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S1  Gel Phantom
S1.1  Methods 
[bookmark: _Hlk162856842][bookmark: _Hlk162535529]Fig.  S1.1a shows an acrylic cylinder filled with Sylgard™ 527 gel, mixed in a 1:1 ratio of part A to part B (Tan et al., 2022) next to the FE model of the gel phantom. The mass of this phantom was 2.05 kg with a gel height and inner diameter of 174 and 113 mm, respectively. The image volume of MRE scans were 240240144 mm3 with a 3mm voxel resolution. The cylindrical FE model of the gel phantom is based on the geometry and material properties of Sylgard 527 gel phantom. The geometry of cylinder phantom was created in ABAQUS (v. 2021, Dassault Systemes Simulia Corp.) with 15,112 hybrid quadratic tetrahedral elements of type C3D10H. The length and radius of the phantom model are 173 and 57 mm, respectively.
A linear viscoelastic model with Rayleigh damping was chosen to represent the material properties of the Sylgard 527 gel phantom. We used a mass density of  with a shear modulus of  kPa for the FE model. We specified Rayleigh damping to be proportional to the stiffness with  s (in this damping model stress ); see Online Resource Reference for ABAQUS documentation. Both shear modulus and Rayleigh damping were estimated from inversion of the MRE data. 
[bookmark: _Hlk162535572]All surfaces of the phantom model have constraints on five degrees of freedom except the free surface in green color shown in Fig S1a. The only remaining free degree of freedom in these surfaces is the rotation around the cylinder axis (z-axis) which has a prescribed rotation of (corresponding to a complex-valued rotation coefficient of
 ). Simulated strain fields from applied harmonic motion at 20 Hz were compared to strain fields experimentally measured by MRE for a set of ten adjacent 2D axial slices (normal to the longitudinal axis) near the middle of the gel phantom. 
S1.2 Comparison of Predicted and Measured Strain Fields in the Gel Phantom
Fig. S1b shows the real component of the shear strain, , for a gel phantom experiment involving 20 Hz harmonic motion and a phantom model simulation at the same frequency.
Fig. S1c shows the comparison of the gel phantom’s experimental strain and the strain of the simulated phantom in terms of  and . In the comparison of the experimental MRE gel phantom and the simulation phantom, highly similar strain fields generate bright regions in the  domain. These regions together also exhibit a  of 0.87 for the entire comparison domain. Around the edge of the experimental phantom strain data, there is an area with very low estimated strain, which is an artifact of numerical differentiation of displacement fields near the boundary. We deliberately included this artifactual low-strain region in the comparison to demonstrate that  is capable of capturing this disparity. 
[image: A red white and blue circles
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Fig. S1  Gel phantom MRE experiment and simulation. (a) a photo of gel phantom and ABAQUS model. (b) Strain components,  for 20 Hz harmonic motion in the middle slice. (c) Local () and global () strain field correlations for the gel phantom. The scale bar (white) represents 57 mm


S2  Participant Information
Participant data are included in the Brain Biomechanics Imaging Resource data repository on the Neuroimaging Tools and Resources Collaboratory (Bayly et al. 2021).  
Table S1  Information about six participants in MRE experiments involving multi-frequency harmonic motion induced by a lateral actuator.
	Participant ID
	U01 ID
	Sex
	Age
	BrainVolume cm3
(including ventricles)

	
P01

P02

P03

P04

P05

P06

	
U01_WUSTL_0009_01

U01_WUSTL_0014_01

U01_WUSTL_0006_01

U01_WUSTL_0007_01

U01_WUSTL_0008_01

U01_WUSTL_0026_01
	
F

F

M

M

M

F
	
23

25

27

31

26

20
	
1246.69

1198.75

1273.68

1531.11

1323.56

1254.49

















Table S2  Participant-specific rigid-body motion complex-valued rotations and translations estimated from MRE images
	Frequency & Participant ID
	X-rot


	Y-rot


	Z-rot


	X-trl



	Yrot



	Z-rot



	20 Hz
	
	
	
	
	
	

	P01
	0.0134- 0.0367i
	0.0742- 0.2342i
	0.2145- 0.1811i
	-18.9538+
25.9197i
	2.2671-
2.1350i
	1.9588-
0.8100i

	P02
	-0.0447+
0.0885i
	0.2986-0.0178i
	0.2728+
0.0942i
	4.7649+
45.7106i
	-9.8487+
13.4011i
	1.3733+
0.1297i

	P03
	-0.0406+
0.0573i
	0.1592- 0.1055i
	0.0204- 0.0728i
	-15.033+
31.5081i
	-23.9983+
19.9763i
	7.1004+
0.4010i

	P04
	0.0132+
0.0320i
	0.0378- 0.2115i
	0.0897- 0.1150i
	-19.2577+
22.0507i
	-8.7700+
1.9636i
	-1.0194+
2.2153i

