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Abstract

Knowledge of the mechanical properties of brain tissue /77 vivois essential to understanding

the mechanisms underlying traumatic brain injury (TBI) and to creating accurate computational
models of TBI and neurosurgical simulation. Brain white matter, which is composed of
aligned, myelinated, axonal fibers, is structurally anisotropic. White matter /n vivo also

exhibits mechanical anisotropy, as measured by magnetic resonance elastography (MRE), but
measurements of anisotropy obtained by mechanical testing of white matter ex vivo have been
inconsistent. The minipig has a gyrencephalic brain with similar white matter and gray matter
proportions to humans and therefore provides a relevant model for human brain mechanics. In this
study, we compare estimates of anisotropic mechanical properties of the minipig brain obtained
by identical, non-invasive methods in the live (in vivo) and dead animals (77 situ). To do so, we
combine wave displacement fields from MRE and fiber directions derived from diffusion tensor
imaging (DTI) with a finite element-based, transversely-isotropic nonlinear inversion (TI1-NLI)
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algorithm. Maps of anisotropic mechanical properties in the minipig brain were generated for each
animal alive and at specific times post-mortem. These maps show that white matter is stiffer,

more dissipative, and more anisotropic than gray matter when the minipig is alive, but that these
differences largely disappear post-mortem, with the exception of tensile anisotropy. Overall, brain
tissue becomes stiffer, less dissipative, and less mechanically anisotropic post-mortem. These
findings emphasize the importance of testing brain tissue properties /in vivo.

Statement of Significance: In this study, MRE and DTI in the minipig were combined to
estimate, for the first time, anisotropic mechanical properties in the living brain and in the same
brain after death. Significant differences were observed in the anisotropic behavior of brain tissue
post-mortem. These results demonstrate the importance of measuring brain tissue properties /n
vivo as well as ex vivo, and provide new quantitative data for the development of computational
models of brain biomechanics.

Keywords

Magnetic resonance elastography; Diffusion tensor imaging; Brain tissue stiffness; Anisotropy;
Post-mortem changes

Introduction

Traumatic brain injury (TBI) is a leading cause of morbidity and mortality [1,2]. TBI is
caused by external forces resulting in large linear and angular head accelerations and rapid
deformation of the brain tissue [3]. Computational models and simulations can be used

to investigate the effects of different loading scenarios and protective interventions [4, 5],
and ultimately to improve methods of diagnosis and treatment of TBI [6]. The accuracy of
these simulations is strongly dependent on the choice of brain tissue material properties. In
particular, knowledge of /n vivo brain tissue mechanical properties is essential to accurately
predicting brain behavior /in vivo. However, most existing simulations are performed using
material properties derived from animal tissue obtained after death [7-10], either excised
tissue /n vitro or intact tissue measured in place (/n situ) [11-14]. Comparing /in vivo
properties to post-mortem measurements is critical to correctly interpret the mechanical
properties of brain tissue measured ex vivo and the computational models that have relied on
these measurements for the last several decades [15].

The relationship between the mechanical properties of dead brain tissue and those of

the intact, living brain remains incompletely characterized [11], despite several landmark
studies. Miller et al. [16] performed indentation test on the exposed porcine brain in vivo
and found brain stiffness on the same order of magnitude as /7 vitro measurements. Bilston
[17] has hypothesized that the brain tissue would become softer after death because of

the absence of pressurized vasculature. Gefen and Margulies [11] compared indentation
testing of the rat brain /n vivo and in situ after removing the skull to access the brain, and
found that the living brain tissue was stiffer than the preconditioned tissue /7 situ. Although
their conclusions are disparate, these prior studies provided some insights into post-mortem
changes in brain tissue properties. These studies were constrained by the limitations of the
indentation method. Removing the skull and exposing the brain perturbs the brain’s physical
and chemical environment. Also, indentation of the intact brain only measures properties
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near the surface and is sensitive to adhesion and contact forces between the tissue and the
probe.

Magnetic resonance elastography (MRE) provides a non-invasive method for measuring the
dynamic deformation of the brain tissue [18], which can then be inverted to estimate the
parameters of a viscoelastic material model. Inversion methods to estimate the mechanical
properties include local frequency estimation [19], direct inversion of the viscoelastic shear
wave equation [20-22], or inverse finite element (FE) methods [23-25]. MRE has been used
for the mechanical characterization of biological tissues, including brain, liver, heart, and
muscle [26-28], as well as the study of changes in stiffness and viscosity due to aging,
disease, and injury [29-31]. A recent study used MRE in a single minipig to measure how
brain tissue stiffness /n situ differs from J/n vivo. In this animal, an immediate brain stiffening
of up to 58 % was observed within three minutes post-mortem and a continuing stiffening
of up to 142 % was observed within 45 mins [14]. Guertler et al. [32] performed MRE in
the intact minipig brain and brain tissue slabs from the same animal embedded in gel at
overlapping frequencies. They found that /n vivo tissue appeared stiffer than ex vivo brain
tissue samples at frequencies of 100 Hz and 125 Hz, but measurements agreed more closely
at lower frequencies. Bertalan et al. [33] used MRE to measure the stiffness change of the
mouse brain as the animal dies. They reported an increase in brain stiffness after respiratory
arrest even when cardiac function is still preserved, and cerebral stiffness further increases
by up to 30 % within 5 mins of cardiac arrest.

