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a b s t r a c t 

The relationship between brain development and mechanical properties of brain tissue is important, but remains 

incompletely understood, in part due to the challenges in measuring these properties longitudinally over time. In 

addition, white matter, which is composed of aligned, myelinated, axonal fibers, may be mechanically anisotropic. 

Here we use data from magnetic resonance elastography (MRE) and diffusion tensor imaging (DTI) to estimate 

anisotropic mechanical properties in six female Yucatan minipigs at ages from 3 to 6 months. Fiber direction 

was estimated from the principal axis of the diffusion tensor in each voxel. Harmonic shear waves in the brain 

were excited by three different configurations of a jaw actuator and measured using a motion-sensitive MR 

imaging sequence. Anisotropic mechanical properties are estimated from displacement field and fiber direction 

data with a finite element- based, transversely-isotropic nonlinear inversion (TI-NLI) algorithm. TI-NLI finds 

spatially resolved TI material properties that minimize the error between measured and simulated displacement 

fields. Maps of anisotropic mechanical properties in the minipig brain were generated for each animal at all 

four ages. These maps show that white matter is more dissipative and anisotropic than gray matter, and reveal 

significant effects of brain development on brain stiffness and structural anisotropy. Changes in brain mechanical 

properties may be a fundamental biophysical signature of brain development. 

1. Introduction 

Adolescence is a critical period for human brain development that is 

accompanied by structural changes in the brain that may significantly 

impact its function. For instance, the fronto-cortical and fronto-striatal 

circuits change until early adulthood, associated with the development 

of higher cognitive skills ( Barnea-Goraly et al., 2005 ). Adolescence is 

also an important period for the development of neuropsychiatric dis- 

orders ( McGorry et al., 2011 ). Brain structural abnormalities are ob- 

served in major depressive disorder, bipolar disorder, and schizophre- 

nia ( Opel et al., 2020 ). These changes in structure affect the mechanical 

properties of brain tissue ( Sack et al., 2013 ). Thus, characterization of 

mechanical properties during brain development is important for under- 

standing of normal brain structure, function, and health. 

Magnetic resonance elastography (MRE) is an emerging imaging 

technique for probing brain mechanical properties; which in turn de- 

pend on tissue microstructure ( Manduca et al., 2001 ; Mariappan et al., 
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2010 ). In MRE mechanical wave propagation is measured with a mod- 

ified magnetic resonance imaging (MRI) pulse sequence that includes 

harmonic, motion-sensitizing gradients to measure the dynamic dis- 

placement field. The displacement field is then “inverted ” to estimate 

mechanical properties, such as stiffness and damping ( Zhang et al. 2011 ; 

Johnson et al., 2013 ), usually assuming an underlying viscoelastic ma- 

terial model. The mechanical properties of tissue can be calculated us- 

ing local frequency estimation ( Manduca et al., 1996 ), direct inver- 

sion of the viscoelastic shear wave equation ( Oliphant et al., 2001 ; 

Sinkus et al., 2005 ; Okamoto et al., 2011 ), or finite element (FE) meth- 

ods (Van Houten et al., 2002; McGarry et al., 2012 ; Fovargue et al., 

2018 ). 

Previous work has established the utility of MRE for mechanical 

characterization of tissues like brain, liver, and muscle ( Klatt et al. 2007 ; 

Sack et al., 2009a ). MRE has been used to study changes in stiffness 

and viscosity due to aging ( Sack et al., 2009b ; Hiscox et al., 2021 ), 

disease ( Hiscox et al., 2020 ) and injury ( Boulet et al. 2013 ). How- 
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ever, most MRE studies use inversion models with the simplifying as- 

sumption of mechanical isotropy, which in anisotropic tissue will lead 

to uncertainty and increased variability in mechanical property esti- 

mates ( Anderson et al., 2016 ). Several anisotropic MRE methods have 

been proposed, which vary in the underlying material model and the 

number of parameters to be estimated. For example, a nine-parameter 

model was developed by Romano and collaborators to characterize 

white matter (WM) tracts ( Romano et al., 2012 ; Romano et al., 2014 ). 

Others have proposed models with smaller numbers of free parame- 

ters. A two-parameter model has been used to characterize breast tis- 

sue ( Sinkus et al., 2005 ) and skeletal muscle ( Green et al., 2013 ). An 

incompressible, transversely isotropic material model with three pa- 

rameters ( Feng et al., 2013 ; Tweten et al., 2015 ; Schmidt et al. 2016 ; 

Guo et al., 2015 ; Guidetti M and Royston TJ., 2018 ) has previously 

been used to characterize anisotropic phantom ( Guidetti M et al., 

2021 ) and fibrous tissues, including brain WM ( Schmidt et al., 2018 ; 

Smith et al., 2020 ) and muscle ( Guertler et al., 2020 ; Hou et al., 2022 ). 