	P05
	-0.0299-0.0255i
	0.1372-0.0672i
	0.1887-0.0746i
	-18.597+
8.6616i
	9.1662+
0.9401i
	1.6934-
0.7849i

	P06
	0.0713+
0.0113i
	0.0889-0.0282i
	0.5927-0.1562i
	0.2541+
30.5269i
	-9.5843-
2.6684i
	-1.6449-
1.2847i

	30 Hz
	
	
	
	
	
	

	P01
	0.0267- 0.0094i
	0.0029- 0.0364i
	0.0881- 0.0931i
	-3.6687- 5.3737i
	-1.6394- 6.1510i
	-0.9295+
1.1940i

	P02
	0.0032+
0.0121i
	0.0533-0.0822i
	0.1453-0.0291i
	-30.8422+
4.5509i
	-3.9687-2.8587i
	1.0797-0.1551i

	P03
	-0.0247+
0.0255i
	0.0013- 0.0413i
	-0.0682- 0.0432i
	-17.1282+
3.2401i
	-8.8465+
11.0725i
	-1.1891- 1.3871i

	P04
	-0.0051+
0.0055i
	-0.0577- 0.0768i
	0.0270- 0.0780i
	-20.9375- 8.2116i
	-2.5345- 2.9342i
	-2.3365+
1.4631i

	P05
	0.0401+
0.0082i
	0.0365-0.0406i
	0.1045-0.0227i
	-19.8304+
2.2129i
	-8.4828+
0.6414i
	4.923+
1.5773i

	P06
	0.0242-0.0167i
	0.0653-0.1246i
	0.1527-0.0887i
	-35.2004+
5.0073i
	1.3068-7.4439i
	0.5779-1.3256i

	50 Hz
	
	
	
	
	
	

	P01
	-0.0026+
0.0012i
	0.0212+
 0.0139i
	0.0103+
0.0006i
	9.0719+
4.3164i
	1.5626+
1.4262i
	-1.7659+
0.0999i

	P02
	-0.0042-0.0017i
	0.0314+
0.0124i
	0.0272-0.0168i
	10.3137+
4.8712i
	3.2059+
2.1828i
	-0.1076+
0.6534i

	P03
	-0.0028- 0.0009i
	0.0100+
0.0208i
	0.0375+
0.0040i
	8.7532+
0.4425i
	5.2948+
0.3907i
	-1.9793- 0.3832i

	P04
	-0.0095+
0.0030i
	-0.0075+
0.0202i
	-0.0124+
0.0092i
	8.7756- 5.2412i
	2.7121+
2.7820i
	-1.4899- 0.2555i

	P05
	-0.0026-0.0003i
	-0.0042+
0.0024i
	-0.0043+
0.0071i
	2.244-1.2811i
	1.239+
0.2444i
	-1.4033+
0.2011i

	P06
	-0.0058-0.0024i
	-0.0048+
0.0010i
	-0.0025+
0.0088i
	8.7931-2.5938i
	3.4773+
1.6852i
	-0.5515+
1.2045i





S3 Material Models and Parameters
[bookmark: _Hlk162605419]The viscoelastic behavior of both head models in ABAQUS follows a classical description of relaxation modulus defined by an N-term Prony series, as shown in the equation below (Jung et al., 2016):
	,
	(S1)



where  is the time-dependent effective relaxation shear modulus,  is the long-term shear modulus,  is the modulus contribution for each term,  is the time constant for each term, and N is the total number of Prony series terms, which is 2 for this study. Equation (S1) can be converted to a frequency-domain representation of viscoelastic properties by using the Laplace transform, resulting in
	 ,
	
(S2.a)

	 .
	
(S2.b)


Here,  and  are frequency-dependent storage and loss shear moduli, respectively. 
We used the LVE material model for Model 1, but we simulated Model 2 using both hyperelastic viscoelastic (HVE) and LVE models in order to test the effect of hyperelasticity on the ABAQUS simulation analysis. The hyperelastic material model that was used for Model 2 is based on Ogden’s strain energy definition in ABAQUS, see Online Resource Reference for ABAQUS documentation,
	 ,
	(S3)      


where  is the -th contribution of the initial shear modulus to each Ogden term,  are deviatoric principal stretches amplified by the Ogden parameter ,  determines the compressibility of the material and is inversely proportional to the bulk  modulus, and  is the elastic volume change due to the strain at a given material point. 
Since we used a linear perturbation step in ABAQUS for simulations, we expected the response to be linear, which can be verified using the  comparison metric (defined in the Methods, Section 2.6.2). We found a  value very close to 1, showing an exceptionally high similarity between the HVE and LVE simulations and rendering a choice between the two material models unnecessary for a linear perturbation analysis. Here, in the following tables, we provide material parameters for the two models in this paper.
Table S3  LVE and elastic material parameters in Model 1.  is the long-term elastic modulus and  is the Poisson’s ratio.  is the yield stress and is the plastic strain. References for properties: Y. Li et al. (2021) and Garcia-Gonzalez et al. (2017)
	Region 
	Material model
	Parameters

