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Abstract

The uterus has critical biomechanical functions in pregnancy and undergoes dramatic
material growth and remodeling from implantation to parturition. The intrinsic material
properties of the human uterus and how they evolve in pregnancy are poorly
understood. To address this knowledge gap and assess the heterogeneity of these
tissues, the time-dependent material properties of all human uterine layers were
measured with nanoindentation. The endometrium-decidua layer was found to be the
least stiff, most viscous, and least permeable layer of the human uterus in nonpregnant
and third-trimester pregnant tissues. In pregnancy, endometrium-decidua becomes
stiffer and less viscous with no material property changes observed in the myometrium
or perimetrium. Additionally, uterine material properties did not significantly differ
between third-trimester pregnant tissues with and without placenta accreta. The
foundational data generated by this study will facilitate the development of
physiologically accurate models of the human uterus to investigate gynecologic and
obstetric disorders.

Highlights

Human uterine layers are distinct, heterogeneous and time-dependent
Pregnancy alters the material properties of the maternal-fetal interface
Largest dataset of uterine mechanical properties measured by nanoindentation
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45  Graphical Abstract

Mapping the Human Uterine Layers Nancindentation Captures Spatial Tissue Distinct Material Properties of
Heterogeneity on the Microscale Nonpregnant & Pregnant Uterine Layers
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48 1. Introduction
49 Each year, over 200 million women become pregnant worldwide, with millions more
50 struggling with infertility!>. Even after implantation occurs and a pregnancy is
51 established, complications can arise at every gestational stage, accounting for 20% of
52 all pregnancies®. Preterm labor, preeclampsia, intrauterine growth restriction, and
53 placenta accreta are amongst the multitude of obstetric conditions that can cause severe
54 morbidity and mortality for both mother and fetus®!!. The uterus is integral to the
55 establishment and maintenance of pregnancy, and possesses key biomechanical
56 functions, undergoing extensive growth and remodeling to support fetal
57 development'!. Defects to mechanical properties of this organ are thought to contribute
58 to the pathogenesis of many obstetric disorders, yet, this remains an open
59 question®3:1011,
60
61 The uterus is composed of three layers (Fig. 1A): (i) the endometrium-decidua, (ii) the
62 myometrium, and (iii) the perimetrium!!~!3, Each of these layers is structurally distinct,
63 though together, they function to support basic reproductive processes. The
64 endometrium is the innermost mucosal layer of the nonpregnant uterus and is
65 composed of epithelial glands and stromal cells embedded in a collagenous matrix
66 lined on its surface with a layer of luminal epithelium'!!%. Under the influence of
67 hormones, the endometrium remodels dramatically throughout the menstrual cycle'!.
68 During the proliferative phase, the endometrium rapidly regenerates and thickens,
69 undergoing further differentiation (i.e., decidualization) during the secretory
70 phase!!"1>1®_In the absence of an implanting embryo, menstruation occurs, resulting in
71 endometrial shedding (4). Adjacent to the endometrium is the myometrium, the thickest
72 uterine layer composed primarily of smooth muscle fascicles sheathed with an
73 extracellular matrix of collagen and elastic fibers!!"!”!¥, Even in its nonpregnant state,
74 the myometrium undergoes active peristaltic contractions throughout the menstrual
75 cycle to aid in sperm motility, embryo implantation, and menstrual blood egress'>!%%,
76 Lastly, the perimetrium, also known as the serosa, is the outermost layer of the uterus
77 composed of collagen embedded with epithelial cells that secrete lubricating
78 fluids!>132!,
79
80 Each of these distinct uterine layers function in concert to enable and support
81 pregnancy. Following fertilization, implantation of an embryo into the decidualized
82 endometrium is necessary for establishing a successful pregnancy and must occur
83 during a short window in the secretory phase of the menstrual cycle!!?2. In the process
84 of implantation, trophoblast cells invade through the luminal endometrial epithelium,
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85 remodeling the maternal spiral arteries, and form the basis of the placenta®***. The
86 decidua, alongside the placenta, acts as a critical interface between the mother and
87 fetus, which continues to remodel throughout pregnancy under the influence of
88 hormones, to support fetal growth!"'®23  Invasive implantation beyond the
89 endometrium-decidua layer into the myometrium, and, in severe cases, through the
90 perimetrium is known as placenta accreta spectrum disorder®?®?’. This obstetric
91 condition, which occurs in 0.3% of pregnancies, can lead to severe maternal
92 hemorrhaging, permanent loss of fertility, and mortality for both mother and fetus®26-%.
93 Any prior uterine surgery, including a cesarean delivery, is a major risk factor for
94 placenta accreta, yet the pathophysiology of this disease is poorly understood*=°. It is
95 presently unknown whether abnormally invasive placentation is caused by an anomaly
96 in trophoblast biology or the presence of cesarean scar tissue®®*!"33. Further, the
97 potential contribution of mechanics in the initiation and progression of placenta accreta
98 has yet to be investigated.

