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Abstract

Cranial dura mater is a dense interwoven vascularized connective tissue that helps regulate neurocranial remodeling by
responding to strains from the growing brain. Previous ex vivo experimentation has failed to account for the role of prestretch
in the mechanical behavior of the dura. Here we aim to estimate the prestretch in mouse cranial dura mater and determine
its dependency on direction and age. We performed transverse and longitudinal incisions in parietal dura excised from
newborn (day ~4) and mature (12 weeks) mice and calculated the ex vivo normalized incision opening (measured width
over length). Then, similar incisions were simulated under isotropic stretching within Abaqus/Standard. Finally, prestretch
was estimated by comparing the ex vivo and in silico normalized openings. There were no significant differences between
the neonatal and adult mice when comparing cuts in the same direction, but adult mice were found to have significantly
greater stretch in the anterior—posterior direction than in the medial-lateral direction, while neonatal dura was essentially
isotropic. Additionally, our simulations show that increasing curvature impacts the incision opening, indicating that flat in
silico models may overestimate prestretch.

Keywords Mouse - Cranial dura mater - Prestretch - Finite element method

1 Introduction

Scientific and clinical research on mammalian brain and
skull development provide evidence that the cranium
expands concurrently with the growing brain. Pressure from
the developing brain fosters morphological modeling and
remodeling of the cranial vault by inducing quasi-static ten-
sile strains within the cranial sutures. This leads to miner-
alization of the fibrous joints of the cranial vault via intram-
embranous ossification and cartilaginous joints of the cranial
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base via endochondral ossification (Liu et al. 2011; Richts-
meier and Flaherty 2013; Weickenmeier et al. 2017; Weiss-
Bilka et al. 2018). The dura mater, the outermost meningeal
tissue fixed to the calvarium, appears to act as a very impor-
tant mechanoreceptor and mechanotransmitter for properly
timed and paced cranial suture closure (Fabris et al. 2019;
Gagan et al. 2007; Jaslow 1990; Ogle et al. 2004; Liu et al.
2011). The collagenic bilayered dura contains fibroblasts and
osteoblasts in its periosteal (outer) layer, which migrate to
the suture site once mineralization has begun (Gagan et al.
2007; McGarvey et al. 1984; Vandenabeele et al. 1996; Suh
2020). The dura mater must correctly respond to pressure
from the growing brain, as an improper reaction can lead to
premature release of bone-producing cells and growth fac-
tors (Fong et al. 2003; Greenwald et al. 2000; Richtsmeier
and Flaherty 2013).

The dura mater’s material composition (e.g., thickness
and collagen structure) and mechanical properties (e.g.,
strength, stiffness, elasticity, and permeability) influence
how the tissue senses strain. Prior work has shown that
absence of cranial dura mater (Opperman et al. 1995) and
modifications in the dura’s mechanical properties (Fong
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et al. 2003; Greenwald et al. 2000) lead to cranial mal-
formations, which have been attributed to alterations in
cytokine expression and osteoblastic differentiation. Fortu-
nately, cranial malformations, known as craniosynostoses,
can be effectively resolved with surgical intervention and
dural grafts (Aydin et al. 2011; Borghi et al. 2018; Yu et al.
2021). Safety and efficacy of the procedures strongly rely on
the dura remaining intact, for tearing could lead to vascular
leakage or infection (Aydin et al. 2011). Dural incisions are
unavoidable for more invasive neurosurgical procedures,
making postoperative cerebrospinal fluid leak a prevalent
complication associated with improper dural tissue repair
or reconstruction (Becker et al. 2003). Understanding dural
anatomy and mechanics is key here, as attempting to graft
tissue requires the creation of watertight sutures without
tearing the existing tissue (Abuzayed et al. 2009) and con-
sideration for how the area needs to remain vascularized
throughout healing (Yamaki et al. 1991). Thus, effective
growth pathology correction and dural repair require bet-
ter characterization of the dura mater’s in vivo structure,
mechanical strength, and material behavior.

It is understood that mammalian (human, pig, and rat)
dura mater deforms non-linearly (Bylski et al. 1986; Fong
et al. 2003; Kriewall et al. 1983; Maikos et al. 2008; Melvin
et al. 1970; Pierrat et al. 2020; Zwirner et al. 2019) and
viscoelastically (Henderson et al. 2005; Maikos et al. 2008;
Melvin et al. 1970; Shulyakov et al. 2011). Cranial dura
also appears to be globally isotropic (Kriewall et al. 1983;
Wolfinbarger et al. 1994), however, observed variations in
thickness (Fam et al. 2018; Kuchiwaki et al. 1997; Patin
et al. 1993) and collagen alignment/structure (McGarvey
et al. 1984; Protasoni et al. 2011; Vandenabeele et al. 1996;
Wolfinbarger et al. 1994), indicate that it may be locally
heterogeneous and anisotropic. The majority of the dura’s
mechanical characterization has come from uniaxial (Aydin
et al. 2019; Maikos et al. 2008; Noort et al. 1981; Wolfin-
barger et al. 1994; Zwirner et al. 2019; Pierrat et al. 2020)
and biaxial (Bylski et al. 1986; Kriewall et al. 1983; Pierrat
et al. 2020) tensile tests on freshly excised or preserved sam-
ples with simple geometries (typically dumbbell, rectangle,
or square). Unfortunately, these ex vivo experiments fail to
capture important characteristics of the dura mater’s in situ
environment, such as the impact of the tissue’s curvature or
firm connection to the skull. Moreover, aside from generic
pre-conditioning done prior to loading, almost all studies
neglect to consider the residual strain or prestretch the dura
mater experiences in vivo.

