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Original Article

Rapid determination of internal strains in soft tissues using an 
experimentally calibrated finite element model derived from 
magnetic resonance imaging
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Background: Finite element models (FEMs) of medical images can provide information about the 
underlying tissue that cannot be obtained from the original images. Preforming an accurate simulation 
requires the careful experimental calibration of boundary conditions. Here we describe a method for deriving 
a geometric mesh for soft biological materials using a magnetic resonance imaging (MRI) system, and an 
experimental workflow for calibrating the boundary conditions and optimizing the mesh density in these 
simulations.
Methods: A three-dimensional image stack of a ballistic sphere gel, a bovine caudal intervertebral disc (IVD), 
and a human lumbar IVD were generated using a positional MRI system. These images were then segmented 
using a semi-automated process, converted to a tetrahedral mesh, and then modeled as a linear elastic solid. 
The mesh density was optimized based on simulation time and convergence with the experimental results. 
The modulus of the ballistic gel was determined experimentally, while the material properties for the 
nucleus pulposus (NP) and the annulus fibrosus (AF) within the bovine and human IVDs were assigned from 
literature. The simulation for the spherical gel and the bovine IVD matched the reaction forces determined 
experimentally in compression. We then simulated a 0.3 MPa compressive load on the human lumbar IVD at 
the optimal mesh density and material properties determined from the bovine model and then examined the 
resultant internal strains.
Results: The scaled mesh density demonstrated excellent correspondence with the experimental results, 
confirming that accuracy was not compromised. Both the ballistic gel and the IVD samples exhibited a wide 
range of internal strains. The NP of the IVD underwent greater deformation than the AF under loading.
Conclusions: This study validated a strategy for mesh optimization and FEM of soft biological materials 
from data generated from MRI scans. This calibrated approach allows for the rapid examination of internal 
strain distributions medical images that can be performed on the order of minutes. 
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Introduction

Magnetic resonance imaging (MRI) is commonly utilized 
in medical imaging to visualize hydrated structures such 
as tendon, cartilage, and intervertebral discs (IVDs) (1-3). 
MR imaging allows for differentiation between underlying 
tissue structures, and is informative for the diagnosis of 
injury and disease (4-6). A three-dimensional image stack 
from an MRI system provides the opportunity to examine 
tissue structures in a noninvasive manner, and build finite 
element models (FEMs). FEMs make it possible to simulate 
local tissue behavior to investigate loading conditions that 
are not feasible to examine experimentally (7-10). Applied 
to medical images, FEM also allows the evaluation of 
internal strains resulting from injurious and physiological 
loading scenarios. The accuracy of this type of simulation 
relies on experimentally calibrated boundary conditions that 
are dependent on the image acquisition protocol and MRI 
system.

To determine the feasibility of converting MR images 
of biological soft materials into a FEM, geometric meshes 
were generated by scanning a ballistic gel (commonly used 
to mimic human tissues) and a bovine IVD motion segment 
using a 0.6 Tesla (T) MRI system. The experimental design 
allowed the validation of the boundary conditions of these 
materials under loaded conditions and optimization of the 
mesh density used in the models. In this study, the ballistic 
gel simulations converged and generated a distribution of 
internal strains consistent with the strain distributions of a 
homogeneous soft material under compression. The bovine 
IVD simulations showed that the nucleus pulposus (NP) 
experiences greater strains than the annulus fibrosus (AF). 
When applied to a human lumbar IVD image stack using 
the approximate axial weight of an adult male torso, the AF 
and NP internal strain distributions similar to the loaded 
bovine IVD. Taken together, this approach can be broadly 
applied to soft biological materials to examine the internal 
strains experienced during physiological loading.