99

100 In normal pregnancy, the myometrium also experiences dramatic growth and
101 remodeling, exhibiting a nearly twenty-fold increase in volume, to accommodate the
102 growing fetus!"!334, This expansion is initially achieved through hyperplasia, an
103 increase in cell number, in the first trimester, followed by stretch-induced hypertrophy,
104 an increase in cell size, during the later stages of pregnancy**. The dynamic activity of
105 the myometrium peaks at the time of labor in the form of coordinated and strong uterine
106 contractions, facilitating the passage of the fetus through the cervix and vaginal
107 canal'»*7 Immediately following delivery, the uterus undergoes a process of
108 involution, facilitated by active contractions and passive elastic recoil, to prevent
109 maternal hemorrhage and allow the uterus to return back to its nonpregnant state!*3%3,
110 Remarkably, the mechanical function of the perimetrium and how it changes in
111 pregnancy is presently unknown.

112

113 The uterus performs both active and passive biomechanical functions throughout the
114 menstrual cycle and in pregnancy, shaped in part by tissue architecture and cell
115 composition'*!%2%, Not only can cells contribute to the active biomechanics of a tissue
116 via contractility, but they can also respond to mechanical stimuli in their surrounding
117 microenvironment through the process of mechanotransduction*®*!. Elucidating the
118 passive material properties of the tissue is a necessary first step for comprehensive
119 understanding of uterine biomechanics and mechanobiology under normal and
120 pathological states*>*. Previous research has focused almost exclusively on
121 characterizing the biomechanics of the myometrium tissue layer at multiple length
122 scales and under different loading conditions***¥. Far fewer studies have investigated
123 the material properties of the endometrium and none have investigated the properties
124 of the perimetrium and third-trimester decidua in humans*’. Further, limited research
125 has been done to evaluate the time-dependent material properties of the uterus,
126 including viscoelasticity and permeability, which also hold the potential to modify cell
127 behavior independent of stiffness**~>2. We broadly hypothesize that the material
128 properties of uterine tissue contribute significantly to the proper initiation and
129 progression of pregnancy, and alterations to normal uterine properties may lead to an
130 array of obstetric and gynecologic pathologies. In order to facilitate the development
131 of physiologically accurate models of the human uterus to address these open
132 questions, this exploratory study seeks to establish the fundamental material properties
133 of all three uterine layers in nonpregnant and pregnant states. Further, this study
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134 investigates whether the material properties of all uterine layers are altered in cases
135 pathologic pregnancies, specifically placenta accreta.

136

137 2. Materials and Methods

138 2.1. Sample Collection

139 In accordance with IRB approval at Columbia University Irving Medical Center
140 (CUIMC) following written informed patient consent, human uterine tissues were
141 collected from nonpregnant (NP) and pregnant (PG) individuals away from sites of
142 known pathology. A summary of patient clinical characteristics is listed in Table 1 with
143 detailed patient information found in Supplementary Table 1. NP individuals (n = 6)
144 underwent total hysterectomies for a variety of gynecologic pathologies including
145 uterine fibroids, endometriosis, adenomyosis, and prolapse. Pregnant uterine tissue was
146 collected in the third trimester for patients undergoing (i) term cesarean sections (PG-
147 CS, n = 7) and (i1) cesarean hysterectomies for placenta accreta (PG-A, n = 6). All NP
148 and PG tissues were collected at the anterior region of the uterus and contained all three
149 uterine layers, with the exception of three PG-CS samples. A subset of NP and PG-A
150 patient samples was collected at the anterior, posterior, and fundus regions. Tissues
151 were immediately flash-frozen on dry ice and stored at —80°C until testing.

152

153 2.2. Histology

154 Uterine cross-sections containing all three tissue layers were fixed in 10% formalin
155 solution for 24 hours, subsequently transferred to 70% ethanol solution, paraffin-
156 embedded, and sectioned to a thickness of 5 um. To observe gross tissue morphology
157 and the distribution of collagen and smooth muscle, all samples were stained for
158 Masson’s trichrome by the Molecular Pathology Core Facilities at CUIMC using
159 standard protocols. Samples were imaged under brightfield microscopy at 10x
160 magnification with a Leica Aperio AT2 whole slide scanner and regions of interest
161 were selected with the ImageScope software (Leica Microsystems, Wetzler, Germany).
162

163 2.2.1. Image Quantification

164 The relative proportions of collagen and smooth muscle were quantified for
165 myometrium tissue stained with Masson’s Trichrome. A custom Matlab
166 (Mathworks, Natick, MA, USA) code utilizing a thresholding function was
167 implemented for such quantification (Fig. 1C). All parameters were kept constant
168 across patient groups. Approximately three to five representative regions of
169 myometrium were used for analysis. Regions containing blood vessels in more
170 than fifty percent of the image area were avoided. To determine the thickness of
171 the perimetrium, measurements were done manually with Imagel (NIH,
172 Bethesda, MD, USA) on imaged tissue sections stained with Masson’s
173 Trichrome (Fig. 1D).

