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Abstract
Changes in the elastic properties of brain tissaeeltbeen correlated with injury, cancers, and rdrgenerative
diseases. However, discrepancies in the reportedtiel moduli of brain tissue are persistent, andtiap
inhomogeneities complicate the interpretation ofcroscale measurements such as rheology. Here walice
needle induced cavitation rheology (NICR) and vaduoontrolled cavity expansion (VCCE) as facile noelth to
measure the apparent Young’'s modutusf minimally manipulated brain tissue, at specifi&sue locations and
with sub-millimeter spatial resolution. For diffeteporcine brain regions and sections analyzed IGRYwe found
Eto be 3.7 £ 0.7 kPa and 4.8 + 1.0 kPa for gray enatind white matter, respectively. For differeatgine brain
regions and sections analyzed by VCCE, we fodndas 0.76 + 0.02 kPa for gray matter and 0.92 4 @Ma for
white matter. Measurements from VCCE were morelamtd those obtained from macroscale shear rhgd@g5
+ 0.06 kPa) and from instrumented microindentatbmwhite matter (0.97 + 0.40 kPa) and gray matfe8§ + 0.20
kPa). We attributed the higher stiffness reportedhfNICR to that method’s assumption of a cavitaiiastability
due to a neo-Hookean constitutive response, whies dhot capture the strain-stiffening behavior i&irb tissue
under large strains, and therefore did not proxadequate measurements. We demonstrate via botitiealal
modeling of a spherical cavity and finite elemeradeling of a needle geometry, that this strairfesting may
prevent a cavitation instability. VCCE measuremdats this stiffening behavior into account by eoypoig an
incompressible one-term Ogden model to find thdinear elastic properties of the tissue. Overal,GE afforded
rapid and facile measurement of nonlinear meclarpcoperties of intact, healthy mammalian brassue,
enabling quantitative comparison among brain tiseggns and also between species. Finally, acewstimation
of elastic properties for this strain stiffeningstie requires methods that include appropriatetinathge models of
the brain tissue response, which here are repezséntinclusion of the Ogden model in VCCE.
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1.Introduction

Changes in the elastic moduli and the rate-depdrmteperties of brain tissue have been reportembteelate with
Alzheimer’s disease, traumatic axonal injuriestical contusions and brain tumors (Boulet et 812 Jamin et
al., 2015; Murphy et al., 2011; Streitberger et 2011; Wuerfel et al., 2010). Animal models ofuiraatic brain
injury (TBI) and cancer examined via magnetic resae elastography (MRE) have also noted local temum
apparent stiffness at the injured site followindoaal lesion (Boulet et al., 2011; Jamin et al.120 At the
microscale, cells in the central nervous systemSChave been shown to respond phenotypically toharcal
cues and depending on local stiffness (Franze.e2@13; Jagielska et al., 2012; Pogoda et al.420%ler, 2012;
Wang et al., 2014). Those studies highlighted tingoirtance of understanding mechanical propertidsaih tissue,
including spatial variations and changes with diseprogression. Additionally, the designiofvitro systems that
recapitulate key mechanical properties of healtairbtissue are of interest for neurosurgical aggions, tissue
engineering, modeling of TBI, and the design afuis simulant materials. However, there is no cawseon the
magnitude of several kein vivo mechanical properties or the macroscale constiutelation of this tissue
(Budday et al., 2019).

Several studies approximate brain tissue as arliakestic and isotropic solid, and thus summarittes tissue
stiffness in terms of Young’s modul&s Reports oE of brain tissue range across several orders ohinatg (i.e.
100-10,000 Pa) (Cheng et al., 2008; Franze ek@l3; Tyler, 2012), and vary considerably amongeexpental
techniques (Chatelin et al., 2010; Cheng et aD826irapko et al., 2008a). Moreover, the underhasgumptions of
linear elastic deformation and homogeneous isatropsponse are tenuous for this complex biologiaterial
under most experimental loading conditions. Manydits have demonstrated that brain tissue can iéxhib
considerable nonlinear strain-stiffening behavioder both compression and tension at sufficiertij Istrains that
typically exceed 1-10% (Franceschini et al., 20@6goda et al., 2014; Prevost et al., 2011; Rashal.e2012)
although this has not been observed in all casas@@ and Margulies, 2002). The strain-stiffeniegdvior at low
deformation rates was often captured by fitting hiyperelastic components of hyper-viscoelastic rmtte the
assumed “equilibrium” response. This tissue caritgxiscoelastic (i.e, time- and rate-dependemrtpdmation and
effective stiffness, as experiments using macresdaology, stress relaxation and creep compligieceonstrated
explicitly (Hrapko et al., 2006; Nicolle et al., @& Prange and Margulies, 2002). However, the ntegdo
viscoelastic properties such as shear storage me@uland loss modulu&” also span orders of magnitude among
various studies, and are characterized generallydak power laws (Chatelin et al., 2010; Hrapkalgt2008a). As
each experimental technique includes limitationdefbrmation modes and magnitudes, particularlyraterials as
structurally and mechanically complex and compliast brain tissue (Canovic et al. 2016), prior whiks
established that magnitudes of these reported saae also vary with experimental technique (Budetagl. 2019,
Canovic et al. 2016). Additionally, brain tissuehiits strain rate dependent behavior even at tales on the
order of 100s to 1000s of seconds, so charactgrittia actual “equilibrium” behavior via fits to eiselastic or
hyper-viscoelastic models is elusive even undeomiedtion rates that would be considered quasistatipractical
uses (Chatelin et al., 2010; Hrapko et al., 2008agrefore, reports of “equilibrium moduli” for bratissue must be
interpreted with caution. Further, the stiffnesshadin tissue is strain-history dependent, as prditioning of the
tissue has been known to reduce the stiffness mpam@d to virgin tissue (Franceschini et al. 2@édday et al.
2017, Budday et al. 2019). Nevertheless, modeleg“equilibrium” behavior with hyperelastic modelsder low
strain rate conditions without considering rateetetent behavior has proven useful in recent studidsai et al
2015, Mihai et al., 2017). Finally, under very sfieddeformation rates and length scales, braisutsscan exhibit
poroelastic responses at the macroscale, as hasdeesonstrated by unconfined uniaxial compressiotemsion
(Budday et al., 2017; Cheng and Bilston, 2007; Eeanhini et al., 2006; Miller and Chinzei, 2002).