Methods

Determination of boundary conditions

Spherical ballistic gel
Ballistic gel (Gelatin#0, Hummic Medical, Greenville, SC, 
USA) was formed into a spherical gel with a diameter of 
68 mm using a 3D printed mold. The spherical gel was 
inserted in a custom-built compression device made by two 
parallel acrylic plates, attached by four 6-cm long screws 

that allowed for height adjustment of the upper plate. A fluid 
based pressure sensor (iScan, Tekscan, Boston, MA, USA) 
was placed underneath the spherical gel to record the total 
force transmitted through the ball from the compression 
test. The spherical gel was compressed in steps of 5% total 
deformation until a 25% total deformation (17 mm) was 
achieved. The total compression force (N) was divided by the 
cross sectional area (mm2) at the mid-height (34 mm) of the 
ball to calculate an average stress (MPa).

Bovine functional spine unit (FSU)
A bovine FSU consisting of vertebrae-IVD-vertebrae was 
obtained from an ox tail approximately 6 months of age 
from a local abattoir. The FSU was tested intact to maintain 
the soft tissue constraints around the IVD. The IVD had 
a height of 10 mm measured from an MR image. The 
specimen was compressed until it reached 20% deformation 
of the IVD (2 mm) using a 5866 model Instron (Instron, 
Norwood, MA, USA) in displacement control mode. A 
maximum force reading was obtained from the Instron 
during compression. The total compressive force (N) was 
divided by the cross sectional area (mm2) at the mid-height  
(5 mm) of the IVD, determined using a digital xray taken from 
three orthogonal views, to calculate an average stress (MPa).

Image acquisition and mesh creation

A positional MRI system (Fonar, New York, NY, USA) 
(pMRI) was used to image the spherical gel, bovine IVD, 
and a human participant (imaged in standing). The human 
participant that gave informed consent based on previous 
criteria (3). Images were obtained from a 0.6T pMRI (Fonar, 
New York, NY, USA) using a 3-plane localizer to acquire 
sagittal T2 weighted images (repetition time =610 ms,  
echo time =17 ms, field of view =24 cm, acquisition 
matrix =210×210, slice thickness =3 mm, no gap, scan 
duration =2 min) (3,11), resulting in voxels of 3 mm × 
1.5 mm × 1.5 mm from the pMRI scan. Segmentation 
of this volumetric pMRI data was performed using an 
image analysis software, Amira (Visage Imaging, Inc., San 
Diego, CA, USA). The segmentation technique combines 
auto-thresholding and manual segmentation utilizing 
image histograms to statistically separate voxels from 
the foreground and background of the image. The auto-
threshold uses an upper and lower limit that is chosen 
based on the resolution and pixel intensity of the original 
image. A 3D tetrahedral model, which allows 6 degrees of 
freedom: 3 translational and 3 rotational, was generated 
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and imported into Abaqus CAE (Dassault Systemes 
Americas Corp., Waltham, MA, USA) for FE analysis.

The L4/L5 motion segment was contoured from the 
lumbar spine MRI prior to segmentation. For both the 
bovine and human IVDs the value for auto-thresholding 
was obtained by averaging the two IVDs, and for the 
spherical ball only one auto-threshold value was used to 
separate the foreground (ball) from the background (air). 
These values determined the separation between the AF and 
NP where intensity values above the range were considered 
NP. After application of the auto-thresholding, manual 
segmentation was performed to clean up the image by 
smoothing out areas of intersection and pixel islands. The 
resulting image stacks were first segmented on the YZ-plane 
by thresholding and removing islands of pixels. Manual 
segmentation was then done on the XY- and XZ-planes 
to clean up the disconnected voxels. A surface model was 
then generated with a marching cubes algorithm (12). The 
AF and NP were given unique labels and faces to provide 
two meshes. The number of faces were adjusted, and the 
models were checked for any anomalies on the surface 
such as Intersections test, Closedness test, Orientation test, 
Aspect ratio (<20), Dihedral angle (>10) and Tetra quality 
(<20). Tetrahedral models were subsequently generated and 
exported to Abaqus.

