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Abstract. We present a method to change the volume of organs or
tissues in computational anatomical models by simulating the human
body as a biomechanical solid with initial strains causing local volume
shrinkage or expansion. The non-linear hyperelastic material behavior is
solved with the finite element method. The bone positions are prescribed
and treated as rigid bodies surrounded by elastic soft tissue. A multi-
domain mesh defines individual bones and at least one soft tissue region.
Each region can have different material properties, volume growth rates
or mesh settings. The method can be used to deform complex anatomical
models, such as the Virtual Population models. The proposed strategy
has been used to parametrize models by different BMI levels, change the
volume of selected organs, and modify the posture of anatomical models.

Keywords: Anatomical model - Simulation - Population variability -
Obesity + Parametrization - BMI

1 Introduction

Computational anatomical phantoms are increasingly important in academic
research and regulatory compliance certification processes. Virtual anatomical
models are used to study a variety of scenarios, including, for instance, magnetic
resonance imaging (MRI) exposure [9,17], active and passive implant safety,
electromagnetic (EM) field interactions with the peripheral nervous system [18],
or passive car safety [24]. Anatomical models have also been used for virtual
imaging, for instance to simulate the processes and hardware involved in MRI
for designing gradient and radio frequency (RF) coils or pulse sequences [8,
12]. Virtual positron emission tomography (PET) and single-photon emission
computed tomography (SPECT) imaging can be performed, e.g., with open-
source software and plays a key role in the design of new medical imaging devices,
acquisition algorithms, and protocols [20].
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The Virtual Population (ViP) [7,11] is a set of highly detailed computational
anatomical models based on MRI data from healthy volunteers segmented at a
resolution of 0.5 x 0.5 x 0.5 mm. High quality surface meshes enclosing each of
the more than 300 tissues and organs were generated from the segmented label
fields [11]. The ViP models already cover important parts of the population
variability, including children at different ages, adults, an elderly man, an obese
man, and a pregnant woman. However, certain applications require personalized
or parametrized models to investigate relationships between differences in mor-
phology or gross anatomical descriptors such as body mass index (BMI), weight,
height, or sex. The creation of additional models from new image data could fill
some gaps in the population coverage, but would require a significant amount of
work to develop. Therefore, strategies are needed to extrapolate from or morph
existing models.

Morphing of surface models by means of freeform deformation, e.g., with a
control grid, cage-based technique, or thin-plate splines, has been studied in the
computer graphics community [19]. Finite element method (FEM) deformable
models have been used in virtual reality surgery simulators [23]. Methods to
simulate as-rigid-as-possible deformation without a volumetric mesh have been
presented in [16,21] these models are based on assumed homogeneous (tissue)
deformation properties with no internal structures such as bones or organs inside
the skin surface. Skeleton-based techniques typically allow a human body model
to be animated by positioning individual bones that are linked in a hierarchical
structure, connected via joints. Bones can be transformed relative to their par-
ents, with their transformations propagated to all children [6], but typically allow
only posture to be changed with no alteration to tissue size and shape. Fonseca
et al. [10] used MakeHuman [3] and other tools to change the fat volume and
posture of a simple human body model consisting of an outer surface and two
internal organs for dosimetry evaluations. MakeHuman is open-source software
for modeling human characters for computer games and animations [3]. Simple
scaling and rigid transformation were used to scale organ surfaces to reference
sizes (weights) published by the International Commission on Radiological Pro-
tection (ICRP) [4,15], and similar approaches have been used by others [13].
Ali-Hamadi et al. [1] presented a method to register an anatomical model to a
target skin surface while prescribing a fat distribution. The approach is based
on registering the surface below the subcutaneous fat between characters using
a nonlinear iterative closest point algorithm. The thickness of the subcutaneous
fat layer in the target character is assumed to be approximately constant around
each bone. While these techniques allow generic deformation of surface models,
they deal with homogenous models that are relatively simple compared to the
ViP or do not provide strategies for changing, e.g., the volume of specific tissues
of anatomical surface meshes in a physiologically realistic way.

In this work, we describe an approach for extending the population coverage
of existing models. The method allows an anatomical model to be parameterized,
e.g., to high level descriptors such as BMI, weight, or the volume of individual
tissues. It is an extension of previous work to change the posture of anatomical
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models [6,14,22] in which a biomechanical finite element model is used to morph
the anatomy on the basis of a set of physically realistic constraints.