Most previous MRE studies, including all prior comparisons of /n vivo and ex vivo
properties [32,34], assume that brain tissue is mechanically isotropic. If the tissue is
anisotropic, as in fibrous tissue such as white matter (WM) in the brain, the simplifying
assumption of anisotropy can lead to uncertainty and increased variability in mechanical
property estimates [35]. Several anisotropic MRE inversion methods have been proposed,
with different underlying linear viscoelastic material models. For example a nine-parameter
model for brain white matter (WM) [36], and a two-parameter model for breast tissue
[22,37]. Feng et al. [10] proposed a nearly-incompressible, transversely isotropic material
model with three parameters, which has been used to describe the mechanical behavior of
anisotropic phantoms and fibrous tissues in MRE [38-40]. The transversely isotropic model
is the simplest anisotropic material, having a single axis of symmetry, often aligned with the
dominant direction of reinforcing fibers [41]. Anisotropic MRE methods typically assume
brain tissue is a fibrous material and use diffusion tensor imaging (DTI) to estimate fiber
orientation. DTI is a powerful technique to detect direction-dependent water diffusion in
biological tissues at a microstructural level [42], which can then be utilized to explore brain
tissue microstructural organization [43]. This fiber direction is assumed to be the direction
of maximal diffusivity from DTI and is incorporated into the underlying material model

to interpret material anisotropy in terms of the effect of axonal fibers on the mechanical
behavior of the brain tissue [24,44].

McGarry et al. [24] incorporated the transversely isotropic linear viscoelastic model
[10,45,46] into the nonlinear inversion (NLI) framework to reproduce heterogeneous,
anisotropic properties. NLI relies on a computational model of the mechanical motion of
heterogeneous tissue and iteratively estimates mechanical properties that best reproduce the
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measured displacements [24,25]. Transversely isotropic NLI (TI-NLI) and other anisotropic
MRE methods also need sufficient and varied displacement data to ensure the accurate
estimation of mechanical parameters [47]. Anderson et al. [35] and Wang et al. [48]
proposed multi-excitation MRE with more than one actuator or actuator location to provide
sufficiently diverse displacement data for anisotropic inversion, and TI-NLI incorporates
these multiple displacement fields to improve anisotropic property estimation. TI-NLI has
been shown to recover accurate (within 1.3 % of true values) heterogenous parameter fields
using synthetic data in the presence of measurement noise, and repeatable (coefficient of
variation < 7.7 % over 10 scans) property estimates for in vivo human brain [24].

Still lacking are direct comparisons between anisotropic mechanical properties estimated
throughout the brain by the same method, both /in vivo (alive) and /n situ (post-mortem). The
primary objective of this paper is thus to measure anisotropic mechanical properties in the
minipig brain alive and at various times post-mortem, and to characterize changes in tissue
behavior. To this end, shear wave displacement fields were obtained by MRE using three
different mechanical actuator configurations in juvenile Yucatan minipigs /n vivoand in situ.
Structural anisotropy (fiber orientation) was characterized by the diffusion tensors estimated
by DTI. Anisotropic mechanical parameters were then estimated by the TI-NLI algorithm
using combined MRE and DTI data obtained /n7 vivo, then an hour after death, and up to four
hours post-mortem.

Methods

In vivoand in situanatomical MRI, DTI, and MRE scans were performed (Siemens Prisma®
3T scanner) on eight Yucatan minipigs (age range: 6-8 months; weight range: 27-46 kg;
Supplementary Table ST1). All studies were approved by the Washington University in St.
Louis Institutional Animal Care and Use Committee and supervised by veterinary staff.

Experimental methods and data acquisition

2.1.1. In vivo scanning—Animals were anesthetized with Telazol-Ketamine—Xylazine
(TKX) intramuscular injection. An 1V catheter and endotracheal tube were placed prior to
scanning. Anesthesia was maintained continuously with 1-2 % isoflurane via endotracheal
tube. Pulse, respiration, and oxygen saturation (SpO,) were monitored by veterinary staff
during the scan. The anesthetized minipigs were positioned in dorsal recumbency on the
scanner table with head placed in the bottom half of the Siemens Head/Neck 20 coil (Fig.
1A). A combination of bean-bags and foam padding was used to maintain a stable head
position.

