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ARTICLE INFO ABSTRACT
Keywords: The success rate of assisted reproductive technologies could be greatly improved by selectively choosing egg
Inverse problems cells (oocytes) with the greatest chance of fertilization. The goal of mechanical profiling is, thus, to improve

Neural networks
Mechanical characterization
Transient Network Theory

predictive oocyte selection by isolating the mechanical properties of oocytes and correlating them to their
reproductive potential. The restrictions on experimental platforms, however — including minimal invasiveness
and practicality in laboratory implementation — greatly limits the data that can be acquired from a single

Mechanics oocyte. In this study, we perform indentation studies on human oocytes and characterize the mechanical
properties of the zona pellucida, the outer layer of the oocyte. We obtain excellent fitting with our physical
model when indenting with a flat surface and clearly illustrate localized shear-thinning behavior of the zona
pellucida, which has not been previously reported. We conclude by outlining a promising methodology for
isolating the mechanical properties of the cytoplasm using neural networks and optical images taken during
indentation.

1. Introduction et al., 2008; Khalilian et al., 2010, 2011; Kim and Kim, 2013; Yanez

et al,, 2016). Most of these studies, however, were performed on

Isolating the mechanical properties of multi-component biological oocytes both before and after successful fertilization; a standard metric
structures presents a uniquely challenging inverse problem that is for predicting the fertility of an oocyte based on the stiffness of its zona
widespread in the field of bio-characterization (Narasimhan et al., prior to use in ART has not yet been proposed. Thus, while most sources

2020; Bae et al., 2006; Ghosh et al., 2021). Many times, it is impossible agree that the stiffness of the zona should be considered, it is likely not

to directly probe the response of individual components, such as the a sufficient indicator of fertility by itself. The viscosity of the cytoplasm

interior and exterior regions of cell, making it difficult to characterize
their mechanical properties. Properly characterizing each component is
highly desirable, however, as their mechanical behavior may highlight
biological properties — in the case of the oocyte, fertility. Due to
this, we commonly rely on indirectly characterizing the components,
which introduces costly and badly posed inverse problems, to backtrack
the mechanical parameters. Developing reliable and efficient methods
for solving these problems would, thus, be beneficial for many bio-
characterization applications including predictive oocyte selection for
assisted reproductive technologies (ARTs).

The potential for using mechanical properties as a metric for oocyte
fertility has been largely established. One of the most promising prop-
erties is the stiffness of the zona pellucida, which has been categorically include, among others, laser optical tweezers (Dai and Sheetz, 1995),
linked to fertilization (Drobnis et al., 1988; Sun et al., 2003; Murayama optical stretchers (Guck et al., 2001), magnetic bead measurement

has also been qualitatively linked to fertility in injection tests (Ebner
et al., 2003). Reliably measuring this quantity has remained difficult
experimentally, however, as the cytoplasm does not likely contribute to
the mechanical responses that are accessible using an ART-compatible
experimental protocol (Stracuzzi et al., 2021). Due to the difficulty of
reliably measuring the mechanical properties of the oocyte, morpho-
logical characterization and selection is still widely preferred for ART
protocols (Rienzi et al., 2011).

The first limitation of oocyte profiling involves collecting high-
quality data from individual egg cells. Experimental efforts for clas-
sifying the mechanical properties of cells are in rich abundance and
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Fig. 1. Photograph of the mechanical indentation contraption. The pipette holds an
oocyte in front of the indenter inside a Petri dish filled with culture medium (the
oocyte diameter is 150 pm and is not visible in the picture).

(Bausch et al.,, 1998), and atomic force microscopy (AFM) (Schépe
et al., 2009; Radmacher, 2007). For oocytes, the thickness of the outer
zona pellucida necessitates slight changes in these classical methods,
which also introduces theoretical challenges in the modeling approach.
Early experiments used micro tactile sensors to perform shallow inden-
tation (5 pm) experiments and measure the Young’s modulus of the
zona pellucida using Hertz contact (Murayama et al., 2006, 2008). Mi-
cropipette aspiration is also common (Hochmuth, 2000; Khalilian et al.,
2010, 2011), but many assumptions must be employed (i.e. modeling
the oocyte as a half-space Theret et al.,, 1988) in order to deter-
mine the mechanical parameters. Some studies used theoretical ap-
proaches (Drobnis et al., 1988; Sun et al., 2003), but model calibration
relied on simple linear elasticity assumptions or beam and shell for-
mulations that may not be appropriate for soft materials (Murayama
et al.,, 2008). More recently, viscoelastic characterization of oocytes
has been attempted using micropipette indentation (Liu et al., 2012),
beam deflection (Kim and Kim, 2013), and indentation (Dittmann et al.,
2018; Shen et al.,, 2019; Stracuzzi et al., 2021). The complexity of
modeling these experiments is quickly increasing, however, and has
led to difficulty and uncertainty in obtaining the correct mechanical
parameters (Dittmann et al., 2018; Shen et al., 2019).