While prestretch has not been deeply studied in the case of
cranial dura mater, the study of residual strains and stresses
has been heavily reported on within the broader field of tissue
mechanics. The classical procedure for investigating residual
strain was instituted by Fung and Liu (1989) and Han and Fung
(1991), who performed cut experiments into arterial tissue. By
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measuring the opening angle of an incised artery, they effec-
tively quantified the residual strain in the direction normal to
the cut. Subsequent work and technological improvements
have expanded on Fung’s methods (Kamenskiy et al. 2014,
2015; Rausch and Kuhl 2013) and tissues of interest, including
the gastrointestinal tract (Gregersen et al. 2000), skin (Buganza
et al. 2015; Chaudhry et al. 1998; Buganza et al. 2014), and
even the brain (Xu et al. 2009).

A principal through-line of these works is the indication
of inconsistencies between ex vivo and in vivo measurements
(Rausch and Kuhl 2013). Ex vivo tissue is loaded from zero
strain, where the collagen fibrils maybe be significantly curled
and crimped, while the collagen fibrils of many in vivo tissues
are already relatively taut under prestretch. Thus, under a given
load, the measured strains ex vivo are generally larger than
in vivo estimations (Rausch and Kuhl 2013). Additionally, in
nonlinear tissues, prestretch places the tissue out of their linear
toe region and into a stiffer regime. Because of this, ex vivo
measurements tend to underestimate tissue stiffness (Rausch
and Kuhl 2013). Furthermore, the measured stiffnesses could
be affected by the ex vivo conditions, with excised tissue often
being softer and more brittle (McGarvey et al. 1984).

Along with minimally invasive procedures, computa-
tional models have been used to bridge the gap between
ex vivo and in vivo measurement discrepancies. Recent
research (Henderson et al. 2005; Rausch and Kuhl 2013)
has demonstrated how effective finite element analyzes can
be for the characterization of prestretch, and have inspired
the current work. Here, we aimed to build upon an earlier
investigation of the direction- and age-dependency of resid-
ual strain present in cranial dura mater (Henderson et al.
2005). Specifically, we estimated prestretch with a more
realistic three-dimensional finite element model, adopting
a mathematical model of finite strain to numerically simu-
late prestretch (Rausch and Kuhl 2013). First, we performed
incisions within excised neonatal and adult mice dura mater
and calculated the normalized incision openings (measured
width over length). Next, we created finite element models
of incisions in ellipsoidal geometries of prestretched dura
mater. Then, we consider the effects of different modeling
and experimental choices, namely the incision length and
curvature on normalized opening. Finally, we estimated the
prestretch in both transverse and longitudinal directions in
the neonatal and adult mice, as well as the growth deforma-
tion that takes place between those two timepoints.

2 Methods
2.1 Animal experiments

ICR (Institute of Cancer Research) mice were purchased
from Envigo (Indianapolis, IN) for all studies. Male and
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female time-dated (4—20 weeks) mice were used for in vivo
Magnetic Resonance (MR) imaging and segmentation,
while 12-week pregnant mice were obtained for ex vivo
experimentation. All animal experiments were performed
in accordance with the Institutional Animal Care and Use
Committees (IACUC) at the respective institutions.

2.1.1 Invivo MR imaging and segmentation

To quantify the deformation of neural tissues during nor-
mal cranial development, we captured MR images of male
(n =3) and female (n = 3) ICR mice every 4 weeks for
20 weeks (Fig. 1). All imaging experiments were performed
in accordance with the IACUC at Purdue University (proto-
col #2002002016). Volumetric imaging data was acquired
on a 7T MRI scanner (Bruker BioSpin MRI) in the Purdue
MRI facility using a 3D FLASH T1-weighted sequence (TE/
TR = 4.97/50 ms; FA = 20 deg; matrix size = 180 x 180;
FOV: 18 x 18 mm; slice thickness = 0.1 mm; NEX: 2). Dur-
ing post-processing of acquired data, one image from week
8 was excluded from further analysis due to poor image
quality.

Brain scans were processed using the FMRIB (Func-
tional Magnetic Resonance Imaging of the Brain) Software
Toolkit, or FSL (Woolrich et al. 2009). Existing segmenta-
tion methods for human brains could not be applied due to
the mouse’s smaller, differently shaped brain, necessitating
a semi-automated segmentation process. We first performed
a manual slice-by-slice removal of some of the surrounding
tissue, including the olfactory bulb, followed by an auto-
mated identification of the brain tissue using FSL (Fig. 2).
The surface area of the brain, used as a proxy for the surface
area of the dura mater, was calculated through FSL.

2.1.2 Exvivo dural incisions

Pregnant females were housed and fed for roughly five days
in a temperature- and light-controlled environment. Upon
birth of the pups—normally a day after the mice were
received—the newborn mice were housed with the adult

Fig.2 Resulting segmentation of 16-week-old female mouse brain
from in vivo MRI scan slice. Some tissue surrounding the brain was
manually removed to expand the space between the brain and skull,
after which FSL automatically identifies the brain tissue and creates a
mask (shown in red)

females. Four days after birth, the adult mice were sacrificed
via CO, inhalation using a Euthanex chamber (Fig. 1). The
neonatal mice were sacrificed via decapitation after being
anesthetized in a bell jar with isoflourane. Within three hours
of sacrifice, the head was separated from the body and the
cranium and dura mater were dissected by removing the
skin, cutting the skull open along the lower jaw line, remov-
ing the nasal bone, and carefully removing the brain (Fig. 3).
This left the dura mater intact along the frontal, parietal, and
occipital bones of the cranial vault. It was important that the
dura mater was not scraped off of the interior skull, as the
adhesion to the skull maintained the dura’s stretched con-
figuration, even once the mouse was deceased. Additional
tissue was stripped away to avoid obscuring the cut area
along the calvaria.