T1-weighted and 7,-weighted anatomical MR images were acquired at the beginning of
each scan at 0.8 mm isotropic resolution in an image volume of 205 x 205 x 154 mm3
(matrix size of 256 x 256, 192 slices). Two averages were included for each acquisition to
improve the signal-to-noise ratio. Total acquisition time for the anatomical image volumes
was approximately 21 mins.

DTI was performed to estimate WM fiber direction. Diffusion-weighted images (DWI) were
obtained using 30 diffusion-weighted directions and 4-value of 1000 with two averages and
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8 additional 4= 0 acquisitions and dorsal-ventral (DV) phase-encoding direction. The image
volumes were acquired at 1.5 mm isotropic resolution with a matrix size of 128 x 128 and
48 slices for an image volume of 192 x 192 x 72 mm3 using a single-shot echo-planar
imaging (EPI) acquisition A second set of DWI was acquired with the same image volumes
and imaging parameters but with reversed (7.e. Ventral-Dorsal) phase encoding direction.
Total acquisition time for the DWI was approximately 15 mins.

For MRE, shear waves were induced using a custom multi-directional jaw actuator with
three configurations at a frequency of 100 Hz [32,48]. The harmonic motion was transmitted
from a pneumatic driver (Resoundant™, Rochester, MN) by plastic tubing to the passive jaw
actuator, which consists of two flexible plastic bottles. After positioning the minipig, the
custom actuator was inserted and secured in the minipig’s mouth with straps. The bottles
were pre-loaded against the rear molars to minimize slippage between the teeth and actuator.
The three actuator configurations were: (1) both actuator bottles actuated in-phase (“Both”
actuation, Fig. 1B); (2) only the left side actuated (“Left” actuation, Fig. 1C); (3) only the
right side actuated (“Right” actuation, Fig. 1D).

The images of the harmonic displacement field were acquired with the same 1.5 mm
isotropic voxel resolution and center of slice groups as the DTI scan but with a slightly
smaller in-plane imaging volume of 180 x 180 x 72 mm3 (120 x 120 matrix, 48 slices) using
a 2D multishot spiral sequence with OSCILLATE acceleration [49,50]. Multiple sinusoidal
motion-encoding cycles of gradient strength 70 mT/m were synchronized with motion to
induce phase contrast proportional to displacement (1.498 um/rad) and collect 8 temporal
samples acquired per period of harmonic motion. The repetition time (TR) was 4800 ms and
the echo time (TE) was 60 ms. For each actuator configuration, a second set of scans with
2.0 mm isotropic voxels was acquired using an EPI MRE imaging sequence at 100 Hz with a
reduced motion encoding gradient strength of 40 mT/m, and these image volumes were used
for temporal unwrapping when required [51]. The total time required to obtain MRE data for
all three actuator configurations was 30—-40 mins.

2.1.2. In situ scanning—After /n vivo scanning was completed, the minipig was
euthanized by intravenous (1V) injection of sodium pentobarbital; extension lines were used
to allow IV injection while the animal is in the scanner without inducing movement between
in vivo and in situ scanning. /n situ scanning was initiated 5 mins after heartbeat cessation
was determined by pulse oximeter, and performed with three different time intervals post-
mortem, 60 mins (all 8 animals), 150 mins (4 animals), and 240 mins (3 animals). Since
each scan (anatomical, DTI, and MRE) takes several minutes, the post-mortem time interval
indicates the average delay between corresponding MRE experiments. The interval between
in vivo and first /n situ MRE scanning corresponded to approximately the time needed for
euthanasia, anatomical imaging, and diffusion-weighted imaging. Identical imaging volumes
and procedures were used for both /7 vivo and /n situ scanning. In 4 of 8 minipigs, the

core temperature of the minipig was estimated by measuring axillary temperature throughout
scanning using an MR-compatible gallium arsenide fiber optic thermometer probe (OpSens
MedicalTM, QC, Canada).
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Image data analysis

2.2.1. Diffusion tensor imaging—Diffusion-weighted images were corrected for
motion and eddy currents with TORTOISE v3.2 [52] and then for EPI distortion using
DRBUDDI [53]. The diffusion tensor is estimated at each voxel using nonlinear tensor
fitting [54]. Fractional anisotropy (FA) was calculated from the diffusion tensor eigenvalues
(/11, /12, and /13),

3 (= A + (o= A + (= A
FA =,/5
2 A+ B+ 4

@)

where i = (4, + 4, + 4,)/3, is the mean diffusivity (MD). Fiber direction was assumed to be
the direction of maximal diffusivity, or axial diffusivity (AD), which is the first (largest)
principal eigenvector of the diffusion tensor. The radial diffusivity (RD), i, = (4, + 4)/2,
describes the diffusivity perpendicular to the fiber direction.

