Magnetic resonance elastography of the brain:
A comparison between pigs and humans
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Abstract

Magnetic resonance elastography holds promise as a non-invasive, easy-to-use, in vivo biomarker for neurodegenerative diseases.
Throughout the past decade, pigs have gained increased popularity as large animal models for human neurodegeneration. However,
the volume of a pig brain is an order of magnitude smaller than the human brain, its skull is 40% thicker, and its head is about twice
as big. This raises the question to which extent established vibration devices, actuation frequencies, and analysis tools for humans
translate to large animal studies in pigs. Here we explored the feasibility of using human brain magnetic resonance elastography
to characterize the dynamic properties of the porcine brain. In contrast to humans, where vibration devices induce an anterior-
posterior displacement recorded in transverse sections, the porcine anatomy requires a dorsal-ventral displacement recorded in
coronal sections. Within these settings, we applied a wide range of actuation frequencies, from 40 Hz to 90 Hz, and recorded
the storage and loss moduli for human and porcine brains. Strikingly, we found that optimal actuation frequencies for humans
translate one-to-one to pigs and reliably generate shear waves for elastographic post-processing. In a direct comparison, human
and porcine storage and loss moduli followed similar trends and increased with increasing frequency. When translating these
frequency-dependent storage and loss moduli into the frequency-independent stiffnesses and viscosities of a standard linear solid
model, we found human values of y; = 1.3kPa, yp = 2.1kPa, and n = 0.025 kPa s and porcine values of y; = 2.0kPa, up = 4.9 kPa,
and n = 0.046kPas. These results suggest that living human brain is softer and less viscous than dead porcine brain. Our study
compares, for the first time, magnetic resonance elastography in human and porcine brains, and paves the way towards systematic

interspecies comparison studies and ex vivo validation of magnetic resonance elastography as a whole.
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1. Motivation

Magnetic resonance elastography was first proposed two
decades ago [l 2] and is rapidly gaining popularity as a non-
invasive tool to measure the mechanical properties of living bio-
logical tissues [3]]. To date, it remains the only in vivo measure-
ment technique to characterize the mechanical properties of the
living brain [4]. As such, it holds promise as a biomarker for
the early onset of neurodegenerative diseases including multi-
ple sclerosis [3]] and Alzheimer’s disease [6]. Several studies
have used magnetic resonance elastography in small animals
including rodents [7 18, 9] and ferrets [10]. However, its ap-
plication to larger animals remains challenging due to design
constraints of the actuator and limited space inside the scanner.
Despite its increasing interest and widespread use, magnetic
resonance elastography is far from being fully validated. For
example, recent studies have shown that its results are highly
sensitive to the actuation frequency [11} [12]. Yet, the precise
impact of tissue actuation on stiffness recordings remains in-
sufficiently understood. In general, magnetic resonance elas-
tography is based on three principles [3]: tissue actuation, the
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generation of shear waves through an external actuator; image
acquisition, the recording of in vivo displacement fields based
on a magnetic resonance sequence with motion-encoding gradi-
ents; and elastogram generation, the post-processing of phase-
sensitive magnetic resonance images to create stiffness maps
[4]. The objectives of this study are to use magnetic resonance
elastography to characterize the viscoelastic properties of the
porcine brain and to explore to which extent our recently devel-
oped protocols [[11} [13]] for tissue actuation, image acquisition,
and elastogram generation translate from humans to pigs.

Tissue actuation. Most tissue actuators induce body waves that
consist of compression and shear waves. While compression
waves propagate at speeds of 1,500 m/s, shear waves are signifi-
cantly slower and range from 1 to 10 m/s [14]]. Current imaging
sequences are fast enough to resolve the propagation of shear
waves in soft tissues with wavelengths in the sub-millimeter to
centimeter range [4]. Specialized magnetic resonance scanner-
compatible actuators have been developed to characterize the
stiffnesses of different organs under in vivo, in vitro, and ex vivo
conditions. While the actual actuation device varies from study
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Figure 1: Magnetic resonance elastography is a phase-contrast based imag-
ing technique that uses specialized sequences to image shear waves propaga-
tion. Synchronization of tissue activation through radio frequency (RF) pulses
and motion-encoding gradients, slice-selection (SS), phase-encoded (PE), and
frequency-encoded (FE) localization methods during image acquisition con-
verts tissue motion into phase-sensitive images. A synchronization delay or
phase shift € between tissue activation and motion-encoding gradients allows
us to capture tissue motion at distinct time points.

to study, the general setup aims at transmitting a low-frequency
acoustic wave with frequencies smaller than 1 kHz using a sinu-
soidal mechanical source [15]]. Frequency and wave source aim
at inducing shear waves capable of penetrating the whole organ
of interest and generating measurable wave amplitudes. Given
the large variation in experimental setups and material proper-
ties, the optimal physiological range of vibration frequencies
remains poorly understood [16, [11]. Especially in the case of
the brain—a membrane-surrounded ultrasoft organ with multi-
ple tissue interfaces and large local stiffness gradients [17]-the
vibration frequency has a significant effect on wave reflection
and interference, which can reduce displacement amplitudes
and trigger wave dispersion [7].