Fig. 1 Timeline of mice ages used for ex vivo and in vivo experi-
ments. The ex vivo dural incisions were performed at 4 days and 12
weeks of maturity. In vivo imaging was conducted between weeks
4 and 20, indicated by the MR machine schematic. Note that weeks

L
12w 16w 20w

16 and 20 have been grayed out because they are not included in our
growth analyzes (Sect. 3.6) in order to make the best comparison with
our ex vivo data
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adult ICR mouse
(12 weeks)

neonatal ICR mouse
(day ~4)

Fig.3 Procedure for ex vivo dural incision on neonatal and adult
mouse cranial dura mater. A Pregnant adult female ICR mice (12
weeks) were housed until giving birth to mice pups. B On postpartum
day four, the two age groups were sacrificed, with their cranium and
dura mater dissected within three hours of sacrifice. Care was taken

A no. 11 blade scalpel was used to incise the dissected
dura mater while immersed in phosphate buffer saline
(PBS). With the skull positioned with the dura mater facing
up, we made longitudinal (anterior—posterior) and transverse
(medial-lateral) incisions, attempting to keep the incisions
within the middle of the parietal dura. Despite attempting
to make uniformly sized incisions, the manual location of
the middle point and the extremely small size led to signifi-
cant deviations in cut sizes and locations. To maximize the
number of incisions, cuts of both orientations were made
along either side of the sagittal suture. However, a number
of samples were deemed unusable because the dural tissue
had been torn either during the dissection or incising phases.

Microscopy was carried out in the Notre Dame Integrated
Imaging Facility, University of Notre Dame, using a Nikon
AZ 100 Macro/Zoom Scope with a Nikon DS-L2 camera
unit attached to the microscope. To capture potentially
time-dependent behavior, images were taken immediately
after cutting and five minutes later. The dural incisions were
recorded between 1X and 4X magnification. Across three
experimental dates, images of 15 dural incisions from 11
subjects (n = 5neonatal, n = 6 adult) at two time points were
recorded and measured. The incision opening lengths (/) and
widths (w) were measured in ImageJ (Rasband 2018) for

Fig.4 Measurement of incision
opening lengths (/) and widths
(w). Widths were measured at
the midpoint of the total length.
All scale bars indicate 1 mm

transverse
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to extract the dura mater intact with the calvaria, to capture the in situ
conditions. C Transverse and longitudinal cuts were made within in
dura mater overlying the parietal lobes. Images were taken immedi-
ately after and five minutes later

all samples, and the normalized opening (w, width:length)
was calculated. To ensure consistency in measurements,
the width was measured at the midpoint of the cut (at //2)
(Fig. 4). The cut lengths and widths for the 15 dural inci-
sions at 7 = 0 min were averaged according to cut orienta-
tion and age group (Table 1).

Additional images were taken of a single fully dissected
cranium from each age group without the nasal lobe, allow-
ing the dimensions of the skull to be measured and used for
estimation of the in silico model’s dimensions (Sect. 2.2.3).
In ImageJ (Rasband 2018), the boundaries of samples were
identified in the lateral, anterior, and posterior views of both
the neonatal and adult mice (Fig. 5), and the dimensions
were measured and recorded (Table 1). While the dura mater
was not visible, the cranium was so thin that it was assumed
there was nearly negligible difference between the length,
width, and height of the skull and dura.

2.2 Insilico model of dural prestretch and incisions
2.2.1 Kinematic model of prestretch

Here, we want to generate a model with a realistic geom-
etry and a desired level of isotropic prestretch, 4,. (As a

longitudinal
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Fig.5 Measurement of neonatal
(left) and adult (right) mice
skull/dura mater dimensions.
All scale bars indicate 1 mm

lateral

anterior

lateral

posterior anterior posterior
neonate adult
T?ble 1_ Ex vivo crani_al . Age group n L[mm] W[mm] H[mm] Cutorientation #cuts [[mm] w [mm]
dimensions and dural incision
opening length and width Neonate 5  8.67 8.56 2.88 Transverse 2 1.07+£028  0.18 +0.09
measurements at 7' = 0 min Longitudinal 5 1834047 0.18+0.10
Adult 6 18.63 13.01 4.59 Transverse 4 1.76 £ 0.41 0.41+0.15
Longitudinal 4 2.58+0.31 0.23+0.09
note, here we use two-dimensional terminology referring  pp _ FO)" . )

to the dura mater, which can be approximated as a two-
dimensional membrane. Thus, isotropic refers to a mate-
rial with identical properties throughout the plane, while
it may have different properties in the thickness direction;
in a three-dimensional setting, this would be considered
transversely isotropic. Similarly, anisotropic is used to
refer to materials with different properties in different
directions within the plane.) We begin by adopting the
framework of finite growth (Rodriguez et al. 1994), where
the total deformation is multiplicatively decomposed into a
stress-free deformation followed by an elastic deformation.
In this case, in short, we begin with a stress-free body and
apply a stress-free deformation and two elastic deforma-
tions, the first of which represents the prestretching, and
the second of which represents the opening of the cut.