Miller et al. (2018) used both 3- and 5-parameter transversely isotropic 

material models to describe cardiac muscle. Although these anisotropic 

MRE methods vary in terms of model complexity, they share a common 

requirement for sufficient displacement data to estimate the material 

parameters. Tweten et al. has demonstrated that multiple shear waves, 

both slow (pure-shear) and fast (quasi-shear), with different propaga- 

tion directions, must be present in the displacement field for accurate 

parameter estimates from local frequency estimation of directionally fil- 

tered waves ( Tweten et al., 2018 ). Multi-excitation MRE uses more than 

one actuator or actuator location to provide distinct displacement fields 

( Anderson et al., 2016 ), and has emerged as a promising technique for 

providing sufficiently diverse shear wave data for anisotropic inversion 

( Smith et al. 2020 ). 

The choice of inversion method is an important factor in estima- 

tion of mechanical parameters by MRE. The finite-element-based non- 

linear inversion (NLI) is an iterative FEM inversion technique that 

accounts for local inhomogeneity and wave reflection effects up to 

the limit of the displacement resolution (Van Houten et al., 2002). 

McGarry et al. (2012) developed a multi-resolution finite element ap- 

proach for NLI, allowing independent discretization of the displace- 

ments and each mechanical parameter. The three-parameter trans- 

versely isotropic (TI) model has been incorporated into the NLI frame- 

work to create an estimation scheme, which we denote TI-NLI, designed 

to recover heterogeneous, anisotropic properties. TI-NLI has been shown 

to recover accurate (within 1.3% of true values) heterogenous param- 

eter 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 ( McGarry et al., 2022 ). 

Diffusion tensor imaging (DTI), a magnetic resonance modality 

which detects water diffusion in biological tissues at a microstructural 

level ( Basser et al., 1996 ), is a powerful technique to explore brain tissue 

organization and maturation ( Faria et al., 2010 ). WM maturation, espe- 

cially the process of myelination, appears to be reflected by an increase 

of diffusion anisotropy; this can be utilized to characterize different 

stages of early brain development ( Qiu et al., 2015 ). Some recent studies 

have used DTI to incorporate fiber orientation of brain tissue into com- 

putational models to investigate the effect of axonal fibers on the me- 

chanical behavior of brain tissue ( Garimella et al., 2017 ; Giordano et al., 

2017 ; McGarry et al., 2021 ). 

The minipig is commonly utilized in brain research, including in- 

vestigation of brain mechanical properties ( Guertler et al., 2018 ) and 

mechanisms of traumatic brain injury ( Atlan et al., 2018 ; Atlan et al., 

2019 ; Netzley et al., 2021 ) due to its anatomical and physiological sim- 

ilarities to humans ( Schomberg et al., 2016 ). The minipig has a gyren- 

cephalic brain with a ratio of cerebral WM to gray matter (GM) which 

is similar to humans ( Swindle et al. 2012 ), and on the order of 1 to 

3. Fil et al (2021) reported a GM/WM ratio of approximately 2.2 in 

the porcine brain. Further, while brain development in the minipig oc- 

curs over a compressed time period relative to humans, myelination and 

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 Seimens 

Head/Neck20 coil. Insets show the custom actuator, which is inserted to the 

mouth, preloaded against the molars, and driven by the Resoundant TM pneu- 

matic 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. 

brain WM development are analogous in juvenile minipigs and ado- 

lescent humans. Scant myelination was observed in the 2-month-old 

minipig but increased by 6 months of age when the pig is sexually ma- 

ture ( Fang et al., 2005 ). Therefore, longitudinal studies in the minipig 

are logical and feasible for investigating changes in the brain during 

development. 

The primary objective of this paper is thus to measure anisotropic 

mechanical properties in the minipig brain during brain development, 

and characterize changes that may occur over this period. To this end, 

shear wave displacement fields were obtained by multiple MRE acqui- 

sitions using three different mechanical actuator configurations in juve- 

nile Yucatan minipigs aged from 3 to 6 months. Structural anisotropy 

(fiber orientation) was characterized by the diffusion tensors estimated 

by DTI. Anisotropic mechanical parameters were then estimated from 

the combined MRE and DTI data via the NLI algorithm. Finally, longitu- 

dinal changes in brain tissue properties were evaluated over this period 

of brain development. 

