicate Spearman's rank correlation coefficient (p), with
significance determined from the corresponding correlation p-values. (B—E) Relationships
between the endometrium-to-circumferential myometrium (Em:CM) area ratio and (B) inflation
work, (C) toe-region stiffness, (D) linear-region stiffness, and (E) resistance at the final inflation



volume of 0.20 mL. Dashed lines indicate linear trend lines for visualization only; statistical
inference was based on Spearman rank correlation. Points represent individual specimens and are
coded by exposure group. *p < 0.05, **p < 0.01, ***p < 0.001, ns: non-significant
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Geometric remodeling reduces deformation and redistributes layer-specific stresses and
strains



Progressive remodeling of the Em:CM geometry decreased radial displacement (Fig. 5). The
reference geometry exhibited the greatest radial displacement, the highly remodeled geometry the
smallest, and the moderately remodeled geometry an intermediate response throughout the
circumference. The reduced global deformation was accompanied by distinct layer-specific stress
and strain distributions within the uterine wall (Fig. 6).

The Em experienced the largest radial and circumferential strains of all three layers (Fig. 6A,B).
With progressive Em:CM geometric remodeling, the magnitudes of the compressive radial strain
and tensile circumferential strain both decreased in the Em. Mean circumferential strain decreased
from approximately 6.5% in the reference geometry to 4.8% in the moderately remodeled
geometry and 3.0% in the highly remodeled geometry, corresponding to an approximately 54%
reduction from the reference to highly remodeled geometry. Radial stress remained compressive
without a consistent monotonic trend (Fig. 6D), whereas the magnitude of the compressive
circumferential stress increased with the degree of remodeling (Fig. 6C).

The CM carried the largest tensile circumferential stresses of all three layers (Fig. 6C). In contrast
to the Em, circumferential stress remained tensile across all geometries and decreased in
magnitude from the reference to the highly remodeled geometry (Fig. 6C). Mean circumferential
stress decreased from approximately 18 kPa in the reference geometry to 16 kPa in the moderately
remodeled geometry and 9 kPa in the highly remodeled geometry, representing an approximately
50% reduction from the reference to highly remodeled geometry (Figure 6C). Similar to the Em,
the magnitudes of the tensile circumferential strain and compressive radial strain both decreased
with remodeling (Fig. 6A, B). Compressive radial stress showed no consistent monotonic trend
(Fig. 6D).

The LM exhibited comparatively low radial and circumferential stresses across all geometries (Fig.
6C, D). Both stress components remained close to zero despite relatively large circumferential and
radial strains, which exceeded those in the CM (Fig. 6A, B). The magnitudes of both strain
components also decreased from the reference to the highly remodeled geometry, consistent with
the trends observed in the other layers.

Geometric remodeling exerts a larger influence on inflation mechanics than isolated CM
stiffening

Increasing CM stiffness reduced balloon cross-sectional area change at a given applied pressure
relative to the reference model, indicating increased resistance to inflation (Fig. 7A). This effect
became more pronounced at higher applied pressures. In comparison, geometric remodeling
produced larger reductions in cross-sectional area change throughout inflation, with the highly
remodeled geometry exhibiting the greatest resistance to expansion.

Quantitative comparison of the AA-P-derived parameters further demonstrated differences
between the effects of geometric remodeling and CM stiffening (Fig. 7B). Moderate geometric
remodeling produced changes of approximately 60%, 18%, and 26% in the toe-region P-AA slope,



linear-region P—AA slope, and AA—pressure AUC, respectively. These changes increased to
approximately 120%, 46%, and 48% for the highly remodeled geometry. In comparison, 1.5-fold
CM stiffening produced corresponding changes of approximately 3%, 6%, and 9%, whereas
twofold CM stiffening produced changes of approximately 6%, 16%, and 12%, respectively.

The relative effects also differed across the inflation response. Geometric remodeling produced its
largest relative effect on the toe-region P-AA slope, whereas CM stiffening produced only small
changes in the toe-region response and a greater effect on the linear-region response at higher
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Discussion

The present study combined organ-level mechanical testing, quantitative geometric
characterization, and image-informed FE modeling to investigate how chronic phthalate exposure
alters uterine biomechanics. The findings can be summarized in three main points. First, chronic
phthalate exposure remodeled uterine wall geometry toward a lower relative contribution of the
Em and a greater contribution of the CM and altered organ-level inflation mechanics, with lower
Em:CM ratios associated with greater resistance to inflation. Second, FE simulations demonstrated
that geometric remodeling alone, while maintaining identical constitutive properties, reproduced



the experimentally observed shift toward increased inflation resistance and revealed that this
response was accompanied by reduced wall deformation and redistribution of layer-specific
stresses and strains. Third, geometric remodeling had greater influence on inflation mechanics than
experimentally motivated increases in CM stiftness, with CM stiffening having a comparatively
small effect overall and an even smaller effect in the toe region. Together, these findings identify
uterine wall geometry as an important determinant of passive inflation mechanics and provide a
mechanistic framework linking phthalate-induced geometric remodeling to altered organ-level
mechanical behavior.