174

175 2.3. Nanoindentation

176 Spherical nanoindentation (Piuma, Opticsl1Life, Amsterdam, NE) was utilized to
177 determine the time-dependent material properties of uterine tissue (Fig. 2A). A 50 um
178 probe radius with a cantilever stiffness of 0.15 — 0.5 N/m was used. In preparation for
179 testing, samples were dissected into distinct uterine layers, adhered to a glass dish with
180 superglue (Krazy Glue, Atlanta, GA), and swelled at 4°C overnight in 1 X PBS solution.
181 Immediately prior to testing, the sample was equilibrated to room temperature for 30
182 minutes and subsequently tested in Opti-free contact lens solution (Alcon, Fort Worth,
183 TX, USA) to reduce adhesion between the glass probe and sample®®. Tissues were
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184 indented to a fixed depth of 4 um under displacement control, corresponding to a 5%
185 indentation strain and contact area of 380 pm>*. Following a 2 s ramp to the prescribed
186 indentation depth, the probe’s position was held for 15 s to yield a load relaxation curve
187 approaching equilibrium. To ensure reliable measurements taken for thinner tissue
188 layers, the surface of the endometrium, decidua, and perimetrium were directly tested
189 (Fig. 1A). The myometrium was tested orthogonal to the uterine cavity surface in the
190 center of the tissue. Given the irregular size and geometry of the tissues, the number of
191 indentation points varied. At least 100 points were measured to capture intra-sample
192 variability. The distance between individual indentations was kept constant at 200 um.
193 All tissue sections were at least 1 mm thick and tested within two freeze-thaw cycles.
194
195 2.4. Data Analysis
196 In order to determine the time-dependent material properties of the human uterus, load
197 relaxation curves were fit with an established combined poroelastic-viscoelastic (PVE)
198 model in Matlab with a nonlinear least-squares solver (Fig 2B)**>®. The following
199 material parameters were determined from the PVE model: (i) stiffness (E), (ii)
200 viscoelastic ratio (E«/Eo), (iii) intrinsic permeability (k), and (iv) diffusivity (D).
201
202 Fitted data points were excluded from the final data set if the load relaxation curve
203 displayed (i) sharp discontinuities, (ii) increasing loads over time, (iii) AP (Pmax — Pmin)
204 less than 0.005.
205
206 The coupled effect of the material’s poroelastic (Pre) and viscoelastic (Pye) force
207 responses is defined as:
PPVE (Z) — PPE (t) E/E (l) (1)
b,
208 where Pw is the equilibrium force. The viscoelastic force response is calculated using a
209 generalized Maxwell model, consisting of a linear spring connected in parallel with n
210 number of Maxwell units, containing a linear spring and dashpot connected in series.
211 The viscoelastic component of the model is defined by the following equation:
3/2 1/2

B, = MOT'R : [ES +Y E X, exp(-t/t, )} (2)
212 where Ey and E; are the elastic moduli of the linear spring and the n'® Maxwell element
213 (n = 2), respectively, odo 1is the applied indentation depth, R is the
214 probe radius, and 7. is the characteristic relaxation time of the n™ Maxwell element
215 (n = 2). A ramp correction factor (X, =(z,/¢.)-[exp(—¢./(z,—1)]) is included to
216 account for the 2 s ramp time (#) since the original Maxwell model assumes a step
217 loading function. The poroelastic force response is calculated from the analytical
208 solution published in Hu et al. 2010:

Py =P, +(F—P,)[0491-exp(-0.908-/t/7,)+0.509-exp(-1.679-(t/7,))] (3)