Image acquisition. Magnetic resonance elastography is a
phase-contrast based imaging technique [1]. It is based on the
magnetic resonance imaging of shear wave propagation through
specialized imaging sequences as illustrated in Fig.[Tl The un-
derlying paradigm is to synchronize a cyclic, gradient-based,
oscillating magnetic field with the mechanical activation [2].
This causes spin packets, which move with the shear wave
field inside the brain, to accrue phase during image acquisition.
During each excitation period, we prescribe a locally varying
gradient field. Individual spin packets move within this vary-
ing magnetic field and accumulate a different amount of phase
[3]. Motion-encoding gradients cause the individual nuclear
spin packets to accrue phase based on the local magnetic field
strength as they oscillate with the gradients. As a result, the
phase image of the data exhibits contrast proportional to dis-
placement [7]. The phase shift of each position is received in
the nuclear magnetic resonance signal and is aggregated in in-
dividual phase-sensitive magnetic resonance images. By intro-
ducing a synchronization delay between mechanical activation
and motion-encoding gradient, we can capture displacement
fields at distinct time points throughout each excitation period.
Acquiring an image slice throughout several wave cycles allows

us to accrue more phase and to determine an average tissue re-
sponse at a local resolution of up to 100 nm [4]. By applying
oscillating gradients of constant amplitude, frequency, and du-
ration in three orthogonal directions, we can obtain the vector
of motion-induced phase at each voxel in the image space and
reconstruct the three-dimensional deformation field of the shear
wave [[7]].

Elastogram generation. In linear elastic materials, harmonic
elastography reconstructs the shear stiffness directly from shear
speed estimates via the wave equation: The elastic shear mod-
ulus G = pv is proportional to the tissue density p and the
propagation speed v = f A, the product of the actuation fre-
quency f and the local wavelength A of the propagating shear
wave [4]]. Assuming the density of the brain is equal to wa-
ter, p = 1 g/cm?, knowing the actuation frequency f, and mea-
suring the local wavelength A4 would allow us to directly ex-
tract the elastic modulus G. In more complex organs, how-
ever, measuring shear speed can be quite challenging. Using
the Navier-Stokes equations [18]], we can properly account for
complex geometries and edge reflections given an appropri-
ate discretization of the solution domain [[19]. After acquiring
phase-sensitive images in the region of interest, we can infer
the displacement field based on a direct proportional relation-
ship between phase and displacement magnitude. However, the
ill-conditioned governing equations of displacements and mate-
rial properties generate non-unique solutions, especially in the
presence of experimental noise [19]. In addition, most soft tis-
sues exhibit a frequency-dependent mechanical response [11]],
and often behave like nonlinear, anisotropic [20]], viscoelas-
tic [21] or poroelastic [22] solids. Following initially intro-
duced simple, first-order direct inversion methods [1} 23], sev-
eral groups have now introduced more accurate but computa-
tionally expensive continuum-model-based inversion schemes
[15], including the time-of-arrival technique [24], sub-zone re-
construction [25]], and coupled harmonic oscillator simulations
[26]]. Anisotropic inversion schemes remain challenging, but
first efforts are underway to incorporate directionality of brain
tissue stiffness into existing inversion algorithms [27]].

2. Materials and methods

2.1. Subjects and samples

This study was approved by the Research Compliance Office
at Stanford University and complies with IRB and Animal Care
and Use guidelines. We received a 55 kg American Yorkshire
pig 16 hours post-mortem, which had been cooled over night at
4°C. We removed the animal from the refrigerator three hours
prior to scanning to minimize tissue degradation and changes
in brain microstructure while allowing for the carcass to reach
room temperature by the time of the scan. We compared the pig
scan against our normal adult magnetic resonance elastography
dataset obtained by using the same multi-frequency magnetic
resonance elastography protocol [11]. This dataset contains a
total number of n=51 adult brains, 24 male and 27 female,
aged between 18-80, with an average age of 44.5 years.
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Figure 2: Magnetic resonance elastography. A. Human and porcine subjects
are scanned in the supine position. B. The skull is accelerated through an active
driver that is connected via a plastic tube to the passive driver pillow underneath
the subject’s head. C. The supine position of both subjects results in different
imaging planes— transverse slices for humans and coronal slices for pigs.