2 Methods

We have developed a technique to shrink or expand tissues locally, allowing
changes to be made in, e.g., the size of the liver or even the entire subcutaneous
fat layer by a specified percentage. The approach treats the body as a deformable
hyper-elastic material with rigid bones. Specific tissues can be parametrized
by locally prescribing initial strain [22,25] and thereby controlling the volume.
The tissue deformation is constrained by nearby rigid bones and regularized
by the surrounding soft elastic tissue. This method can be combined with an
approach to change the posture of anatomical models [14]. Bones are moved
by prescribing rotations around articulated joints. The bone hierarchy allows
relative transformations to be propagated from a parent bone to all children,
and the new bone positions are applied as constraints to the biomechanical
finite element simulation.

2.1 Hyperelastic Material

A hyperelastic material is defined by its elastic strain energy density W, which is
a function of the elastic strain state. It is usually referred to as the energy density
and determines the linear or non-linear stress-strain relation and geometric non-
linearities. The strain state is often formulated via the right Cauchy-Green defor-
mation tensor C. For isotropic materials, any state of strain can be described
by three independent variables - typically the invariants of the Cauchy-Green
tensor.

The strain tensor C is defined via the deformation gradient F. In the
Lagrangian formulation, the deformation gradient F can be computed as the
displacement vector u relative to the reference coordinates X

ox Ju
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where x is the deformed position, which can be formulated as x = X + u.
In general the total deformation gradient can be decomposed into elastic and
inelastic parts

F

F=F,F;, (2)

where the inelastic part could be due to initial strain, thermal expansion, or,
e.g., plastic deformation. The elastic Cauch-Green tensor is defined as

C.=FlIF, (3)

We use this formulation to introduce a local change in volume, in analogy to
thermal expansion, by defining

Fin =F, =1\ (4)
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resulting in a volume scale factor of
det(Fpor) = A° (5)

Accordingly, we can implement different material models with local volume
changes by inserting Eqs. 2 and 3 into the strain energy density function, which
now depends on an inhomogeneous distribution of A(X), i.e. W(A(X)).

2.2 Numerical Procedure

A variety of hyperelastic material models exist, and each defines a different
stress-strain relationship. Currently, we have implemented St. Venant-Kirchhoff,
Neo-Hookean, or Mooney-Rivlin material models. We solve for static equilibrium
by a non-linear finite element method. The main application of the presented
approach is to change the size and shape of individual organs or tissues, e.g., to
increase or decrease the amount of subcutaneous adipose tissue (SAT). In this
case, we can assume the bones undergo no deformation (the bones are rigid)
and define a Dirichlet boundary condition on the surface of the bones. In the
simplest case, the displacement of the bones can be set to zero. However, we
have developed a more powerful approach, which allows us to move the bones
to change the posture of the anatomical model while simultaneously morphing
(expanding or shrinking) specific tissue regions.

To solve the deformation on a regular workstation in a reasonable time, the
human body model is meshed as coarsely as possible. The use of a tetrahedral
mesh with approximately 500K—1.5M elements results in a computation time
in the range of 1-5 min. Larger meshes quickly increase the memory consump-
tion and take longer to solve. Obtaining a high quality coarse volumetric mesh
is challenging when dealing with complex anatomical models, such as the ViP
models [11]. As an example, the SAT surface of the obese model “Fats” contains
more than 300K triangles alone, and represents a complex geometry with fine
details and thin regions. Directly remeshing the SAT surface frequently intro-
duces self-intersections, which subsequently prevent the tetrahedral mesher from
generating a computational mesh. Our current implementation allows us to cre-
ate a multi-domain (multiple material) tetrahedral mesh by a combination of
the following strategies:

— reconstruct tissue surface [5] to remove small features

— simplify the geometry, e.g. replacing a bone surface by a cylinder

— repair self-intersections with heuristics [2] that involve iterative removal of
intersecting triangles and closing holes

— locally refine tetrahedral mesh and snapping or smoothing nodes to improve
geometric approximation of tissue region.

The displacement field calculated by the FEM on the coarse tetrahedral mesh is
interpolated to the vertices of the high resolution surface model. This interpola-
tion or projection step is reasonable, since it can be assumed that the deformation
is fairly smooth. The interpolation weights used to interpolate the coarse dis-
placement field on the vertices of the surface mesh are precomputed and stored
in the model to further improve the performance of the method.