In the present study, SHG imaging demonstrated significant remodeling of uterine wall geometry
following chronic phthalate exposure, characterized by reduced Em area, increased CM thickness,
and corresponding reductions in the Em:CM area and thickness ratios (Fig. 8). These geometric
changes were accompanied by significantly increased resistance during balloon inflation (Fig. 2),
demonstrating that chronic phthalate exposure alters both uterine wall geometry and passive organ-
level mechanical behavior. Since the uterus undergoes substantial mechanical loading and
deformation during implantation, pregnancy, and parturition, alterations in its passive mechanical
behavior may influence its ability to accommodate physiological loading, providing a functional
consequence of environmentally induced tissue remodeling beyond previously reported
histological changes.

The altered mechanical response was evident throughout inflation and was reflected across all four
parameters derived from the pressure—volume response (Fig. 2). Toe-region stiftness, linear-region
stiffness, inflation work, and final inflation resistance all showed an increasing pattern following
phthalate exposure. These changes indicate an overall increase in uterine resistance throughout
inflation following chronic phthalate exposure.

Uterine wall geometry was also closely associated with the measured inflation mechanics (Fig. 3).
Several geometric parameters were significantly correlated with the mechanical response, with the
Em:CM area and thickness ratios showing the strongest correlations across all four mechanical
parameters. Lower Em:CM ratios were associated with greater toe-region stiffness, linear-region
stiffness, inflation work, and final inflation resistance. Because the Em:CM ratios captured the
relative geometric redistribution between the Em and CM and showed the strongest relationships
with the overall inflation response, they were selected as the basis for the subsequent FE analysis.

While these experimental observations established strong relationships between uterine wall
geometry and inflation mechanics, they could not determine whether geometric remodeling itself
caused the altered mechanical response because chronic phthalate exposure may simultaneously
induce biological changes that affect tissue material properties. To isolate the contribution of wall
geometry, image-informed FE simulations were performed in which only the relative thicknesses
of the Em and CM were varied while all constitutive properties, loading conditions, and boundary
conditions remained unchanged.



The simulated geometries represented increasing degrees of remodeling based on the range of
Em:CM ratios observed across the experimental groups. Progressive reductions in the Em:CM
ratio reproduced the experimental pressure—Aarea trend and spanned the range of measured
responses (Fig. 4), with remodeled geometries requiring greater pressure to achieve the same
degree of expansion. Because constitutive properties and all other model conditions were held
constant, these results demonstrate that geometric remodeling within the experimentally observed
range can independently produce increases in resistance to inflation.

The relative influence of geometric remodeling was further evaluated against experimentally
motivated increases in CM stiffness (Fig. 7). Increasing CM fiber stiffness by 1.5- and 2.0-fold
increased resistance to expansion, but the resulting changes were much smaller than those
produced by geometric remodeling. This difference was particularly pronounced in the toe region,
where CM stiffening produced only minor changes compared with the large effect of geometric
remodeling. These findings indicate that, within the ranges examined, uterine inflation mechanics
were considerably more sensitive to geometric remodeling than to isolated changes in CM
stiffness.

Having established that geometric remodeling alone reproduced the organ-level inflation behavior,
the FE analyses further provide insight into the underlying mechanical mechanisms. Progressive
Em:CM geometric remodeling decreased radial displacement (Fig. 5) and redistributed the internal
mechanical environment of the uterine wall (Fig. 6). The CM consistently carried the greatest
tensile circumferential stress, consistent with its predominantly circumferential collagen
organization and supporting its role as the principal load-bearing layer during inflation. In contrast,
the LM exhibited negligible circumferential and radial stresses despite relatively large strains in
both directions (Fig. 6). This stress—strain distinction likely reflects the predominantly longitudinal
collagen organization of the LM, which provides less resistance to circumferential and radial
deformation, allowing the LM to deform with the expanding uterine wall.