We begin with a fictitious stress-free body B, (Fig. 6)
and first apply a stress-free deformation (F°) that creates
a smaller, thicker tissue B,. This configuration is remi-
niscent of the ex vivo state of the dura mater, in which
the excised tissue, free of bony attachments, retracts to a
smaller, relaxed sample. This is then followed by an elastic
deformation representing prestretch (FP) that returns it to
the original geometry via elastic stretch. The total defor-
mation gradient between the fictitious initial configuration
and the in vivo stretched configuration is equal to the iden-
tity (I). It can be decomposed into the two deformations
described above as F =1 = FP - FO, such that the induced
prestretch can be found from the stress-free deformation
FOas

Here, we investigate the effects of isotropic area prestretch 4,
(Rausch and Kuhl 2013), such that the prestretch deforma-
tion has the form

A2
p

(@)

where n is the reference unit vector normal to the surface
at each point.

From the prestretched configuration, a second elastic
deformation F°™ results from the cut. The total elastic
deformation, then, is the composition of the prestretch and
cut deformations, F© = F" . FP. Alternately, it can more
easily be found from F, the total deformation gradient
from Abaqus, as

- 1
FC=F - (F)'=F -FP=F- Apll =g @ mol + g @y |
P

3)
Again adopting from the framework of finite growth, the
stress is a function only of this elastic deformation (Rodri-
guez et al. 1994).

As here, we are only investigating time-independent
elastic deformation, we efficiently simulate multiple val-
ues of prestretch by changing the prestretch linearly in
simulation “time”,
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| J
e

B, initial

(stretch-free)

B, ex vivo
(stretch-free)

Fig.6 Kinematics of finite stretching and post-dural incision defor-
mation of the mouse cranial dura mater. The 1/8 ellipsoid shapes
are an idealized geometry which represent the neonate and adult
dura. The initial stress-free model (top left) is a fictitious configura-
tion only known to Abaqus. The in vivo stretched configuration is
created through an inelastic deformation which creates a stress-free

Ap; =10+ (ﬂp’f - 1.0)—l , )

where 4, ; is the prestretch at time #; and 4, is the prestretch
at the end of the simulation, #. Likewise, we measure the cut
opening at each timepoint to obtain a relationship between
prestretch and cut opening.

2.2.2 Constitutive model and governing equations

Several uniaxial (Maikos et al. 2008; Noort et al. 1981;
Wolfinbarger et al. 1994; Zwirner et al. 2019) and biaxial
(Bylski et al. 1986; Kriewall et al. 1983) loading studies,
across multiple mammals (human, rat, and pig), have shown
that cranial dura mater deforms non-linearly, requiring that
a hyperelastic constitutive model must be used to mimic
the tissue’s stress—strain behavior. Here, we model the dura
mater as a slightly compressible neo-Hookean material, with
the strain energy density function given by:

P(F) = %[tr(Ce) —-3-2In(J%)] + %ln2 ), o)

where C° = (F°) - F° is the elastic right Cauchy Green
deformation tensor, J¢ is the determinant of the elastic
deformation gradient, and u and A denote shear modulus
and Lamé constant, respectively. The Cauchy stress is then
given by

o= %W +(AIn@®) — I, ©)
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p 2
e e -F/ (stretched)
it :

B, in vivo B, cut
(stretched &

deformed)

thicker, smaller tissue (FO) and an elastic deformation that stretched it
to achieve the same geometry under prestretch (FP). A second elastic
deformation represents the cutting experiment (F"'). The total elastic
deformation is determined from F¢=F - (F 0)", where F is the total
deformation recorded by Abaqus

where b° = F° - (F°)7 is the elastic left Cauchy Green defor-
mation tensor.

We used stress-stretch data from rat cranial dura mater
under uniaxial tension (Maikos et al. 2008) to calibrate our
constitutive model, as experimental data on mouse dura was
not available. Specifically, we found the shear modulus by
fitting the model to data from O to 8% strain, while choosing
A =100u to ensure low compressibility. This regime was
chosen because we are primarily interested in deformation
under initial stretching, resulting in a value of 1.127 MPa.

Finally, with the model quasi-statically deforming and no
active body forces applied, Cauchy’s first equation of motion
is solved simply by

V-6=0. (N

The mathematical and constitutive models were imple-
mented on the constrained domain within Abaqus/Standard
by writing a user-defined material (UMAT) subroutine (Hol-
land 2018).

2.2.3 Model geometry, mesh, and boundary conditions

An ellipsoid was chosen as a reasonable representation of
the dura, with the dimensions of the ellipsoid determined
from the measured skull dimensions (Table 1). Assuming
symmetry in the axial, coronal, and sagittal planes, the
geometry was further simplified to a one-eighth ellipsoid
(Fig. 7). The major axis was defined as half of the meas-
ured length, based on existing experimental measurements
of ICR mice, which reported that the parietal, interparietal,
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and occipital lobes made up roughly half of the total length,
excluding the nasal lobe (Kawakami and Yamamura 2008).
The minor axes of the ellipsoid were set to half of the meas-
ured width (Table 2).