	CSF, Ventricles


Gray, White

	LVE


LVE

	




	Falx

Scalp

Skull
	        Elastic

Elastic

Elastic

Plastic
	




  at  






Table S4  HVE properties for Model 2. Bulk modulus () is 1.46 GPa and density () is 1040 kg/m3 for HVE regions.  is the long-term shear modulus. HVE properties are based on Alshareef et al. (2021)
	[bookmark: _Hlk158820033]HVE regions 
	
	
	
	
	
	

	Deep Gray
Cerebrum Gray
Cerebellum Gray
Corpus Callosum
Cerebrum White
Cerebellum White
Brainstem
	2054.32
1408.37
1779.86
2286.32
1839.64
2371.69
1920.79
	4.9243
-3.7557
2.7137
-2.3188
-3.4657
2.7137
2.6089
	0.7515
0.7354
0.6339
0.6848
0.7641
0.6352
0.6216
	0.0458
0.0475
0.0549
0.0522
0.0443
0.0614
0.0687
	0.9416
1
1.4
1.2
0.9009
1.4
1.2
	29.20
29.6
31.5
30.8
28.9
31.5
25



Table S5  LVE and elastic material parameters in Model 2. E is the long-term elastic modulus,  is the Poisson’s ratio. These properties are based on Alshareef et al. (2021) except for the ventricles’ properties that depend on a modified  based on Model 1
	Region                 Model              Parameters

	SAS                      LVE                 
 = =
Ventricles              LVE                

Falx/Tentorium     Elastic              
Foramen                Elastic                                  Skull                      Elastic            


 










S4  Model 1 Registration
[image: A screenshot of a computer generated image

Description automatically generated]
Fig. S2  Reconstruction and registration of the pseudo-anatomical (PA) image of Model 1 to the MNI-152 atlas. (a) Finite element Model 1 with tetrahedral elements in ABAQUS. (b) Centroids of Model 1 elements interpolated on a three-dimensional grid 240240180 with 1 mm voxel resolution using a custom code in MATLAB. (c) Reconstructed PA image in the first column is rigidly registered to the MNI-152 atlas image in the last column and the result is shown in the second column. ANTs affine and SyN registration is applied to the rigidly registered image in the second column to generate a fully registered model image in the third column. MNI-152 atlas image has a dimensionality of 241286241 with 0.8 mm voxel resolution. Scale bars (white, green, and red) represent 10 cm respectively in axial, coronal, and sagittal views in MNI-152 atlas space






S5  Supplementary Results
Here, we present all components of strain tensor as complementary results for Fig. 4.
[image: A screenshot of a computer
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Fig. S3  In-plane strain patterns from harmonic motion in human MRE experiment (participant P01) and from simulations of two head models. Scale bars (white, green, and red) represent 10 cm respectively in axial, coronal, and sagittal views
[image: A screenshot of a computer screen
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Fig. S4  Out-of-plane strain patterns from harmonic motion in human MRE experiment (participant P01) and from simulations of two head models. Scale bars (white, green, and red) represent 10 cm respectively in axial, coronal, and sagittal views






Fig. S5 shows the effect of changing the kernel size from 171717 (the selected size in the paper) to other sizes.
[image: A screenshot of a computer screen
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[bookmark: _Hlk160383741]Fig. S5  Local correlation () results for comparison of simulated strain fields from Model 2 to strain fields measured in the MRE experiment (participant P01). Calculated  for kernel dimensions of (a) 7, (b) 17, (c) 25, and (d) 35 voxels in each three spatial directions with 0.8 mm voxel resolution for 20 Hz harmonic motion. As the color bar indicates, the similarities of  range from low to high on a scale of 0 to 1, with 1 being the highest similarity possible. The scale bars in white, green, and red represent 10 cm respectively in axial, coronal, and sagittal views






Fig. S6 shows that  cumulative distributions do not change substantially before and after registration.
[image: A graph with different colored lines
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Fig. S6 Strain magnitude () cumulative distribution based on a normal distribution fit for Model 1 data with loading from MRE experiment with participant P01. Registration only minimally affects the cumulative distribution of .  Cumulative distributions of a standard normal distribution are created and shown for 20 Hz, 30 Hz, and 50 Hz frequencies of harmonic motion for fully registered (“reg”) and original (“org”) strain fields using MATLAB

Online Resource Reference
ABAQUS/Standard User's Manual, v. 6.6 (Dassault Systemes Simulia Corp.).
https://classes.engineering.wustl.edu/2009/spring/mase5513/abaqus/docs/v6.6/index.html. Accessed 11 July 2024
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