The Em exhibited a qualitatively different response (Fig. 6). Despite undergoing positive
circumferential strain, consistent with outward radial expansion of the uterine wall, the
corresponding circumferential stress remained predominantly compressive. Abaqus reports the
hydrostatic pressure, p and total circumferential Cauchy stress, ogg. The deformation-related
(deviatoric) circumferential stress was therefore obtained using the standard decomposition,

_ dev
Og9 = —P + Opg

where Jgg" is the deformation-related (deviatoric) circumferential stress. This analysis showed

that the deformation-related circumferential stress remained tensile, as expected from the positive
circumferential strain, but was outweighed by a larger compressive hydrostatic pressure. This
pressure developed because the nearly incompressible Em was simultaneously compressed by the
expanding balloon and mechanically confined by the surrounding CM, limiting its ability to



deform freely. Consequently, the Em experienced net compressive circumferential stress despite
undergoing circumferential extension.

An important implication of these findings is that geometric remodeling represents an additional
mechanism through which environmental toxicants may alter organ-level biomechanics. More
broadly, alterations in the relative thicknesses of the Em and myometrium are not unique to
phthalate exposure and have also been reported in other environmental exposures and uterine
pathologies [ 14, 36—40]. The present findings therefore suggest that geometric remodeling of the
uterine wall may represent a common biomechanical mechanism through which diverse
conditions influence uterine mechanical function. These findings also highlight the importance of
representing the uterus as a layered structure in computational models. Although two uterine
walls may have similar overall dimensions, differences in the relative thicknesses of the Em and
myometrium can considerably alter uterine resistance to distension and the internal distribution
of stresses and strains. Consequently, treating the uterine wall as a homogeneous tissue may
overlook important mechanical effects arising from layer-specific remodeling.

The present study demonstrates that redistribution of uterine wall geometry alone is sufficient to
reproduce the experimentally observed inflation trend and alter deformation and internal stress
distributions, even when constitutive parameters remain unchanged. Importantly, remodeling of
the relative Em and myometrial compartments may have biological consequences beyond these
changes in passive organ-level mechanics. The Em and myometrium perform distinct and non-
interchangeable reproductive functions. The Em provides the specialized epithelial and stromal
environment required for embryo attachment and implantation [41—43]. Following implantation,
endometrial stromal cells undergo decidualization, accompanied by extensive extracellular matrix
remodeling, angiogenesis, and immunomodulatory changes that support early pregnancy [42, 44].
A reduction in the relative Em compartment may therefore have functional consequences by
reducing the tissue available to support these biological processes that are crucial for successful
pregnancy.

At the same time, geometric remodeling alters the distribution of stress and strain within the uterine
wall and therefore the local mechanical environment experienced by cells within individual tissue
compartments. Myometrial smooth muscle cells are mechanosensitive, and mechanical stretch has
been shown to activate intracellular signaling pathways and regulate downstream transcriptional,
inflammatory, and contraction-associated responses [45—-50]. Consequently, remodeling-induced
changes in myometrial stress and strain could potentially modify mechanotransductive signaling
and cellular adaptation. Although these downstream biological responses were not evaluated in the
present study, the findings suggest that altered uterine wall geometry could influence reproductive
function through two complementary mechanisms: by changing the relative availability of
functionally specialized tissue compartments and by modifying the mechanical cues experienced
by cells within those compartments. Together, these findings demonstrate that uterine wall
geometry is a key determinant of both organ-level mechanical behavior and the local mechanical



environment, providing a link between structural remodeling and potential changes in uterine
function.

Several limitations should be considered when interpreting these findings. Layer-specific
material properties were not directly measured or independently identified through inverse
analysis. Instead, the constitutive parameters were based on values obtained from a previous
study using a homogeneous uterine tissue assumption, with C;, and k, held constant across
layers and k; scaled according to relative SHG intensity [51]. Because the parameters obtained
from the homogeneous-wall model represent effective whole-wall properties, some overlap may
exist between the collagen-associated stiffness captured by C;, and the explicit fiber contribution
assigned to the endometrium through k; in the layered model. Therefore, these parameter
assignments should not be interpreted as a unique decomposition of layer-specific matrix and
collagen contributions.

Although the CM stiffness sensitivity analysis evaluated the influence of potential changes in
material properties, the model did not incorporate layer-specific property changes measured from
the specimens examined in the present study. The model also represented only the passive
mechanical response of the uterine wall and did not account for active smooth muscle
contraction. In vivo, active myometrial contraction generates additional stresses within the
uterine wall and could alter both resistance to distension and the distribution of stress and strain
among the uterine layers. The stress and strain distributions predicted here should therefore be
interpreted as those associated with passive inflation rather than as representative of an actively
contracting uterus.

The comparison between the experimental and computational inflation responses also suggests
that remodeling may alter the nonlinear mechanical behavior of the uterine wall. Although
geometric remodeling reproduced much of the overall increase in resistance to inflation, the
model showed different degrees of overprediction and underprediction across the deformation
range. This strain-dependent discrepancy suggests that geometric remodeling alone does not
fully capture how uterine resistance changes with increasing deformation and and further
suggests that alterations in tissue material behavior may also contribute to the experimental
response. Future studies incorporating experimentally determined layer-specific constitutive
properties could help distinguish the contributions of geometric remodeling from changes in
material nonlinearity.