The thickness of the dura mater could not be extracted
from the images. Instead, mouse dural thickness was esti-
mated by using a proportional relationship of rat dura:skull
thickness to mouse dura:skull thickness, which was thought
to be appropriate because of the anatomical and phyloge-
netic similarities between mice and rats (Constantinescu
2018; Frohlich 2020). Another proportional relationship was
used to estimate newborn dural thickness based on the ratios
of the adult and neonatal dimensions (Table 2). Homogene-
ous thickness was assumed throughout each model. While
human dural thickness has been shown to vary locally (Fam
et al. 2018; Kuchiwaki et al. 1997), heterogeneous thickness

Fig.7 In silico models of neonatal and adult mouse cranial dura
mater. Symmetry was used to simplify the models into one-eighth
ellipsoids. The major axis (a) and minor axis (b) of the neonatal (A
and B) and adult (C and D) skulls were taken from experimental
measurements. Roller boundary conditions were applied on all sym-
metric planes of the one-eighth ellipsoid. The deforming dura mater
has a surface-to-surface interaction with a fixed rigid shell (not visi-

was expected to have negligible effects because the thickness
of both age groups was on the order of 0.01 mm.

Four models were created: neonatal and adult dura mater,
with both transverse and longitudinal incisions (Fig. 7). Each
model consisted of two parts: a deformable dura mater, and
a rigid shell representing the brain (below the dura mater,
not visible in Fig. 7). The rigid shell was fixed in place, and
a surface-to-surface interaction between the two ensured
that the dura mater would maintain its curvature throughout
deformation. The dura mater was assigned roller conditions
along the axial, coronal, and sagittal planes of symmetry.

To represent the incisions, the models were partitioned
in either the coronal plane for the transverse incision, or the
sagittal plane for the longitudinal incision. In both cases, the
cut was located at the middle of the axis (a/2 and b/2, respec-
tively) to match the experimental incisions. Tie constraints

ble here), ensuring there is no change in curvature throughout stretch-
ing. Transverse (A and C) and longitudinal (B and D) cuts were simu-
lated by partitioning the models along the appropriate plane. The split
parts were joined with tie constraints (solid black line) along most of
the partition, while the initial cut lengths (/,) were made in the middle
of the models and left unconstrained (dotted black line)

Table 2 In silico model

. . X . Age group  Major axis  Minor axis ¢ [mm] Cut lomm] C3D4H R3D3 R3D4
dimensions, thickness, initial ] .
cut lengths, and total number of (@) [mm] (b) [mm] orientation
frlf)r;‘:lms within each in silico Neonate  4.337 4278 0.008  Tramsverse  1.067 86980 202 7407
Longitudinal ~ 1.829 80581
Adult 9.315 6.506 0.014 Transverse 1.764 220028 740 22133
Longitudinal ~ 2.575 254019
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bonded the two parts together, except for an unconstrained
region the length of the cut (Table 2), which was based on
the length of the ex vivo incisions (Table 1).

The dura mater was discretized with four-noded linear
tetrahedral hybrid elements with linear pressure varia-
tion (C3D4H). Linear triangular (R3D3) and quadrilat-
eral (R3D4) rigid elements were used for the rigid shell
(Table 2).

2.2.4 Statistics

The experimental normalized incision openings
(width:length), wy, were calculated from the measurements
taken at 7 = 0 min and are presented as mean + standard
deviation. From the the simulated data, wg was calculated at
each increment of the simulation, resulting in a relationship
between the prestretch 4, and the normalized opening. By
comparing each value of wg with the values of wq found at a
given level of prestretch, we estimated the prestretch in the
experimentally tested tissue (Figs. 8, 9). Specifically, the
in-plane prestretches were estimated from the intersection of
the in silico opening ratio—stretch curve and the average of
the ex vivo opening ratios. These estimated prestretch values

were considered statistically significant when p < 0.05 and
are indicated with * in Fig. 9.

3 Results and discussion
3.1 Estimation of dural prestretch

The first objective of this study was to estimate the pre-
stretch present in mouse cranial dura mater. By comparing
our experimental incision openings with predicted values
from simulations (Fig. 8), we estimate the isotropic in-plane
prestretches for both age groups and incision orientations
(Table 3, Fig. 9).

By multiplying the prestretches in each direction together,
we can estimate the in-plane area prestrain to be 11% and
14% in neonatal and adult mice, respectively. In the rat dura
mater, this is well outside of the linear toe regime, sug-
gesting that the dura mater is likely notably stiffer in its

Table 3 Experimental normalized opening wg and estimated dural
prestretch 4,

were then averaged for each group (age X cut orientation) Age group Cut orientation Wy A
(Table 3, Fig. 9), and the standard deviation was calculated.
A series of Mann—Whitney U tests were performed to Neonate Transverse 0.167 4 0.039 1.067 2 0.018
.. .. . L= Longitudinal 0.095 +0.043 1.040 +0.020
determine if there were significant differences in wg and 4,
. . . Adult Transverse 0.230 +£ 0.073 1.098 + 0.040
between the cut orientations and age groups. Differences
Longitudinal 0.092 + 0.046 1.035 +£0.019
Fig.8 In silico curves for transverse longitudinal

estimation of prestretch. Mean 0.35

0.35

(dotted lines) + standard A
deviation (light blue shading) of
experimental normalized open- 025
ing wg are compared against the
relationship between prestretch
A, and in silico normalized
opening wy (solid black line) for
neonatal (A, B) and adult (C, 0.10
D) mice with transverse (A, C)
and longitudinal (B, D) dural
incisions. The dark blue shading 0.00°
indicates the confidence range
of the estimated pre-stretch

0.15

neonate

0.05

1.02 1.04 1.06 1.08

0.35

.
B |/
(N
0.30 )

0.25

0.20

0.15

0. 10 -/

0.05

0.00 +
1.00 1.02

1.04

1.10 112 1.14 1.16 1.06 1.08 110 1.12 1.14 1.16

/\Vl

0.30
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0.20
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0.15
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A
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Fig.9 Bar plot of average (+ 0.35
standard deviation) normalized
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prestretched in vivo state (Maikos et al. 2008). This could be
advantageous in limiting the motion of the brain. For exam-
ple, the falx cerebri, a fold of the dura mater that separates
the hemispheres of the brain and is thought to constrain the
motion of the brain, is significantly stiffer than the surround-
ing tissue (Bradshaw et al. 2001).

