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Abstract

adult pig specimen. Registration techniques including thin
plate spline morphing (TPSM), affine, rigid, and iterative
closest point (ICP) [3] were quantitively and qualitatively
compared for this purpose using error metrics like the Dice
coefficient [4, 5], Hausdorff distance [6], root mean square
(RMS) error, and amount of tissue overlap.
The registered CT bones of the highest quality were then
used to create combined-modality meshes for ECG and
ICD simulation. Given same simulation parameters and
electrode placement, simulation results were compared between the generated multi-modality meshes and a mesh
generated solely from the MRI.

Registering and combining anatomical components
from different image modalities, like MRI and CT that have
different tissue contrast, could result in patient-specific
models that more closely represent underlying anatomical
structures.
In this study, we combined a pair of CT and MRI scans
of a pig thorax to make a tetrahedral mesh and compared
different registration techniques including rigid, affine,
thin plate spline morphing (TPSM), and iterative closest
point (ICP), to superimpose the segmented bones from the
CT scan on the soft tissues segmented from the MRI. The
TPSM and affine-registered bones remained close to, but
not overlapping, important soft tissue.
Simulation models, including an ECG forward model
and a defibrillation model, were computed on generated
multi-modality meshes after TPSM and affine registration
and compared to those based on the original torso mesh.

2.

A generation pipeline for multi-modality, tetrahedral
meshes was developed (Figure 1) using software for the
Center for Integrate Biomedical Computing software.

2.1.
1.

Introduction

Preliminary Mesh Generation

Two adult pigs were scanned, one with MRI and the
other with CT. The image data were segmented separately
into 11 different tissue types using Seg3D. Tetrahedral
meshes were then created using Cleaver2 of the primary
tissues layers of torso, heart, lungs, blood, and bones.

Generating image based models for simulation can be
difficult due to limitations of different image modalities.
One reason is the differing tissue contrast between image modalities that can affect anatomical representation in
models. For example, magnetic resonance imaging (MRI)
has high soft tissue contrast but lacks bone contrast to robustly segment bones for registration. X-ray computed tomography (CT), however, has high bone contrast, but the
heart, lungs, and blood volume can be hard to distinguish.
Combined-modality models, using both MRI and CT,
could more closely represent anatomical features for use
in simulation. Specifically, it could advance applications
of cardiac modeling like the electrocardiography (ECG)
inverse and forward problems [1] or the placement of Implantable Cardiac Defibrillators (ICDs) [2] given the close
proximity of the sternum, ribcage and bones to the heart .
This study therefore aimed to generate mutli-modality,
tetrahedral meshes for cardiac simulations by superimposing CT bones of an adult pig into an MRI of a different
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Methods

2.2.

Image Registration

A total of 70 correspondence points were selected
from the entire porcine torso for image registration using affine, TPSM, and rigid techniques. A subset of 37
points was subsampled from the original set with use of a
Ransac algorithm [7–9] implemented within MatLab. Both
affine and TPSM techniques were then performed within
SCIRun, and rigid registration was performed within MatLab. ICP [3] registration was also implemented within
MatLab on the torso surface meshes.
Each registration technique was evaluated quantitively
within MatLab. Error metrics include the DICE coefficient
[4, 5], Hausdorff distance [6] and RMS error. The amount

953

Computing in Cardiology 2015; 42:953-956.

Figure 1: A general pipeline for generating combined image-based tetrahedral meshes for simulation.
of both tissue and bone overlap was also calculated. Additionally the superimposed CT Bones were qualitatively
compared against the original MRI bone mesh.

3.

Results

3.1.

Registration

2.3.

Quantitative error metrics for registration are displayed
in Table 1. Comparatively, the TPSM-registered bones
have the smallest tissue overlap, highest bone overlap,
highest Dice coefficient, and a lower RMS error. Though
rigid registration exhibited the lowest Hausdorff distance,
the method also had the highest tissue overlap and lowest
bone overlap. Both ICP and affine registration quantitatively preformed similarly, though affine has a higher Dice
coefficient and higher bone overlap while ICP has a lower
RMS error and tissue overlap.
Qualititive comparison indicates that both TPSM (Figure 2a) and affine (Figure 2b) follow the general spinal,
sternum and ribcage curvature and remain close to, but not
overlapping important soft tissue. Both the rigid (Figure
2c) and ICP (Figure 2d) registration show noticeable deviation from the MRI bones, especially along the spine,
leading to overlap with the heart and lungs.