In addition, the model used a two-dimensional plane-strain approximation of a transverse uterine
cross-section. This formulation does not capture longitudinal deformation or spatial variations in
geometry along the uterine horn, both of which could redistribute load and affect the absolute
magnitudes and spatial distributions of the predicted stresses and strains. Accordingly, the layer-
specific mechanical fields should be interpreted within the context of the two-dimensional model
rather than as complete three-dimensional representations of uterine mechanics. However,
because the same assumptions were maintained across all geometry and material-property



variation cases, the simulations provide a consistent framework for evaluating the relative effects
of geometric remodeling and CM stiffening. Despite these limitations, computational simulations
reproduced the inflation responses of the control and exposed groups reasonably well and
captured the remodeling-associated changes in organ-level mechanical behavior.

Together, the experimental and computational findings establish uterine wall geometry as an
important contributor to passive organ-level mechanics and provide a mechanistic connection
between exposure-associated structural remodeling and altered uterine biomechanics. These
findings emphasize the importance of considering layered tissue architecture when evaluating
how uterine remodeling affects mechanical function.

Methods
1. Experimental procedures
1.1 Animal exposure and uterine tissue collection

Adult female mice were chronically exposed to either vehicle control or a phthalate mixture at low,
medium, or high exposure levels. The treatment groups consisted of Control, Low, Medium, and
High exposure groups, corresponding to phthalate-mixture concentrations of 0, 0.15, 1.5, and 1500
ppm, respectively. Each experimental group consisted of four animals, with one uterine horn
collected from each animal for subsequent mechanical testing and imaging (n = 4 uterine horns
per group). Animals were exposed for 1 year using dietary administration [18]. All animal
experiments were approved by the Institutional Animal Care and Use Committee (IACUC) at the
University of Illinois Urbana-Champaign and were performed in accordance with institutional
guidelines and the Guide for the Care and Use of Laboratory Animals.

At end of the 1-year exposure, animals were euthanized at diestrus, and the reproductive tract was
collected. Individual uterine horns were isolated by carefully removing the surrounding adipose
and connective tissues while preserving the uterine wall. Samples were maintained in Krebs buffer
during tissue preparation and remained immersed in Krebs buffer throughout balloon inflation
testing to minimize tissue dehydration. One uterine horn from each animal was used for balloon
inflation testing and imaging as described below.

1.2 Balloon inflation testing

Organ-level mechanical behavior was characterized by using a volume-controlled balloon inflation
system we have used in a previous study [51]. A compliant balloon catheter with glycerol
lubrication was inserted into the uterine lumen and positioned within the central portion of the
uterine horn.

The catheter was connected to a syringe pump that delivered fluid at a controlled rate of 0.02
mL/min. A second, identical catheter open to atmospheric pressure was used as a reference. The
inflation and reference lines were connected to a differential pressure sensor, allowing the pressure
required to inflate the balloon alone to be removed from the measured response. The resulting



differential pressure therefore represented the resistance generated by the uterine tissue during
balloon expansion.

Before data acquisition, each specimen was preconditioned using three inflation—deflation cycles
to a maximum injected volume of 0.20 mL. Following preconditioning, the balloon was inflated
from 0 to 0.20 mL in increments of 0.025 mL. Pressure was recorded continuously at 1 Hz using
an Arduino-based acquisition system. At each prescribed volume, inflation was paused for 1
minute before the corresponding pressure was recorded. Krebs buffer was periodically applied to
the tissue surface throughout testing to maintain hydration.

The measured pressure is referred to as uterine inflation resistance because it represents the
pressure difference between the tissue inflated by the balloon and the reference balloon.
Resistance—volume curves were generated for each specimen by plotting the measured uterine
resistance against the cumulative balloon volume.

1.3 Second harmonic generation (SHG) imaging

Uterine wall structure was characterized using SHG microscopy. An approximately 1 cm segment
of each uterine horn was isolated for balloon inflation testing. The remaining portion of the same
uterine horn was embedded, cryosectioned, and used for SHG imaging and analysis. Images used
to quantify uterine wall geometry were obtained from tissue prior to inflation. Each uterine horn
was imaged in cross-section using a Zeiss LSM 980 equipped with a 20x objective. SHG signal
was collected using an excitation wavelength of 780 nm. Images were acquired as tiled cross-
sectional scans encompassing the entire uterine cross-section. Identical imaging settings, including
laser power and detector gain, were used for all specimens.