2.2.2. MRE bulk motion and dynamic deformation—Phase-contrast images
encoding harmonic displacement for 8 temporal samples were spatially unwrapped using
PRELUDE [55] from FMRIB’s Software Library (FSL) [56], if required. Displacement
field data were fitted into a model of rigid body displacement to estimate the rigid body
motion, or bulk motion, of the brain. Then, the dynamic deformation, or wave motion,
was calculated by subtracting bulk motion from the total displacement field [57], which
was checked for sign and direction consistency for further input to the inversion algorithm
(Supplementary Figure S1).

2.2.3. Transversely isotropic nonlinear inversion (TI-NLI)—The wave motion
fields measured by MRE and fiber directions obtained by DTI were processed with TI-NLI
to estimate the anisotropic mechanical properties. Subzone-based NLI [25,58] is based on an
iterative minimization of an objective function (&) for each subzone:

N"l
$0) = D { (i — ter(0)) (i = e (0)* )

i=1

@

where u;;) denotes the complex-valued amplitude of the th displacement measurement,
Ug(;(6) are the analogous displacements calculated with the forward computational model
based on the current estimate of the properties, 6, N, is the number of subzones and *
represents the complex conjugate [25]. In this work, 16 mm cubic subzones were used,
corresponding to roughly 0.75 shear wavelengths per zone for /n vivo scanning and 0.65
wavelengths per zone for /in situ scanning, which is in the range for stable estimates in NLI
(7.e., the estimated parameters are insensitive to variations in subzone size) [59].

The underlying material model of TI-NLI is the nearly incompressible transversely isotropic
(NITI) model with three parameters [10,24]:
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1. G* = G+ iG”, the complex shear modulus in the plane of isotropy.

2. ¢= G 1/G" - 1, the relative difference in shear storage modulus for shear in
planes perpendicular to the plane of isotropy, G'4, relative to the in-plane shear
modulus, G’.

3. (= E'1/E -1, the relative difference in Young’s modulus for stretch along the
fiber axis, £ 1, relative to Young’s modulus for stretch normal to the fiber axis,

E.

The two tensile moduli are related to these three parameters by £1 = G'(4¢ +3) and £

= G'(4¢ +3) /(¢ +1) in the limit of incompressibility [45]. The complex shear modulus is
then reformulated to baseline shear stiffness 1= 2|G*[2AG’” +|G*|), which governs the wave
speed of harmonic shear waves in the plane of isotropy [19], and damping ratio £ = G” 2G’,
which describes the attenuation of harmonic motion in brain tissue [60].

TI-NLI can incorporate displacement data from multiple actuation scenarios to recover a
single set of properties, and more displacement fields should provide a greater diversity

of shear wave propagation and polarization directions to probe anisotropic effects more
thoroughly. Assuming all motion measurements have sufficient SNR and the NITI model
is appropriate, the inversion should recover approximately the same properties for any
combination of two or more displacement fields. As a check on data consistency, four
combinations of displacement fields from three different actuator configurations, BLR, BL,
BR, and LR, were used to estimate the material properties. The initials “B”, “L” and “~”’
refer to the displacement field obtained by using “Both,” “Left,” and “Right” actuator
configurations, respectively (Fig. 1). For each inversion, the algorithm uses all the data from
the included configurations.

Images were masked prior to NLI by manually segmenting brain regions using ITK-Snap
[61] (Fig. 2A and B). The medulla, pons, and olfactory bulbs were then removed prior

to the estimation of material parameters, since the size of these regions is relatively small
compared to both the approximate wavelengths of shear waves and the subzone size. The
resulting brain volume of interest (VOI; Fig. 2C) includes roughly 80 % of the total brain
voxels in each scan. Voxels inside this region with both FA greater than 0.2 [62] and

with diffusion consistent with a prolate or “linear” diffusion ellipsoid (11 — 12)> (A, —
A3) [63] are denoted as WM for data analysis (Fig. 2D), typically ~25 % of the brain
VOI. Gray matter (GM) voxels were defined as voxels within the brain VOI with FA <
0.2 (approximately 55 % of the brain VOI). Cerebrospinal fluid (CSF) was automatically
segmented and removed from all analyzed regions (brain VOI, GM, and WM) using a
threshold that eliminates hyperintense voxels in To-weighted images interpolated onto MRE
images. Voxels with FA > 0.2 and oblate or “planar” diffusion ellipsoids, (11 — A,)< (A,
- A3), are not included in either WM or GM as defined here, since those features suggest
tissue has underlying structure but not transverse isotropy.