3.2 Effect of curvature on incision opening

Along with estimating dural prestretch, we also aimed to
improve upon a previous study (Henderson et al. 2005) by
developing an in silico model that better captures the dura’s
in situ tissue size, geometry, and curvature. Their model con-
sidered the dura mater as a two-dimensional rectangle, while
our proposed model is a three-dimensional 1/8 ellipsoid.
The previous study argued that a flat model is appropriate
because the incisions are small relative to the curvature of
the dura. To assess the validity of this claim, we investi-
gated the role of curvature on tissue retraction. Here, we
changed the curvature of the dura model simulations by scal-
ing the adult mouse model up and down while maintaining
the aspect ratio and average element size. The relative cut
size was also held constant at [, = b/4 and a/4 for the trans-
verse and longitudinal cuts, respectively. The opening ratio
was recorded for models of increasing axes lengths, which
results in decreasing curvature (Fig. 10). For comparison, we
include the results from a prior study (Henderson et al. 2005)
that used a flat domain (i.e., a domain with zero curvature).

When varying the major and minor axes of our ellipsoid,
we observed that the normalized opening decreases only
slightly with increasing curvature in both cut orientations
(Fig. 10). However, when including the results from a previ-
ous study in a flat (i.e., zero curvature) domain (Henderson
et al. 2005), we see a dramatic increase. This suggests that

" 1.000 T .
aT alL nT nL aT alL

a flat model may greatly overestimate the incision opening,
and thus underestimate prestretch, and that three-dimen-
sional models are necessary for more accurate estimations.

3.3 Effect of initial incision length on incision
opening

In order to meaningfully relate our results with prior findings
in the literature, we used the normalized incision openings to
estimate prestretch. w had previously been used in the litera-
ture (Henderson et al. 2005), as a dimensionless parameter
that allows for comparison between cuts for different sizes.
However, we sought to judge the validity of this measure-
ment by comparing cuts across varying initial lengths. Using
the adult mouse model, we simulated transverse and lon-
gitudinal incisions ranging from 0.407 to 3.253 mm (from
ly = b/16 to b/2) and 0.582 to 4.658 mm (from [, = a/16 to
al2), respectively. The resulting normalized openings were
compared between different-sized cuts (Fig. 11).

Our results (Fig. 11) generally support the previous
assumption, showing that when the initial cut size is small,
it does not meaningfully impact the incision opening. How-
ever, as initial incision size becomes larger (e.g., [, = a/2
or b/2), the normalized opening is noticeably lower than
in smaller incisions. In the case of our models, our ini-
tial incision sizes are taken from experimental measure-
ments, and are fairly large relative to the model geometry
(a/4 <y <a/2orb/4 <1, < b/2for transverse and longi-
tudinal cuts, respectively). The previous study reports their
incision sizes but not the size of the rat crania, which makes
it impossible to determine if their incisions could be con-
sidered ‘small’ or not. Based on these results, the normal-
ized incision opening is a decent, but not perfect, metric to
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cuts

evaluate opening widths across cuts of different sizes within
this range.

3.4 Analysis of direction dependency

The second objective of this study was to determine the
directional dependency in dura mater prestretch. When
comparing the estimated prestretch from the transverse and
longitudinal cut openings in both age groups, the adult is
found to have significantly higher prestretch in one direc-
tion, while there is no significant difference between the two
directions in the neonate. The “in-plane” prestretch imple-
mented here is equibiaxial and does not directly represent
different values of prestretch along the transverse and lon-
gitudinal axes. However, higher in-plane stretches associ-
ated with transverse incisions in the adult suggest that the

@ Springer

anterior—posterior, or longitudinal, stretch is larger than the
medial-lateral or transverse stretching. This is also visible
qualitatively, as the transverse cuts open noticeably more
than the longitudinal cuts in both the adult and neonatal cra-
nial dura. This is in agreement with previous results (Hen-
derson et al. 2005), which also found significantly larger
residual strains in the longitudinal (6.11 + 3.62%) than trans-
verse (3.82 + 2.64%) directions.

We note that these results could also, but do not neces-
sarily, suggest material anisotropy of the dura mater. Sev-
eral investigations including scanning electron microscopic
imagery (McGarvey et al. 1984; Patin et al. 1993; Wolfin-
barger et al. 1994) and small-angle light scattering (Jimenez
et al. 1998) have found that human dura mater is globally
isotropic, without any predominant fiber direction. However,
a comparison of humans and rats has shown that rat dura
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mater has noticeably longer and frequent longitudinal fib-
ers, with small and less-frequent transverse fibers (Maikos
et al. 2008). Variation across mammals is common for bio-
logical tissues. Similarly, lumbar dura mater is known to be
structurally anisotropic in rats, canines, and humans (Maikos
et al. 2008; Patin et al. 1993). Microscopic imaging would
be needed to distinguish material vs. loading anisotropy in
mouse cranial dura.