2. Experimental data analysis
2.1 Image segmentation and geometric quantification

SHG images were processed using Fiji, ImagelJ. The uterine wall was divided into three anatomical
compartments: Em, CM, and LM. The boundaries between the Em, CM, and LM were manually
delineated based on visual differences in tissue morphology, collagen organization, and smooth
muscle orientation observed in the SHG images. Separate binary masks were generated for the 3
layers. Disconnected regions outside the uterine wall were excluded before quantitative analysis.

Custom Python scripts were used to quantify geometric parameters, including layer areas, area
fractions, and layer thicknesses, from the segmented masks. All area and thickness measurements
were calculated in pixel-based units. Pixel dimensions were converted to micrometers using the
microscope calibration associated with each image.

Cross-sectional area measurements: The cross-sectional areas of the Em, CM, and LM were
calculated by counting the number of pixels contained within the corresponding binary masks and
are denoted as Agmy,, Acm, ALm, respectively. The Em area fraction was calculated as the Em cross-



sectional area relative to the total uterine wall cross-sectional area: fgm area =

Em:CM area ratio: Rpm.cmarea =

AEm

AEm+AcM+ALM |

The relative cross-sectional areas of the Em and CM were additionally characterized using the
AEm
Acm
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Fig. 8 Development of layered finite element models of the uterine wall. (A) Representative
second harmonic generation (SHG) image of the uterine cross-section and corresponding
segmentation into the endometrium (Em), circumferential myometrium (CM), and longitudinal
myometrium (LM). (B) Quarter-symmetry finite element (FE) model showing the assigned layer-
specific fiber orientations. The LM was assigned a longitudinal fiber orientation, the CM a
circumferential fiber orientation, and the Em an isotropic fiber distribution with no preferred
orientation. (C) Three FE models representing the reference, moderately remodeled, and highly
remodeled uterine wall geometries. Geometric remodeling was simulated by progressively
reducing the Em:CM area ratio while preserving the overall uterine wall dimensions, resulting in
Em:CM area ratios of 1.54, 0.63, and 0.25 for reference, moderately remodeled, and highly
remodeled geometries, respectively.

Layer thickness measurements: Local layer thickness was quantified from each segmented layer
mask using a medial-axis-based thickness algorithm implemented in custom Python scripts. For
each binary mask, a medial axis (skeleton) representing the centerline of the segmented tissue
compartment was generated. The Euclidean distance from each medial-axis point to the nearest
mask boundary was calculated using a distance transform, and local thickness was defined as twice
this distance.



To account for spatial variation in layer thickness, 50 local thickness values were sampled
uniformly along the medial axis of each specimen and used for subsequent statistical analyses.
Mean layer thickness was additionally calculated for each specimen as the average of the sampled
local thickness values, yielding tg,, tem, tom-

The relative thicknesses of the Em and CM were characterized using the Em:CM thickness ratio:

o

m

R

Em:CM, thickness = t_
CM

The relative contribution of the myometrium to the overall uterine wall thickness was characterized
using the myometrial thickness fraction:

tem + fLm
tgm t tem T tim

fMyo,thiCkness -

2.2 Pressure—volume data processing

The baseline pressure measured at zero injected volume was subtracted from each recording so
that the resistance—volume response began at zero.

Inflation work: The total mechanical work associated with uterine inflation was quantified as the
area under the resistance—volume curve from 0 to 0.20 mL. Numerical integration was performed
using the trapezoidal rule:

n—-1

z :P- + Py
VVinflation = % (Vi+1 - Vi)'

i=1

where P; and P;,; are consecutive resistance measurements and V;and V;,, are the corresponding
balloon volumes.

Toe-region stiffness: Toe-region stiffness was used to characterize the initial resistance of the
uterine wall to inflation. Consistent with previous biomechanical studies that quantify the slope of
the initial toe region of nonlinear soft-tissue responses [52, 53], a linear regression was fitted to
the initial toe region of the resistance—volume response between 0 and 0.05 mL to provide a
quantitative measure of the average initial stiffness:

P = ktoeV + b,

where k.. (kPa/mL) is the toe-region stiffness.



Linear-region stiffness: Linear-region stiffness was calculated from the approximately linear
portion of the resistance—volume curve between 0.10 and 0.20 mL. A least-squares linear
regression was fitted to the measurements within this volume range:

P = kjinearV + b,

where kjipear (kPa/mL) is the linear-region stiffness.