Many efforts for increasing the reliability of model calibration in
bio-characterization problems have been introduced. For instance, digi-
tal image correlation (Palanca et al., 2016) has been used to supplement
predictions of FEM simulations in 2D and 3D (Ahn and Kim, 2010;
Roberts et al., 2014), allowing for in vivo mechanical profiling of some
biological tissues (Moerman et al., 2009; Evans and Holt, 2009). Neural
networks have been previously incorporated into studies to perform
mechanotyping of cell aggregates (Combs et al., 2022) as well as
predict traction profiles within a cell under applied loading (Li et al.,
2022). Convolutional neural networks (CNNs) show particular promise
in studies that incorporate images (Li et al., 2020). For the oocyte,
an inverse FEM method (iFEM) was used to assist in calibrating a
mechanical model with three parameters by combining force and image
data (Dittmann et al., 2018). Notably, it was found that including im-
age data greatly improved convergence of their optimization strategy.
Images have also been used to estimate volume changes of the zona
pellucida during indentation (Dittmann et al., 2018; Stracuzzi et al.,
2021), where it was speculated that volume change occurs at large
deformations due to water expulsion from the porous microstructure.
While these studies are promising in their approach, there remains a
large variance of mechanical parameters for the oocyte presented in the
literature (Sun et al., 2003; Murayama et al., 2006; Priel et al., 2020;
Khalilian et al., 2010). Without standard metrics for the mechanical
properties of the oocyte, it is not possible to select egg cells for ART
based on their mechanical response.

In this work, we perform indentation tests on human oocytes in
the MII stage of maturation. Indentation is performed with a custom
ART-compatible setup using both a flat surface and a sharp indentation
tip. To model the oocyte, we use a physically-based mechanical model
based on theories of dynamic polymer networks (Vernerey et al., 2017;
Shen et al., 2019). Ultimately, we propose a novel tool to interpret in-
dentation data using a mechanical model of the experiment and neural
networks. We begin by describing our ART-compatible experimental
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protocol, which gathers force-depth data during indentation. We next
describe our mechanical model for the oocyte, which is parameterized
by physical quantities. Finally, we calibrate and fit our mechanical data
using a neural network that was trained on finite element simulations
of the same indentation experiment. The results are separated into two
sections: (i) mechanical calibration results of our nine oocytes and (ii) a
theoretical methodology for decoupling cell component responses using
images and mechanical data.

2. Experiments

For this study, a mechanical characterization platform has been
specially designed to fulfill all the requirements of ART (Fig. 1). This
platform (patented under the number WO2018172688: device for me-
chanically characterizing an element of interest such as an oocyte),
takes individual human oocytes for classification and is located at the
ART center in the Regional University Hospital of Besancon. Each one
comes from supernumerary oocytes excluded from the intracytoplasmic
sperm injection (ICSI) procedure of patients who have started an ART
protocol in Besanc¢on hospital. Please refer to the Appendix for images
of each oocyte take before indentation. The following section provides
further details of our experimental procedure.

2.1. Oocyte preparation

Each tested oocyte comes from a regular ICSI protocol. First, the
cumulus cells surrounding the oocyte are cleared away by association
of hyaluronidase digestion for about 20 s. Then, a mechanical removal
of the cumulus is performed using denudation pipettes. Finally, oocytes
are rinsed in IVF medium and individually observed under an inverted
microscope (X200 magnification). The mature oocytes at the metaphase
II (MII) meiotic maturation stage, with the presence of the first polar
body and the absence of germinal vesicle, are reserved for the assisted
reproductive technology (ART) and not characterized here. The remain-
ing immature oocytes are incubated in the usual IVF medium at 37 °C
and 5% CO2 for a duration of 1 to 3 h. It should be noted that in these
culture conditions, some oocytes can progress to the final maturation
process and reach the MII stage. The use of these immature oocytes has
been approved for our experiments by the clinical ethics committee of
The Besancon University Hospital on June 9th 2010. We finally note
that approval by the ethics committee is still going on, preventing us
to test oocytes that will be transferred to patients.

2.2. Experimental platform

After cumulus removal and rinsing, the oocytes are tested on a
patented indentation platform using both flat and sharp indenters. This
platform is a modified intracytoplasmic sperm injection (ICSI) platform
that includes a nanoforce sensor based on a linear magnetic spring
with a typical stiffness of 0.001 N/m (Abadie et al., 2014). A magnetic
device is used to generate the indentation trajectory — note that the
magnetic field is quasi-static and of very low amplitude, thus having
no noticeable effects on the cells. More details on this may be found
in Gana et al. (2017). This platform is used to characterize oocytes
by working in a standard Petri dish filled with culture medium and
by adding a magnetic indenter. The indenter, an 0.85 mm diameter
glass tube of 14 mm length and 5.6 mg weight, applies a controlled
compression onto the egg. Indenter position is measured by both ex-
ternal magnetic and electromagnetic devices (see the two magnets
on Fig. 1). Once an oocyte is placed in front of the indenter tip, an
advanced position feedback control system (Amokrane et al., 2019a,b)
ensures the user-defined indentation trajectory. The force measurement
is performed with the use of an extended-state Kalman filter (ES-LKF)
that dynamically estimates the force F,, applied by the indenter tip on
the oocyte (Piat et al., 2012) as it is displaced to the user-controlled
distance, d,, (1) (Fig. 2).
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Fig. 2. Oocyte indentation test using a flat (left) or a sharp indenter (right). The first
photograph (1/4) is taken before beginning the experiment. The second photograph
(2/5) is taken the moment the indenter makes contact with the oocyte. The final
photograph (3/6) is at the maximum indentation depth of 10 pm.