219 Py is the initial force at the beginning of the load relaxation curve and is calculated with
220 the Hertzian contact model (B, =(4/3)-E,-R"*-5,*) where E. is the apparent elastic
221 modulus. P is the equilibrium force given by P =P, /[2(1-v,)] where va is the
222 drained Poisson’s ratio. 7 is a fitted constant in the model defined as:
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2
7 = a u(1-2v) @)
2kG(1-v,)
223 where a is the contact radius (a = /R -0, ), p is the interstitial fluid viscosity (pn = 0.89
224 x 1073 Pa-s), v is Poisson’s ratio (v = 0.5), k is intrinsic permeability, and G is the shear
225 modulus. Elastic modulus (E) is calculated from shear modulus as £ = 3G. Diffusivity
226 (D) is calculated as D=a’/7,.
227
228 2.5. Statistical Analysis
229 For image quantification data, statistical analysis was performed in Prism 9.4.0
230 (GraphPad, California, USA). Multiple nested t-tests were utilized to analyze
231 collagen/smooth muscle content and perimetrium thickness. Due to the complexity of
232 the dataset, analysis of material parameters was conducted in RStudio version 1.3.1056.
233 The normality of the data was first assessed with a QQ-plot. Stiffness, permeability,
234 and diffusivity data were normalized with a logarithmic transformation. No
235 transformation was made for viscoelastic ratio. All parameters were subsequently
236 analyzed with a linear mixed model, assessed by (1) pregnancy state accounting for
237 patient ID and (2) tissue group accounting for patient ID. Statistical significance was
238 set at a 95% confidence level for all analyses. P-value symbols follow a standard
239 GraphPad (GP) style (ns: p > 0.05; * p <0.05; ** p <0.01 ; *** p <0.001; **** p <
240 0.0001) with an added distinction for trends (p < 0.1) denoted by a # symbol.
241
242 3. Results
243 3.1 Distinct Layers of the Human Uterus
244 Histological images of the human uterus demonstrate clear morphological and
245 compositional differences across all tissue layers in NP and PG states (Fig. 1B). In
246 pregnancy, the NP endometrium undergoes a dramatic structural and compositional
247 transformation into the PG decidua, exhibiting a loss of glandular epithelium (Fig. 1B).
248 Such changes highlight a fundamental shift in the functionality of the innermost uterine
249 layer in pregnancy. No differences are present between the decidua of PG-CS and PG-
250 A samples, which represent the decidua parietalis, a region of tissue away from the site
251 of placentation (Fig. 1B). Within a mm? region of tissue, the PG myometrium exhibits
252 a significant increase in the size of smooth muscle fibers and a relative decrease in
253 collagen content when compared to the NP myometrium (Fig. 1C). No discernible
254 changes in tissue morphology or composition are evident between the PG-CS and PG-
255 A samples (Fig. 1B). Lastly, the perimetrium is observed to be a thin layer of tissue
256 composed primarily of collagen that appears to thicken in pregnancy (Fig. 1D). Greater
257 variability in the perimetrium thickness of PG-A samples is noted (Fig. 1D).
258
259 3.3 Stiffness of the Human Uterus
260 Overall, uterine stiffness (E) ranges from 10°— 10° Pa, with a large degree of spatial
261 heterogeneity observed for all tissues measured (Fig. 3C, S6). Notable stiffness
262 differences are evident across uterine layers and as a result of pregnancy (Fig. 3). For
263 the NP uterus, the myometrium is significantly and consistently stiffer than the
264 endometrium for all patients (Fig. 3A, S5) and the perimetrium in four out of six
265 evaluated (Fig. 3A, S5). Overall, the NP perimetrium exhibits a decreasing trend (p =
266 0.096) in stiffness relative to the NP myometrium (Fig. 3A). In pregnancy, the PG-CS
267 myometrium is significantly stiffer than the PG-CS decidua. However, for PG-A
268 samples, this stiffness difference is only a trend (p = 0.073) (Fig. 3A, S5). For both
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269 PG-CS and PG-A tissue samples, there is no significant difference in tissue stiffness
270 between the myometrium and perimetrium (Fig. 3A, S5).

271

272 Comparing across all three patient groups, the PG decidua is stiffer than the NP
273 endometrium in third trimester (Fig. 3B). Greater variability in decidua stiffness is
274 noted for PG-A tissue samples (Fig. 3, S5). No change in the stiffness of the
275 myometrium is observed between the NP and PG tissue samples (Fig. 3B).
276 Additionally, there is no statistically significant difference in perimetrium stiffness
277 between the NP and PG tissue samples, yet the PG-A perimetrium layer exhibited the
278 stiffest points measured for the human uterus (Fig. 3B). It is important to note that these
279 extrema in PG-A stiffness values measured for all three tissue layers cannot be
280 considered true outliers as they represent measurements from two distinct patients
281 away from any visual pathology (Fig. 3B).

282

283 3.4 Regional Variations in Uterine Layer Stiffness

284 To investigate whether uterine stiffness varies across anatomic regions, full-thickness
285 sections of the uterus were collected from a subset of NP and PG-A patients at the
286 anterior, posterior, and fundus regions. On an individual patient basis, variations in
287 stiffness exist for all NP and PG uterine layers (endometrium-decidua, myometrium,
288 and perimetrium) across the three anatomic regions investigated (Fig. S1, S2). Given
289 the relatively few number of patients included in this analysis, it is unclear whether
290 systematic variations exist for any particular anatomic region (Fig. S1). Interestingly,
291 the proximity of the PG-A uterine layers to the site of placentation, as noted in Table
292 S1, does not correlate with any regional increases in stiffness in this dataset.