Covering Population Variability 17

3 Results

3.1 Parametrization of Subcutaneous Tissue

The morphing method is demonstrated here with the obese ViP model “Fats”
(37 years old, 119.5kg [11]). The body has been meshed with separate SAT,
soft (non-SAT) tissue, and rigid bones by means of an adaptive Delaunay mesh
generation method with approximately 1.5 million tetrahedral elements. Two
different initial strains are simulated, reducing the SAT volume by approximately
60% (A = 0.7) and increasing it by approximately 120% (A = 1.3). Figurel
depicts “Fats” morphed to different obesity levels.

3.2 Scaling of Organ Sizes

As a second example of the approach, we parametrize an anatomical model by
organ volume. Specific organs of the ViP model “Duke” shown in Fig.2 (34
years old, 70.2kg) have been morphed to match the values for the adult male
referenced in the ICRP Publication 110 [15]. The volume of the heart muscle was
scaled by a factor of 1.45, the heart lumen by a factor of 0.5 and the lungs by a
factor of 1.27. Figure 3 shows the resulting deformation. Due to the confinement

(a) 96kg (b) 120kg (c) 163kg

Fig. 1. ViP model “Fats” morphed to different weights and BMI values. The standard
“Fats” model is depicted in (b) and weighs approximately 120 kg. The version in Figure
(c) was posed slightly to avoid self-intersection of groin and arm regions resulting from
the significant increase in adipose tissue. The subcutaneous adipose tissue and skin
layer is rendered transparently. The BMI from left to right is 29, 36 and 49
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Fig. 3. The ViP model “Duke” with modified organ volumes. The model has been cut
to show tissue boundaries with displacement field vectors overlayed. A close-up of the
torso section (a) is shown in image (b).

of the rib-cage, the change in volume of the lungs pushes other organs and
tissues down. The overall shape of the heart does not change much, because the
volume reduction of the lumen is compensated by the increased volume of the
heart muscle tissue. The tetrahedral mesh contained approximately 1.2 million
elements and is shown in Fig. 4.
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Fig. 4. The adaptive tetrahedral mesh used to morph lung and heart tissues to weights
referenced in the ICRP Publication 110 [15].

Fig. 5. Image depicting ViP model “Fats” in sitting position. The biomechanical finite
element model was used to change the relative position of the bones and simulate the
resulting soft tissue deformation. The subcutaneous adipose tissue and skin layer is
rendered transparently to show internal structures.

3.3 Posing of Anatomical Model

The biomechanical formulation can also be used to change the posture of the
existing model, e.g., for applications in which the safety of humans sitting in a
car or at a work place (wireless power transfer, car crash safety, etc.) is investi-
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gated. Figureb shows “Fats” in a sitting position with arms reaching towards,
e.g., a driving wheel. In order to place “Fats” in the driving seet, rotations
where prescibed in the hip and knee joint. Similarly the arms and hands/fingers
where positioned on the steering wheel by user defined rotations of the humerus
and various joints in the hand and fingers. The whole skeleton was posed inter-
actively in a few minutes before the actual deformed model was computed in
approximately one minute.

4 Conclusions and Future Work

We have presented a method to parametrize existing detailed anatomical models
by treating the human body as being composed of rigid bones and soft elastic
tissue, with deformation to balance stresses caused by prescribed spatially vary-
ing and tissue-specific initial strains. The method can be used to shrink and
expand existing tissues, e.g., fat layers, in a physically realistic way. The various
examples described illustrate how the method can be applied to parametrize
BMI and the size of individual organs, and how to change the posture of Virtual
Population models.

For the BMI parametrization example, we assume isotropic homogenous
strains for the SAT, which is clearly a simplification. A detailed literature survey
or database of MRI data with good fat contrast is likely to provide more insight
into physiologically realistic population distributions of fat tissue, which could
be used to define a strain map. The BMI is not only influenced by the SAT dis-
tribution but also by the amount of visceral fat. Naturally, the presented method
can also scale visceral fat.

A limitation of the current method is that only existing tissue structures can
be morphed. For instance, in regions where the adipose tissue is so thin that it
was not included in the segmentation, the current approach does not provide a
way to create new adipose tissue. Inserting a very thin fat layer between skin
and adjacent tissues surfaces might allow us to resolve this issue.
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