Tests were performed using a flat surface or with a sharp shape,
which is effectively a sphere of radius 5 pm (see Fig. 2). The recovered
data are indentation force, displacement curves versus time and optical
images at different stages of loading. There are six image references
corresponding respectively to the initial state before loading (1/4), the
indenter contact state at zero force (2/5), and the maximum displace-
ment state (3/6) for both flat or sharp indenter shape (see labels in
Fig. 2). The stress relaxation response of a set of nine different oocytes
was obtained using this procedure. An indentation depth of § = 10 pm
was applied at a rate of § = 1 pm/s. The indentation was then held
fixed for 50 seconds to allow for relaxation.

3. Physical model of the human oocyte

Each oocyte consists of five primary structures as depicted in Fig. 3.
In mature oocytes (MII stage), there is also a polar body inside the
perivitelline space. The second polar body is only extruded after fertil-
ization and is not taken into account in this study. While the morpho-
logical structure of the perivitelline space and the polar body have been
linked to fertility success (Xia, 1997), little is known regarding their
mechanical properties. Furthermore, the perivitelline space is largely
nonuniform and its exact structure varies between oocytes. To incor-
porate these into an indentation study would, thus, require a detailed
morphological characterization of each oocyte, which is outside the
scope of this study. Finally, the oolemma is a ~ 5 nm plasma membrane
of lipids and proteins surrounding the cytoplasm (Evans et al., 2003;
London, 2013). While the damage behavior of this structure has been
linked to fertility (Nagy et al., 1995; Palermo et al., 1996; Wilding et al.,
2007), its stiffness is not large enough to contribute to the global me-
chanical response at small indentations (less than ~ 20 pm) (Campelo
et al., 2014; Sauer, 2018; Dai and Sheetz, 1997).

We therefore devote our primary attention to the cytoplasm and
the zona pellucida. We note that for our indentation tests, the contact
zone is largely homogeneous (Familiari et al., 2006), and the Saint-
Venant heterogeneity effect may be neglected in the cytoplasm. As both
the zona pellucida and the cytoplasm are comprised of networks of
filaments and proteins, we begin by outlining a general formulation
for the mechanics of dynamic polymer networks. The general theory is
then specialized for the cases of these components.
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Fig. 3. Photograph of an oocyte being held by a micropipette. The primary components
of the human oocyte in the MII stage are labeled for convenience.

3.1. Kinematic description of polymer networks

The theory begins with a statistical description of the bio-polymer
network, based on the end-to-end vector r of chains, which exist
between two crosslinking junctions (Vernerey et al., 2017; Hui et al.,
2021). In biopolymers, these chains have diverse structures that may be
rigid, semi-stiff, or flexible (Storm et al., 2005). In turn, their interac-
tions may be unchanging with time (static), dynamic, or a combination
of the two (Fig. 4). Within a full network, there exists a distribution
P(r), which describes the likelihood of a particular chain having end-
to-end vector r. In this case, the alignment and state of stretch of the
network is described at the macro-scale by the conformation tensor
u=3(rQr) /rg, where (-) is the statistical averaging operator such that
(Y = [ P(-)dr. This tensor thus embeds a description of the current
average stretch of a chain in the network and is similar to an Eulerian
elastic strain measure. When the network is stress-free, the spherical
identity tensor is retrieved (i.e., g, = I), indicating that there is no
elastic strain in the network.

We consider the polymer network to exist within each point of a
continuum body 2, € R3. When deformed, the motion y(X, ) describes
how each point X € £, moves to its current position x € 2. We define
the deformation gradient F = dy/dX to describe the mapping for a
line element dX € £, to its deformed state dx € Q. If the chains
deform affinely, the instantaneous evolution of an end-to-end vector r
is defined by the velocity gradient of the macroscopic body ¢ = dx/dx
as r = ¢r (Vernerey et al., 2017).

Let us consider two types of networks, which we will refer to as
‘static’ and ‘dynamic’ in nature (Fig. 4). Static networks, which are as-
sumed to be perfectly elastic, are formed by strongly crosslinked chains
that do not reneighbor in time. In dynamic networks, the crosslink-
ing junctions are created by weak bonds, which may dissociate and
reassociate at appreciable rates. The chains still behave elastically at
small timescales, but release their energy upon detaching. Thus, the
motion of r may not be affine at long timescales, as the chain might
detach during motion. Each of these network types are commonly found
in biological materials in varying concentrations (Lalitha Sridhar and
Vernerey, 2020). To characterize the dynamic networks, let us assume
that chain detachment and reattachment events are defined by a first-
order kinetic law and occur with equal probability. We characterize the
rate of detachment events by its frequency k,, measured in units of s!.
We have previously demonstrated (Vernerey et al., 2017; Shen et al.,
2019) the following evolution law for the conformation tensor u of the
dynamic network:

3
p=¢u+pf’ —k -—1T1), 1
2 p+p d<u Tr(ﬂ_1)> (@)
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Fig. 4. Schematic depiction of static and dynamic polymer networks during a stress
relaxation experiment. Static networks deform elastically, while dynamic networks
eventually dissipate all energy and relax to zero stress. Hybrid networks exhibit a
combination of these behaviors depending on the fraction of static to dynamic bonds.

where the process of chain kinetics is assumed to behave isochorically,
which is enforced by the final term (Shen and Vernerey, 2020). For the
static network, in which the detachment rate k, is zero, the final term of
this equation vanishes. Solving the differential equation in this special
case, we observe the conformation tensor of a static polymer network,
H,, with a net deformation defined by the deformation gradient F to
obey the law:

u,=b=FFT, 2

Thus, the conformation tensor of a static network that deforms
affinely is equal to the left Cauchy—Green tensor b (Vernerey et al.,
2017). Moving forward, the subscript or superscript s denotes a quan-
tity derived for the static network (i.e., k; = 0).