Simulations

Spherical ballistic gel
The segmented mask of the spherical ballistic gel was 
exported into Abaqus. To replicate the experimental 
conditions in Abaqus, block parts were created to simulate 
the compression test. The block parts were placed over 
and under the sphere model. The sphere model used a 
10-node quadratic tetrahedron element (C3D10) and 
the blocks generated in Abaqus used a 20-node quadratic 
brick, reduced integration element (C3D20R). The blocks 
were made of acrylic plastic and therefore had a material 
properties of E =3.10 GPa, and ν =0.3 (Matweb). The 
sphere ballistic gel material properties were determined 
experimentally to be E =0.03 MPa and ν =0.3. The 
interaction between the sphere and the blocks were given 
a friction penalty of 0.5 and the displacement of the upper 
block was 17 mm in the negative Z-direction to simulate 
approximately 25% deformation. The lower block was fixed 
(ENCASTRE U1 = U2 = U3 = UR1 = UR2 = UR3 =0). 
Furthermore, the Z-axis of the sphere was fixed in the X- 
and Y-direction to stabilize the sphere during compression.

Bovine FSU
The generated files for the AF and NP from the bovine 
functional spinal unit were imported into Abaqus for 
simulation. Material properties of a human IVD were 
used instead of bovine IVD. The material properties are 
E =4.2 MPa and ν =0.45 for the AF and E =0.2 MPa and  
ν =0.49 for the NP (13). The mesh for the AF was a 10-node 
quadratic tetrahedron elements (C3D10). The mesh for 
the NP was a 10-node quadratic tetrahedron with a hybrid 
element (C3D10H) due to its high Poisson’s ratio. The 
interaction between the AF and NP had a friction penalty 
of 0.2 and a tie constraint between the AF and NP was 
created. Boundary conditions were applied to the inferior 
and superior side of the AF where the inferior side was fixed 
(ENCASTRE U1 = U2 = U3 = UR1 = UR2 = UR3 =0) and 
the superior side was assigned a vertical displacement in the 
negative Z-direction of 2 mm.

Human IVD
The generated 3D tetrahedral model of the human AF 
and NP were imported as an input file into Abaqus CAE 
for FE analysis. Healthy human IVD material properties 
were used E =4.2 MPa and ν =0.45 for the AF; E =0.2 MPa 
and ν =0.49 for and NP (13). The mesh for AF was a 10-
node quadratic tetrahedron element (C3D10). The mesh 
for NP was a 10-node quadratic tetrahedron with a hybrid 
element (C3D10H) due to its high Poisson’s ratio. The 
interaction between the AF and NP had a friction penalty 
of 0.2 and a tie constraint between the AF and NP was 
created. Boundary conditions were applied to the inferior 
and superior side of the AF where the inferior side was fixed 
(ENCASTRE U1 = U2 = U3 = UR1 = UR2 = UR3 =0) and 
the superior side was assigned a traction force of 0.3MPa, 
which correspond to the approximate static forces imposed 
on the lumbar spine in standing. This was applied uniformly 
across the superior surface at the angle of the L4/L5 IVD.

Mesh convergence study

To compare experiment and simulation, mesh sizes were 
down scaled using a successive marching cubes algorithm 
that resulted in fractions of the original number of faces 
from the initial surface model. Fractions from 5–75% of 
the original number of faces were selected to optimize 
computing time and the mesh density. The simulations 
were allowed to converge, and the resulting boundary 
stresses were then compared with those obtained from the 
experiments.
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Results

Soft biological material finite element generation  
(Figure 1)

A sphere gel and bovine IVD were imaged using a pMRI 
(Figure 1A,D) and then converted to meshes of varying 
densities ranging from 0.1 to 0.75 of the initial number. 
Two representative meshes which have a mesh density of 0.3 
of the initial number of faces show that the native geometry 
is preserved (Figure 1B,E). All simulations successfully 
converged and the typical runtime for simulations varied 
from 6 minutes to 2 hour and 30 minutes depending on 
mesh density. Stress distributions from the FEMs were 
obtained and displayed in a cut view for the sphere gel and 
bovine IVD models (Figure 1C,F).