2.2. Magnetic resonance imaging

Magnetic resonance imaging scans were performed on a
3T research scanner (GE Healthcare, Waukesha, WI) at the
Richard M. Lucas Center for Imaging at Stanford University.
Humans and the pig were scanned in the supine position, as
shown in Fig. 2JA. The anatomical orientation of the brains in-
side the scanner generated different scanning planes—transverse
for humans and coronal for pigs—as illustrated in Fig. PIC. For
the human brain, we used a 32-channel head coil and acquired
48 slices with 3mm thickness at a matrix size of 128 x 128
with 1.875 mm resolution. For the porcine brain, we used a
single-channel split head coil to accommodate the larger head
and acquired 60 slices with 1.5 mm thickness at a matrix size of
128 x 128 with 1.25 mm resolution. Our scanning sequence de-
signed for this study involved a T1-weighted anatomical scan,
3D-Bravo. Figures [BA and[dA show representative transverse,
coronal, and sagittal slices of the human and pig brains.

2.3. Magnetic resonance elastography

Magnetic resonance elastography was performed using com-
mercially available hardware and software in combination with
the activation pillow developed and provided by courtesy of the
Mayo Clinic (Mayo Clinic, Rochester, MN). An acoustic pas-
sive driver was placed underneath the subject’s head, as shown
in Fig. 2B. The driver was connected to an external acoustic
active driver through a plastic tube. Continuous vibrations at a
chosen frequency were generated by the active driver and de-
livered by the tube to the passive driver. These vibrations were
then transmitted to the skull to induce shear waves inside the

brain. We used a two-dimensional gradient echo (GRE) mag-
netic resonance elastography pulse sequence with repetition
time (TR) 2s, echo time (TE) min full, matrix size 128%x128,
and field of view (FOV) 160x160 mm. Motion-sensitizing gra-
dients encode the motion in the brain tissue into the phase of the
magnetic resonance signal in three directions. We repeated the
sequence eight times and acquired two phase images per loca-
tion. To calculate the elastograms from the magnetic resonance
elastography data, we used a two-dimensional direct inversion
technique [23]]. We chose four different vibration frequencies
of the magnetic resonance elastography actuator, 40, 60, 80,
and 90Hz. In each scan, we set the frequency of the motion
encoding gradient equal to the actuation frequency for synchro-
nization. For each actuation frequency, we determined maps of
the storage and loss moduli.

Figures 3IC and@IC show magnetic resonance measurements
of the storage and loss moduli across a representative transverse
slice in humans and coronal slice in pigs. The vibration pillow
used in this study, together with the shape of the porcine head,
only allows for tissue activation in the coronal plane. The trian-
gular porcine skull provides an effective surface to induce tissue
motion on the superior side of the head. In the supine position,
the pig’s head can be aligned well with the vibration pillow as
shown in Fig. ZA.

2.4. Anatomical reconstruction of the brain

Anatomic reconstruction was performed using Simpleware
(Synopsys, Mountain View, USA). From the T1-weighted mag-
netic resonance images, we reconstructed the anatomy and cre-
ated three-dimensional models. Based on greyscale threshold-
ing for an initial approximation of both structures, we applied
manual segmentation and volumetric Gaussian smoothing to
create the final three-dimensional models.

Figures BB and @B illustrate the volumetric representation
of an adult male human brain and the pig brain. Human and
porcine brains displayed distinct anatomic differences includ-
ing the alignment of cerebrum and cerebellum and the shape
and orientation of the brainstem. The human cerebral volume
was eight times larger than the porcine cerebral volume; the hu-
man cerebellar volume was nine times larger than the porcine
cerebellar volume.

2.5. Storage and loss moduli

To calculate average storage and loss moduli, we analyzed
mid-coronal slices of the porcine brain. To capture average
moduli, we selected gray and white matter regions as regions of
interest and recorded the corresponding mean storage and loss
moduli. For humans, we used segmentation templates that al-
low for an automated, region-specific parameter extraction [L1]].
For the pig, we manually segmented the corpus callosum and
the internal capsule from the T1-weighted magnetic resonance
images, see Fig.[2] We report the means and standard deviations
of the storage and loss moduli G’ and G” for all four actuation
frequencies, at 40, 60, 80, and 90 Hz.
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Figure 3: Human brain. A. Semi-automatic segmentation of the cerebrum and
the cerebellum in transverse, coronal, and sagittal slices of the T1-weighted
structural scan. B. Three-dimensional, lateral, and axial views of the volumetric
reconstruction. C. Storage and loss moduli across a selected transverse section.