While macroscale mechanical properties may be aelfeor some applications including modeling of dhea
protection strategies, for many applications themaeical heterogeneity of brain tissue is an imgrdrfeature to
capture. Brain tissue includes regions that difieibly in the extent of neuron myelination and aeéerred to as
white matter (higher myelin content) or gray maifess myelin). Some studies have reported whitdeméo be
stiffer than gray matter (Budday et al., 2015; Beand Margulies, 2002; van Dommelen et al., 20Hbardi et al.,
2006), while other studies have concluded that gratter is stiffer than white matter (Budday et 2017; Green et
al., 2008). Even still other studies have notedpitesence of local variations in stiffness withihite matter (Chen
et al., 2015; Prange and Margulies, 2002), andwimite matter is elastically anisotropic (Francesicht al., 2006;
Hrapko et al., 2008b; Prange and Margulies, 20@2; Dommelen et al., 2010). Microscale experimenthsas
instrumented indentation (Budday et al., 2015; Céeal., 2015; Gefen and Margulies, 2004; Milleragt 2000;
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van Dommelen et al., 2010), atomic force microseepgbled indentation (Canovic et al., 2016; Elkimd

Morrison, 2013; Urbanski et al., 2019) and magneggonance elastography (Murphy et al., 2011) tmeheed to
explore such local differences. However, theseialhatesolved approaches are still limited by Higbonstrained
assumptions of tissue constitutive behavior, arfdrdeation volumes that are convoluted by the prgbemetry
and tissue heterogeneity. Taken together, priatissualso indicate that the mechanical propertidsain tissue —
even when idealized by simple constitutive model#&entified as white or gray matter — vary acrassitomical
regions within the organ (Chen et al., 2015; Elginal., 2011; Lee et al., 2014; Pogoda et al., 2@tdnge and
Margulies, 2002; van Dommelen et al., 2010).

To address current limitations in accurate andialbpatocalized measurement of brain tissue coustie response,
we introduce two related and distinct cavitatiosdzh methods to quantify (hyper)elastic propertielrain tissue
regions. Both approaches deliver pressurized flaidugh a narrow needle to deform the tissue lpcileedle
induced cavitation rheology (NICR) has been usedipusly to measure elastic and fracture propedigmlymers,
as well as eye lersx vivg bone marrow tissui@ situ and skinin vivo (Chin et al., 2013; Cui et al., 2011; Jansen et
al., 2015; Kundu and Crosby, 2009; Zimberlin et @D10; Zimberlin et al., 2007). This technique uiegs a
cavitation instability to occur within the materighd be detectable at a finite applied fluid pressapplication of a
constitutive law such as the hyperelastic neo-Haokenodel affords estimates & on the length scale of
micrometers to millimeters. This approach has besidated by finite element (FE) simulations andcroacale
rheology (Hutchens and Crosby, 2014; Hutchens et28l16; Jansen et al., 2015; Kundu and Crosby9;200
Zimberlin et al., 2010). Volume controlled cavitypansion (VCCE) has been used to measure nonlilaatic
properties of compliant polymers. Since VCCE is eattension of NICR methodology, VCCE has the same
capabilities ofin situ, localized measurements as NICR. However, sinc€&@Iso allows measurement of both
pressure and volume of the injected incompresdibig, cavitation events are not required and argpmpressible
hyperelastic constitutive equation can be fit te tesulting data. Mechanical properties can beiddafrom a
single VCCE measurement, whereas determinatidawith NICR can require multiple experiments with Itiple
needle diameters to account for surface tensioecesff VCCE has been initially employed with a nemwkean
model (Raayai-Ardakani et al., 2019a; Raayai-Ardidled al., 2019b), and later extended to fractwents (Raayai-
Ardakani et al., 2019b) and to account for stréiifiening (Raayai-Ardakani and Cohen, 2019). Herexpand the
use of this technique to characterize hypereldsticavior of the brain tissue with an incompressitme-term
Ogden model that captures the strain-stiffeningease (Franceschini et al., 2006; Mihai et al.,2Micolle et al.,
2004).

In this study, we evaluated NICR and VCCE as adttive, facile, approaches to characterize spatialiplized
apparent Young’s modulus and nonlinear propertfesrain tissue under “quasistatic” loading overdiscales on
the order of 10s to 100s of seconds. We conductpdrignents in porcine brain, and validated thosellte against
macroscale rheometry and microscale instrumentgentation. Because all experimental methods inotydnhese
have inherent limitations and constrained choidagsct and quantitative comparison of extractechpeaters among
mechanical testing methods is challenging for ni@tesuch as brain tissue (Canovic et al., 2016jday et al.,
2019). We thus qualify the measured parameter sigzliherein as apparentYoung’'s modulus. Importantly, the
limitations of each method and data analysis ampradhould be understood by the researcher, andem@ibed
here or elsewhere from practical and theoreticasgextives (Canovic et al., 2016; Budday et all®2Raayai-
Ardakani et al., 2019a; Raayai-Ardakani et al., &)1 We demonstrate advantages of NICR and VCCdivelto
those other characterization approaches, and véndy analytical models used to infer elastic propse are
reasonably well approximated against finite elemmodels with more accurate geometric representaifotine
pressurized needle inserted into a hyperelastienaht

2. Materials and Methods

2.1 Sample preparation

We obtained porcine brains from 6-12-month old gfigen Baystate Medical Center, Springfield MA, abén
Besten farm, Bridgewater, MA USA. We dissected pardrains two hours post-mortem as four mm-thiciooal
and transverse slices; we preserved these slic€€ah phosphate-buffered saline (pH 7.4) or Hibeznatmedia
(pH 7) prior to testing.
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We conducted instrumented indentation on transveeséons, and we conducted VCCE and NICR on cérana
transverse sections. For rheometry, we obtaineddisamples by biopsy punch extraction for murhaénb(8 mm
wide and 1 mm thick), and by biopsy punch (8 mmnaiter and 1 mm thick) or manual sectioning (25 mm
diameter and 4 mm thick) for porcine brain. Tissledydration was minimized by placing all samplescicold
phosphate-buffered saline (pH 7.4) or Hibernate-&dim (pH 7) and kept refrigerated &C4until mechanical
testing. We conducted most experiments within Gfigost mortem (Chatelin et al., 2010) to assgs@ integrity,
and conducted all tests within 30 hours post mortem

We obtained murine brains from B6 albino mice, 1€elss old, from the Tremblay Lab at the Universify o
Massachusetts Amherst, Amherst, MA USA. Murine tsaivere kept whole for indentation and NICR anteg:80
min post-mortem. Data from murine samples are piexvin Supplementary Materials S1.

2.2 Theory and material models

The analytical models used to calculate Young's maslE from NICR and VCCE experiments are based on
analytical solutions of a pressurized sphericalitgain an infinitely large elastic medium. Speciilly, the
expansion of a spherically symmetric cavity in dastc material under internal pressuPehas been studied
extensively for various material models (Horgan d@mualignone, 1995). For the expansion of a cavityam
incompressible material, the principal stretcigst,, ; may be expressed ak, = 1; = 1, and1; = 15> where

Ag is the circumferential stretch in the bulk mate@acapsulating the cavity (Horgan and Polignorg®5). Here,
circumferential stretch is defined ag = r/R, wherer is the deformed coordinate, aRg is the undeformed
coordinate, and relates to engineering hoop stiaiasly = 1 + &y. For an isotropic, incompressible, hyperelastic
material with a strain energy density functi¢t(1,, 1,, 1), by definingW (1) = W (152, 19, A¢), the relationship
betweerP and the circumferential stretch at the cavity Wathay be found with

W' (4e) 1)
PO = | 25 dh,
aw(ig)

whereW'(1y) = ,
0
cavitation pressure (i.e, critical press&ge can be found by integrating to infinite stret¢hhee cavity wall

and it is assumed that the cavity is much smé#iien the surrounding material. Further, the

oW'(a 2
Fe= /139(—2) dy, @)

provided that the integral is convergent. Many Esidtharacterizing tissues by NICR have assumexbeHookean
elastic constitutive law, which is defined by aagirenergy density function