293

294 3.5 Time Dependent Material Properties of the Human Uterus

295 Viscoelastic ratio (E«/Eo) is defined as the ratio between the equilibrium and
296 instantaneous elastic moduli and reflects a material’s degree of viscoelasticity (0 =
297 viscous fluid, 1 = elastic solid). Median viscoelastic ratio values of all uterine layers
298 across NP and PG tissue samples are between 0.4 and 0.6, indicating that the human
299 uterus behaves as both a liquid and a solid at the microscale (Fig. 4). Interestingly, a
300 difference in the viscoelastic ratio is only observed for the endometrium-decidua layer,
301 which forms the basis of the maternal-fetal interface (Fig. 4). Relative to the NP
302 endometrium, the viscoelastic ratio of PG-CS and PG-A decidua increases (Fig. 4B).
303 Therefore, this finding suggests that the endometrium-decidua becomes less viscous in
304 pregnancy. Both the NP endometrium and PG-CS decidua exhibit smaller viscoelastic
305 ratios relative to both the myometrium and perimetrium, however, this trend is not
306 observed for the PG-A tissue samples (Fig. 4A).

307

308 Intrinsic permeability (k) describes the motion of molecules through a material due to
309 physical pore geometry and is a fitted parameter from the poroelastic component of the
310 PVE material model. Median permeability values range from 1077 to 10"'> m? for all
311 uterine layers in both NP and PG tissue samples (Fig. 5). The NP endometrium exhibits
312 decreased permeability relative to the NP myometrium and perimetrium. Yet, no
313 differences are observed between NP and PG tissue samples (Fig. 5, S4). Further, no
314 change in permeability exists across the PG-CS and PG-A uterine layers (Fig. S4).
315 Lastly, by taking the square root of the permeability values, we determine that the mean
3|16 pore size for all uterine layers is on the order of 10 to 100 nm.

317
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318 The final time-dependent material property determined from the PVE model is
319 diffusivity (D). This parameter describes the motion of molecules through a material
320 over time and is calculated from values of permeability and stiffness. Diffusivity
321 exhibits similar trends to permeability and viscoelastic ratio, with median values
322 ranging from 10712 to 10 to m?/s for all uterine tissues (Fig. S3). Diffusivity increases
323 in pregnancy for the PG decidua relative to the NP endometrium, with no changes
324 observed for the myometrium and perimetrium in pregnancy (Fig. S3B). Both the NP
325 endometrium and PG-CS decidua exhibit smaller diffusivity values relative to patient-
326 matched myometrium, yet this difference is not present for PG-A tissue samples (Fig.
327 S3A). It is important to note that because this parameter is calculated, relative changes
328 in diffusivity across tissue layers and pregnancy state are dependent on stiffness and
329 permeability values. A summary of all material properties can be found in Table 2.
330

331 4. Discussion

332 This study represents a first-of-its-kind observational study characterizing the material
333 properties of human uterine tissue layers and the changes, or lack thereof, that result
334 from pregnancy. The first measurements of uterine permeability and diffusivity for all
335 tissue layers are reported in this study and include the first stiffness measurements of
336 the perimetrium and third-trimester PG decidua. Such data are critical for the
337 development of physiologically accurate in vitro and in silico models of the uterus in
338 the context of pregnancy and gynecological disorders®. A probe radius of 50 um (100
339 um diameter) was specifically chosen to match the size and contact area of the invading
340 embryo!!, providing measurements that are directly relevant for mechanobiology
341 studies on embryo implantation and placentation.

342

343 4.1 Material Behavior of Human Uterine Layers

344 Fundamental differences in the tissue composition and structure of all three uterine
345 layers are reflected in the measured material properties. Changes in stiffness and time-
346 dependent material properties of the uterus are observed in both NP and PG tissue
3{47 samples, with the most remarkable differences seen in the endometrium-decidua layer.
348 In nonpregnancy, the endometrium exhibits decreased stiffness, viscoelastic ratio,
349 permeability and diffusivity relative to both the myometrium and perimetrium (Fig.
350 3A, 4A, S3A). Mucous production by luminal and glandular epithelial cells in the
351 endometrium is one possible explanation for the existence of a tissue that is more
352 viscous and less permeable!!®%°!. In pregnancy, the decidua is less stiff than the
353 myometrium, however, differences relative to the perimetrium are variable (Fig, 3A).
354 The degree to which this is influenced by confounding variables such as gynecological
355 disorders, age, gravidity, and the site of placentation is unknown.