2.6. Viscoelastic models

To correlate the frequency-dependent storage and loss mod-
uli G’ and G” to frequency-independent material parameters,
we consider four commonly used viscoelastic models: the
Maxwell model, the Voigt model, the spring-damper model,
and the standard linear solid model. For each model, we ex-
press the model parameters in terms of the dynamic shear mod-
ulus G = G’ +iG”. The Maxwell model mimics the serial
arrangement of a spring and a damper with a stiffness ¢ and a
viscosity 77, which are related to the dynamic shear modulus as
G = (iwnu)/(u+iwn). The Voigt model mimics the parallel
arrangement of a spring and a damper with a stiffness u and a
viscosity 7, which are related to the dynamic shear modulus as
G = u + iwn. The spring-damper model represents a combi-
nation of springs and dampers with a stiffness « and an expo-
nent « related to the dynamic shear modulus as G = « (iw)“.
The standard linear solid model consists of a spring with a stift-
ness u; arranged parallel to a spring and damper with a stiffness
M and a viscosity i related to the dynamic shear modulus as
G = (Uit +iwn (U1 + 1))/ (uz + i wn). FigureS|illustrates the
relations between the frequency-independent elastic shear stift-
ness (1, viscoelastic shear stiffness u,, and viscosity 7 and the
frequency-dependent storage and loss moduli G’ and G” for the
standard linear solid model. For all four viscoelastic models,
in each region of interest, we minimized the objective function
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Figure 4: Porcine brain. A. Semi-automatic segmentation of the cerebrum and
the cerebellum in transverse, coronal, and sagittal slices of the T1-weighted
structural scan. B. Three-dimensional, lateral, and axial views of the volumetric
reconstruction. C. Storage and loss moduli across a selected coronal section.
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Figure 5: Standard linear solid model. Relations between frequency-
independent elastic shear stiffness u, viscoelastic shear stiffness y,, and vis-
cosity n and frequency-dependent storage and loss moduli G’ and G”. The
storage modulus is G’ = y; for frequencies w — 0 and G = u; + uy for fre-
quencies w — oo. The loss modulus G” is largest at the frequency w associated
with the inverse relaxation time 1/7 = up/n.

and the storage and loss moduli of G;m"d and Glf’m‘)d of the
corresponding model summed over all four driver frequencies,
i = 40,60, 80,90 Hz, using the Nelder-Mead method. To verify
the robustness of the parameter identification, we screened the
physically-motivated parameter space and performed the opti-
mization with 17,500 different initial conditions for stiffnesses
within the range of y = 0.5-8.0kPa and viscosities of = 0.01-
1.00kPas.

3. Results

3.1. Human and porcine loss and storage moduli G" and G”

Table[Tlsummarizes the means and standard deviations of the
storage and loss moduli G’ and G” for the human and porcine



brains at all four driver frequencies of 40, 60, 80, and 90 Hz. In
general, our measurements were highly robust with low stan-
dard deviations ranging from 5% to 18%, with the exception
of two loss moduli that displayed standard deviations of 35%
and 40%. Both human and porcine moduli displayed similar
trends and increased with increasing frequency. In the interval
from 40 Hz to 90 Hz, the average human storage modulus in-
creased from G’ = 1.182+0.127 kPa to G’ = 2.224 +0.160 kPa
and the average porcine storage modulus increased from G’ =
1.727 £ 0.093kPa to G’ = 3.757 + 0.264 kPa. At all four fre-
quencies, the dead porcine brain was stiffer than the living hu-
man brain: The average porcine storage and loss moduli were
53% and 123% larger than their human counterparts.

Table 1: Storage and loss moduli G’ and G” for human and porcine brains at
varying driver frequencies. Means and standard deviations from averaging over
all n = 51 human brains and over all pixels across the pig brain.

] \ freq [Hz] H 40 60 80 920 \

human | G’ [kPa] 1.182 1.893 2277 2.224
+0.127 £0.125 = 0.137 +0.160

G” [kPa] 0.631 0941 1.140 0.987

+0.218 £0.129 +£0.179 +0.182

porcine | G’ [kPa] 1.727 2591 3.546 3.757
+0.093 +0.378 = 0.198 + 0.264

G” [kPa] 1.233 2211 2288 2.534

+0.207 £0.885 +£0.232 +0.164

Figure [6] shows the frequency-dependent, region-specific
storage and loss moduli G’ and G” for the porcine and human
brains. In addition to the average brain values from Table |1|in
Fig.[6A, we also summarize the regional moduli of two charac-
teristic deeper brain structures, the corpus callosum in Fig. [6B
and the internal capsule in Fig. [6C. Both human and porcine
storage and loss moduli of the corpus callosum and the inter-
nal capsule displayed similar trends to the overall brain average
in Fig. [6A. Human and porcine storage moduli in all three re-
gions increased with increasing frequency from 40 Hz to 80 Hz.
Counterintuitively, in the corpus callosum and the internal cap-
sule, both human and porcine storage moduli decreased from
80Hz to 90 Hz. Overall, all three graphs in Fig. [6] confirm the
general trend of Table (1} In all three regions, both storage and
loss moduli of the dead porcine brain were markedly larger than
the storage moduli of the living human brain.