2.2.4. Statistical analysis—For statistical analysis, mean values of the diffusion
parameters FA and MD from DTI and the four mechanical parameters estimated by TI-NLI
(using the BLR combined data set) in each brain VOI and in the WM and GM sub-volumes
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were treated as individual data points, with means and standard deviations computed over

all scans. Results were each analyzed separately for brain VOI, WM sub-volume, and

GM sub-volume using one-way analysis of variance (ANOVA) with the time point as a
categorical factor, followed by Tukey’s test for multiple comparisons of each time point with
all other time points, with a mixed model to handle the missing values (GraphPad Prism, San
Diego, CA). Then, the four mechanical parameters were each analyzed using mixed model
two-way ANOVA with both time point and tissue type (WM/GM) as categorical factors,
followed by Sidak’s test for multiple comparisons. p < 0.05 was considered statistically
significant.

3. Results

Fig. 3 shows examples of anatomical structure, fiber direction, and wave motion generated
by the “Both” actuator configuration for one axial and one sagittal slice of a representative
minipig brain. Displacement components were measured in all three directions: U denotes
the component in the right-left (RL) direction; VVthe component in the dorsal-ventral
(DV) direction; and Wthe component in the rostral-caudal (RC) direction. The maximum
displacement amplitude is about 2 um. The wavelength of shear wave fields from the
three /n situ MRE scans are visibly greater than those of /n vivo scans, particularly in the
W-component (RC direction).

Fig. 4 shows the mean FA and mean MD values calculated from diffusion tensors of all eight
animals at different time points. The mean FA value (/n vivo) was significantly different
from the mean FA (60 mins pm) (p < 0.0001 for brain VOI, p=0.0066 for WM, and p

= 0.0116 for GM), mean FA (150 mins pm) (p= 0.0007 for brain VOI, p= 0.0040 for

WM, and p < 0.0001 for GM), and mean FA (240 mins pm) (p < 0.0080 for brain VVOI,
p=0.0270 for WM, and p = 0.0003 for GM). No statistically significant difference was
observed between the mean FA values from the three /n situ scans, indicating that diffusion
anisotropy increases after euthanasia and remains stable with post-mortem time over the
next four hours. In contrast, the mean diffusivity decreases after death (p < 0.0001, MD, Fig.
4B) and keeps decreasing over 2.5 h post-mortem time, before apparently stabilizing by 4 h
post-mortem time.

Fig. 5 displays representative TI-NLI-estimated material properties using the “BLR” input
in animal MP6 from both /n vivoand in situ scanning. Estimates of baseline shear stiffness
appear noticeably higher after death, which is consistent with the longer wavelength after
death seen in Fig. 3C. Estimates of damping ratio, &, shear anisotropy, ¢, and tensile
anisotropy, ¢, are generally lower after death, but no clear temporal changes in these
parameters were seen with increasing post-mortem time.

The mean values of these four parameters in the entire brain VOI, the WM sub-volume,
and the GM sub-volume are depicted in Fig. 6 for each minipig. For the /n vivo estimates,
the mean values of damping ratio, &, shear anisotropy, ¢, and tensile anisotropy, ¢, are
markedly higher in WM, and a small but consistent difference in baseline shear stiffness,
4, is seen between WM and GM. The mean values of damping ratio, shear anisotropy, and
tensile anisotropy are generally lower after death, but the baseline shear stiffness increases
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dramatically after death and becomes stable with post-mortem time. The differences
between WM and GM in terms of shear stiffness and damping ratio become smaller after
death.

Estimated mechanical parameters in the entire brain VOI from all four scans are shown in
Fig. 7, along with the results of statistical analysis. The shear stiffness, u (/n vivo), was
found to be significantly different from (60 mins pm) (p < 0.0001), & (150 mins pm) (p <
0.0001), and x (240 mins pm) (p < 0.0001). The damping ratio, &, (in vivo) was significantly
different from & (60 mins pm) (p < 0.0001), & (150 mins pm) (p < 0.0001), and & (240
mins pm) (p < 0.0001). The shear anisotropy, ¢ (/n vivo) was significantly different from

¢ (60 mins pm) (p=0.0394) and ¢ (240 mins pm) (p= 0.0316), but not ¢ (150 mins

pm). Differences in tensile anisotropy, ¢, among these four time points are not statistically
significant. For all four mechanical parameters, no significant differences were observed
between estimates from any of the three /n situ scans. This suggests that the shear stiffness
increases (~50 %) and damping and shear anisotropy decrease (~60 % for &, and ~80 %
for ¢) after death, while tensile anisotropy was relatively unchanged between /n vivo and
post-mortem conditions.