Final inflation resistance: Final inflation resistance was defined as the uterine resistance
measured at the final prescribed inflation volume of 0.20 mL:

Pfinal = P(V = 0.20 mL)
2.3 Statistical analysis

Statistical analyses were performed using Python with the SciPy and statsmodels libraries. Each
uterine horn was treated as an independent experimental specimen, and data were grouped
according to Control, Low, Medium, and High phthalate exposure. For specimen-level geometric
and mechanical parameters, statistical analyses were performed using one value per uterine horn.
For local CM thickness, individual measurements across the tissue section were retained to
preserve spatial variability that would otherwise be obscured by a single specimen-level mean.
Data normality within each group was assessed using the Shapiro—Wilk test, and homogeneity of
variance was evaluated using Levene's test centered on the median. Differences among the four
exposure groups were evaluated using one-way analysis of variance (ANOVA), followed by
Tukey's honestly significant difference (HSD) test for pairwise comparisons. Statistical
significance was defined as p <0.05.

Associations between geometric and mechanical parameters were evaluated across all specimens
using Spearman rank-order correlation. Geometric parameters included Em area, CM area, LM
arca, Em area fraction, mean Em thickness, mean CM thickness, local Em thickness, local CM
thickness, and the Em:CM area and thickness ratios. Mechanical parameters included inflation
work, toe-region stiffness, linear-region stiffness, and final inflation resistance at 0.20 mL. For
each geometric-mechanical parameter pair, Spearman's rank correlation coefficient (p) and
associated p-value were calculated. Correlation coefficients were visualized using a heatmap, and
selected associations were additionally displayed as specimen-level scatter plots. Ordinary least-
squares trend lines were included for visualization only; all statistical inference was based on
Spearman correlation.

3. Image informed Finite element model development
3.1 Image-based reconstruction of the layered uterine wall

A specimen-specific three-layer FE model of the uterine wall was developed from SHG images.
The uterine wall was segmented into three anatomically distinct regions consisting of the Em, CM,



and LM. Binary masks were generated for each tissue layer using the segmented SHG images (Fig.
8A). The interfaces between adjacent layers were defined using shared boundaries to ensure
continuous geometric transitions between the Em, CM, and LM. Following segmentation, the
contours corresponding to the Em outer boundary, CM outer boundary, and LM outer boundary
were extracted and smoothed to remove pixel-level irregularities while preserving the overall
tissue morphology.

The extracted contours were imported into FreeCAD, where spline curves were generated for each
boundary and used to reconstruct the layered uterine wall geometry. The reconstructed geometry
was then exported as a STEP file and imported into Abaqus/CAE for FE model generation.

3.2 FE model development

The reconstructed layered uterine geometry was incorporated into the previously developed and
validated FE inflation framework [51]. Consistent with the previous model, a quarter-symmetry
representation of the uterine cross-section was used, with the balloon positioned within the uterine
lumen and described using the independently calibrated Ogden constitutive model. Surface-to-
surface contact was defined between the balloon and Em using a finite-sliding formulation with a
friction coefficient of py = 0.03. Symmetry boundary conditions were applied along the two

symmetry planes, and axial displacement was constrained to approximate plane-strain conditions.

All simulations used identical mesh density, loading conditions, contact definitions, and boundary
conditions. Mesh convergence was evaluated by comparing radial displacement along the inner
and outer uterine wall contours across coarse, reference, and fine meshes, with the reference mesh
selected to balance numerical convergence and computational cost (Supplementary Fig. S4).

Constitutive model: All tissue layers were modeled using the built-in Abaqus implementation of
the one-fiber-family Gasser—Ogden—Holzapfel (GOH) hyperelastic constitutive model. The strain-
energy density function is given by

¥ = Cio( = 3) + 5= [exp (s [k (l — 3) + (1 = 30T, = DI?) — 1] + ¥ ()
()

Here, Cy, represents the isotropic ground-matrix stiffness,
k, governs the fiber stiffness, k, controls the nonlinear exponential stiffening of the fibers, and k
is the fiber dispersion parameter, where k = 0 corresponds to perfectly aligned fibers and k= 1/3
represents an isotropic fiber distribution. The invariant I, = a, - Ca, describes the squared stretch
along the preferred fiber direction. The volumetric strain-energy term, Y¥,., enforces
incompressibility through the volume ratio / = 1. Because the tissue layers were modeled as
incompressible, a hybrid finite-element formulation was used to avoid volumetric locking. In the
hybrid formulation, hydrostatic pressure, p, is introduced as an independent solution variable
associated with enforcement of the incompressibility constraint. Hydrostatic pressure was obtained
from the Abaqus field output variable PRESS, for which positive values represent compression.



Layer-specific constitutive property assignment:

The baseline GOH material parameters were adopted from the previously developed homogeneous
inverse FE model [51]. The isotropic parameter C;, and fiber nonlinearity parameter k, were held
constant across all uterine layers, whereas the fiber stiffness parameter k; was assigned on a layer-
specific basis using SHG measurements (table 1).