E 3
Wy = 2 G+ 25+ - 3) ®

From Egs. {) and @), the pressure varies with stretch as

P 5 2 1 (4)

and combining Eq.2) and @), the critical pressure at which cavitation witlooir is

P =2E. (5)

Since brain tissue has been identified previoBlyd@lay et al., 2017; Franceschini et al., 2006} aain-stiffening
material, here we adopt a constitutive law thatesents that behavior. Specifically, we employraoimpressible,
N-term Ogden model with the strain energy densifindd as
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N
2E; ) ) ) 6
WOG=Z3T{;(/1T‘+/1§‘+/1§‘—3) ®)
L

i=1

whereq; are constants that can reflect the strain-stiffgrmesponse of the material fior;| >> 2 andE = YN, E;
From Egs. 1) and 6), the pressure-stretch relationship is

CCAE (R -1) dag
- Z fl (/13 _ 1) AZa i+1 (7)

and the critical pressure for cavitation, if it s, can be obtained from combining Eq3.gnd 6), from which we
get

N 00 (43
P = ﬂf G — 1) ddy 8)
), 5o e

However, forP. to be finite (i.e., for a cavitation instabilitg bccur in the Ogden solid), each integral in thm s
must be convergent. Elastic cavitation instabitibgcurs provided that each exponenis within the range (Chou-
Wang and Horgan, 1989)

—><a; <3 ©)

We note that these pressure-stretch relationstépanae purely hyperelastic behavior and neglectptitential
influence of surface tension, or of the potentiatwelasticity, poroelasticity, plasticity, dameayed fracture of the
material.

2.3 Needle Induced Cavitation Rheology (NICR)

Details of NICR have been described previously (@nfin et al., 2007). Briefly, a needle is embeddeda
compliant solid, followed by pressurization of tHeid within the needle; this leads to the growthdarapid,
unstable, expansion of a fluid-filled bubble at tipeof the needle. Our custom-built instrumentsiets of a syringe
pump (New Era Syringe Pump NE1000 or Harvard Appar®HD Ultra), a pressure sensor (Omega Engirgeerin
PX26-001GV or Omega Engineering PX26-005DV), anglydnge needle connected to a DAQ card (National
Instruments) that records the pressure as a functidime. Here, we inserted the needle into p&da.5 mm
depth) and murine (1.8 mm depth) tissue samplesoanavorking fluid of injection was air. Air injeicn velocity
was 400uL/min (which approximately corresponds to 1.8 kia). We acquired measurements on white matter or
gray matter tissue regions for porcine and murimgex for a range of needle diameters or gauges3g28auge,
0.413-0.108 mm inner diameter). We recorded presaiith a custom-developed LabVIEW code until aicait
pressureP. was reached. At the., an instability arises, and the bubble rapidlyanqgs while the pressure rapidly
decreases with time. Assuming that the materianissotropic, homogenous, neo-Hookean materialapigarent
Young’s modulusE was estimated using a modified form of EB) that also incorporates finite surface tension
(Zimberlin et al., 2007)

Spa 2 (10)

whereR is the needle radius andis the surface tension. This result was obtainexvipusly from analytical
solutions of the elastic stress of a pressurizéesgal void in an infinite solid and the surfaeagion of a spherical
cap (Gent, 2005; Kundu and Crosby, 2009; Zimbextial., 2007). We thus obtain&dfor porcine and murine brain
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tissue from Eq.X0) at 19-22C, fit to data obtained over a range of needle gawmd therefore a range of critical
pressures which we assumed to be due to cavitafiennote that in this technique the deformation assumed,
and deformation rates could not be measured (dralted for) as the cavity size could not be meadutirectly in
the highly scattering media of this biological ties

2.4 Volume Controlled Cavity Expansion (VCCE)

VCCE has been discussed previously in detail byyRaardakani et al.(Raayai-Ardakani et al., 2018=&ayai-
Ardakani and Cohen, 2019). Briefly, this approatiizes an incompressible working fluid and quaesfpressure
while monitoring and controlling the injected fluw@lume. Using a needle-syringe system connectexh tstron
Universal Testing Machine, we expanded a cavitiedilwith incompressible liquid (here, silicone oithich is
immiscible in tissue) in a volume controlled manaem rate of 2.7 uL/s inside the material of interest. Needle
diameters or gauges (gauge 22, 0.413 mm inner tkameere chosen to minimize surface tension effect
Throughout the experiment, we monitored the presswside the cavity using a load cell connecteth&syringe-
piston, calibrated as discussed previously (RaAyd#kani et al.,, 2019a). We transformed the volume
measurements at every instance of the experiméntan effective cavity radiua, and then fit the pressure-
effective radius relationship to a one term Ogdexeh (see Eq.7)) to obtain the elastic properties of the material
(Raayai-Ardakani et al., 2019a; Raayai-Ardakani &uahen, 2019). The fitting procedure and algorittussd
herein are described in (Raayai-Ardakani and CoRBem9). Since, the initial cavity radig,) is unknown we
consider it as an additional unknown in the probterd fitP-A for the three unknowns (i.&, @ anda,). The fitted
initial cavity radius values are summarized in Sapentary Materials section S2, Table S1.

We characterized three porcine brains via VCCE2XC. Due to the localized deformation of this expexnit

we tested multiple distinct locations on each bssntion; details are discussed in Supplementargtidds section
S2. The stretch at the cavity wallwas defined ag = (V/V,)/3. We note that the strain rate, while not constant
throughout the deformed material due to the nofieami strain field, can be approximated as an effeditrain rate

as £, ~ A. Since the rate of volumetric expansion was cdletloin these experiments, the effective straire rat
during deformation was not constant (see Eq. 15).

2.5 Indentation

We conducted instrumented indentation with a cyloa flat punch (High-Speed M2 Tool Steel Hardened
Undersized Rod, 1 or 1.5 mm diameter) at a fixexppldcement rate (20m/s) and a maximum load (1.5 mN or 2
mN) in displacement control. A force transducer rfepwell Sensotec, Columbus, OH) monitored the tiegul
load, F, while a nanoposition manipulator (Burleigh Instents Inchworm Model IW-820) controlled the
displacemens. A material compliance fact@?, calculated as the ratio between change in displaat over change
in force,

ds (11)

C=—
dF

was recorded by a National Instruments LabVIEW cdetm the case of a contact radius much smallar tha
dimensions of the elastic samewith a correction confinement described ®@$ < b/h < 2 whereh is the
sample height, the effective apparent Young’s masiblcan be calculated as (Shull et al., 1998):

3

b= 3
8C {1 +1.33 (%) +133 (9) }b (12)

h

We conducted indentation experiments on six porbirans (transverse sections) at 19 t6Q22aVe also analyzed
nine murine brains by this approach; see SuppleangMaterials section S1.
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2.6 Rheology