Fig. 8 displays the estimated mechanical parameters in WM and GM over all four scan
times. Baseline shear stiffness in WM is slightly higher than in GM in vivo (p = 0.0018)
and 60 mins post-mortem (p = 0.0014), and the difference between WM and GM decreases
when the post-mortem (prm) time interval becomes longer (p = 0.8194 for 150 mins pmand
p =0.3048 for 240 mins pm). The damping ratio was higher in WM than GM /n vivo (p

< 0.0001), but becomes similar in WM and GM after death (o =0.9998 for 60 mins pm, p
=0.9121 for 150 mins pm, and p = 0.4678 for 240 mins pm). Shear anisotropy is higher

in WM than GM Jn vivo (p = 0.0061) and 60 mins post-mortem (p = 0.0004), and the
difference between WM and GM decrease with the post-mortem time (o = 0.1462 for 150
mins pmand p = 0.1335 for 240 mins pm). Finally, tensile anisotropy was greater in WM
than GM for all four scan times (p < 0.0001 for /n vivo, p < 0.0001 for 60 mins pm, p <
0.0001 for 150 mins pm, and p = 0.0041 for 240 mins pm). Overall, WM appears stiffer,
more dissipative, and more anisotropic than GM when the animal is alive, but mechanical
differences between WM and GM generally diminish after death. Numerical values of
parameter estimates are tabulated in Supplementary Table ST2.

4. Discussion

This study provides the first investigation of post-mortem changes of brain anisotropic
mechanical properties by MRE in a large animal model: the minipig. The minipig has a
gyrencephalic brain with prominent WM tracts and general anatomical and physiological
similarities to the human brain [64]. Because of these features, the mechanical behavior of
the porcine brain has frequently been measured to try to understand and predict the response
of the human brain to loading [10, 32,34].

Our imaging studies included the characterization of diffusion in the brain by DTI before
and after death (Supplementary Figures S2 and S3). A decrease in mean diffusivity (MD)
after death was observed and is consistent with existing data [65]. After death, diffusion
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measurements were insensitive to post-mortem time up to four hours, which is consistent
with prior studies in minipigs [66] and in the human brain [67]. We observed a small but
significant post-mortem increase in diffusion anisotropy (FA), which is driven by a slightly
larger relative decrease in radial diffusivity compared with axial diffusivity (Supplementary
Figure S4). The decrease in MD and increase of FA after death have been speculated to

be related to changes in viscosity in the intracellular space, which is likely caused by the
breakdown of macromolecular structural proteins, the increased tortuosity in the shrunken
extracellular space, and the concomitant restriction of water movement across fibers [68].

The three actuator configurations, “Both”, “Left”, and “Right”, lead to differing motion
patterns (required for TI-NLI) but with some common features (Supplementary Figure

S5). The magnitudes of wave fields are on the order of 1-2 um, which are similar to

those in human MRE studies performed with a “paddle actuator” [69] and with a “pillow”
actuator [57], as well as to those in previous studies in the minipig brain [32,48]. The
magnitudes of displacements in the third /n situ scans are lower, as are the octahedral shear
strains (Supplementary Figure S6), likely due to the onset of rigor mortis (post-mortem
musculoskeletal stiffening) reducing jaw motion. The wave fields from the three actuator
configurations provide four combinations of input to the TI-NLI inversion algorithm, and
the estimated mechanical properties with these four combinations exhibit qualitatively and
quantitatively similar patterns (Supplementary Figure S7 and Supplementary Table ST3). In
a subset of scan time points, isotropic NLI was also performed (Supplementary Table ST4).
Consistent with prior studies [48], variations in estimates between different combinations
were typically less than 0.1 kPa in shear stiffness, less than 0.02 for damping ratio, and

less than 0.05 for shear anisotropy and tensile anisotropy. The agreement between results
from different actuator combinations suggests that TI-NLI parameter estimates are robust to
details of the excitation.

Estimates of shear stiffness, 4 in the range of 3.8 to 4.5 kPa, and damping ratio, &, in

the range of 0.1-0.2 were observed in the minipig brain. While damping ratio is similar

to prior estimates, the shear stiffness is somewhat higher than our previous estimates of

L from ~3-4 kPa [48] in juvenile minipigs (3—6 months old); this difference in stiffness

may be attributable to the trend of increasing stiffness with age observed in the previous
study [48]. Accounting for effects of frequency, the current estimates of shear stiffness

are consistent with estimates of xfrom ~2.6 to 2.8 kPa (WM higher than GM) in human
brain at 50 Hz using anisotropic MRE [70], and current estimates of damping are similar

to estimates in human brain at 50 Hz using isotropic MRE [71]. In WM, estimates of

shear anisotropy (¢) are in the range of 0.07-0.20, and tensile anisotropy (¢) are between
0.3-0.5, which are similar to estimates in human WM [70,72], as well as to our previous
estimates in minipigs [48]. The effective image resolution of each parameter is influenced by
the shear wavelength, data resolution, data quality, and relative parameter sensitivity which
together determine the regularization required to maintain stability of NLI [73]. Preliminary
results with realistic simulated data suggest the effective resolution of s approximately

5 mm [24], whereas the damping ratio and anisotropy parameters have lower effective
resolution of ~10 mm. A comprehensive phantom study would be necessary to determine the
experimentally achievable contrast-detail resolution for all anisotropic parameters [74]. We
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are currently developing 3D-printed phantoms for this purpose [75] and plan such a study in
future work.