3.2. Comparison of viscoelastic models

Table [2] summarizes the rheological models, the functional
relations, and the parameters of our four viscoelastic models,
Maxwell, Voigt, spring-damper, and standard linear solid, for
three regions, brain average, corpus callosum, and internal cap-
sule of the porcine brain. For each model and region, we also re-
port the normalized root mean square error between the experi-
mental moduli G’**? and G”**P and the moduli predicted by the
model G'™¢ and G”"™¢. For the Maxwell, Voigt, and spring-
damper models, the parameter identification robustly identified
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Figure 6: Storage and loss moduli G’ and G”” for human and porcine brains at
varying driver frequencies. Region-specific moduli for A. brain average, B. cor-
pus callosum, and C. internal capsule. Dashed lines indicate mean pig moduli,
solid lines indicate mean human moduli averaged over n = 51 adult brains, and
shaded regions indicate their standard deviations.

the same minimizing parameter sets for varying initial condi-
tions. For the standard linear solid model, the parameter iden-
tification was sensitive to the set of initial conditions, particu-
larly because of the limited number of frequencies tested in this
study. Eventually, we selected the parameter set with the low-
est normalized root mean square error. In summary, all four
models performed well with errors smaller than 33% in any
of the three regions. Shear stiffnesses generally ranged from
u = 2.0kPa to u = 6.3kPa, with smaller values for the over-
all brain average and larger values for the corpus callosum and
the internal capsule. Of all three regions, all models displayed
the largest error for the corpus callosum, most likely caused by
the unexpected sudden reduction in storage modulus from 80 to
90 Hz, see Fig.@?:. Of all four rheological models, the Maxwell
model displayed the largest relative errors, 11% for brain av-



Table 2: Viscoelastic models. Rheological models, functional relations, and parameters of Maxwell model, Voigt model, spring-damper model, and standard linear
solid model determined from frequency-dependent storage and loss moduli G’ and G” of the porcine brain. Region-specific parameters for brain average (BA),
corpus callosum (CC), and internal capsule (IC) and normalized root mean square errors between experimentally measured moduli and moduli predicted by the four

models.
porcine Maxwell model Voigt model spring-damper model standard linear solid model
p {r.a} i fa
nou E E E t
n -+ no e
=——1E G=p+ion G=«(iw) G=tuta X Tonln * fo)
U+iwn M2 +1wn
region u n err i n err K a err Ui M2 n err
[kPa] [kPas] [-] [kPa] [kPas] [-] [kPa] [-] [-] [kPa] [kPa] [kPas] [-]
BA 4795 0.088 0.110 | 2905 0.030 0.097 | 0.660 0.407 0.076 2.001 4949 0.046 0.081
CcC 5.020 0.222 0325 | 4473 0.017 0.165 | 2.090 0.194 0.201 2.163 4.000 0.086 0.321
IC 6.362 0.169 0.149 | 4813 0.034 0.105 | 1.503 0.308 0.090 2.160 5.524 0.068 0.072

erage, 33% for the corpus callosum, and 15% for the internal
capsule, suggesting that it is poorly suited to characterize the
viscoelastic behavior of brain tissue. The standard linear solid
model displayed the smallest relative error, 7% for the internal
capsule. Of all four models, the standard linear solid model is
the only model that features an instantaneous stiffness at van-
ishing frequencies and a non-linear frequency dependency at a
non-zero steady state. We therefore selected the standard linear
solid model for a direct comparison between the viscoelastic
parameters of human and porcine brains.

3.3. Human and porcine stiffnesses puy and pp and viscosities n

Table[3|compares the elastic and viscoelastic shear moduli
and w, and the viscosity 7 of the standard linear solid model ac-
cording to Fig. [5|of human and porcine brains. The frequency-
independent parameters for the brain average, corpus callosum,
and internal capsule displayed marked differences between the
living human and dead pig brain. Overall, the parameters of the
porcine brain were about twice as large as those of the human

Table 3: Standard linear solid model. Elastic shear stiffness uj, viscoelastic
shear stiffness po, and viscosity n determined from frequency-dependent stor-
age and loss moduli G’ and G” of human and porcine brains. Region-specific
parameters for brain average (BA), corpus callosum (CC), and internal capsule
(1C).

| [

standard linear solid model \

region H H2 n

[kPa] [kPa] [kPas]