We conducted small-amplitude oscillatory shear grpents on porcine (and murine; see Supplementatehls
section S1) brain slices using a Kinexus Pro rheem@lalvern Instruments, UK) or an MCR 501 Rheosnet
(Anton Paar, Graz, AustnaThe testing configuration was a parallel-platergetyy, with a sample diameter of 8
mm or 25 mm (and gap of 1 mm or 4 mm, respectiyely2SC with oscillatory frequency sweeps between 0.1 and
1 Hz and under 0.5% or 1% shear strain. Thesenstnaere in the linear viscoelastic range as comiitrby
amplitude sweep. The tissue was hydrated with eithibernate-A media or deionized water. Finally, we
approximated the apparent shear mod@uas the shear storage modufi'sat 0.1 Hz, and then relat&slto the
apparent Young’'s moduluisassuming isotropic material behavior with a Paissoatiov of 0.5:

E=2G(1+v)=3G. (13)

We tested a total of nine porcine brains 825

2.7 Finite element modeling of VCCE and NICR

To assess the assumptions implicit in analysisre$gurized cavity deformation via NICR and VCCE, medeled
the deformation using a spherically symmetric aticdy model (as described for NICR in section 2n@ ¥ CCE in
section 2.3), as well as with finite element sintiolas of a needle-induced pressurization geométsyin section
2.3, we expressed the load-deformation relationshiprms of applied pressufeand the circumferential stretch at
the cavity wallA. For the neo-Hookean constitutive model used &xidee the spherically symmetric brain tissue
deformation, we adopted Edt)( For the incompressible Ogden model, we usedoaénm model (i.eN = 2 in Eq.
(7)), as was used previously in modeling brain tigguranceschini et al., 2006; Hutchens and Crosby4»

To better approximate the experimental conditioha pressurized needle in a large, compliant, aygkitelastic
material, we created a 2D axisymmetric finite elatmaodel (ABAQUS software, Dassault Systemes, Rlenge,
RI USA) of a thin-walled needle of radi®pressurizing a material volume of width at led®tifhes greater thaR.
We considered two geometries: The first model idetla needle that was inserted into the matehiah tetracted
by a distance of one needle radius, such thatiadrigal cavity was formed; and the second includetkedle that
was inserted but not retracted. Figure S3b provetdematics of the geometry and boundary conditidghe
second geometry is identical to that of Hutchert @rosby (which predicted cavitation in brain ifirdte element
simulation of NICR), and also matches the boundaogditions and material models assumed in thatk wor
(Hutchens and Crosby, 2014). In both models usethén present work, the material was unstressechén t
undeformed configuration, thus neglecting potergi@-stress prior to pressurization. We selectecK&A linear,
axisymmetric triangular elements and refined theshmeear the needle entrance. Pressure was applidtedree
surface of the initial cavity or the material sedafacing the needle opening, while no-displacentenindary
conditions were enforced on the needle wall-matérarface. We used two material models in onité element
analysis, the compressible Ogden model and the @ssiple neo-Hookean model, setting the Poissatis to

v = 0.48 to approximate the incompressible material belraagsumed in our spherically symmetric model. This
value was chosen because higher Poisson’s ratiteevdhiled to converge at high stretch, and asiquely
confirmed by Hutchens and Croshyhad little effect on the pressure vs. stretcheasp in deformations relevant
to NICR and VCCE (i.e ¢t < 2). Details of these material models and choicea$$dn’s ratio are discussed in
Supplementary Materials sections S3 and S4, raspbctWe calculated the deformed cavity voluivieas a
function of normalized pressule/E. Since the circumferential stretch at the cavigllvis a function of position,
the effective cavity stretch. is then

her = (2)" (14)

whereV, is the undeformed cavity volume. This differs frone method of Hutchens and Crosby that calculated
areal stretch (Hutchens and Crosby, 2014) andctsftbe volumetric stretch considered in VCCE. Nbekess, it is
of similar magnitude to the areal stretch calcolatisee Supplementary Materials section S4).

For both the NICR and VCCE analysis, we includedase tension effects using the relations notedlutchens
and Crosby for the Laplace pressBig,i.c. Vs. stretch relationship of a deformed spheaal.
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4y 2 1 (15)

RAG¢ Aot —

~

PLaplace

We chose the surface tension of waje=(72 mN/m) due to a high water content of the tis$Me note that this is
only an approximation of the surface tension respolVe assumed that the total pressure was a stima pfessure
due to the elastic and surface tension respondss, gince the undeformed state was assumed todss $ree, we
also assumed that the surface tension effect dideaaol to elastic stresses in the elastic bodyidim radius of

curvature areas) prior to pressurization.

2.8 Statistical Analysis

Statistical analysis was conducted with MATLAB sadte (Mathworks, Natick, MA). Statistical signifivee was
evaluated using a one-way analysis of variance (XNDfollowed by apost hoc test with the Bonferroni
correction between technigues (rheology, indenmatidlCR, VCCE). For the analysi@-values < 0.05 were
considered significant, wheg < 0.05 is denoted with *, <0.01 with **, and <0.0®dth ***. When possible,

separate tests were conducted on white matter ychgatter regions of the same brain tissue. Maatesheology
did not distinguish between white and gray mategians (i.e., homogenized response inherent inntgak for

samples of this geometry), so those data were cadpaith either white or gray matter data obtaifieasn the

other three techniques. While the goal of this wawks not to test differences between or among dsjmee

conducted ANOVA on averaged measurements for eaiohad (i.e., replicate experiments for tissue aldi from

each animal was averaged) because only one valBiecah be obtained from a series of NICR measurenmnts
given tissue slice.

3. Results

3.1 Measurement of porcine brain tissue apparent Yiing’s modulus by rheology, indentation, NICR, and
VCCE

To determine whether NICR and VCCE were viable abt@rization techniques for brain tissue, we comeghdineir
apparent Young's moduli to indentation and rheologyer near “quasistatic” but finite deformatiortesa(i.e.,
deformation occurred on the order of 10s to 100segbnds, but strain rates were difficult to defisee Methods).
While these magnitudes do not represent a trueilfiedum” modulus, they allowed us to compare quiatively

these characterization methods and evaluate whegivetopment of VCCE or NICR should be pursuechfent

Figure 1 and Table 1 show the apparent Young’'s togdaf porcine brain measured by rheology, indéorat
NICR and VCCE techniques. With rheology, which mgas an averaged or homogenized modulus of thaetiss
we measured an apparent Young's modius 0.75 + 0.06 kPa. With indentation, we measEeaf 0.97 + 0.40
kPa and 0.86 + 0.20 kPa for white and gray mattespectively. The magnitudes obtained from these tw
conventional techniques agreed with that reportgdothers (Budday et al., 2015; Budday et al., 20dah
Dommelen et al., 2010).

Similar to indentation, NICR and VCCE allow for Blized measurements within either white or grayteraSince
surface tension affects the measured critical pressa NICR, we measured this pressure for severaflle radii to
guantify surface tensiopand then calculaté from Eqg. (0) for each sample. We thus obtairedf 4.8 £ 1.0 kPa
and 3.7 = 0.7 kPa for white and gray matter, retbpaly, which both significantly exceeded the magde we
obtained via rheology and indentation. (Similartymurine brain, we found a Young’s modulus of 8.0.1 kPa,
1.5+ 0.3 kPa and 3.9 + 1.4 kPa for rheology, inaeéon and NICR, respectively; for indentation aMkCR, these
magnitudes are the arithmetic mean of data obtagmedvhite and gray matter (Fig. S1).) In contrastNiCR,
experiments using VCCE on porcine brain tissueciagidE of 0.92 + 0.01 kPa and 0.76 + 0.02 kPa for whitd a
gray matter locations, respectively. Details on tharacterization of the Ogden parameteand the variability
between measurements of different animals and itoeéiased measurements is discussed in detail in
Supplementary Materials S2. Significant differeneese observed in each one-way ANOVA computed fbitev
matter < 0.001) and for gray mattep € 0.001).Post hoccomparisons showed significant differences between
rheology and NICR( < 0.01, ** andp < 0.0001, ###), indentation and NICR < 0.01, ** andp < 0.0001, ###),
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and VCCE and NICRp(< 0.05, * andb < 0.001, ##), for white and gray matter, respedgivido other significant
differences were identified.