3.2. Energy considerations and constitutive laws

Deforming the macroscopic body stores elastic energy per the lo-
cal chain stiffness of each constituent network. In the subsequent
derivations, we assume an equal-strain treatment that decomposes a
multi-component polymer network into the energy stored by chains
of the same type (static, dynamic, etc.). The global deformation F is
assumed equal for each network and the stresses o; of each component
are summed for the assembly. For brevity, we omit the subscript i and
treat each thermodynamic quantity as describing a single network.

To begin, we assume a form of the free energy density of the
network based on dynamic network theory (Vernerey et al., 2017).
By summing the energy contributions of each chain in the network,
the energy density per unit volume y is found to resemble the free-
energy density of a Neo-hookean solid (Lalitha Sridhar and Vernerey,
2018). To account for elastic compressibility, we decouple volumetric
and isochoric contributions of deformation, yielding the following free
energy density:

w=ﬂ(Tr,4 3)+—(Je—1)2, J, =

Vdet u, 3)

where c¢ is the density of chains per unit volume, k7T is the thermody-
namic energy-scale, k is the bulk modulus of the network, and j is the
isochoric part of the conformation tensor such that g = J, 23 u. Note
that volumetric energy contributions arise only from the elastic parts
of volume change defined by J,. The Cauchy stress o = 2J! uoy /ou is
then derived from this expression to be:

KT dev(p) + k(J, - 1). Q)

e

o=
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Table 1
Model parameters.
Component Parameter Units
Zona Pellucida ct m™3
! m™

> =
»
L

Cytoplasm

>0

For the static network, j1 is replaced by b in the above expression
and we recover the constitutive law for an incompressible Neohookean
solid. Thus, we obtain two simple constitutive laws that can be used to
describe static or dynamic components of the oocyte. Given an applied
deformation (as defined by the velocity gradient ¢), the kinematic
Eq. (1) can be used to solve for the conformation tensor as a function
of time, whose solution simplifies to the left Cauchy—Green tensor in
the case of a static network. In the following section, we propose a
simple modeling strategy for the full oocyte using these two network
descriptions.

3.3. Model specialization to each component of the oocyte

The following paragraphs outline a brief physical description of
each component of the oocyte along with its approximated network
description. The result is a set of six parameters (Table 1) that need
to be fit for each oocyte. The parameters are categorized by three
physical properties: (i) the density ¢ of static or dynamic chains per
unit volume, (ii) the detachment rate k; of dynamic chains, and (iii)
the compressibility « of the network. Note that the detachment rate
defines the relaxation time z = 1/k, of the material.

The cytoplasm. The cytoplasm consists of a viscous fluid and
houses various organelles that regulate the functions of the cell. While
few studies directly measure the properties of the cytoplasm itself
(Bausch et al., 1999), it is generally considered to behave as a viscous
fluid. It is known that the organelles rearrange at different stages
of maturation, but at the MII stage of our oocytes, an ultrastruc-
tural study revealed the distribution of organelles to be relatively
homogeneous (Trebichalska et al., 2021). Further, image analysis of
indentation tests has supported the view of the cytoplasm as incom-
pressible (Dittmann et al., 2018). From this, we choose to model the
cytoplasm as an incompressible dynamic network, which behaves as
a Maxwell element in practice (Vernerey et al., 2017; Shen et al.,
2019). There is thus one kinematic quantity to track, u., which is
the conformation tensor of the cytoplasm. The kinematic equation and
constitutive law for this component are then:

o=t +pu T —k, (/g -D+p(J, - 1.

;,) . =
Tr (u;")
®)

Here, ¢, is the number density of effective chains per unit volume
and k, is the characteristic rate of detachment. These parameters ulti-
mately govern the effective stiffness of the cytoplasm and it relaxation
time, respectively. The pressure p acts as a Lagrange multiplier to
constrain the incompressibility condition.

The zona pellucida. The zona pellucida is perhaps the most com-
plex structure found in the oocyte. This, combined with the compiling
evidence of the importance of its mechanical properties, provides suf-
ficient motivation for using a physically based model to predict its
mechanical response. The underlying structure consists of four gly-
coproteins meshed in tight bundles (Familiari et al., 2006). Some of
these filaments are responsible for binding of sperm and its crossing
through the zona pellucida, while others are likely primarily used as
structural scaffolding (Wassarman, 1988; Wassarman et al., 1996). The
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Fig. 5. Comparison of FEM simulations with experimental images for sharp (a) and
flat indentation (b). The elastic energy, v, is normalized by the chain density ¢ of the
respective component (zona pellucida or cytoplasm).

latter of which deform with the global deformation, and show little to
no reconfiguration. Similar to our previous work (Shen et al., 2019),
we therefore model the zona pellucida as a hybrid network material
consisting of one static network and one dynamic network. In this case,
there are two conformation tensors to track: (i) the conformation of
static chains in the zona, u}, and (ii) the conformation of dynamic
chains in the zona, ud. The total stress on the assembly is then summed
for each network, yielding the following governing equations:

. [ 3
wo=ew e, =l plet k! <"‘Zj - WI)

kT Cd ?
o, = dev{ﬂz} + deV{ﬂz } + K(Je - b.

z

Z Z

Here, the number density of static chains per unit volume is denoted
¢$, while that of the dynamic chains is ¢4. The dynamic chains detach
at a constant rate k., and the volumetric deformation of the network
is described by its combined effective bulk modulus . Note that, in
practice, the solution given in Eq. (2) is used for the conformation
tensor of the static network instead of propagating its value in time.
We also note that the zona pellucida has been show to exhibit high
poroelastic behavior when compressed (Stracuzzi et al., 2021). In this
work, however, they illustrate that significant volumetric changes (and,
in turn, poroelastic behavior) are not present for small indentation
depths (as defined by the ratio of the indentation depth é to oocyte
radius R approaching zero). All of the experiments that we perform
meet this criteria, thus, we neglect the poroelastic response in the
current work.

4. Methodology: Finite element simulations and neural networks

The model presented in the previous section outlines six indepen-
dent parameters to fit for each indentation experiment. Due to this
and the complexity of the oocyte, performing this fitting Would be
costly and challenging for a typical optimization strategy (e.g., Nelder—
Mead or genetic algorithm). Instead, we take advantage of a simple
regressive neural network to solve the inverse problem using a global
set of training data that can be quickly obtained by running Finite
Element problems in parallel. This section provides an overview of the
simulations, neural network definitions, and calibration methodology.

4.1. Finite element simulations

All simulations are performed in the commercial software COMSOL
Multiphysics® using the Structural Mechanics Module. To simplify
the geometry and provide a clearer comparison to our images, the
oocytes were approximated an axisymmetric body that is initially a
sphere. For each oocyte, we used image analysis to determine the
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correct approximate radius of the body as well as the thickness of the
zona pellucida. This was done by collecting data points on both the
membrane and the outer zona pellucida using a Canny algorithm and
then fitting them each to a circle using a least-squares approximation.
Note that these steps were performed on images of free oocytes (before
being in contact with the indenter). The contact problem was solved
using a Lagrange multiplier method for highest accuracy. To model
each compartment, the reduced Transient Network Theory (Vernerey
et al., 2017) (described in the previous section) was programmed into
the external materials interface using a dynamically-linked library.
A numerical approximation (Miehe, 1996) was used for the material
consistent tangent to maintain the Eulerian description of the Transient
Network Theory in a Lagrangian context.

The outputs of the FEM simulations are: (i) the total (summed)
contact force on the indenter during the simulation and (ii) the dis-
placement profiles of each compartment. Fig. 5 illustrates a comparison
of the FEM simulations immediately following the loading phase for
both sharp and flat indentation. While we have not yet incorporated
the deformation profiles of the cytoplasm and zona pellucida into our
fitting, a good agreement can be observed between the FEM simulations
and experiments. For flat indentation, the elastic energy is much higher,
but more localized to the region surrounding the indenter tip. The
profiles of the oocyte, including that of the cytoplasm, are found to
match well with the images taken at maximum loading.

4.2. Neural network definition and calibration

We formally define the inputs of our neural network as the solution
set Y := f € R, where f is the force history during loading. With the
set of material parameters X := {Cz,c K,k c.. k.}, the mechanical
model presented in the previous section deflnes the forward map @ :
X — Y. The objective of our neural network is to determine the
inverse map ®~! : Y — X. A reasonable range of material parameters
was obtained by determining the largest and smallest cited values of
shear moduli and relaxation times reported in the literature (Khalilian
et al., 2010; Andolfi et al., 2016; Stracuzzi et al., 2021; Shen et al.,
2019). We then applied a generous buffer of 1.5 times this range to
define the set of material parameters X := {c, c;’ Kk, c.. k. } to train
our neural network. We sampled this set using a stratified sampling
technique to obtain 1500 unique simulations that uniformly span the
set X. Finally, each material parameter was normalized between 0 and
1 before training to improve convergence.

In this study, one advantage of using neural networks is for their
convenience in reusing the same simulations as training data. By run-
ning our simulations on high performance computing clusters, collect-
ing 1500 unique simulations was much faster than attempting to fit
data using any simple optimization scheme that relies on running new
simulations during optimization (thus being difficult to run in parallel).
The architecture of our neural networks was kept as simple as possible
to avoid overfitting the data. For networks only calibrating force data,
the first layer (following input) performed convolution to normalize
the size of the dataset to exactly 75 points (this number was chosen
by observation to work well with our particular problem). Following
normalization and ReLU activation (standard after convolutional lay-
ers (Goodfellow et al., 2016)), the next layers of the network consisted
of four fully connected layers of size 75, 75, 25, and 6, respectively.
Finally, a sigmoidal activation layer was used before regression to
constrain output to our defined range. The regressive neural networks
were then trained using Adaptive Moment Estimation (Adam) over
10 epochs on 85% of the training data, with 15% being reserved for
validation.