2. Methods 

2.1. Experimental methods and data acquisition 

Six juvenile female Yucatan minipigs (Fig. S1) were scanned 

(Siemens Prisma® 3T scanner). Each animal was scanned once per 

month for a total of four scans per animal. Ages at initial scan were 2.7- 

3.0 months (weights 9.7-12.6 kg) and at final scan were 5.7-6.1 months 

(weights 22.4-31.5 kg). All studies were approved by the Washington 

University in St. Louis Institutional Animal Care and Use Committee 

and supervised by veterinary staff. Animals were sedated with Telazol- 

Ketamine-Xylazine (TKX) intramuscular injection. An IV catheter and 

endotracheal tube were placed prior to scanning, and anesthesia was 

maintained continuously with 1-2% isoflurane during scanning via en- 

dotracheal tube. Temperature, pulse, respiration, and SPO2 were mon- 

itored 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. Bean 

bags and foam padding were used to maintain a stable head position 

( Fig. 1 A). 
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Skull vibrations and shear waves in the brain were induced at a 

frequency of 100 Hz using a custom multi-directional jaw actuator 

( Guertler et al., 2018 ). Harmonic pressure was generated by an active 

pneumatic driver (Resoundant TM , Rochester, MN) and transmitted by 

plastic tubing to the passive jaw actuator, which consists of two small, 

flexible plastic bottles. After positioning the minipig, the custom actu- 

ator was inserted into the animal’s mouth, with the bottles pre-loaded 

against the rear molars to minimize slippage between the teeth and actu- 

ator. MRE was performed using three actuator configurations to produce 

different motions in brain. The three actuator configurations were: (1) 

both actuator bottles actuated in phase ( “Both ” actuation, Fig. 1 B); (2) 

only the left side actuated ( “Left ” actuation, Fig. 1 C); (3) only the right 

side actuated ( “Right ” actuation, Fig. 1 D). 

MRE phase-contrast images of the harmonic displacement field 

were acquired with 1.5 mm isotropic resolution covering a volume of 

180 ×180 ×72 mm 

3 (120 ×120 matrix, 48 slices) using a 2D multishot spi- 

ral sequence ( Johnson et al., 2013 ) with OSCILLATE ( “Observing Spa- 

tiotemporal Correlations for Imaging with Low-rank Leveraged Acceler- 

ation in Turbo Elastography ”) acceleration ( McIlvain et al., 2022 ). Mul- 

tiple sinusoidal motion-encoding cycles of gradient strength 70 mT/m 

were synchronized with motion to induce phase contrast proportional 

to displacement (1.498 microns/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. Images were spatially phase- 

unwrapped using open-source software (FSL Prelude) ( Smith et al., 

2004 ). 

T1-weighted and T2-weighted anatomical MR images were acquired 

during each scan. The image volumes were acquired at 0.8 mm isotropic 

resolution with a matrix size of 256 ×256 and 192 slices for an image 

volume of 205 mm x 205 mm x 154 mm. Two averages were acquired 

for each image set to improve signal-to-noise ratio. 

Diffusion tensor imaging (DTI) was performed to estimate WM fiber 

direction. Diffusion weighted images were acquired with the same 1.5 

mm isotropic voxel resolution and center of slice groups as the MRE 

scan but in a larger imaging volume of 192 ×192 ×72 mm 

3 (128 ×128 ma- 

trix, 48 slices) using a single-shot echo-planar imaging (EPI) acquisition. 

Diffusion images were obtained using 30 diffusion-weighted directions 

with two averages. Images were corrected for motion and eddy currents 

with TORTOISE v3.2 ( Pierpaoli et al., 2010 ), then corrected for EPI dis- 

tortion using DRBUDDI ( Irfanoglu et al., 2015 ). Nonlinear tensor fitting 

was performed to estimate the diffusion tensor at each voxel. Fractional 

anisotropy (FA) was calculated from the diffusion tensor eigenvalues 

( 𝜆1 , 𝜆2 , and 𝜆3 ), 

FA = 

√ 

3 
2 

√ (
𝜆1 − �̂�

)2 + 

(
𝜆2 − �̂�

)2 + 

(
𝜆3 − �̂�

)2 
√ 

𝜆2 1 + 𝜆2 2 + 𝜆2 3 

, (1) 

where �̂� = ( 𝜆1 + 𝜆2 + 𝜆3 )∕3 . Fiber direction was assumed to be the di- 

rection of the first principal eigenvector of the diffusion tensor (the di- 

rection of maximal diffusivity). 

2.2. Data analysis 

2.2.1. Bulk motion and dynamic deformation 

Displacement field data were checked for sign and direction con- 

sistency (Supplementary Fig. S7), and fitted to a model of rigid-body 

displacement to estimate rigid-body motion ( “bulk motion ”). Dynamic 

deformation ( “wave motion ”) was isolated by subtracting the rigid-body 

motion from the total displacement field ( Badachhape et al., 2017 ). 

2.2.2. Transversely Isotropic Nonlinear Inversion 

TI-NLI was performed on MRE displacement fields to estimate the 

stiffness and anisotropy of the minipig brain using the nearly incom- 

pressible transversely isotropic (NITI) material model ( McGarry et al., 

2021 ). Three parameters describe the response of an NITI material dur- 

ing small deformations ( Feng et al., 2013 ): 

(1) 𝐺 

∗ = 𝐺 

′ + 𝑖𝐺 

′′, the complex shear modulus in the plane of isotropy; 

(2) 𝜙 = 𝐺 

′
1 ∕ 𝐺 

′ − 1 , the relative difference in shear storage modulus for 

shear in planes perpendicular to the plane of isotropy, 𝐺 

′
1 , relative 

to the in-plane shear modulus, 𝐺 

′; 

(3) 𝜁 = 𝐸 

′
1 ∕ 𝐸 

′ − 1 , the relative difference in Young’s modulus for stretch 

along the fiber axis, 𝐸 

′
1 , relative to Young’s modulus for stretch nor- 

mal to the fiber axis, 𝐸 

′. 