Layer-specific k; values for the Em and CM were assigned based on relative SHG intensity. The
parameter k; governs the stiffness contribution of the collagen fiber families [54], whereas SHG
intensity has been used as a measure of relative fibrillar collagen density [55, 56]. The
homogeneous k; obtained from the previous inverse FE analysis was therefore scaled according
to the ratio of each layer's mean SHG intensity to the mean intensity of the combined Em—CM
region:

klla}’er — Jehom ( % ) ()
Where k™ is the homogeneous fiber stiffness parameter obtained from the previous inverse FE
analysis, lj,yer 1s the mean SHG intensity of the Em or CM, and Igp.cy is the mean SHG intensity
of the combined Em—CM region. The combined Em—CM region was used as the normalization
reference because the baseline homogeneous k; represented the mechanical response of this
composite tissue. This approach accounted for the lower collagen-associated SHG signal observed
in the Em relative to the CM.

The LM was excluded from the SHG-based normalization because its collagen fibers are oriented
predominantly along the longitudinal axis of the uterine horn and are therefore largely out of the
imaging plane in transverse SHG sections. SHG signal intensity is sensitive to collagen fiber
orientation relative to the imaging plane, and out-of-plane fibers may generate reduced signal [55].
Consequently, the measured SHG intensity of this layer is expected to underestimate its true
collagen content and was not considered appropriate for parameter scaling. Instead, the LM was
assigned the same constitutive parameters as the CM, reflecting the similar collagen-rich
composition of the two myometrial layers while avoiding parameter assignment based on an
orientation-dependent SHG signal.

Because a quantitative constitutive relationship between SHG intensity and k; has not been
established for uterine tissue, the proportional relationship between normalized SHG intensity and
k, used in Eq. (2) is a modeling assumption.

Layer-specific collagen fiber orientation and dispersion were assigned based on SHG
measurements (Fig. 7B). Collagen fiber dispersion was quantified using spherical variance (SV).
The measured SV for each layer was converted to the GOH fiber dispersion parameter (k) using
the previously established mapping relationship [51]. Within the one-fiber-family GOH
formulation, the preferred fiber direction was defined by the unit vector a, in a local material
coordinate system assigned to each layer. For the CM, the preferred fiber direction was aligned



with the circumferential basis vector, a, =e,, whereas for the LM, fibers were aligned with the
longitudinal basis vector, a, = .. The Em was also represented using a single fiber family but was

assigned a high fiber dispersion parameter (x), reflecting its more dispersed collagen organization
and resulting in a nearly isotropic mechanical response despite the presence of collagen fibers. The
layer-specific fiber orientations and dispersion parameters used in the model are summarized in
Table 1.

Table 1 summarizes the assignment of the GOH constitutive parameters.

Parameter Assignment method Assignment
a, =e, (CM)
a é;}gr-speciﬁc orientation measured from a, =e. (LM)

a, =e. (Em)

0.05 (CM and LM)

K Calculated from spherical variance 0.25 (Em)

Adopted from previous work [51]; constant | 15 kPa

Cio across layers

K Scaled from previous work [51] according to | 461.55 kPa (CM and LM)
! normalized SHG intensity 231.31 kPa (Em)

k, Adopted from previous work [51]; constant | 9

across layers

4. Finite Element simulation analyses
4.1 Em:CM thickness redistribution

To investigate the influence of uterine wall geometry on inflation mechanics independently of
tissue material properties, the relative Em:CM geometry was systematically varied while
maintaining a constant total uterine wall cross-sectional area, LM area, constitutive material
properties, loading conditions, and boundary conditions. Consequently, differences in the
predicted mechanical response reflected only changes in the relative geometry of the Em and CM.

The modeled geometries were based on experimentally measured Em:CM thickness and area ratios
obtained from SHG image analysis. Three geometries were selected to span the full range of
specimen-level values observed across the control and phthalate-exposed groups, including the
experimentally measured minimum and maximum ratios. Control specimens generally exhibited
the highest ratios, whereas phthalate-exposed specimens exhibited progressively lower ratios, with
the medium- and high-exposure groups showing significantly reduced values.

The reference geometry had an Em:CM thickness ratio of 4.56 and an Em:CM area ratio of 1.54,
corresponding to the upper end of the experimentally observed range. The moderately remodeled
geometry had thickness and area ratios of 2.31 and 0.63, respectively, while the highly remodeled
geometry had corresponding ratios of 1.35 and 0.25, representing the lower end of the



experimentally observed range. Together, these geometries spanned the range of Em:CM
geometric remodeling observed experimentally (Fig. 7C).