Mesh convergence of models

A convergence test was performed on each model using 
the experimental results. The mesh size was normalized 
to the initial number of faces by dividing by the initial 
number of faces. The sphere gel needed five different mesh 
sizes to achieve an asymptotic curve that approached the 

experimental results (Figure 2A). The bovine IVD required 
seven different mesh sizes to obtain a convergence curve 
(Figure 2B). The optimal mesh size was found to be around 
a third of the original maximum mesh where the simulated 
value intersected the experimental results. The experimental 
stress value for the sphere gel is 1.42 MPa and for the 
bovine IVD is 3.03 MPa.

Internal strain distributions

The ballistic gel showed a diverse range of principal and 
shear strains (Figure 3). The NP and AF compartments in 
the bovine IVD exhibited distinct distributions of principal 
and shear strains (Figure 4).

Human lumbar IVD

The optimal mesh density of 0.3 determined by our 
convergence study was used on an MRI stack of a human 
L4/L5 disc (Figure 5A,B,C). The simulation generated 
internal strain values (Figure 5D) for the AF and NP. 
Similarly to the bovine IVD, the NP has a different strain 
distribution from the AF.

Figure 1 (A) A image stack of the spherical gel obtained from the pMRI system. (B) A 3D view of one of the sphere gel meshes in 
Abaqus. (C) A cut view of one simulation of the sphere gel stress distributions during compression. (D) MR image of the bovine IVD. 
(E) The 3D view of one of the bovine IVD meshes in Abaqus. (F) The cut view of one simulation of the bovine IVD under compression 
showing the stress distribution of the model. MRI, magnetic resonance imaging; IVD, intervertebral disc.

MRI view 3D view 3D cut viewB CA

MRI view 3D view 3D cut viewE FD



61Quantitative Imaging in Medicine and Surgery, Vol 10, No 1 January 2020

© Quantitative Imaging in Medicine and Surgery. All rights reserved.   Quant Imaging Med Surg 2020;10(1):57-65 | http://dx.doi.org/10.21037/qims.2019.10.16

Discussion

This study developed and validated an MRI-based FEM 
in multiple soft biological materials. Although FEM can 
be conducted with far more sophisticated assumptions, 
material models, and meshing strategies, the sophistication 
comes at the expense of computation time (14-23). Here we 
demonstrated that it is possible to conduct these simulations 
in around six minutes using a standard desktop computer, 

enabling the possibility of rapid examination of patient 
models in a clinical setting. We also employed the technique 
on one model of a human L4/L5 motion segment with a 
runtime under 10 minutes.

The ballistic sphere gel and bovine IVD were meshed 
from volumetric MR images and then calibrated against 
displacement controlled experiments as the boundary 
conditions. The derived optimal mesh size from the voxel 
based images is about a third of the initial number of faces. 

Figure 2 The mesh convergence studies for the two soft biological materials. (A) The sphere gel’s simulation and experiment converges at a 
mesh size of a third of the maximum mesh density based on the MR images. (B) The bovine IVD simulation and experiment approach each 
other at a similar proportion of the maximum mesh density of a third of the total. MR, magnetic resonance; IVD, intervertebral disc.
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Figure 3 The internal normal strains and shear strains for the ballistic sphere gel. The strain directions are represented by the following 
key, 1= x direction, 2= y direction, 3= z direction, 12= xy plane, 13= xz plane, 23= yz plane. The LE33 is shown as negative strain because the 
loading condition is applied in the negative z direction. LE11 and LE22 are slightly skewed positively and are centered at 0.05.
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Using these calibrated models, we observed a range of 
internal strains in the NP and AF within the bovine IVD. 
This technique could be applied to any soft biological 
material examined using a three dimensional clinical 
imaging modality such as ultrasound. The thresholding 
and mesh generation from MR images is most efficient for 
contrasting hydrated tissues, such as the bovine IVD where 
two the components, NP and AF, contain distinct levels 
of hydration. Leveraging this principle, we believe this 
technique will be applicable to in vivo measurements due to 
the increased hydration in various tissues of interest.