At the limit of incompressibility, the two tensile moduli are related 

to these three parameters by 𝐸 

′
1 = 𝐺 

′( 4 𝜁 + 3 ) and 𝐸 

′ = 𝐺 

′( 4 𝜁 + 3 )∕( 𝜁 + 1 ) 
( Tweten et al., 2015 ). The complex shear modulus is reformulated to 

baseline shear stiffness 𝜇 = 2 |𝐺 

∗ |2 ∕( 𝐺 

′ + |𝐺 

∗ |) ( Manduca et al., 2001 ), 

and damping ratio 𝜉 = 𝐺 

′′∕2 𝐺 

′ ( McGarry and Van Houten, 2008 ). The 

baseline shear stiffness governs the wave speed of harmonic shear waves 

in the plane of isotropy, while the damping ratio describes the attenua- 

tion of harmonic motion. 

Subzone-based NLI is based on an iterative minimization of an ob- 

jective function ( Φ) for each subzone: 

Φ( 𝜃) = 

𝑁 𝑚 ∑
𝑖 =1 

{ (
𝑢 𝑚 ( 𝑖 ) − 𝑢 𝑐 ( 𝑖 ) ( 𝜃) 

)(
𝑢 𝑚 ( 𝑖 ) − 𝑢 𝑐 ( 𝑖 ) ( 𝜃) 

)∗ } 

, (2) 

where 𝑢 𝑚 ( 𝑖 ) denotes the complex-valued amplitude of the 𝑖 th displace- 

ment measurement, 𝑢 𝑐( 𝑖 ) ( 𝜃) are the analogous displacement calculated 

with the forward computational model based on the current estimate 

of the properties, 𝜃, 𝑁 𝑚 is the number of subzones and ∗ represents the 

complex conjugate ( Van Houten et al., 2001 ). In this work, 16 mm cu- 

bic subzones were used, which is near 0.75 shear waves per zone, as 

previously shown to produce stable estimates (parameter estimates are 

insensitive to variations in subzone size near this value) in NLI (Ander- 

son et al., 2017). 

TI-NLI can incorporate data (displacement fields) from multiple ac- 

tuation scenarios. Four combinations of displacement fields, BLR, BL, 

BR and LR, were used as input to TI-NLI to estimate the material prop- 

erties. The initials “B ”, “L ” and “R ” refer to displacement field obtained 

by using “Both ”, “Left, and “Right ” actuator configurations, respectively 

( Fig. 1 ). “BLR ” means the inversion uses data (wave fields) generated 

by all three actuator configurations; “BL ”, “BR ”, or “LR ” mean that data 

from the two specified configurations were used. For each inversion, the 

algorithm uses all the data from the included configurations. In a subset 

of scans, TI-NLI and isotropic NLI were performed using only data from 

a single actuator configuration. 

Images were masked prior to NLI by manually segmenting brain re- 

gions using ITK-Snap ( Yushkevich et al., 2006 ) ( Fig. 2 A-B). The medulla, 

pons, and olfactory bulbs were then removed prior to the estimation of 

material parameters since the size of these regions are relatively small 

compared to both the wavelengths of shear waves and the subzone 

size. Voxels used for NLI ( “brain volume of interest" or "brain VOI ”, 

Fig. 2 C) comprise ∼80% of total brain voxels for all scans. Voxels in- 

side this region with both FA greater than 0.2 ( Fil et al, 2021 ) and 

with diffusion consistent with a prolate or “linear ” diffusion ellipsoid 

( 𝜆1 − 𝜆2 ) > ( 𝜆2 − 𝜆3 ) ( Westin et al., 2002 ) are denoted as WM for data 

analysis ( Fig. 2 D), typically ∼25% of the brain VOI. 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 seg- 

mented and removed from all analyzed regions (brain VOI, GM and WM) 

using a threshold that eliminates hyperintense voxels in T2W images in- 

terpolated onto MRE images. Voxels with FA > 0.2 and oblate or “planar ”

diffusion ellipsoids, ( 𝜆1 − 𝜆2 ) < ( 𝜆2 − 𝜆3 ) , are not included in either WM 

or GM regions defined here. 

2.2.3. Statistical analysis 

For statistical analysis, mean values of FA and parameters estimated 

by TI-NLI (using the BLR combined data set) in each brain volume and 

WM and GM sub-volumes were treated as individual data points, with 

means and standard deviations computed over all scans. MRE data from 

animal MP1 at 3 months were dropped due to excessive phase wrap in 
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Fig. 2. (A) T2-weighted image slice in sagit- 

tal plane. (B) Brain mask used for MRE data 

processing in animal MP4 at 5 months. (C) 

Brain volume of interest ( “brain VOI ”) without 

medulla, pons and olfactory bulbs used for NLI 

in animal MP4 at 5 months. (D) White matter 

sub-volume in animal MP4 at 5 months. 