Fig. 6 illustrates a summary of the trained network’s predictions
versus the true value of our reserved training data. Deviations from the
straight line indicate errors in the prediction of the neural network; if
accuracy were 100%, all data points would lie on the black line. We find
that the network is not able to accurately predict all six of the material
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Fig. 6. Training verification on a representative set of simulations after neural network calibration at § = 10 ym. (left) Parameters that the network was able to predict accurately
after training. (right) Parameters that the network was not able to predict accurately after training. All parameters normalized between 0 and 1 for visualization.
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Fig. 7. Model comparison to fitted experimental datasets for five of nine oocytes. All
calibrated curves were within 5% relative error of the model (including those not
illustrated for clarity).

parameters listed in Table 1. For the calibrated parameters, we may
quantify the degree of agreement with the coefficient of determination
R?, whose value is R> = 0.76, R? = 0.82, and R?> = 0.92 for k_, c¢, and
¢, respectively. While this does not demonstrate excellent fitting, it is
sufficient for performing a fitting as will be demonstrated in the next
section. Furthermore, our findings indicate that the force response at
this level of indentation is insensitive to the properties of the cytoplasm,
within a reasonable range. Thus, the network is inclined to ‘guess’ for
these parameters, resulting in a horizontal bias at values around the
mean of its trained data near 0.5 (Fig. 6b). For these parameters, the R?
is negative, indicating that the mean value of the dataset is a better fit
than the black line in the figure. The next section provides an analysis
of the material parameters that were calibrated successfully.

5. Results: Mechanical calibration

The verification data presented in Fig. 6 indicates that the network
was not able to learn the properties of the cytoplasm and the compress-
ibility of the zona pellucida. Thus, the map @~ : Y — X is nonconvex
for the full set of material parameters. One possible explanation for
this is that at small indentations depths, these material parameters
do not contribute significantly to the response. As sharp indentation
yields a more localized response, we focus our material calibration on
experiments done with the flat indenter.

Table 2
Fitted material properties of the zona pellucida.

Property Definition Range Units
Static modulus cIkT 1.3 + 0.05 kPa
Dynamic modulus kT 0.51 + 0.11 kPa
Relaxation time 1/k. 8.9 + 0.11 s

5.1. Small-strain flat indentation: properties of the zona pellucida

The neural network successfully output estimates for the properties
of the zona pellucida for all nine of our oocytes. Table 2 provides
ranges for the shear modulus of the static network, the shear modulus
of the dynamic network, and the relaxation time of the zona pellucida
(chosen to match more closely with the notation of linear viscoelastic
models). After minor manual calibration, we ran FEM simulations with
the corresponding material parameters. The resulting force vs. time
curves are illustrated in Fig. 7 for five of the nine oocytes (reduced
for brevity and illustration — note that the relative error for all fits
was within 5%). We observed an excellent fitting for the model and
experiments for all experiments.

Note that the equivalent instantaneous shear modulus of our model
is the sum of the static and dynamic modulus, around 2.8 kPa (which
assumes a sufficiently quick loading rate). The shear modulus of the
zona pellucida in oocytes is typically reported in the literature to be
on the order of 1 kPa (Sun et al., 2003; Murayama et al., 2006; Priel
et al.,, 2020; Khalilian et al., 2010), but its value may depend on
the experiment and theoretical model used as well as the species of
oocyte. For human oocytes, there have been reported values of 1.0—
1.5 kPa using microinjection (Khalilian et al., 2013) and 2.0-2.5 kPa
using micropipette aspiration (Khalilian et al., 2010). This is in good
agreement with our results, as the combined static and dynamic moduli
should reflect a limiting maximum shear modulus. Our results indicate
that the structural static network more heavily influences the response
due to the higher concentration of static chains. The magnitude of the
relaxation behavior is controlled by the relative size of the dynamic
network, which relaxes approximately 15% of the stress placed on the
oocyte during loading before reaching an equilibrium.

The viscoelastic properties of the oocyte are much less frequently re-
ported in the literature. Further, most studies reporting time-dependent
properties are tested on murine or porcine oocytes, which can vary
greatly in size and mechanical properties than human oocytes. For in-
stance, one study that used micropipette indentation on murine oocytes
reported relaxation times of 2.3-4.0 s (Liu et al., 2012). Another study
used micropipette aspiration and reported two relaxation times of 1.7
s and 14 s, respectively (Andolfi et al., 2019). To our knowledge, there
has not yet been a study reporting on the relaxation time of human
oocytes. Our results indicate that the relaxation time of the human
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Fig. 8. Example of flat and sharp response of one of the nine oocytes. The model overestimates the stiffness of the sharp indentation due to softening of the zona pellucida. The

dashed red line is strictly for visualization.

zona pellucida is on the order of 10 s. Note that the relaxation curves
in Fig. 10 are well-approximated by a single relaxation time. This
indicates that, in these experiments, relaxation was dominated by a
single timescale — that of the dynamic network in the zona pellucida.

5.2. Sharp indentation: local response reveals softening of the zona pellu-
cida

In a previous study (Shen et al., 2019), our group hypothesized that
indentation using a sharp object would directly probe the properties
of the zona pellucida, allowing us to decouple its response from the
cytoplasm and that of the global body. To check this hypothesis, we per-
formed indentation using a sharp indenter following the initial round of
experiments. These new data form the superset Y? := {f r» [}, where
f s is the flat indentation force vector and f, is the sharp indentation
vector. We then train a neural network to determine the map @~!
Y? - X using the same parametric space as in the previous section.

After training, we determined a new set of material parameters
for each oocyte. Notably, the addition of sharp indentation data did
not change the predictions of the network by a significant margin.
We ran FEM simulations with the calibrated material parameters to
compare the predicted response of the model. In this case, the model
consistently overestimated the behavior of the sharp indenter (Fig. 8).
Two clear deviations from the model are noted: (i) the slope of the
experimental loading curve softens and (ii) the measured amount of
stress relaxation is much less than predicted by the model. These two
trends were consistently observed for our set of nine oocytes.