BA 1.261 2.068 0.025

human CC 1.257 1.548 0.023
IC 0.994 1.591 0.033

BA 2.001 4.949 0.046

porcine CcC 2.163 4.000 0.086
IC 2.160 5.524 0.068

brain. The elastic stiffness of the porcine brain y; = 2.001 kPa
was by a factor 1.6 larger than the elastic stiffness of the hu-
man brains ¢ = 1.261 kPa when averaged over the entre brain,
and it was 1.7 times larger in the corpus callosum and 2.2 times
larger in the internal capsule. The viscoelastic stiffness p, was
also larger in all regions of the porcine brain than in the hu-
man brain, by a factor 2.4 for brain average, 2.6 in the corpus
callosum, and 3.5 in the internal capsule. The viscosity  was
also larger in all regions of the porcine brain than in the human
brain, by a factor 1.8 for brain average, 3.7 in the corpus cal-
losum, and 2.1 in the internal capsule. The average relaxation
time T = n/uy of the living human brain of 7 = 12.1 ms was
comparable to the average relaxation time of the dead porcine
brain with 7 = 9.3 ms.

4. Discussion

Magnetic resonance elastography is rapidly gaining popular-
ity as a non-invasive, easy-to-use, in vivo technology to char-
acterize regional stiffness variations across the living human
brain. Yet, to be fully applicable for broad clinical use, the tech-
nique could benefit from a more thorough calibration and val-
idation, both against other methods and against other species.
To increase our confidence in the recordings, enable a compar-
ison of measurements and experimental data, and calibrate and
validate the technology, it seems intuitive to ask, how well it
performs when applied to animal models. While several studies
have applied magnetic resonance elastography to small animal
models, including rats [28] and ferrets [10], the technique has
never been applied to large animal models comparable to hu-
mans. Here we demonstrate, for the first time, the feasibility
of magnetic resonance elastography to characterize the storage
and loss moduli of a porcine brain in situ.

Scanning pigs presents several differences as compared to
standard human scans. The dimensions of a porcine brain are
about half of those of a human brain which implies that its vol-




ume and mass are an order of magnitude smaller than in hu-
mans. Our human brain was eight times larger in volume than
the porcine brain, which agrees well with brain weights rang-
ing from 1,300 to 1,500 g for humans versus 150 to 180 g for
pigs [29]. To achieve the same image accuracy, the resolution
of the scan would therefore have to be twice as high. At the
same time, the overall pig head is almost twice as large as the
human head. Its flesh mass alone is almost five times larger
with 918.1 g for humans and 4,186 g for pigs [29], and its skull
is about 40% thicker with 6.9 mm for humans and 9.7 mm for
pigs [30]. The dimensions of the head and its orientation with
respect to the rest of the body made it impossible to use the
32-channel head coil routinely used for humans and we had to
use a single-channel split head coil instead. In view of the dy-
namic vibration, the larger head mass and smaller brain mass
suggest that the optimal vibration frequencies for pigs should
be markedly different from those for humans. Last, and prob-
ably more importantly, the pig anatomy suggests coronal scan
and activation planes, while the human anatomy suggests trans-
verse planes. Strikingly, with all these differences between pigs
and humans, our study revealed that when scanned in the same
supine position and at the same vibration frequencies as hu-
mans, pig scans provided reliable and comparable magnetic res-
onance elastography recordings with storage and loss moduli
within the same range as humans.

4.1. Magnetic resonance elastography in humans vs. pigs

Several magnetic resonance elastography studies have devel-
oped specialized driver setups to induce sufficiently repeatable
brain deformations in human [4] or small animal [10]] brains.
The objective of this study was to test the feasibility of using
the driver hardware and accompanying imaging software orig-
inally developed for the human brain [31]] on a large animal
brain. We found that the supine scanning position of the ani-
mal enabled effective transfer of the driver displacement to the
animal brain. In comparison to humans, for which the setup
induces an anterior-posterior displacement recorded via images
in the transverse plane [4]], the porcine anatomy causes a dorsal-
ventral displacement recorded via images in the coronal plane
as illustrated in Fig.[2] This setup implied slightly different res-
olutions, 48 slices with 3 mm thickness at a matrix size of 128
x 128 with 1.875 mm resolution in humans and 60 slices with
1.5 mm thickness at a matrix size of 128 x 128 with 1.25 mm
resolution in the pig, which could potentially impact the re-
sults. The different scan planes could also have an impact on
the stiffness recordings since cerebral tissue—white matter in
particular—displays a pronounced structural anisotropy. Recent
ex vivo studies have shown though that the stiffnesses parallel
and perpendicular to the fiber bundle orienation displayed no
statistically differences, neither in humans [21]] nor in pigs [32]].

As part of this study, our goal was to establish a reliable mag-
netic resonance elastography protocol to record stiffness values
of porcine brain. Our main parameter of interest was the ac-
tuation frequency w of the vibrating pillow. For the porcine
brain, we found that actuation frequencies lower than 40 Hz
and higher than 90 Hz resulted in extremely small displace-
ments and thus, large signal-to-noise ratios. Interestingly, in

view of signal-to-noise ratio and phase generation, the optimal
frequency regime for porcine brains between 40 Hz and 90 Hz
highlighted in Table[T|and Fig. [6| was similar to that for human
brains [[11, [12].