Fig. 3. Example anatomical, DTI, and MRE displacement images. (A) T1-weighted image slices in sagittal and axial planes. (B) Directionally encoded DTI color 

map where colors (red = RL, green = RC, blue = DV) indicate direction of maximum diffusivity and brightness indicates strength of anisotropy. (C) MRE data: U, V 

and W wave displacement components corresponding to RL, DV, RC motion, respectively. DTI: diffusion tensor imaging; DV: dorsal-ventral; RC: rostral-caudal; RL: 

right-left; MRE: magnetic resonance elastography. 

the raw MRE (phase contrast) images. The four mechanical parameters 

were each fitted to a linear mixed-effects model (LMEM) with age and 

tissue type (WM/GM) as predictor variables and scan date as a repeated 

measure, using the “fitlme ” function in the Matlab Statistics and Machine 

Learning Toolbox, v. R2022a (Mathworks, Natick MA). The LMEM equa- 

tion for each estimated mechanical property was of the form: 

𝑦 𝑛 = 𝑏 𝑖 + 𝑚 𝑖 𝑥 + ∈𝑘 + ∈𝑛 (3) 

where y n is the value of the mechanical property for the n th scan date, x 

is the age of the animal (in months, relative to the initial scanning age), 

m i and b i are the slope and intercept for the i th tissue type ( i = 1, 2), ∈𝑘 

is a random effect for each scan date, and ∈𝑛 is the residual error after 

fitting. The fitting was followed by an F-test to determine significance 

for each fixed effect; p < 0.05 was considered statistically significant. 

FA from DTI was analyzed using similar method, but only with age as a 

predictor variable and each pig as a repeated measure. 

3. Results 

Fig. 3 shows examples of wave motion 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; 𝑉 the component in the dorsal-ventral (DV) direction 

and 𝑊 the component in the rostral-caudal (RC) direction. The 𝑉 com- 

ponent of wave motion is the dominant component excited by all three 

actuator configurations. The maximum displacement amplitude is about 

2 μm. 

Fig. 4 shows the mean FA values calculated from diffusion tensors 

of all six animals at different ages. The mean FA values increase slightly 

with age, and a significant effect of age on FA was observed in both the 

whole brain VOI ( 𝑝 = 0 . 0022 ) and the WM sub-volume ( 𝑝 = 0 . 0009 ). 
Representative maps of shear stiffness, 𝜇, damping ratio, 𝜉, shear 

anisotropy, 𝜙, and tensile anisotropy, 𝜁 , for three axial slices of a repre- 

sentative minipig brain estimated using TI-NLI with four different com- 

binations of input fields for animal MP4 at 5 months are shown in Fig. 5 . 

The TI-NLI-estimated fields of all four parameters are similar across the 

different input combinations. Fig. 6 displays fields of voxel-wise mean 

values and standard deviations of these four parameter estimates for the 

different input combinations. The mean parameter fields appear to most 

closely resemble the parameter values obtained using all actuator (BLR) 

data. The relatively low values of the standard deviations (on the or- 

der of 10% of the mean values) indicate low variability and thus good 

repeatability of the acquisition and estimation methods. 

Fig. 7 displays representative TI-NLI-estimated material properties 

using the “BLR ” input in both the whole brain VOI and the WM sub- 

4 



S. Wang, C.A. Guertler, R.J. Okamoto et al. NeuroImage 277 (2023) 120234 

Fig. 4. (A) Mean fractional anisotropy (FA) for all six minipigs. Each marker represents the mean value for each individual minipig. (B) FA in the entire brain VOI 

(magnified scale). (C) FA in white matter (magnified scale). Lines connect data from each animal. 

Fig. 5. Mechanical properties estimated by 

NLI using different combinations of input data 

sets (each set from a different actuator config- 

uration) for three axial slices of minipig brain 

in animal MP4 at 5 months. B: “Both ” actua- 

tor configuration; L: Left ” actuator configura- 

tion; R: “Right ” actuator configuration. (A) T1- 

weighted images in sagittal and axial planes 

with axial slice position shown in sagittal im- 

age. (B) Directionally encoded DTI color map 

(red = RL, green = RC, blue = DV). (C) Shear 

stiffness ( 𝜇) . (D) Damping ratio ( 𝜉) . (E) Shear 

anisotropy ( 𝜙) . (F) Tensile anisotropy ( 𝜁 ) . 