356

357 4.2 Effect of Pregnancy on Uterine Remodeling

358 A clear increase in the stiffness, viscoelastic ratio, and diffusivity of the endometrium-
359 decidua layer is observed in pregnancy (Fig. 3B, 4B, S3B). This change in material
360 properties indicates that the maternal-fetal interface undergoes significant remodeling
361 in pregnancy, which is confirmed by histological findings (Fig. 1B). The process of
362 endometrial decidualization leads to glandular epithelium hypotrophy and stromal cell
363 differentiation which in turn contribute to ECM-level changes®?. The endometrium-
364 decidua is largely made up of collagen, exhibiting notable shifts in the amount, size
365 and subtypes present in pregnancy'#®-%. A bulk of the relevant research has been
366 conducted on animal and first-trimester human tissues with comparatively less known
367 for the third-trimester human decidua. Mechanically, a striking paucity of data has been
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368 published on the material properties of the human endometrium and decidua. A key
369 study by Abbas et al. (2019) reported the first stiffness measurements of these tissues,
370 demonstrating no difference in stiffness between the nonpregnant endometrium and
371 decidua parietalis of first-trimester pregnancies®. The data presented in our study
372 illustrates clear stiffening of the third-trimester decidua parietalis relative to NP
373 endometrium in both pregnant patient cohorts (Fig. 3B). This key finding highlights
374 the significant remodeling the maternal-fetal interface undergoes from the first to third
375 trimesters. It is presently unknown whether this shift in material properties results from
376 biological factors, mechanical triggers, or the interplay of both. It is well established
377 that dramatic fetal growth is observed from the first trimester until parturition, with a
378 majority occurring in the third trimester (33-36). We, therefore, hypothesize that
379 increased mechanical loads on the uterus throughout pregnancy are responsible for
380 decidual stiffening, thereby suggesting that this tissue is mechanoresponsive.

381

382 Dramatic growth and remodeling of the pregnant myometrium are necessary to
383 accommodate fetal growth and prepare the uterus for coordinated labor
384 contractions'"!33, Interestingly, this study showed no significant difference in the
385 material properties of the gravid myometrium relative to nonpregnancy when measured
386 with nanoindentation (Fig. 3B, 4B, S3B, S4). This finding is intriguing in the context
387 of observed histological changes to the pregnant myometrium. Notably, we find a
388 decrease in the relative proportion of collagen to smooth muscle content in the pregnant
389 myometrium (Fig. 1C). Yet, given the immense amount of growth the myometrium
390 undergoes in gestation, the total amount of collagen has been previously shown to
391 increase in term pregnancies ®. Elucidating how the structure and composition of the
392 uterus changes across length scales and are reflected in material property measurements
393 are critical for understanding pregnancy in its totality. On the microscale, the material
394 properties measured in this study by nanoindentation are vital for understanding
395 fundamental cell-ECM interactions. Within the large-strain regime, macroscale
396 material property changes, captured with tension and compression, provide a broader
397 understanding of how ECM fiber bundles, smooth muscle cell fascicles, and the
398 supporting ground substance contribute to uterine remodeling. Parallel work by our
399 group has recently evaluated the macroscale material properties of the myometrium in
400 an overlapping patient cohort®’”. Under small strains, no change in myometrium
401 stiffness was found in pregnancy with indentation and tension tests, showing agreement
402 with the nanoindentation data presented in this paper®’. Material changes to the PG
403 myometrium were only observed for strains above 30%, demonstrating increased tissue
404 extensibility relative to the NP uterus®’. Collectively, these data highlight the functional
405 role of the uterus in pregnancy, where the uterus must remain structurally intact despite
406 continuous growth and remodeling to accommodate the increasing weight and size of
407 the fetus.

408

409 Lastly, this study shows for the first time that the perimetrium also undergoes
410 considerable remodeling in pregnancy as evidenced by an increased thickness of this
411 collagen-dense layer (Fig. 1D). These compositional changes, however, are not
412 reflected by material property changes to the perimetrium (Fig. 3B, 4B, S3B, S4). Key
413 limitations of the dataset include the small sample size (n = 6) and inherent uterine
414 pathology of nonpregnant and pregnant patients (Table S1). A prospective study
415 powered to assess this difference is needed. Aside from its existence as the outermost
416 layer of the uterus, little is understood regarding the structure and function of this tissue
417 layer, particularly during pregnancy. We hypothesize that the perimetrium provides

Page 9 of 22


https://doi.org/10.1101/2023.08.07.551726
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.08.07.551726; this version posted September 15, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

418 structural support to the uterus as the primary boundary between the myometrium and
419 the abdominal cavity. Further, we posit that remodeling of the perimetrium is important
420 in the proper development of pregnancy, and without this, obstetric complications such
421 as uterine rupture may arise.

422

423 4.3 Effect of Placenta Accreta on Uterine Material Properties

424 No significant differences in the material properties of all uterine layers are observed
425 between the PG-CS and PG-A tissue samples away from the site of placentation and
426 any visible pathology (Fig. 3B, 4B, S3B, S4). Notably, the stiffest measurements in
427 this dataset were taken from PG-A tissue samples (Fig. 3, S6). Given the limited size
428 of this patient cohort, it is unclear whether the material properties of the uterus were
429 altered as a result of invasive placentation or were already transformed by a previous
430 cesarean delivery or the presence of underlying gynecologic pathology. Notably,
431 cesarean section surgeries are known to result in uterine scar tissue, contributing to thin
432 or absent decidua at the incision site, and may predispose an individual to placenta
433 accreta in subsequent pregnancies!>®. Differences in the material and structural
434 properties of cesarean scar tissue compared to healthy decidua is one hypothesis for
435 altered trophoblast invasion emblematic of placenta accreta.