For the post-mortem properties, our estimates of shear stiffness are in the range of 5-7
kPa, and damping ratio is in the range of 0.06 to 0.10. Previous studies of the post-mortem
mechanical properties of animal brains from /n situ scanning show differences spanning an
order of magnitude in reported properties [11-14,33]. Inter-species variability and testing
protocol differences can explain some of these discrepancies, and the post-mortem time
interval might be an important factor that may lead to this scatter. In WM, our estimates of
shear anisotropy (¢) post-mortem are roughly from —0.1 to 0.1, and tensile anisotropy (¢)
post-mortem is between 0 and 0.4.

We observed an increase in shear stiffness and a decrease in damping ratio after death in
both WM and GM, consistent with prior studies in porcine brain [12] and mouse brain
[13,33]. Shear anisotropy decreases post-mortem, though tensile anisotropy apparently does
not. These trends might be related to cytotoxic edema following euthanasia by barbiturate
overdose. Complete depolarization of cell membranes occurs after death [76], and the
collapse of ionic homeostasis leads to a substantial influx of water, which will result in
neuronal and astroglial swelling [77]. Associated with the enhanced influx of glymphatic
cerebral spinal fluid and suppressed efflux of interstitial fluid from the cranium, cerebral
edema leads to a noticeable increase in intracranial pressure [78] and tissue stiffening [13].
The decrease in brain tissue damping could possibly be related to neuronal cell swelling,
which leads to shrinkage of extracellular space and restricts extracellular water movement
[68]. The shrinkage of extracellular space may also lead to structural changes of the
extra-axonal matrix and affect the fiber-matrix interactions that underlie shear anisotropy.
Additionally, the loss of perfusion after death is another significant factor that impacts
brain mechanical properties [17,79-81], both directly and indirectly. While lower perfusion
has been associated with decreased stiffness of brain tissue /in vivo, the total cessation of
cerebral blood flow leads to a lack of oxygen and nutrients, resulting in cell damage or
death. This degrades the integrity of the cellular structure and extracellular matrix [82] and
may trigger the changes in fluid distribution noted above. The post-mortem breakdown of
intracellular proteins and cytoskeletal organization in WM appears to affect shear anisotropy
more than tensile anisotropy [83]. The structure of axons themselves apparently does

not break down completely in this early post-mortem interval [83], as evidenced by the
stability of tensile anisotropy. /n vivo, the differences between WM and GM are related to
their cytoarchitecture and matrix properties [84,85]. After death, the breakdown of cellular
structure and extracellular matrix, as well as edema, likely reduces the microstructural
differences between WM and GM.

Although mean diffusivity and stiffness may change with temperature [86,87], observed
temperature changes in this study were relatively low (about —1 °C per hour following
death) (Supplementary Table ST1). Therefore, we did not expect temperature change

to affect immediate post-mortem measures, while 150 mins and 240 mins post-mortem
measures may have been slightly affected.
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We acknowledge several limitations of this study. First, compared to the human brain, the
minipig brain is small (< 110 cm3) so that, relative to brain anatomical structure, images
are acquired at a lower effective resolution in the minipig than in humans despite the use
of state-of-the-art imaging sequences and instrumentation. Another limitation of this study
is that MRE was performed at only one frequency (100 Hz), even though the mechanical
response of soft tissue depends on frequency. In the future, new inversion methods and
accelerated sequences will allow us to incorporate data from multiple frequencies, which
will enable us to explore frequency-dependent behavior in the anisotropic mechanical
properties. The NITI model used in this study only captures material behavior with a
single dominant fiber direction, so that parameter estimates will be difficult to interpret in
regions with crossing fibers, as in some regions of brain WM. In the current study, such
regions were assumed to correspond to voxels with “planar” diffusion ellipsoids, which
were excluded from both the GM and WM regions analyzed. Ongoing work is aimed at
incorporating material models into NLI to describe tissue with two fiber families [88]. An
isotropic damping ratio was assumed in the current study [89]; ongoing work will allow us
to investigate the possibility of anisotropic damping in the future. Finally, while the current
data (from one /n vivo and three /n situ scans at different post-mortem times) describe how
brain tissue mechanical properties change with time, further work is needed to elucidate the
underlying biological and biochemical processes underlying these mechanical changes.