For a quantitative evaluation, we compared the storage and
loss moduli G’ and G” of average living human brains [11] with
those of a dead pig. The general trends were strikingly simi-
lar: At any given frequency, the storage modulus was about 50-
100% larger than the loss modulus, and both moduli increased
with increasing frequency up to 80 Hz. Yet, the absolute values
of the dead porcine brain were larger than those of the living hu-
man brain across both moduli and all frequencies. With respect
to frequency sensitivity, both average human and porcine brain
storage moduli increased with increasing frequency in agree-
ment with human frequency sensitivity studies reported in the
literature [12], and converged to peak values of G’ = 2.2kPa
for humans and G’ = 3.6 kPa for the pig at around 80 Hz.

In excellent agreement with the literature, we recorded
average human brain storage and loss moduli of G’'=1.18-
2.22kPa and G”=0.63-0.99 kPa for frequencies ranging from
40 to 90 Hz compared to previously reported values of G'=1.1-
2.0kPa and G""=0.48-0.80kPa for slightly lower frequencies
ranging from 25 to 62.5Hz [12]]. Our average human brain
storage and loss moduli of G'=2.28 kPa and G"’=1.14kPa at
80Hz agree well with previously reported storage and loss
moduli of G’=2.41kPa and G'=2.34kPa for white matter and
G”=1.21kPa and G”=1.11 kPa for gray matter [33]. Our aver-
age pig brain storage and loss moduli of G’=1.73-3.86 kPa and
G""=1.23-2.53kPa for frequencies ranging from 40 to 90 Hz
were 53% and 123% larger than in humans, but not as high
as the reported values of G’=8.45kPa and G”=7.14kPa for
a frequency of 180 Hz recorded in rats [28] and G’=3-7 kPa
and G”'=1-2 kPa for frequencies ranging from 400 Hz to 800 Hz
recorded in ferrets [L0]. Unfortunately, these small animal stiff-
nesses are difficult to compare to our large animal model values
since we were unable to record reliable data for activation fre-
quencies higher than 80 Hz due to limited excitation.

4.2. Comparison of viscoelastic models

In agreement with previous studies, our study confirms that
the storage and loss moduli G’ and G” acquired through
magnetic resonance elastography increase with increasing fre-
quency [10,[11]. To convert these frequency-dependent param-
eters into frequency-independent parameters, we analyzed four
common viscoelastic models [[12]: the Maxwell model with an
elastic spring and a viscous damper arranged in series, the Voigt
model with a spring and damper arranged in parallel, the spring-
damper model with several Maxwell models in parallel, and the
standard linear solid model with an elastic spring in parallel to
a Maxwell model. In general, that data from only four frequen-
cies provides a rather limited information to identify the two
or even three material parameters of these viscoelastic models.
Nonetheless, our least square parameter identification was ro-
bust and stable and generally identified the same parameter set
for varying initial values. The shear stiffnesses of all four mod-
els varied between u = 2.0 — 4.8 kPa for the dead porcine brain
and were about twice as large as their human brain counterparts.



Of the four viscoelastic models, the Voigt model predicted a
constant, frequency-independent storage modulus; the Maxwell
and spring-damper models predicted a vanishing storage mod-
ulus under quasi-static conditions. Of all four models, only the
standard linear solid model displayed a non-zero stiffness under
quasi-static conditions and a non-linear frequency dependency.
In the finite hyper-viscoelastic setting, the standard linear solid
model generalizes to the popular multiplicative decomposition
model with one viscoelastic mode [34]]. Our stiffness values for
the standard linear solid model of y;=1.3kPa and p,=2.1kPa
in humans and p;=2.0kPa and u,=4.9kPa in the pig agree
well with the stiffnesses previously reported for human brains
of u;=1.0kPa and u,=1.5kPa [12]; however, our viscosities
of 7=0.025kPa and =0.046kPas were slightly higher than
the previously reported value of 7=0.004 Pas. Our in vivo
human brain stiffnesses of the standard linear solid model of
p1=1.3kPa and u,=2.1kPa were of the same order as our pre-
viously reported ex vivo human brain stiffnesses of the finite
hyper-viscoelastic model of p;=0.7 kPa and u,=2.1 kPa; how-
ever, our in vivo viscosity of of n=0.025kPas was markedly
lower than the ex vivo viscosity of n = 20.0kPas [35].