I
A

—_ 1 . ) , : :
A ** P Figure 1: Apparent Young's modulus of porcine brain

51, i L, ” measured by rheology, instrumented indentation,RNHDd

VCCE. Data reflecting the homogenized or macroscale
4{ P Macroscale Tissue properties of t_)rain tissue are accessible by r@o{pla_ck),
) H whereas localized measurements are shown for iatient
0 white Matter NICR and VCCE for white matter (white) and gray teat
3| [ Gray Matter (gray). The average apparent Young's modulus f@Rlis
significantly higher than that of rheology, indeida and
NICR. There are no other significant differenceswaen
techniques. Error bars represent + standard erfoth®

mean. Data was analyzed using a one-way analysis of
14 variance followed by a Bonferroni multiple comparistest

] ﬁ ” rl with 95% confidence interval. *, ** for white mattendicate

24

Apparent Young’s modulus (kPa)

p <0.05,p < 0.01 and ## and ### for gray matter indigate

0-

Rhet;logy Indentation NICR VCCE <0.001, angp, <0.0001, respectively.
Table 1 Apparent Young's modulus of porcine brain (meastandard error of the mean).
Rheology Indentation NICR VCCE
- White Gray White Gray White Gray
matter matter matter matter matter matter
E (kPa) | 0.75+0.06| 0.97+0.40 | 0.86+ 0.20 48+1.0 3.7+0.7 0.92+0.01 0.76 £0.p2

3.2 Modeling predicts that cavitation instability is unlikely in strain-stiffening tissues

We used analytical and finite element models ofitgagrowth to simulate the pressure-stretch refetfop in the
absence of surface tension (Fig. 2a) and in theepiee of surface tension (Fig. 2b) for the neo-ldaokand Ogden
material models. The analytical model of a sphéreaity relates pressur vs. circumferential stretch at the
surface, while the FE model reports pressure ¥sctdfe stretchils, consistent with the prior FE work of Hutchens
and Croshby. The FE model has a geometry with tleelleeretracted from its initial position, as showrFig. 2c.
From Fig. 2a, we observed that the FE model refdoatesimilar relationship betweeP/E and stretch to the
analytical model, and that the retracted needlengtxy (of an initially cylindrical cavity Fig. 2c3howed a near-
spherical geometry, at low stretches Fig. 2c(ignter) and especially at larger stretches (rightg. note that in
separate FE simulations reported in Supplementateials S4, we also repeated the same boundadjtioms as
assumed by Hutchens and Crosby (Hutchens and Cr28ky) and obtained similar results, but we reeddhose
boundary conditions that prohibited slip betweer theedle and tissue less accurately approximated th
experimental conditions. Those simulations did agtee with the spherical geometry analytical mopegddicting
substantially higher pressures than analyticallt@su

Since cavitation instabilities occur when thereither a plateau or maximum in the pressure-stretiche, our FE
and spherical geometry analytical models did netljat cavitation for a material well described @-t@rm Ogden
model (the same constitutive law as adopted by htuts and Crosby (Hutchens and Crosby, 2014), due to
appreciable strain stiffening. This result was gunéged for the spherical geometry because the Ogdestants
were not in the range for which there is a finigvitation pressure (see E®@)). Indeed, both the spherical and
needle geometries with the Ogden material behakiowed a pressure-stretch curve that continuexctease with
increasing stretch, unlike the neo-Hookean modelwhbich P/E asymptotically approached 5/6 at increasing
stretch (Fig. 2a). When the effect of surface mdietween air and tissue was superimposed witielgsistance
to deformation, the surface tension provided agedyiving force for cavitation instability becausteess decreases
with increasing stretch fok > 1.5. However, even when surface tension wasrpaeated into the model for
magnitudes of Young’'s modulus and needle radiusvfich surface tension effect is more likely tardoate over
the elastic response (e.g., low modulus- 1 kPa and low needle radigs~ 100um), there was no maximum
observed in the pressure-stretch curve. Such adaokaximum implies that cavitation is not expectedier such

1C
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conditions due to strain stiffening of the (Ogdewdel) tissue. This is an important observationthat the
cavitation event was assumed rather than obseivectlgt in our NICR experiments.

a b

3 3
| Elastic only
----- Ogden, spherical , |
2 - ——0gden, needle 2 -
w Neohookean, spherical L
~ d
o NeoHookean, needle E
1 4 1 4
0 B | — T T 0 ': T T
L Stretch . 1 Stretch 2

Aeff = 1 Aeff — 117 Aeff — 18

Figure 2. (a) Pressure-stretch responses, normalized by Youngtulusk for a neo-Hookean model (gray) and an
Ogden model of brain tissue, used by Hutchens andb® (black) (Hutchens and Crosby, 2014), with= 4,

a, =8, E; = E,. Dotted lines represent analytical results forraspurized sphere, and circles represent finite
element models of a cylindrical needle geometrye Tieo-Hookean model approaches the asymptotic value
P/E =5/6, indicating expected cavitation, whereas the Ogdedel shows extensive strain stiffening behavior
without an asymptotic plateau, suggesting cavitatitstabilities will not occur.k) Pressure-stretch from (a) with
surface tension included using a needle radiu6futn, surface tension of 72 mN/m, and Young’s moduiii&
kPa. A neo-Hookean material would cavitate undes¢hconditions, as a clear peak pressure is oluséfesvever,
even with these conservative model values whereftfieet of surface tension is most pronounced, (iosv needle
radius, low Young’'s modulus), the strain stiffeninghavior of the Ogden model does not allow for aximum
value in the pressure-stretch curve, and thus atiit should not occurc) Axisymmetric finite element modeling
of the needle geometry for the brain tissue shaw(a) with effective stretches of (lefty; = 1, (middle) A =
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1.17, and (right)1.¢r = 1.8. Stresses are expressed as the von Mises stmesalized by the Young’'s modulus. The
top panel represents the full geometry (with a heedter radiusk, a width of100R and height o60R) and the
bottom panel represents a zoom of the full geométryhe undeformed configuration (i.), the initiadpressurized
cylindrical void has a radiuR and heightR. As the void is pressurized, the deformation apphes a spherical
geometry as stretch increases (ii.).