Fig. 6. Mechanical properties estimated by NLI using all combinations of input data sets (actuator configurations) for three axial slices of minipig brain in animal 

MP4 at 5 months. (A) T1-weighted images in sagittal and axial planes with axial slice positions shown in sagittal image. (B) Directionally encoded DTI color map 

(red = RL, green = RC, blue = DV). (C, G) Shear stiffness ( 𝜇) . (D, H) Damping ratio ( 𝜉) . (E, I) Shear anisotropy ( 𝜙) . (F, J) Tensile anisotropy ( 𝜁 ) . Panels (C-F) show for 

each voxel the mean value of property estimates from the BLR, BL, BR and LR cases. Panels (G-J) show for each voxel the standard deviation of property estimates 

for the four cases. 
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Fig. 7. Mechanical properties estimated by 

NLI using the combined BLR data set for three 

axial slices of minipig brain in animal MP4 at 

5 months. The slice positions are same as in 

Fig. 6 . (A, E) Shear stiffness ( 𝜇) . (B, F) Damp- 

ing ratio ( 𝜉) . (C, G) Shear anisotropy ( 𝜙) . (D, H) 

Tensile anisotropy ( 𝜁 ) . Panels (A-D) show esti- 

mates throughout the entire brain. Panels (E-H) 

show estimates in white matter. 

volume in animal MP4 at 5 months. Estimates of damping ratio, 𝜉, shear 

anisotropy, 𝜙, and tensile anisotropy, 𝜁 , appear noticeably higher in WM 

voxels. 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. 8 . 

Some common features emerge in these six animals at 3-6 months. Mean 

values of damping ratio, 𝜉, shear anisotropy, 𝜙, and tensile anisotropy, 

𝜁 , are markedly higher in WM, and a small but consistent difference in 

baseline shear stiffness is seen between WM and GM. 

Estimated mechanical parameters in WM and GM are shown versus 

age in Fig. 9 , along with key results of the linear mixed-effects mod- 

els. Baseline shear stiffness was slightly higher in WM than GM and 

increased significantly with age in both regions ( 𝑝 = 0 . 0029 in WM and 

𝑝 = 0 . 0562 in GM). The damping ratio was higher in WM than GM, and 

did not change with age. Shear anisotropy was higher in WM than in GM, 

and did not depend on age ( 𝑝 = 0 . 5472 in WM and 𝑝 = 0 . 8048 in GM). Fi- 

nally, tensile anisotropy was greater in WM than GM. Tensile anisotropy 

appeared to decrease in both WM and GM, but the slope was not sta- 

tistically significant in either ( 𝑝 = 0 . 2072 in WM and 𝑝 = 0 . 7238 in GM). 

Overall, WM appears stiffer, more dissipative, and more anisotropic then 

GM, and tissue stiffness increases with age over this period. Numeri- 

cal values of parameter estimates are tabulated in Supplementary Table 

ST3. 

4. Discussion 

This study provides the first estimates of anisotropic mechanical 

properties by MRE during brain development in a large animal model: 

the minipig. Since minipigs are sexually mature by six months of age, 

the compressed development period positions the minipig as a valuable 

research model for adolescent brain development. We observed a sub- 

tle increase in diffusion anisotropy (FA) with age, which is consistent 

with prior studies in minipigs ( Ryan et al., 2018 ) and in adolescent hu- 

man brain WM development ( Ashtari et al., 2007 ). This is likely due to 

increased myelination of WM microstructures ( Mädler et al., 2008 ). 

A small, but statistically-significant increase in baseline shear stiff- 

ness, 𝜇, with age was observed, but no significant effects of age were 

observed on damping ratio, 𝜉, shear anisotropy, 𝜙, or tensile anisotropy, 

𝜁 . Comparing properties in WM and GM, shear stiffness, damping ratio, 

shear anisotropy and tensile anisotropy are all higher in WM than GM. A 

key point is that the higher stiffness of WM relative to GM is attributable 

to the anisotropic mechanical parameters. The baseline shear stiffness 

of WM describes only the resistance to shear in the plane normal to the 

fiber axis. However, WM behaves as an even stiffer material in all other 

deformations due to the anisotropy of WM. WM is stiffer in shear in any 

plane containing the fiber direction (due to positive shear anisotropy, 

𝜙), and WM is stiffer in tension in any direction with a component of 

fiber direction (due to positive tensile anisotropy, 𝜁). 

To improve the accuracy and robustness of mechanical properties 

and anisotropy parameter estimates, MRE was performed using data 

from three configurations of an actuator that imparted different types of 

wave motion to the brain, providing four combinations of input data for 

the TI-NLI algorithm. The three actuator configurations, “Both ”, “Left ”, 

and “Right ” lead to different motion patterns with some common fea- 

tures. The wave displacement fields are on the order of 1-2 microns, 

which are similar in magnitudes to human MRE studies performed with 

a “paddle actuator ” ( Clayton et al., 2012 ) and with a “pillow ” actuator 

( Badachhape et al., 2017 ), as well as to those in a previous study in the 

mature minipig brain ( Guertler et al., 2018 ). 