The behavior revealed by the sharp indentation experiments implies
that our simple model of linear viscoelastic components is not enough
to capture the behavior of the oocyte under localized compression. In
particular, these trends indicate that much more energy is being dissi-
pated during loading for the sharp indenter. This could be explained by
any mechanism that would tend to cause localized softening behavior,
which could be an important parameter for characterizing oocytes for
their fertilization potential. Due to the fact that less fractional stress
relaxation occurred, we believe that a reasonable explanation could
be force-accelerated bond kinetics (Lamont and Vernerey, 2021); if the
detachment rate of the localized region surrounding the sharp inden-
tation were sensitive to stress, then more relaxation would be induced
during loading. Another explanation could be the poroelasticity of the
zona pellucida (Stracuzzi et al., 2021). In one study, the timescale of
poroelasticity was cited as roughly three orders of magnitude faster
than that of the relaxation in the zona pellucida (Karimian et al., 2022).
While our shallow indentations likely did not induce great volume
changes, this mechanism could have influenced our observed force
response.

6. Results: Combining images and mechanical data

The approach of creating training data with FEM simulations offers
the advantage of running in silico experiments to determine experimen-
tal protocols that could yield more accurate fitting results. Given the
availability of optical images during mechanical tests, we postulate that
the cell’s deformation profile could provide an important data set to be
used for a better parameter estimation. To illustrate the application of
including contour data in the calibration procedure, we first present
two study cases of simpler systems.

6.1. Elastic indentation of a compressible body

We first consider a single spherical body of radius R that is com-
prised of a compressible, static network. In this case, the body behaves
as a Neohookean material with shear modulus G = ckT. The body
is indented by a rigid sphere of radius r = R/2 up to an indentation
depth 6 = R. During indentation, we measure the contact force using
an augmented Lagrangian method (direct contact method).

Fig. 9a illustrates the force-indentation curves and indentation pro-
file of two different bodies. In the first case (blue), we indent a highly
compressible body with shear modulus G = 1.0 kPa. In the second
case, we indent a nearly incompressible body with shear modulus G =
1.3 kPa. Even though the compressibility of the two bodies is drastically
different, the force-indentation responses look nearly identical. Thus, a
typical nonlinear regression fitting procedure would fail to uniquely de-
termine these material parameters, given only the force-displacement
curve.

To illustrate this point, we built and trained two neural networks to
identify the shear and bulk moduli of the body. To ensure a generalized
solution, the domain of shear and bulk moduli, G and K, respectively,
are spanned over four orders of magnitude. We thus seek the inverse
map &' : Y - X, with X := {G,x} € ¢ x K. In the first network,
the only input is the force-displacement vector f, which defines the
solution space Y, := {f}. In the second network, we have included
the parameterized curve & to define Y, := { f,£}. Both networks were
trained in the same set of 850 simulations, resulting in two networks.
After training, we sought to verify the convergence of our networks
and investigate the generality of their predictions. A reserved dataset Y,
with associated material parameters X, is was run through each trained
network to check their predictions. Fig. 9b displays the predicted versus
true values for verification. Clearly, the network without contour input
is unable to identify the correct bulk modulus using only the force—
displacement information. For this reason, it tends to output 0.5, or half
of the average value it was trained on. In contrast, the network with
image input was able to identify the shear modulus and bulk modulus
for each case even over this large range of parameters.
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Fig. 9. (a) Elastic indentation of two compressible bodies with different mechanical properties. For each case, the global (force) response looks nearly identical. (b) Performance
comparison of network (NN) without and with image contour input. Parameters are normalized between 0 and 1 for visualization.
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Fig. 10. Indentation of a multi-body sphere. (a) Force-time curves for bodies with two different properties. Contours and force curves follow the same legend. (b) Calibrated
neural networks (NNs) without and with image contour inputs. Normalized parameters are displayed for visualization.

6.2. Viscoelastic indentation of a multi-body sphere

We next consider the effect of viscoelasticity on the indentation
of a multi-layered body. Here, there is a competition between the
deformation of the first layer, which tends to distort the center, and the
two distinct timescales defining each layer. This is thus a particularly
challenging inverse problem to solve as the elastic and viscoelastic
contributions of each compartment are fully coupled to the response of
the body. We again consider indenting a sphere of radius R. The sphere
is made from two materials: an inner core of radius r = 0.8R and an
outer shell. As in the human oocyte, we here consider both materials
to be comprised of dynamic networks with different relaxation times.
In this case, we maintain an incompressible formulation for simplicity.

To define the solution space X, we first note that the elastic stiffness
of the body does not change the solution other than scaling the force-
indentation curve. As our training data is normalized, we then only
need to be concerned with the ratio of shear moduli G,/G,, of the
outer layer to the inner layer. Upon running multiple sets of training
data with varying ratios, we notice no difference in performance of
the neural network. We therefore maintain the ratio G,/G, = 0.5 for
simplicity. As each timescale k;,i = 1,2 represents the same property,
they are defined on the same domain 7, which varies four orders
of magnitude. The solution space for this problem is thus defined by
X :={k;,ky} €T XT.