4. Discussion

Changes in the elastic properties of brain tissaeehbeen correlated with progression of neurodegéve
disorders, traumatic brain injury, and brain casdglfasi et al., 2013; Jamin et al., 2015; Murpdtyal., 2011;
Shafieian et al., 2009) Previous studies probitifipidint components of the brain have identified thrain tissue
exhibits location-dependent mechanical propertiesh sas intraregional anisotropy for white mattercontrast to
gray matter (Franceschini et al., 2006; Hrapkd.e2@08a; Prange and Margulies, 2002), interregfioariations in
different anatomical regions of the brain (Cheralet 2015; Lee et al., 2014; van Dommelen et @10}, and
regional inhomogeneity between corpus callosumyrradiata, brain stem and gray matter struciitésn et al.,
2011; Prange and Margulies, 2002). However, pnoestigations conducted in brain tissue most coniynon
explored mechanical properties via rheology (Budekagl., 2017; Chatelin et al., 2010; Hrapko et2006; Rashid
et al., 2012) and indentation (Budday et al., 2@e&fen and Margulies, 2004; Pogoda et al., 2014;Dammelen
et al., 2010). Both of those methods require oleast provide greater signal-to-noise ratio if tirain tissue is
sectioned as slices that facilitate normal andaumif contact with the measurement instrument (ptatprobe).
Further, depending on the size of the brain (is&ze of the animal) relative to the geometric dstaf the
experiment (e.g., indentation probe diameter), éhtechniques can be limited in spatial resolutibat tcan
distinguish white and gray matter or anatomicaiaesg

Needle-induced cavitation rheology (NICR) and voduoontrolled cavity expansion (VCCE) are two mazeently
developed techniques that provide spatial resalutia the order of 10@m, and also do not require tissue
sectioning if the tissue region of interest is asdale via needle penetration (Cui et al., 201hséa et al., 2015;
Kundu and Crosby, 2009; Zimberlin et al., 2010)CRIhas recently been used to explore mechanicpkepies of
polymers and tissues from the eye, bone marrowg lamd skin, highlighting its capabilities of tesgfifocal
mechanical properties of compliant biological miaftehin et al., 2013; Cui et al., 2011; Jansen.ef815; Polio et
al., 2018). Similarly, VCCE incorporates the samethmdology of NICR but controls cavity volume witm
incompressible working fluid that is immiscibletime brain tissue (Raayai-Ardakani et al., 2019a@yR&aArdakani
and Cohen, 2019). This is advantageous in tissues &s brain tissue for which the cavity volume aaditation
event cannot be visually observed due to the higbattering optical properties of most tissues.eHee measured
apparent modulusof porcine brain via NICR and VC@Ecomparison with rheology and indentation, tdidate
their applicability in obtainindt at a specific tissue location. We note again Hegsiethis measured modulus is not a
true equilibrium elastic modulus due to potentiahtributions of viscoelastic and poroelastic effedfloreover, the
effective strain rates were not equivalent amorgr&ues, and not easily defined for VCCE, NICRnofentation.
Further, preconditioning of brain tissue has besported to alter the measured tissue stiffnessn¢eschini et al.
2006, Budday et al. 2017, Budday et al. 2019), @iffdrent experimental methods can also induceethffit strain
histories (e.g., slight sample compression priod#&ba acquisition in shear rheology). Therefore, m@ported
magnitude oft should be considered within the context of thehmeétlimitations and underlying assumptions of
material deformation. Nevertheless, each techniquéld be used to compare relative stiffness amasgue
specimens analyzed by that technique for a givstintg protocol (e.g., same effective strain rat&ilarly, our
comparison ofE among techniques should be viewed in the contéxearh approaches’ limitations and
assumptions. This comparison was a first validagtep for VCCE and NICR in brain tissue charactgian;
modifications of the method and analysis to qugntéte-dependent constitutive properties are ndaatriand
require additional considerations.

Our measurements & by VCCE were in better agreement with conventideahniques thaf determined by
NICR. From our apparent Young's modulus comparisdath conventional techniques shown in Fig. 1, we
measured of 0.75 + 0.06 kPa for rheology a&cf 0.97 + 0.40 kPa and 0.86 + 0.20 kPa for whitk gray matter,
respectively, via instrumented indentation. Theslees are in reasonable agreement with those ssportwork by
others using similar experimental approaches (By@dal., 2015; Chatelin et al., 2010; Franze ¢t28113; Hrapko
et al., 2006). For example, (Budday et al., 208)deicted instrumented indentation on porcine brgih a 1.5 mm
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diameter flat punch geometry under 1 um/min-160mim/displacement rates, and they reported appafembg’s
moduli of 1.3-2.5 kPa and 0.69-1.4 kPa for whitettaraand gray matter, respectively. Using the samdenter
geometry to characterize porcine brain, (Kasteal.et2011) reported an apparent Young’s modulus.@fkPa and
1.2 kPa for white and gray matter, respectivelydamnear quasi-static oscillatory loading. Osadltgt shear
rheology measurements reported by (Hrapko et @06Pfor white matter (at frequency ranges of @®46 Hz)
resulted in a shear storage modulus ranging frdi t 0.95 kPa. Our own determinationEbfising NICR were
4.8 £ 1.0 kPa and 3.7 + 0.7 kPa for white and gnayter, respectively, which are more than threefifgher than
the stiffness estimated from conventional techrégueus (for the same animal tissue sources angfriexntalists).
Our determination of using VCCE, in contrast, was 0.92 + 0.01 kPa a® @& 0.02 kPa for white and gray
matter, respectively, and thus similar to that bura indentation and rheology. However, previcuslies of other
materials with NICR have shown agreement with shieaology and indentation-based techniques, suck as
measured for synthetic compliant polymers suchyasdgels (Kundu and Crosby, 2009; Zimberlin et 2007). In
prior studies of biological tissues, some have rgba higher value via NICR in contrast to othehniques for
tissues such as those obtained from bone marroiuagdJansen et al., 2015; Polio et al., 2018)evbihers have
shown good agreement for tissues such as those tfreneye lens (Cui et al., 2011). Hence, we nexgbkbto
understand why NICR analysis of brain tissue wottdd a higher apparent Young’'s modulus in comperiso
other approaches.

We begin with the assumptions specific to eitherQECor NICR analysis. In both approaches, we assume
hyperelastic material behavior and formation ofphesical cavity upon sufficiently high pressure.eThain
difference is that, in NICR, the magnitude of theximum pressure is used to calculBtewhereas in VCCE, the
pressure-volume relationship preceding the maxirpu@ssure point is fit to calculafe In NICR, we specifically
assume that the material behaves in a neo-Hookeanen (Eg. )), which leads to an elastic cavitation instapilit
at sufficiently high pressure. Assuming the effe€tsurface tension is modeled from EGO) we find E by
extrapolating the critical pressure to an infiniteedle radius (a hypothetical condition under whioh surface
tension contribution is assumed to be zero, asheaobserved from Eg4)). In VCCE, we assume that a cavity of
initially unknown volume and shape expands sphityicgader increasing pressure. With a sufficiedélgge needle
radius (to minimize surface tension contributioneg, can fit parameters from an assumed hyperelestistitutive
model to the increase in measured pressure ascidurof controlled increase in incompressible dlwiolume
injected. In both approaches, we assume that tfeerdation rate is sufficiently slow such that vistastic effects
of the material response are negligible, and thataterial behaves hyperelastically. We emphabatewhile the
deformation mechanism is essentially the same ih tehniques (except for the pressurizing fluithjok must be
incompressible in VCCE and can be either incomgoes®r compressible in NICR), the main differerisethe
assumption of elastic cavitation at a singulaticaitpressure in NICR and the absence of that reqént in VCCE
because the continuous pressure-volume data mfiy be