The Em:CM thickness and area ratios reported throughout this study correspond to the pre-
inflation uterine geometry measured from the SHG images and were used as target ratios during
model construction. To reproduce the experimental inflation configuration, however, the FE model
explicitly included the balloon within the uterine lumen. Consequently, the innermost 0.5 mm of
the measured Em was represented by the balloon rather than meshed as tissue. Although this
reduced the meshed Em thickness adjacent to the lumen, the reported Em:CM ratios correspond to
the original pre-inflation geometry, thereby allowing direct comparison between the modeled
geometries and the experimental SHG measurements.

4.2 Generation of experimental and simulated pressure—area curves

Since the FE model represented a transverse uterine cross-section under plane-strain conditions,
the experimental and simulated inflation responses were compared based on changes in balloon
cross-sectional area (AA) rather than inflation volume. Experimental balloon volumes were
therefore converted to equivalent cross-sectional areas using an experimentally determined balloon
volume—diameter calibration (Supplementary Fig. S5).

For the experimental data, balloon diameter at each prescribed inflation volume was obtained by
linear interpolation of the measured volume—diameter calibration. The corresponding balloon
cross-sectional area was calculated assuming a circular cross-section:

2
ol
2

Where D; is the interpolated balloon diameter and A; is the corresponding cross-sectional area at
inflation increment i. The experimentally measured uterine inflation resistance at each volume
increment was then paired with the corresponding calculated area. Because the differential
pressure measurements accounted for the pressure required to inflate the balloon alone, the
measured pressure represented the resistance associated with inflation within the uterine tissue.

For the FE simulations, balloon cross-sectional area was calculated directly from the deformed
lumen contour at each output frame. The deformed nodal coordinates defining the balloon—tissue
interface were ordered along the contour, and the enclosed area was calculated using the polygon-
area equation:

Z(xiyiH — X )‘

i=1

A=1
2

Where x; and y; are the deformed coordinates of consecutive nodes along the balloon contour. For
the quarter-symmetry model, the contour was closed along the two symmetry axes, and the
calculated quarter-area was multiplied by four to obtain the equivalent full cross-sectional area.



The corresponding applied balloon pressure at each output frame was obtained from the prescribed
pressure-loading history.

To provide a common measure of inflation between the experimental and simulated data, cross-
sectional area was expressed relative to its initial value:

AA:‘ ZAi_Ao

Where A, is the initial balloon cross-sectional area. Pressure was similarly referenced to its initial
value so that both experimental and simulated responses began at (0, 0). The resulting AA—pressure
curves therefore enabled direct comparison of cross-sectional expansion as a function of pressure
between the experimental measurements and two-dimensional FE simulations.

4.3 CM stiffness sensitivity analysis

To evaluate the potential influence of CM material stiffness on the inflation response, a parametric
sensitivity analysis was performed using the reference uterine geometry. Experimental indentation
testing indicated an approximately twofold increase in the apparent indentation modulus of the
CM following phthalate exposure [12]. Since indentation modulus cannot be directly converted to
individual constitutive parameters of the GOH material model, these measurements were instead
used to guide the range of stiffness changes evaluated in the simulations rather than for direct
material calibration. The CM collagen fiber stiffness parameter, k,, was therefore increased to 1.5
and 2.0 times its reference value while maintaining the reference geometry, all other material
parameters, Em and LM properties, loading conditions, contact interactions, and boundary
conditions unchanged. Simulated AA—pressure curves were generated for each case and compared
with those obtained for the geometric remodeling cases.

4.4 Quantitative Comparison of Simulated Inflation Responses

To quantify differences among the simulated inflation responses, parameters were derived from
the pressure—change-in-area (AA—P) curves over a common pressure range of 0—60 kPa. Toe- and
linear-region P-AA slopes (kPa/mm?) were determined by linear regression of pressure as a
function of cross-sectional area change:

P=mAA+b

where P is the applied pressure, AA is the change in balloon cross-sectional area, m is the fitted P—
AA slope, and b is the regression intercept. The toe-region slope was calculated over 0-10 kPa,
whereas the linear-region slope was calculated over 30—60 kPa, with a larger slope indicating a
greater pressure increase for a given increase in cross-sectional area.

The overall pressure—area response was additionally characterized by the area under the AA—
pressure curve over the common pressure range of 0—60 kPa with AUC (mm?-kPa):



60 kPa
AUCAA—P = f AA dP
0

A smaller AUC indicates less overall cross-sectional expansion over the applied pressure range
and therefore greater resistance to inflation. For comparisons among the geometry and stiffness
variation cases, each parameter was also expressed as the percent change relative to the reference
model:

Y -Y,
%4Y = —TL x 100
Yref
where Y is the AA-P-derived parameter for the modified model and Y,..; is the corresponding

value for the reference model.
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