As illustrated in Fig. 10a, this situation has a very similar non-
uniqueness when considering a large range of kinetic rates (relaxation
times). In the first test (solid blue curve), the kinetic rates of each
network are equal. In the second test (dashed orange curve), the inner
core relaxes three times as fast as the outer shell, but the average of
their kinetic rates is the same. As a result, the global relaxation response
looks nearly identical. The contours of each compartment, however,
are drastically different. We thus expect that a regression procedure
that incorporates the deformation profiles of the body would perform
better.

To this hypothesis, we again train two neural networks on an
identical set of 850 training simulations. The solution space for the
first network Y, := {f} remains the same, but the second network
now includes two parameterized curves to form Y, := {f,&,.&,}. After
training, we perform the same verification procedure as in the previous
section. Fig. 10b then displays the predictions of our networks versus
their true values. Once again, the network that incorporated image
inputs performed significantly better at decoupling the difference in
relaxation times between the two components.

6.3. Large-strain oocyte indentation: influence of contours

The minimally invasive restrictions on testing oocytes for ARTs
inhibits performing large indentation studies on our oocytes. However,
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Fig. 11. Training verification on a representative set of simulations after neural network calibration for indentation of § = 40 pm with and without taking into account contour
input. Before introducing contour data, the network is unable to predict the correct material parameters even at a higher indentation.

Fig. 12. Images of all tested oocytes. Oocytes were taken from four patients who have started an ART protocol. Letters designate the patient of origin.

Fig. 13. High resolution images taken of oocytes D1, D2, and D3 for morphological analysis.

for the 10 p m indentations that we performed, we found that the
contours of the oocyte do not vary significantly enough to provide
any data into our fitting procedure. We therefore offer an in silico
experiment to illustrate the benefits of including contour data in the
large-strain indentation of oocytes. To do this, we created a new set of

training data at an indentation of § = 40 pm using our FEM model. As
before, the FEM model output force vs. time curves as well as contour
data for both flat and sharp indenters. The network was trained on the
same set of parameters as in the previous section, and the architecture
was maintained by only scaling the size of the fully connected layers.
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After training the network, we performed a verification test using
15% of the total data set (this data had not been used to train the
network). The verification data is presented in Fig. 11 after training the
neural network on only force-time data (left) and on including contour
data (right). In both plots, we see a noticeable improvement from the
data in Fig. 6. Clearly, at larger indentations, the cytoplasm has a much
more significant contribution to the mechanical response of the oocyte.

The contribution of including contour data into the training data is
clearly illustrated in Fig. 11. Although the network is able to capture
the general trends with only force-time data, its accuracy is low. The
network trained with contour data displays greatly improved accuracy.
Thus, we conclude that the deformation patterns of the oocyte are
largely a function of the compressibility of the zona pellucida and the
properties of the cytoplasm.

7. Conclusion

Properly characterizing the mechanical properties of human oocytes
could provide an objective way to assess its reproductive potential
before use in ART. The end goal of this several year-long project is to be
able to select oocytes with the highest chance of successful pregnancy
initiation and birth. In order to provide the physician with an effective
tool to measure those properties from indentation experiments, we
designed an experimental protocol that is fully compatible with ART
laboratory standards. To improve our chances of calibrating relevant
material parameters, our theoretical modeling approach uses only phys-
ical parameters that directly relate to the structure of the oocyte.
While this study was only able to confidently predict the properties
of the zona pellucida, our procedure indicates two key findings: (i) the
zona pellucida exhibits nonlinear material behaviors during localized
deformations (i.e., strain or strain-rate dependent softening), and (ii)
the deformation profiles of the oocyte are reflective of the properties
of the cytoplasm and the compressibility of the zona pellucida.

The softening of the zona pellucida could be explained by sev-
eral mechanisms. Our initial findings indicate that the relaxation time
behaves nonlinearly with large stress concentrations, which could be
explained by a force-dependent kinetic rate law such as Bell’s law (Bell,
1978). This approach was shown previously to result in nonlinear
viscoelastic behavior such as shear thinning (Lamont and Vernerey,
2021), which would be realized as softening in a relaxation test. Other
studies have shown that the zona pellucida exhibits strongly time-
dependent poroelastic behavior (Stracuzzi et al., 2021), which could
also be considered in our simulations. Due to the small indentation
depth of this study, however, we do not believe that poroelasticity
is significant. Finally, damage of the underlying dynamic network
could be considered (Lamont et al., 2021). This could be investigated
by testing the same oocyte and observing consistent and subsequent
softening.

The limitation of using a small indentation depth creates a signifi-
cant challenge in using all available data for calibrating a mechanical
model. Although we have illustrated that contour data is highly valu-
able in isolating the contributions of the cytoplasm and the zona
pellucida, there is not a large enough deviation in the deformation
profiles for it to be useful in the experiments performed in our lab.
Future work with oocytes that permit large indentations could, how-
ever, be aimed at combining optical images of oocytes to calibrate
their mechanical behavior. It is important to note that, in contrast to
our FEM simulations, the oocyte is not a perfect sphere. Thus, future
experiments that include image data of real oocytes must consider the
effect of asymmetry, as well as bias due to the imaging technique.
Possible approaches could include taking images of the oocyte from
multiple angles as well as post-processing techniques to approximate
an axisymmetric slice of the body. These techniques could provide a
promising avenue for narrowing the range of possible material proper-
ties for the cytoplasm, as there is still much uncertainty of its physical
range in the literature.
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