5. Conclusion

This study is the first to investigate post-mortem changes in anisotropic mechanical
properties of brain tissue in a large animal model. MRE data were collected using a multi-
excitation method to produce diverse shear wave fields in the minipig brain. Fiber directions
are estimated from DTI and combined with MRE data for the estimation of anisotropic
mechanical properties estimation by TI-NLI inverse finite element method. When the
minipig is alive, WM is more anisotropic than GM, both structurally and mechanically,

as well as stiffer and more dissipative. The differences between WM and GM diminish
post-mortem, except for tensile anisotropy. Overall, brain tissues become more anisotropic
in diffusion, but stiffer, less damped, and less mechanically-anisotropic after death. These
notable differences between the anisotropic mechanical properties of living and dead brain
tissue have important consequences for understanding and predicting the response of the
brain in injury, neurosurgery, and development.
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Refer to Web version on PubMed Central for supplementary material.
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(A)

Fig. 1.
(A) Experimental set-up for MRE. Anesthetized minipig is placed in dorsal recumbency

with its head placed in the lower part of the Siemens Head/Neck20 coil. Insets show the
custom actuator, which is inserted into the mouth, preloaded against the molars, and driven
by the Resoundant™ pneumatic driver. Three configurations are used to induce shear waves
in brain at 100 Hz. (B) “Both” actuator configuration. (C) “Right” actuator configuration.
(D) “Left” actuator configuration. Adapted from [32].
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Fig. 2.

(A?) Representative MRE magnitude image slice in the sagittal plane. (B) Brain volume of
interest (VOI or “mask™) used for MRE data processing in animal MP6. (C) Brain VOI
without medulla, pons, and olfactory bulbs, used for TI-NLI in animal MP6. (D) White
matter mask in animal MP6. Masks are depicted on the image slice (left) and as volume
rendering (right) at each time point.
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Fig. 3.
Example images of animal MP6. (A) 7,-weighted anatomical image slices in sagittal and

axial planes. (B) Directionally encoded DTI color map where colors indicate the direction of
maximum diffusivity (red = RL, green = RC, blue = DV) and brightness indicates diffusion
anisotropy (FA). (C) MRE data acquired with the “Both” actuator configuration: U, V/ and
Wwave displacement components corresponding to RL, DV, and RC motion, respectively.
DV: dorsal-ventral; RC: rostralcaudal; RL: right-left.
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Fig. 4.

(A) Mean fractional anisotropy (FA) for all eight minipigs /n vivo and post-mortem. (B)
Mean values of mean diffusivity (MD) for all eight minipigs in brain volume of interest.
Each marker represents the mean value for each individual minipig. Bars denote standard
deviations. Note that data at 150 mins post-mortem were obtained only in four minipigs and
data at 240 mins post-mortem were obtained only in three minipigs.
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Fig. 5.
Maps of mechanical properties estimated by TI-NLI using all combinations of input data

sets (actuator configurations) for three axial slices of the minipig brain in animal MP6.

(A) T2-weighted images in sagittal and coronal planes with coronal slice position shown in
sagittal image. (B) Shear stiffness (). (C) Damping ratio (£). (D) Shear anisotropy (¢). (E)
Tensile anisotropy (¢).
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Fig. 6.

Tlg-]NLI-estimated mechanical properties for each animal, at each scanning time, in the brain
volume of interest, in WM, and in GM. (A) Shear stiffness (4). (B) Damping ratio (£). (C)
Shear anisotropy (¢). (D) Tensile anisotropy (¢). Markers denote mean values; error bars
denote + 1 standard deviation.
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Mean TI-NLI-estimated mechanical properties within the brain volume of interest for all
eight minipigs. Each marker represents the mean value for an individual minipig; error
bars denote standard deviations. (A) Shear stiffness (). (B) Damping ratio (£). (C) Shear
anisotropy (¢). (D) Tensile anisotropy (¢). (Data at 150 mins post-mortem were obtained
only in four minipigs and data at 240 mins post-mortem were obtained only in three

minipigs.).
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Fig. 8.

Mean TI-NLI-estimated mechanical properties of WM and GM for all eight minipigs. Each
marker represents the mean value for an individual minipig; error bars denote standard
deviations. (A) Shear stiffness (). (B) Damping ratio (£). (C) Shear anisotropy (¢). (D)
Tensile anisotropy (¢). (Measurements at 150 mins post-mortem were obtained only in four
minipigs and measurements at 240 mins post-mortem were obtained only in three minipigs)
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