3.5 Analysis of age dependency

The third objective was to examine the age dependency
of the prestretch by comparing neonatal and adult values.
Although only two time points were obtained, our results
suggest that prestretch is not strongly age dependent, as no
significant differences were found in comparisons between
the neonate and adult mice (Fig. 9). A similar study in rats
(Henderson et al. 2005) similarly observed no significant
relationship between age and prestretch. However, our data
suggests there is a relationship between age and direction
dependence, as the neonatal dural prestretch was slighty
more isotropic than the adult. We hypothesize that cranial
shape may play a role in defining dural prestretch, particu-
larly that the more spherical neonatal skull contributes to
uniform strain. Our length and width measurements clearly
show that the neonatal neurocranium is nearly spherical and
is stretched more isotropically than the hemi-ellipse mature
cranium (Table 1, Fig. 5). Interestingly, humans, who also
have more rounded heads, are consistently reported to have
mechanically and materially isotropic dura mater (Jimenez
et al. 1998; McGarvey et al. 1984; Patin et al. 1993; Wolfin-
barger et al. 1994).

Another possible factor is the direction dependence of
skull growth; higher longitudinal prestretch in immature
rats has been hypothesized to be related to the growth of
the cranial vault, preferentially in the longitudinal direction
(Henderson et al. 2005). Rats and mice have been shown
to follow nearly identical developmental timelines (Clancy
et al. 2007; Workman et al. 2013) thus we can speculate
increased longitudinal stretching would be present within
the mouse. However, because the mouse crania is more stout
and much smaller, the directional differences may be less
pronounced.

3.6 Estimation of dural growth

By combining our estimations of pre-stretch with our cal-
culations of areal growth of the dura mater, we can estimate
the relative contributions of growth (i.e., the addition of
mass) and stretch between 4 and 12 weeks (Fig. 1). From
our in vivo imaging data, the dura mater was calculated to
grow in area by approximately 7%, on average, during that
time (Fig. 12). (Note that two additional imaging timepoints

were also completed, at 16 and 20 weeks, and are avail-
able with the rest of the data from this paper; they are not
included in our analyzes in order to make the best compari-
son with our experimental data.) Area prestretch increases
only slightly from the neonate to the adult (Fig. 1 4d-12w),
11-14%. Taken together, this suggests that little of the area
expansion is due to stretch, and that the dura mater grows in
area by nearly 7% during this period.

While a rigorous analysis of this is out of scope of the
current work because of the difficulty of imaging neona-
tal mice, these findings are likely related. It is understood
that the dura mater contributes to cranial suture fusion by
releasing osteogenic growth factors that induce cellular pro-
liferation, mineralization, and differentiation in response to
increased pressure from the growing brain (Fabris et al.
2019; Gagan et al. 2007; Jaslow 1990; Ogle et al. 2004).
Previous work (Fong et al. 2003) has shown that immature
dural cells proliferate markedly more than their mature coun-
terparts at high levels of strain (~ 10%). This is close to our
estimated strain, suggesting that the dura is stretched in vivo
to lead to optimal conditions for growth and suture fusion.
These results raise important questions about the interplay
between mechanical loading and dural growth, particularly
in the case of cranial growth pathologies.

3.7 Relaxation of dural incisions

Because we obtained images of the experimental tissue at
T = 0to T = 5 min after incision, we were able to investi-
gated the time-dependent behavior of the dura mater. We
quantified the tissue relaxation by calculating the percent
change in the normalized incision opening as the tissue
relaxed from 7 = 0 to T = 5 min. The percent change was
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Fig. 12 Brain/dural surface area during development in mice. Data
from five individuals are shown in light blue, along with average and
standard deviation in dark blue
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calculated for each cut, and then averaged within groups
(Table 4).

In general, most incisions saw an increase in size. This
time-dependent behavior suggests that the mouse dura mater
is viscoelastic, because the initial elastic retraction of the
dura after incision is followed by a creep unloading response.
However, the high standard deviations, particularly in the
transverse incisions, indicate the limitations of our small
sample size. A few cuts actually appeared to decrease in cut
area, mostly slight (~ 2%) but in one case fairly significant
(14% in a neonatal transverse cut). We believe that these
samples were outliers, perhaps due to how the cranium was
held during and after the incision. Specifically, the cranium
was generally held with tweezers throughout the incision,
but at times the skull had to be secured by pressing down
on it from the superior position. This could have slightly
stretched the skull, leading to the appearance of cut closing
as the skull was released. We note that previous results in
rats have shown greater consistency (Henderson et al. 2005),
potentially due to their larger size and the relative ease of
experiments.

4 Limitations

While this study is the first to develop a three-dimensional
model of the dura mater in order to estimate in vivo pre-
stretch, significant future work remains to address its limi-
tations and fully resolve the outstanding questions. First of
all, our investigation is limited by a small experimental size
(n = 5 neonate, n = 6 adult). The small size of the dural
tissue made consistent cutting very difficult, further exac-
erbating the small sample size. Most notably, the in-plane
prestretch associated with the transverse neonatal incisions
was estimated based on the normalized opening from just
two subjects, which differed appreciably. Measurements
from more subjects would give us an idea of the true vari-
ability among individuals.