The mesh generated from the DICOM image stacks 
can be reduced by as much as one third and still converge 
with the experimental results, suggesting that tissues of 
this geometry at this scale are not overly sensitive to the 
meshing density. In the bovine IVD, we achieved excellent 
correspondence with experimental results at a mesh density 
ratio 0.30 or higher. At this ratio, the computation time was 
reduced by 3.5 fold compared to the 0.8 mesh ratio. The 
simulations for mesh density ratios above 0.3 were all within 
5% of the experimental measurement, while the sphere gel 

simulations with mesh ratios above 0.2 are within 6% of 
the experimental condition. These results suggest that the 
simulation has minimal improvement with increased mesh 
density, thus only increasing the run time of the model.

In the ballistic gel, which is a homogeneous material, 
the material properties can be experimentally determined. 
In the bovine IVD, we relied on published values of 
modulus and Poisson’s ratio for a healthy human AF 
and NP (13). This allowed us to examine the internal 
strain behavior within these two compartments, enabling 
effective modeling of the healthy IVD under non-
damaging conditions. Accordingly, simulations showed 
that the bovine NP experiences greater internal strains 
than the AF similar to what has been observed in previous 
axial compression tests (18). It is worth noting that more 
sophisticated constitutive models can be implemented 
in order to capture damage and nonlinear processes, 
though the complexity would increase computation 
time. Though there are other efforts to model soft 
tissues from MR images using high field strength MRI 
(17-20,23), however, these were acquired in the supine 

Figure 4 The internal normal strains and shear strains for the bovine IVD. The annulus fibrosus and nucleus pulposus data are overlaid. 
The strain directions are represented by the following key, 1= x direction, 2= y direction, 3= z direction, 12= xy plane, 13= xz plane, 23= yz 
plane. The nucleus has a slightly larger strain than the annulus. LE33 is shown as negative strain because the load was applied in the negative 
z direction. IVD, intervertebral disc.
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position with minimal axial loading. Imaging combined 
with in situ loading is valuable for determining the load-
response of articular cartilage and the IVD (14-16),  
but this approach has not yet been implemented in living 
humans. We have previously shown that the lumbar 
spine undergoes non-uniform segmental adaptations in 
standing (3), and the simulation conducted here is based 
on a standing image, which may be more relevant in 
loading-induced low back pain (24-26). Applying this 
approach to the MRI of the human lumbar segment in 

the upright position, we are able to model the internal 
strains based on the true geometry of the lumbar 
alignment in standing. Because the lumbar alignment 
changes between standing and supine, it is likely that we 
would be able to acquire more physiologically-relevant, 
load-dependent information from models created from 
the standing images.

In conclusion, we have generated meshes from volumetric 
MR images, and used them in an FEM calibrated from an 
experimental workflow. This technique can be applied to 

Figure 5 (A) Image of a human IVD obtained from the pMRI system; scale bar 5 mm. (B) The 3D view of a human IVD mesh in Abaqus. 
(C) The cut view of a simulation of the human IVD under compression load of 0.3 MPa showing the stress distribution of the model. The 
internal normal strains and shear strains for a human L4/L5 intervertebral disc. (D) The annulus fibrosus and nucleus pulposus data are 
combined. The strain directions are represented by the following key, 1= x direction, 2= y direction, 3= z direction, 12= xy plane, 13= xz 
plane, 23= yz plane. The nucleus has a slightly larger strain than the annulus. LE33 is shown as negative strain because the load was applied 
in the negative z direction. AF, annulus fibrosus; NP, nucleus pulposus; MRI, magnetic resonance imaging; IVD, intervertebral disc.
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any musculoskeletal soft biological material that can be 
imaged with an MRI. We showed this techniques’ ability to 
be used in humans by applying it to an L4/L5 IVD where 
we successfully separated the strains of the NP and AF. The 
run time for the model was under 10 minutes making it 
possible to obtain an MRI and run the FEM within an hour 
at the clinic. This could help identify discs that are more 
susceptible to high loads which could lead to injury, as well 
as allowing clinicians to design localized strategies for low 
back pain prevention.
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