The wave fields from the three actuator configurations provide four 

combinations of input to the TI-NLI inversion algorithm, and the es- 

timated mechanical properties with these four combinations exhibit 

qualitatively and quantitatively similar patterns. Variations in estimates 

between different combinations were typically less than 100 Pa in 

shear stiffness, less than 0.02 for damping ratio, and less than 0.05 

for shear anisotropy and tensile anisotropy parameters (Supplementary 

Fig. S3). This provides evidence that the multi-excitation, TI-NLI-based, 

anisotropic MRE approach is sufficiently stable to reproducibly estimate 

these anisotropic mechanical properties in the minipig brain. Relatively 

higher standard deviations were observed near boundaries for all four 

parameters. This suggests some sensitivity of TI-NLI to the boundary 

of the computational domain where the overlapping subzones cannot 

mitigate noise in the measured displacements applied as boundary con- 

ditions ( McGarry et al., 2021 ). Shear waves also dissipate energy in the 

brain; the loss of amplitude causes the estimation of these material prop- 

erties in the center of the brain to be more affected by noise, which ap- 

parently leads to relatively higher standard deviations of estimates in 
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Fig. 8. Mean values of NLI-estimated mechanical properties for each animal, at each age, in the whole brain VOI, in white matter, and in gray matter. (A) Shear 

stiffness 𝜇. (B) Damping ratio, 𝜉. (C) Shear anisotropy, 𝜙. (D) Tensile anisotropy, 𝜁 . Error bars denote ± 1 standard deviation. 

a small central region. In a subset of scan dates, anisotropic (TI-NLI) 

and isotropic NLI were performed using only data from a single actua- 

tor configuration (Supplementary Figs. S5 and S6). While estimates of 

mechanical parameters using single data sets are similar to those ob- 

tained with data from multiple actuator configurations, using multiple 

fields appears to provide more consistent symmetry. Isotropic NLI gen- 

erates higher stiffness estimates where TI-NLI finds higher anisotropy, 

suggesting again that the higher effective stiffness of WM may be due 

to its anisotropic properties. 

Some local features of parameter fields correspond to anatomical 

features that are not captured well by the TI model. Notably, in Fig. 5 , 

very high estimates of damping ratio 𝜉, were observed for all four input 

combinations in the center part of slice II , which contains the lateral 

ventricle. Model-data mismatch in fluid regions (which are modeled 

as a viscoelastic solid in TI-NLI) might account for these high 𝜉 esti- 

mates as well as for the higher variance in this region ( Fig. 7 B). How- 

ever, regions containing fluid (such as the ventricles) are small ( < 10% 

of brain volume) and largely eliminated by CSF masks applied to NLI 

results, reducing the effects of such artifacts. TI-NLI requires regulariza- 

tion to maintain stability, leading to incomplete contrast recovery near 

high property gradients, which can make it difficult to delineate small 

structures. This is particularly evident in minipig brain due to the much 

smaller size compared to humans. 

Our estimates of shear stiffness, 𝜇, are in the range of 3500 to 4000 

Pa, and damping ratio, 𝜉, in the range of 0.1 to 0.3. The shear stiffness is 

somewhat higher than estimated in a previous study of minipig brain at 

100 Hz using isotropic MRE and local direct inversion of the wave equa- 

tion ( 𝜇 ≈ 2500 Pa, 𝜉 ≈ 0 . 2 ) ( Guertler et al., 2018 ). Differences in param- 

eter estimates may be due to the different regions included in the two 

studies, as well as to differences between the inversion methods used. 

Accounting for effects of frequency, the current estimates of shear stiff- 

ness are consistent with estimates of 𝜇 from ∼2600-2800 Pa (WM higher 

than GM) in human brain at 50 Hz using anisotropic MRE ( Smith et al., 

2022 ), and current estimates of damping are similar to estimates of 𝜉 in 

human brain at 50 Hz using isotropic MRE ( McIlvain et al., 2018 ). In 

WM, current estimates of shear anisotropy ( 𝜙) are in the range of 0.15- 

7 



S. Wang, C.A. Guertler, R.J. Okamoto et al. NeuroImage 277 (2023) 120234 

Fig. 9. Mean NLI-estimated mechanical properties of white matter and gray matter for all six minipigs. Each marker represents the mean value for an individual 

minipig at a specific age; error bars show standard deviations of these values. (A) Shear stiffness, 𝜇. (B) Damping ratio, 𝜉. (C) Shear anisotropy, 𝜙. (D) Tensile 

anisotropy, 𝜁 . 

0.25, and tensile anisotropy ( 𝜁) are between 0.35-0.55, ( Fig. 9 ), similar 

to estimates in human WM ( Smith et al., 2020 ; Smith et al., 2022 ). 