436

437 Variations in gestational age may also influence the material properties PG samples.
438 All cesearean hysterectomies for the collection of PG-A tissues occurred pre-term,
439 before 37 weeks of gestation, while PG-CS tissue were collected between 37 and 40
440 weeks of pregnancy. The role of mechanics in the pathophysiology of placenta accreta
441 remains an open question and warrants statistically-powered follow-up study to tease
442 out the effect of disease and patient confounding factors.

443

444 4.4 Regional Variations in Uterine Stiffness

445 Regional differences in stiffness for all uterine layers were observed for a subset of NP
446 and PG-A patients (Fig. S1). Previous work by Fang et al. (2021) also suggests regional
447 variations in the mechanical properties of the NP and PG myometrium representing a
448 single patient per group*®. Collectively, these data represent a small number of patients,
449 making it difficult to determine whether systemic regional changes in uterine stiffness
450 exist. Obstetric and gynecologic history, such as the number of previous pregnancies
451 (i.e., gravidity), previous sites of placentation, number of cesarean sections, and
452 presence of gynecologic pathology, may contribute to regional differences observed
453 across different patients. Limited by the small sample size of this dataset, no
454 correlations between regional stiffness and these confounding variables can be made.
455

456 Previous work by Abbas et al. (2019) found increased stiffness of decidua basalis tissue
457 (i.e., at the site of placentation) relative to the decidua parietalis (i.e., away from the
458 placenta) in the first trimester®’. This result suggests that extravillous trophoblast
459 invasion, which serves as the basis for placenta formation and attachment to the uterus,
460 is responsible for this local stiffening phenomenon *. Interestingly, data generated
461 from our study suggests that the proximity of decidua parietalis tissue to the site of
462 placentation does not correlate with increased stiffness. Future studies are needed to
463 assess stiffness changes in decidua basalis tissue in humans.

464

465 4.5 Limitations

466 Patient variability is a critical consideration likely contributing to the wide range of
467 material property values reported in this study. Confounding factors such as age,
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gravidity, parity, number of previous cesarean sections, region of placentation, and any
underlying gynecological conditions may have a significant yet unknown effect.
Notably, all nonpregnant tissues measured in this study are inherently pathological,
diagnosed with uterine fibroids, prolapse, adenomyosis, and/or endometriosis (Table
S1). It is unclear the degree to which, if any, these gynecological disorders impact the
composition, structure, and mechanics of the uterus. Although changes in the
proportion of collagen and smooth muscle content are observed for the nonpregnant
and pregnant myometrium analyzed in this study, additional research is needed to
confirm whether this is a normal byproduct of pregnancy or the reflection of a
gynecologic pathology in the nonpregnant subjects.

It is important to note that all tissues in this study were tested away from any visually
identifiable pathology and confirmed with histology to contain all three uterine layers.
Moreover, given that the stiffness of the endometrium measured in this dataset matched
the values reported by Abbas et al. (2019) for healthy NP endometrium, it is a
reasonable assumption that the NP tissue measurements are minimally affected by
pathology®. Further contributing to potential unintended biases in the data is the
experimental methodology. It is important to consider that the overall surface area for
each of the three tissue layers evaluated is considerably larger (cm? to m? depending on
the stage of pregnancy) than the mm? testing area. To address this limitation and
minimize its effect, a large number of indentation points (10! to 10%?) was chosen to
characterize each tissue, totaling more than 7000 individual measurements across all
experimental groups. In addition, although each of the tissues measured exhibits
heterogeneous spatial distribution of material properties, it is impossible to precisely
match these differences with exact compositional or structural features due to inherent
limitations of nanoindentation tissue testing without fiducial markers.

Conclusions

The data presented in this study yield key insights into the material properties of the
uterus and underscores the mechanical nature of pregnancy. Notable time-dependent
material property changes are observed across tissue layers and as a result of
pregnancy. Alterations in parameters of stiffness, viscoelastic ratio, permeability, and
diffusivity are demonstrated only at the maternal-fetal interface for the endometrium-
decidua layer. Overall, the role of mechanics in the initiation and progression of
gynecological and obstetric disorders remains an understudied area of research and the
data generated from this work will advance in vitro and in silico models of the uterus
and pregnancy.
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696  Fig. 1. Anatomy of the Human Uterus. (A) Diagram of the (i) female reproductive tract in the
697  frontal plane identifying all uterine layers: NP endometrium, PG decidua, myometrium, and
698  perimetrium, (ii) human uterus in the sagittal plane indicating the anterior region from which
699  samples were collected, (iii) cross-section of the uterine wall containing three uterine layers.
700  Arrows indicate the orientation in which tissues were tested with nanoindentation. (B)
701  Representative images of the three uterine layers from NP, cesarean section pregnancies (PG-CS),
702 and placenta accreta pregnancies (PG-A) patient groups stained with Masson’s Trichrome (blue =
703 collagen; red = muscle fibers, cytoplasm; black = nuclei). Images were taken at 10x magnification
704  (scale bar = 100 pm). Note that the relative lengths of the tissue layer figure panels do not reflect
705  actual layer proportions. (C) Relative proportion of collagen and smooth muscle in the
706  myometrium. Bars indicate standard deviation. (D) Thickness of the perimetrium measured for all
707  three patient groups. Data presented as min-max plots. Statistical significance is denoted by the
708  following symbols: ns, p > 0.05; #p <0.1; * p <0.05.
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(B)