4.3. Storage and loss moduli in vivo, in situ, and ex vivo

Soft biological tissues are highly sensitive to environmental
factors and immediately change when diseased, dead, excised,
or processed for experimental testing [36]]. Especially the brain,
which consumes an essential part of the body’s energy, is one of
the most perfused organs, and constantly pressurized, is likely
to undergo tissue degradation in terms of autolytic processes,
completion of rigor mortis, and osmotic swelling after death.
When comparing the short-term stiffness of living porcine brain
in vivo of 1.88kPa to the stiffness shortly after death in situ
of 2.80kPa, and to the excised stiffness in vitro of 1.36kPa,
studies found an initial stiffness increase of 49% post mortem
followed by a stiffness decrease of 49% upon excitation [37].
These findings agree with findings in rats, for which the storage
modulus G’ increased significantly by up to 100% immediately
after death but returned to its initial value after 24 hours post
mortem. At the same time, the loss modulus G” remained the
same immediately after death, but decreased by about 50% af-
ter 24 hours [38]. For longer post mortem times of up to 6 hours
[39], 15 hours [40], 48 hours [41]], and 100 hours [42], the stor-
age modulus of porcine brains remained virtually constant with
variations of 5% and less. These observations could explain
why our average in situ human brain stiffnesses of u;=1.26 kPa
and pp=2.07 kPa were larger than our previously measured in
vitro human brain stiffnesses of 1;=0.13-0.74 kPa and 1»,=0.91-
1.60kPa [35]. Similarly, our average in situ pig brain storage
and loss moduli of G’=1.73-3.86 kPa and G"'=1.23-2.53 kPa for
frequencies ranging from 40 to 90 Hz were larger than the aver-
age in vitro moduli of G’=1.15-1.22 kPa and G"”=0.91-1.07 kPa
for frequencies ranging from 80 Hz to 140 Hz recorded for iso-
lated pig brains [28]]. Structural differences between living and
dead tissues could explain why our recorded shear stiffness of
the dead porcine brain in situ of y; = 2.001 kPa was almost
twice as large as the reported shear stiffness of the living brain
in vivo of y = 1,080 kPa [43]. Our porcine model is a valuable

model system that would allow us to elaborate the origin of
these discrepancies in more detail by making a direct compari-
son between living and dead tissue in one and the same brain.

4.4. Challenges and limitations

Our study demonstrates that established human magnetic res-
onance elastography protocols [11] can be directly applied to
domestic pigs. Our findings are limited, however, by a num-
ber of aspects. First, our study was based on a single animal,
scanned 16 hours post-mortem. Both factors have affected the
magnitude of the recorded storage and loss moduli and impeded
a direct comparison with the reported human data. Second,
we chose similar imaging parameters for both human and pig
which resulted in a coarser resolution for the smaller pig brain.
Although three-dimensional digital brain atlases for domestic
pigs exist [44]], there are no automated segmentation tools for
porcine brains. The reduced in-plane resolution complicated
the semi-automatic segmentation and the selection of individ-
ual regions when determining region-specific storage and loss
moduli. Third, for the lack of better knowledge, we have simply
adapted existing inversion techniques for human brains to gen-
erate storage and loss moduli maps across the porcine brain.
Previous human brain elastograms have revealed distortions at
the dural folds and at the brain-skull interface [45]], characteris-
tic anatomic locations which are likely different in pigs. Fourth,
by their very nature, the elastogram construction and parameter
identification are based on the assumption of a linear material
behavior. There is a general consensus that brain tissue is a
hyper-viscoelastic material [46, 47]. It is also well accepted
that the brain is stiffer in compression than in extension [48]].
While brain tissue displays a significant nonlinear response un-
der moderate deformations [35}49,150]], our measured displace-
ment fields were on the order of 10 um, which agrees well with
the displacement range reported in the literature [51]]. Besides
these small deformations, our elastography imaging sequence
currently limits us to linear inversion schemes when calculating
our elastograms. This suggests that a linear theorysymmetric in
tension and compressionrepresents a reasonable first approxi-
mation for our current acceleration parameters and enables the
identification of meaningful linear viscoelastic material param-
eters.

4.5. Clinical implications

Pigs have shown promising results as realistic animal mod-
els for neurodegenerative disorders and can provide insight into
the pathophysiology of brain diseases including dementia [52].
Their similarity with humans in view of anatomy, myelination,
gyrification, development, and quantifiable behavior traits pro-
motes pigs as valuable animal models [53]]. Most small animal
models lack fundamental biochemical or genetic manifestations
of neurodegenerative diseases in human, and are therefore in-
sufficient to fully study these diseases. The porcine brain is cur-
rently explored as a more realistic alternative to test novel diag-
nostic tools and explore treatment strategies in neurodegenera-
tion [54]. Towards these goals, our current study provides a first
step to establish reliable data acquisition protocols and validate



magnetic resonance elastography as a non-invasive biomarker
for stiffness changes in living human and porcine brains in vivo.
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