The discrepancy in the measurement of apparent ¢sumodulus by NICR compared with that obtained by
rheology, indentation and VCCE is likely due to thesumption in NICR that the material behaves a®&
Hookean solid. That constitutive law is inadequateapture brain tissue deformation at large straihile we
cannot confirm this experimentally by direct imagidue to optical scattering of brain tissue, oumpatational
analysis suggests that cavitation is unlikely imifrtissue due to strain stiffening under relevanditions. From
Fig. 2a, we see that an Ogden model of brain tigeperted previously (Franceschini et al., 2006hilgits
appreciable strain stiffening, and will not exhiditnaximum or plateau in the pressure-stretch ¢imveontrast, the
neo-Hookean material becomes increasingly comphartigher stretch. Figure 2b suggests that, eviém the
conservative assumptions of low ratios of surfamgsion to Young's modulug/E and low needle radius (i.e.,
conditions where surface tension increases thdndriforce for cavitation due to a decreasing presstretch
relationship), the Ogden model of brain tissue doetspredict cavitation. Thus, brain tissue’s apjaele strain
stiffening invalidates the underlying assumptioavitation instability) in our analysis of NICR expeental data.
Additionally, for materials or tissue as compliast brain, the surface tension contribution relatove in Eq. (10)
can be large, and small errors can lead to higlabiity in the critical pressure vs. inverse needhdius
relationship. Thus error of fitting, vs. 1R experimental with Eq. (10) could lead to errorsrirasured modulus.
As a resultE cannot be accurately measured from the criticasqueeP. from Eqg. (0), andP. may instead be
indicative of fracture events within the tissuettimay not be otherwise observable. This theoretiopgliment is also
supported by our VCCE experiments, which show thatpressure-stretch response exhibited an inagatope
for stretch exceeding approximately 1.1, indicatthgt strain stiffening is exhibited over this rangf stretch
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(Supplementary Materials section S4). Moreover fithed values for the Ogden parametewere outside the range
for a finite cavitation pressure for a sphericalisa(Supplementary Materials section S4). We bt the surface
tension effect was assumed negligible in these rarpats due to the relatively large needle radhmige of
working fluid and calibration procedure (SupplensytMaterials section S2), which would imply thia¢ tresponse
shown in Fig. 3c and Fig. S2 is governed predontipdoy the elastic response of brain tissue. Howewe could
not confirm this assumption, as VCCE with smalleedle radii was not feasible due to friction adigain our
system, and future work is necessary to clarify godntify the surface tension effect fully. We hifpsize that
damage or fracture governs the response at hidreiclses. Thus, the cavitation assumption is likelalid in
NICR for strain stiffening materials such as bréésue. It is noteworthy that we did not considiscoelastic effects
in our numerical analysis of cavity growth. Viscasic relaxation could provide a driving force fmvitation as
stretch increases, which could potentially leadat@ecrease in pressure with stretch resulting wawtation
instability. However, the equations used to meaguim NICR assume elastic behavior. Since deforonatates
are not easily measurable in opaque tissues subhaas a cavitation event due (in part) to visesét behavior
would not lead to particularly useable informatinormeasuring elastic properties. However, if thee 9f the cavity
and the pressure could be concurrently measuredhegs are in VCCE, this viscoelastic behavior coblel
characterized.

Next, we sought to evaluate validity of assumptionglicit in VCCE, given that the underlying equats were well
fit to the pressure-volume data (or conversionresgure-stretch data) but included assumptionpladrecal cavity
growth. Again, we cannot and did not observe thiffilled cavity shape directly due to light seathg within an
opaque tissue, and so we must otherwise verify thatanalytical solution is accurate because we thae
relationship to calculate the hyperelastic pararsetieat define the brain tissue elastic propertias.verify the
assumption of nearly spherical cavity geometry i@CE, we conducted finite element modeling of theQEC
experiment, and we compared the pressure-streggomee from our analytic model to that of the énilement
model. In our experiments, needles were retractien msertion into the material, to relieve theluiced residual
stress and leaving a fluid-filled cavity in theginal volume that was displaced by the needle. @ficated this
condition in our model with an initially cylindritg shaped cavity. During pressurization, the ca@pproached a
spherical shape at relatively low circumferentiméteh @ = 1.17) (Fig. 2c), and the pressure-stretch biehav
was similar in magnitude and trend to the analySctution (Fig. 2a). We note that prior finite elent analyses by
(Hutchens and Crosby, 2014) assumed different]eswlikely, boundary conditions between the neadk tissue,
and thus did not find these analytical models toabeaccurate predictor of pressure-stretch sinurati(see
Supplemental Information S4).

a Needle-Induced Cavitation Rheology [ 25 White Matter 600 White Matter
O Measurement location White Matter Experimental Data 8 Brain 1 Brain 1 7
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Figure 3. (a) Schematic of NICR and VCCE experimental setup. NMCR multiple measurements are taken with
varying needle radii to measure the apparent Yaungddulus while accounting for surface tensibtis related to
the y-intercept of the fitted line. IndividuBl measurements are localized, but only a singleageevalue foE is
obtained per specimen. VCCE obtains a pressurtsistresponse from a single localized measuremanitgHitted

to obtainE and a 1-term Ogden model that incorporates sstifening. (b) Critical pressure vs. inverse needle
radius for porcine brain white matter measured bR Variability in measurements at each needléusachay
lead to large variation at the y-intercept (i.eeasurecE). (c) VCCE experiment of brain white matter (symbols)

14



ARTICLE

with a 1-term Ogden fit (dashed lines). Differentars represent different animal samples. Any hglaestic model
can be used in this approach, in principle.

The concurrent and continuous measurement of messud volume in VCCE, rather than only the deteation of
the critical pressure in NICR, provides more infation about the constitutive behavior of the malassed. If the
value or importance of surface tension is unknoMIGR critical pressure must be measured at vanmeslle radii
(Fig. 3a), ancE is calculated by extrapolating this curve to dinite needle radius for which the effect of sudac
tension is negligible (Fig. 3b). Since critical gsare must be measured at various needle raniiyst also be tested
at various locations in the material to obtain agk value ofE for that sample. In contrast, VCCE allows
measurement df from a single pressurization in a single loca{{Big. 3a) because the pressure can be measured as
a function of volumeand thus be fit to a hyperelastic constitutive ni¢Bey. 3c). Additionally, VCCE requires less
stringent assumptions of the hyperelastic matebighavior, and therefore can quantify a broaderyaoh
constitutive behavior than NICR. Althoughcan be determined for a given sample by only glsimeasurement
via NICR (with an appropriate incompressible flaidd/or a sufficiently large needle), the lack oficarrent cavity
volume measurement restricts the potential thétdata to a constitutive model. VCCE can in thdxar used to fit
the material behavior to any isotropic, incompreagesihyperelastic model, such as the neo-Hookeateh{®aayai-
Ardakani et al., 2019a), the 1-term Ogden modetusere, or other models as shown and compareddayg-
Ardakani et al., 2019a; Raayai-Ardakani and Col2éi9). Thus, for tissues like those of the braim Vihich strain
stiffening may prevent cavitation and for which #¢ookean hyperelastic behavior is not observed utide
relevant experimental conditions, VCCE could previdore accurate measuremenEdhan NICR. Further, VCCE
allows for determination of anda at each analyzed point in the tissue (Supplemematgrials section S2) and
thus provides access to mapping spatial variattmsa a tissue (e.g., white vs. gray matter orbmhen vs.
cortex). Additionally, variability in these measuorents could capture localized variation in tissugpprties (e.g.,
vasculature), provided that such variation providegher variability than experimental error. NIGRovides
similar mapping capability with the advantage ofkegh and ease of implementation. Additionally, maagu
properties with critical pressure (by either NICR\WCCE), however, may provide more information abthe
potential failure or fracture events occurring iraib tissue, which is potentially very relevant famderstanding
damage incurred during traumatic injuries. Futumlnshould address the meaning of thevalue obtained with
either NICR or VCCE for brain tissue.