Secondly, the precision of our measurements was limited.
One of the main limiting factors was the image resolution,
for instance affecting the manual estimation of points of

Table 4 Normalized incision openings before and after relaxation,
along with calculated change between 7' = 0 and T = 5 min

Age Cut orienta-  wg 6 [%]
group tion

T = 0 min T = 5min
Neonate Transverse  0.167 +0.039 0.171 £ 0.073 0.17 +20.72

Longitudinal 0.095 +0.043 0.106 + 0.045 11.82 +5.89
Transverse  0.230 + 0.073 0.244 + 0.072 6.62 + 12.85
Longitudinal 0.092 +0.046 0.094 +0.043 3.95 +4.83

Adult
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interest. Furthermore, at a given resolution, the relative error
of measurements increases as the magnitude of the dimen-
sion decreases (Henderson et al. 2005); for larger measure-
ments, such as the cranial dimensions, a single pixel is a
relatively small length, while it represents meaningful uncer-
tainty in the measurements of incision widths or lengths.
Even with magnification, the images were not detailed
enough to measure the the thickness of the mouse skull and
dura, requiring an estimation instead (Kinaci et al. 2020;
O’Reilly et al. 2011). Finally, we calculated the Euclidean
distance, which is a simple calculation from images, but
neglects the slight effect of the curvature of the dura on the
measured lengths.

Furthermore, the cutting method has its limitations. It
primarily approximates only stretch perpendicular to the
cut. These cuts are also generally thought to capture only
the environment local to the cut, although given the rela-
tively large size of our incisions (12 — 21% of the relevant
dimension of the skull), it could be argued that they capture
more global behavior. Furthermore, there are inherent limi-
tations to estimating in vivo prestretch from ex vivo data,
even though the tissue was hydrated with PBS, its in situ
connection to the skull was maintained, and the testing was
performed within a few hours of sacrifice. Additionally, the
thickness of the scalpel blade, while small (0.4 mm), could
make it hard to determine the cause of very small opening
widths, and potentially lead to overestimation of prestretch.

Additionally, no experimental stress—strain data were
available for the ICR mouse dura; instead, our constitutive
models were calibrated on experimental data from mature
rats, which are likely even less accurate for neonatal mice.
Likewise, the neo-Hookean constitutive model does not
fully capture the nonlinear behavior of the dura mater. To
address this, we calibrated the shear modulus only to the
relevant regime (& < 8%). This was an acceptable limita-
tion for this study because of its focus on the effects of size
and curvature, but future in silico works should consider
modeling the tissue with other hyperelastic models, such
as an Ogden model with N = 3 (Maikos et al. 2008; Pierrat
et al. 2020) or other higher order alternatives (e.g., Skalak,
Tozeren, Zarda, and Chien) (Bylski et al. 1986; Kriewall
et al. 1983). It could also be important to incorporate viscoe-
lastic behavior directly, as relaxation after cutting has been
recorded in human (Melvin et al. 1970), rat (Henderson et al.
2005; Maikos et al. 2008; Shulyakov et al. 2011), and now
mouse dura mater.

Moreover, while our three-dimensional model represents
a significant step forward in capturing the effect of curvature
on dural prestretch, the one-eighth ellipsoid used does not
capture the full complexity of the dura’s initial shape. For
example, the minor axes of the ellipsoid were set equal to
each other because of limitations in Abaqus, which resulted
in the measured height being neglected. Other irregularities
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and imperfections were also lost when simplifying to an
ellipsoid. In addition to the finite element method used here,
other approaches such as isogeometric analysis could offer
more representative models of the in vivo tissue (Laurence
et al. 2022).

Finally, the general applicability of our prestretch find-
ings are limited by the failure to consider heterogeneous
strain. Concentrations have been previously reported along
the suture sites (Herring and Teng 2000; Curtis et al. 2013),
indicating that the developing dura mater is likely non-uni-
formly prestretched. Future models could aim to simulate
the geometric and mechanical influence of sutures by mod-
eling anisotropic, heterogeneous residual strain. Character-
izing prestretch variation could be accomplished through the
current method by making isolated incisions within and far
from the suture site. While difficult to target areas in small
mammals, this would be possible in larger mammals, while
additionally offering a more apt comparison to human dura.

5 Conclusions

In this study, we created accurately sized three-dimensional
in silico models of neonatal and adult mouse cranial dura
mater with longitudinal and transverse incisions. Alongside
experimental measurements of incision opening ratios, we
estimated the magnitude of in-plane prestretch. We found in-
plane prestretches ranging from 3 to 10%, and corresponding
area stretches of 11-14%, with slightly higher values in adult
mice. Significantly larger in-plane prestretch perpendicular
to the transverse cuts indicated anisotropy in the adult mice,
consistent with previous findings in rats (Henderson et al.
2005). Future work could continue to improve on this study
by experimentally calibrating a higher-order constitutive
model, including viscoelastic behavior, and implement-
ing anisotropic and/or heterogenous prestretch. Addition-
ally, while our study has focused solely on the dura along
the curved endocranial surface of the vault, the basicranial
surface, which is morphologically more complex with con-
vex and concave surfaces, could be a profitable target for
future research. Our results highlight the importance of
in situ experimental testing and accurate in silico modeling
when estimating the in vivo mechanical properties of cra-
nial dura mater. This work is essential because advanced
mechanical characterization may provide insight into how
common cranial malformations arise and could guide clini-
cians toward more appropriate natural and synthetic grafts
for dural repair.
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