Multi-Modality Mesh Generation

The highest quality registered CT bones were superimposed into the original MRI thorax within Seg3D. It was
ensured that the CT bones did not intersect directly through
important tissue layers including the heart and lungs. In
Seg3D, the combined segmentations were cropped within
the transverse plane to just above the neck and below the
rib cage. Tetrahedral meshes were then created from the
cropped, combined-modality segmentations using Cleaver
2.

2.4.

ICD and ECG Simulations

ECG and ICD Simulations were performed on the affine
multi-modality, TPSM multi-modality, and original MRI
meshes. For the ECG model [1], recorded, epicardial potentials from a canine heart were mapped onto the heart
surface of the MRI by means of registration. Using the
Forward/Inverse Toolbox in SCIRun, the torso surface potentials were solved for and error metrics of percent error, correlation coefficient, and RMS error were calculated
within MatLab. The ICD simulations [2] were performed
by first placing the can and coil electrodes within each
model using modular software within SCIRun. Orientation
and placement remained constant. Defibrillation thresholds and the torso potential distribution were then calculated using SCIRun.

Table 1: Error metrics for different registration techniques.

Error Metric
Dice Coefficient
Hausdorff Distance (mm)
RMS Error (mm)
Bone Overlap (%)
Tissue Overlap (%)
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TPSM
0.23
165
25.3
39.0
3.5

Affine
0.11
172
32.8
18.6
6.1

Rigid
0.07
118
31.8
13.2
7.9

ICP
0.10
150
23.8
16.4
4.9

(a) TPSM

(b) Affine

(c) Rigid

(d) ICP

Figure 2: CT Bones registered usingTPSM, rigid, affine, and ICP techniques compared to the original MRI Bones.

Original MRI

TPSM

Affine

Figure 3: ICD defibrillation discharge potentials of the original torso mesh (first) compared to the affine (second) and
TPSM (third) composite meshes given the same ICD placement and an initial 500 V shock.

Heart Potentials

Original Cropped MRI

Affine
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Figure 4: ECG Forward simulations show heart surface potentials (first) and corresponding surface potential estimation on
the original torso mesh (second), affine composite mesh (third), and TPSM composite mesh (fourth).
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3.2.

Simulations

Acknowledgements

Both multi-modality meshes performed similarly to the
original MRI mesh in the ICD and ECG simulations. The
ICD simulations (Figure 3) yielded defibrillation thresholds of 8.1 J, 8.2 J, and 9.7 J for the original MRI,
affine mutli-modality, and TPSM mutli-modality meshes,
respectively. The correlation coefficient, RMS error, and
percent error for the affine multi-modality mesh was 0.98,
53 V, and 3.9 %. The TPSM mutli-modality mesh had metric values of 0.98, 57 V, and 4.5%, respectively. The ECG
simulations (Figure 4) resulted in a correlation coefficient,
RMS error, and percent error of 0.98, 0.16 mV and 3.7%
for the TPSM multi-modality mesh and 0.98, 0.17 mV, and
4.1% for the affine multi-modality mesh.
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Discussion

The tetrahedral meshes generated, using both TPSM and
affine registration techniques, were of high enough quality to use in simulated applications that compare in performance to the original MRI Mesh (Figures 3 and 4). Other
registration techniques could also be effective for generating multi-modality meshes given correct spinal curvature
in the region of the heart and lungs is attained with minimal soft tissue overlap (Figure 2). Additionally, registration techniques could be used sequentially. For example,
preliminary data suggests that TPSM could be followed by
ICP to get further refinement of the registered CT Bones.
Furthermore, performing registration on cropped, localized meshes instead of the entire specimen could lead to
better error metrics with less soft tissue overlap, especially
around the domain of the heart.
In general, taking advantage of each modality's
strengths by generating mutli-modality meshes is feasible.
The pipeline we developed (Figure 1) can be used to generate torso geometries from different modalities, like MRI or
CT, for simulations regardless of differing specimens. Patient specific models could subsequently be created using
an arbitrary CT scan of an alternative patient, thus limiting
radiation exposure and improving clinical use.
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