A JF

Load (uN)

Fig. 2. Experimental Approach. (A) Diagram of nanoindentation testing (Adapted from Optics11
Life). A spherical probe with radius (R) is attached at the end of a cantilever and indented into the
sample at a fixed depth (h), recording load (F) over time. (B) Representative load relaxation plot
generated from nanoindentation testing in displacement control and fitted with the combined
poroelastic-viscoelastic (PVE) material model (solid red line = combined PVE model fit, dotted
blue line = viscoelastic material response, solid green line = poroelastic material response).
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Fig. 3. Stiffness of Human Uterine Layers. (A) Summary of stiffness values for each tissue layer
at the anterior region organized by patient groups: nonpregnant (NP), cesarean section pregnancy
(PG-CS), and placenta accreta pregnancy (PG-A). Each distinct symbol represents the median value
of all indentation points measured for a single patient. Data are presented as box and whisker plots
on a logio scale. (B) Stiffness values separated by tissue layer, compared across all three patient
groups, plotted on a linear scale. Statistical significance is denoted by the following symbols: ns, p
>0.05;#p<0.1; *p<0.05; ** p<0.01; **** p < 0.0001). (C) Representative stiffness heatmaps
for NP uterine layers. Grid of 11 x 11 indentation points corresponds to a 2 mm x 2 mm region. [X]
indicates points removed due to exclusion criteria.
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Fig. 4. Viscoelasticity of Human Uterine Layers. Summary of viscoelastic ratio values for each
tissue layer at the anterior region organized by patient group (NP, PG-CS, PG-A). Each distinct
symbol represents the median value of all indentation points measured for a single patient. Data are
presented as box and whisker plots on a logio scale. (B) Viscoelastic ratio values separated by tissue
layer, compared across all three patient groups, plotted on a linear scale. Statistical significance is
denoted by the following symbols: ns, p > 0.05; * p <0.05 ; ** p < 0.01; **** p < 0.0001).
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Fig. 5. Permeability of Human Uterine Layers. Summary of permeability values across uterine
layers at the anterior region for each patient group (NP, PG-CS, PG-A). Each distinct symbol
represents a single patient for which tens to hundreds of indentation points have been averaged.
Data are presented as box and whisker plots on a logio scale. Statistical significance is denoted by
the following symbols: ns, p > 0.05; ** p <0.01; **** p < 0.0001).
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Patient No. Maternal | Gestational No. i
Group | Patients | Age (yrs) Age Previous Gravidity Surgery
(wks.dys) CS#
435 0 >
6 N/A $
NP (36— 47) 01 04 Hyst
PG, : 37 39.1 1 3 »
CS (29 —43) (37-39.3) (0-4) (1-9)
PG, 35.5 35.4 1.5 5
6 18
Acereta 28-46) | (32-363) | (1-3) @a_14y |CSHyst

741

742 Table 1. Summary of Patient Information. Data are presented as median (range). TGravidity =

743 total number of pregnancies including current; {CS = cesarean section; §Hyst = hysterectomy.
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Patient Tissue Stiffness, £ Viscoelastic | Permeability, k | Diffusivity, D
Group Layer (kPa) Ratio (E./Eo) (1E-16 m?) (1E-10 m?s)
Endometrium | 0.143 £ 0.04 10430 £ 0.02] 1.60 * 0.69 0.64 £ 0.71
NP Myometrium | 0.738 + 0.45]0.508 £ 0.03]| 4.65 £ 1.73 9.00 £ 542
Perimetrium | 0365 * 0.17]0.506 * 0.05] 5.18 *= 3.26 7.94 *£ 6.03
Decidua 0352 £ 0.07]0485 £+ 0.03]11.43 + 16.62]12.05 £ 17.08
PG-CS | Myometrium | 0.809 + 0.27]0.522 + 0.03] 391 + 2.11 9.18 £ 7.10
Perimetrium | 0.701 * 0.56]0.512 £ 0.03] 2.71 += 147 442 = 297
Decidua 0497 + 0.36]0.527 + 0.04]18.56 + 22.78149.55 £ 69.14
PG-A | Myometrium | 1.048 + 0.84]0.523 + 0.06]| 427 £+ 2.29 8.67 £ 3.54
Perimetrium | 1527 * 14410.526 + 0.02]17.66 * 2294|3326 + 28.28

744
745  Table 2. Summary of Material Properties of Human Uterine Layers. Mean + std. dev calculated
746  for each tissue layer across all samples for a given patient group.
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