While brain can exhibit appreciable viscoelastibdgor under a range of experimental conditions, HCR and
VCCE models assumed purely hyperelastic behavier turelatively low deformation rates of the catuita
experiments. As shown by others, the brain’s vikstie behavior typically follows a weak power law a function
of frequency (Chatelin et al., 2010). For measurgmat high strain rates, such as in impact basgthtques, brain
tissue stiffness at short timescales is measurbeé tm order of magnitude higher than the relaisdi¢ (Mijailovic
et al., 2018). For stress relaxation or creep-basddntation techniques at lower strain rates \fth longest
relaxation timescale was measured to be on the @fd&0 to 100 s (Gefen and Margulies, 2004), tiiftness at
short time scales (< 1 s) was on the order of ltifa2s the equilibrium stiffness. This 10-100 sdbuoale overlaps
with the timescale of deformation in the VCCE exyments (which were on the order of 10 s), and lesaer extent
with NICR (which were performed on the order of )0Thus, the shorter experimental timescale o€CZCGnay
overestimate the true equilibrium modulus of brégsue. Indeed, studies have shown relaxation tales longer
than 100 s or 1000 s (Chatelin et al. 2010), suggethat a true equilibrium modulus may not baiagble under
what would be considered “quasistatic loading” urgtame practical operating conditions. Additionalle did not
consider poroelastic relaxation explicitly. Whethiee capacity for poroelastic deformation of bragsue actually
contributes significantly in cavity expansion heepends — just as it depends in other contact meshaontexts —
on the relative length scales and time scales. el'iresdude loading time relative to characteristigd flow time,
and radius of the needle-induced void and ovemathde dimensions (Kalcioglu et al., 2012). We nibtat the
cycling frequency of shear rheology was a choipdicating others’ experimental choices for brasstie (Jansen et
al., 2015), but that reducing the frequency to 04z reduced the extracted apparent equilibriumuhedby only
15%. This reduction was similar to the confidenaerival of moduli we extracted from 0.1 Hz datag amply
reflects the weak power law deformation of matsr&lch as brain tissue. Loading rates and freqegmo affect
magnitude of extracted parameters, but to a limidegdree that can be difficult to distinguish froxperimental
variance for deformation times ranging seconds toutes. At least for the current conditions in tisisidy,
however, the apparent Young's moduli determinednfrthat method compared well with other methods that
presumed linear elastic approximation. This studgsents a first validation step in soft tissues tfeew VCCE
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technique, which could be augmented to measureeptiep at higher strain rates and characterize imeen
viscoelastic properties with improvements of thpesknental setup.

A current difficulty in VCCE measurements is in tbealuation of the frictional forces of system, ahicurrently
limits the control of material deformation ratesiahus quantification of viscoelastic behavior. Thetion source
is dominated by traction between the sealed piatwh the syringe barrel, and can compete with tifilmeds of
samples as compliant as brain tissue or softerafapp Young’'s modulus of less than about 1000 IRahe current
experiments, we employed the same experimentalegwe as discussed previously (Raayai-Ardakanil.et a
2019a), and were able to subtract the frictionedde from the measurements. However, it would lgredit interest
to enhance the experimental setup by reducingrittigohal forces in the system without removing tealed nature
of the piston and barrel of the syringes to enaweurate volumetric readings. Such improvement¥@CE
experimental setup could facilitate much highearistrrate loading, which in turn could allow for nbmear
viscoelastic measurements. We note that NICRtis@wsitive to these frictional forces, and carstaccommodate
a broader range of needle sizes.

Here, we present and compare two approaches t@ pochl measurements of compliant, hydrated tisSN&SR
and VCCE. These methods provide mechanical chaizatien at length scales finer that traditionalheiques like
rheology and instrumented indentation, and extatehtionally to hyperelastic deformation modes. fédfesee the
use of these approaches in characterizing additlinbbgical materials — particularly “soft tisste® situ andex
vivo — and the expansion of constitutive models beynad-Hookean to better describe strain stiffeningd an
viscoelastic responses of biological tissues.

5.0 Conclusion

Elastic properties of mechanically compliant anddrayed biological tissues such as brain tissue karth
challenging and important to measure accuratelghSiata can be used to understand variations ustase, with
species, or — at sufficiently high spatial resanti with precise location information within astie or organ. Here
we demonstrated that two versions of localized fand-pressurized cavitation can provide accesguantification
of apparent Young’'s modulus in soft tissues inalgdbrain tissue, with a spatial resolution of 10s100s of
micrometers. NICR provides a simple estimate of dpparent Young’s modulus, as well as data reltdethe
failure properties, across a large range of sizescand positions. However, quantitative agreengtiit more
macroscale measurements of apparent Young's moélwsrain stiffening tissues, such as brain &sss limited
chiefly because a cavitation instability is unlikdb occur in such tissues; therefore these NICRneses of
apparent Young’'s modulus may have been inaccW&€E can be applied to strain stiffening tissues] as we
demonstrated can obtain multiple elastic consttortslifferent hyperelastic constitutive models. ther, from our
internal comparison of these approaches with masaventional microscale and macroscale approaches
(instrumented indentation and shear rheology), V&&H&rns apparent Young’s mod#lifor brain tissue that are in
better agreement with those methods. This is atttide in large part to the acceptable assumptdnke VCCE
approach for tissues, such as brain, that arenssiififening (increasing internal stress with irasi|g applied
strain). Additionally, VCCE is amenable to fittigiifferent hyperelastic models that best descrileedétformation of
the specific tissue region of interest. In summahgse cavitation-based approaches offer accessetdhanical
properties of spatially complex and mechanicallyjnpbant hydrated tissues including that of the mervous
system, and the volume-controlled variant of thigraach affords an accuracy and spatial resolutia is
advantageous for detailed comparisons of biologioalitions.
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Highlights

Needle induced cavitation rheology (NICR) and voduoontrolled cavity expansion (VCCE) are facile
methods to measure the local Young’'s modi@ws brain tissue

Elastic modulus for white and gray matter is estedanore accurately with VCCE, in part becausédnef t
assumptions governing data interpretation

VCCE is a more accurate representation of the liisgne constitutive response at elevated strains
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