Some small negative values of 𝜙 and 𝜁 are occasionally observed, es- 

pecially in GM. Negative 𝜙 means that the material appears softer when 

sheared in planes parallel to the estimated dominant fiber direction than 

in planes perpendicular to the fiber axis. This could be plausible physi- 

cally, depending on how the fibers interact with the surrounding matrix 

material. However, the most likely explanation is that the estimated 

“fiber axis ” does not actually represent a dominant fiber direction, but 

simply the direction of maximal diffusivity, which is almost random in 

(nearly) isotropic GM. A prior simulation study ( McGarry et al., 2021 ) 

showed that added noise in fiber direction does affect estimates, but 

the impact is relatively small: less than 10% decrease in anisotropy esti- 

mates occurred at high (50%) noise levels. Similarly, negative 𝜁 means 

that the material appears softer when stretched in the direction of maxi- 

mal diffusivity. This could happen in a truly fibrous material if fibers are 

softer than matrix, but is more likely if the direction of maximal diffu- 

sivity is not actually a dominant fiber direction. In GM, there is no clear 

association of “direction of maximal diffusivity ” with any fiber axis. In 

materials where the true value of a parameter is zero, it is natural for 

estimates to vary, in both plus and minus directions. Therefore, in GM, 

which appears close to isotropic, small negative values of 𝜙 and 𝜁 are to 

be expected. 

We observed a small increase in shear stiffness, 𝜇, with age in both 

WM and GM, consistent with prior studies of brain maturation in the 

mouse ( Guo et al., 2019 , Pong et al., 2016 , Shulyakov et al., 2011 ), 

and the adolescent human brain ( Ozkaya et al., 2021 ). No statisti- 

cally significant changes in damping ( 𝜉) or mechanical anisotropy ( 𝜙

or 𝜁) with age were detected. The lack of effect of age on damping is 

consistent with prior studies in the human brain ( Hiscox et al., 2018 ; 

McIlvain et al., 2018 ). Tensile anisotropy exhibits a slight tendency to 

decrease with age, particularly in WM, although this effect is not sta- 

tistically significant ( 𝑝 = 0 . 2072 in WM). This trend might be related to 

myelination, intracellular cytoskeletal linkages and cell-matrix attach- 

ment ( Weickenmeier et al., 2016 ). While myelination increases diffusion 

anisotropy (FA), its effects on mechanical anisotropy are not clear. We 

speculate that a larger density of oligodendrocytes might increase WM 

stiffness perpendicular to fiber direction more than its stiffness parallel 

to the fiber axis, thus decreasing tensile anisotropy. 

We acknowledge several limitations of this study. First, the minipig 

brain is small ( < 110 cm 

3 ), so that even using state-of-the-art imaging 

sequences and technology, images are acquired at a lower resolution, 

relative to brain anatomical structure, than typical human scans. Ad- 

ditionally, only female minipigs were used in this study. Future stud- 

ies should also include male minipigs to clarify the effect of gender in 

brain development. Another limitation of this study is that MRE was 

performed at only one frequency (100 Hz). Inversion methods currently 

under development will allow us to incorporate data from multiple fre- 

quencies and enable us to model frequency-dependent behavior in the 

anisotropic parameters. The current NITI material model is designed to 

capture behavior of a material with a single dominant fiber direction. 

Parameter estimates will be inaccurate or difficult to interpret in re- 

gions with crossing fibers, as in some regions of brain WM. Such regions 

were assumed to correspond to voxels with “planar ” diffusion ellipsoids, 

which were excluded from both the GM and WM regions analyzed in the 

current paper. Recent and ongoing work is aimed at incorporating mate- 

rial models into NLI to describe tissue with two fiber families ( Hou et al., 

2021 ). Isotropic viscosity was assumed in the current study for simplic- 

ity; the accuracy of this assumption should be investigated in future 

studies. The minipig’s fully gyrencephalic brain and compressed WM 

maturation period make it an attractive model of human brain devel- 

opment, although an intrinsic limitation of all animal models is the in- 

ability to directly translate research findings to humans. Future work is 

warranted to systematically explore changes in anisotropic mechanical 

properties during human brain development. 

5. Conclusion 

This study is the first to investigate anisotropic mechanical proper- 

ties in a large animal model during brain development. MRE data were 
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collected from multiple shear wave fields in the minipig brain and com- 

bined with DTI-derived fiber directions to estimate anisotropic mechan- 

ical properties by a novel inverse-FEM inversion method: TI-NLI. WM in 

the minipig is more anisotropic than GM, both structurally and mechan- 

ically, as well as more dissipative. WM is stiffer than GM, even when de- 

formed in the plane of isotropy normal to the fiber axis; this difference in 

stiffness is amplified significantly by anisotropy when deformed in other 

planes. Brain development in the minipig from 3-6 months is associated 

with increasing tissue stiffness and increasing diffusion anisotropy, but 

no clear changes in damping or mechanical anisotropy. Anisotropic me- 

chanical properties of brain tissue are of fundamental biophysical sig- 

nificance, and future studies with anisotropic MRE may improve our 

understanding of normal brain structure and function during develop- 

ment, aging, injury, and disease. 
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