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Abstract. In this paper, we present a biomechanical framework to model air-
flow inside the bronchus and deformations across the tracheobronchial tree,
pipeline for the simulator, theory and initial steps to realize this framework on a
highly parallel graphical processing unit (GPU). We discuss the main chal-
lenges expected and encountered to date. By using computational fluid dynam-
ics (CFD) and computational solid dynamics (CSD) principles, we propose a
numerical simulation framework that includes a biomechanical model of the
tracheobronchial tree to simulate air flow inside the tree, on GPU in real-time.
The proposed 3D biomechanical model to simulate the air inside the lungs cou-
pled with a deformation model of the tracheobronchial tree, expressed through
fluid-structure interaction, can be used to predict the transformations of the
voxels from a 4D computed tomography (4DCT) dataset. Additionally, the pro-
posed multi-functional CFD and CSD based framework is suitable for clinical
applications such as adaptive lung radiotherapy, and a regional alveolar ventila-
tion estimation.

1 Introduction

Lung cancer and various other ongoing or chronic lung diseases, e.g. closure of air-
ways and emphysema, if lumped together, it is the number three killer in the United
States. There has been a significant amount of research in analyzing the tissues of the
lung through advanced imaging modalities such as Positron Emission Tomography
(PET), Computerized Tomography (CT), and Magnetic Resonance Imaging (MRI).
By applying various forms of medical image processing algorithms to CT, MRI, and
PET images, anatomical structures and their material properties can be explored.
Tawhai et al. make use of various forms of image segmentation algorithms to gener-
ate subject-specific computational meshes of the human bronchial tree [1, 2]. Hoft-
man et al. used deformable registration algorithms on CT scans to estimate the re-
gional ventilation in ovine lungs [3, 4]. In the past few years, researchers all over the
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world have been able to simulate natural phenomena such as fluids, gases, fire behav-
ior on GPUs accurately and faster than CPUs. Three different approaches to simulate
fluids in the field of computational fluid dynamics exist, fixed grid-based (Euler) or
particle motion (Lagrange) and a hybrid Arbitrary Lagrangian-Eulerian (ALE). Eule-
rian methods evaluate material properties at stationary grid points, whereas Lagran-
gian methods employ moving grids with the material particles to solve the governing
equations [5]. Kruger et al. built up a million Lagrangian particles to simulate and
visualize 3D flow fields on non-uniform grids [6]. Dynamically regenerated meshes
are used in [7] to simulate fluids. Viscoelastic material simulation based upon Eule-
rian methods is shown in [8]. Harris et al. make use of GPU to simulate cloud dynam-
ics whose state is governed by incompressible Navier Stokes (NS) equations [9, 10].

In this paper, we propose a simulation framework to simulate the air inside the tra-
cheobronchial tree on GPU. As part of this framework, we propose a 3D biomechani-
cal model which accounts for the air motion inside the tracheobronchial tree, and the
deformations on the tracheobronchial tree. This work is the first of its kind to simulate
elasticity theory and fluid dynamics to predict the displacements and deformations of
the human tracheobronchial tree on GPU, which provides opportunity to run the simu-
lation in real-time and on customer PCs. The framework and biomechanical model
proposed might be used to account for the alveoli ventilation when it is combined
with an image registration algorithm, and it can also account for transport of aerosol
contained in cigarette smoking in human lung.

2 GPU Pipeline

GPUs are very powerful, highly parallel stream processing processors. Since they
are specifically built for vector processing, they have a parallel computer architecture
model. Their architecture is built upon single instruction multiple data (SIMD) para-
digm. In SIMD, a single node dispatches the instruction to other processing nodes that
compute the instruction with their own local data. SIMD computers provide superior-
ity over instruction driven processors, CPUs, due to their parallel execution of the in-
struction.

In Fig. 1 there is an illustration of floating point computational power of GPUs
with respect to CPUs. This superiority makes GPUs an ideal platform to solve data-
driven numerical problems in parallel. In a typical GPU, which is available on almost
any PC sold today in market; there are one vertex and one fragment processor. Each
processor is realized through several pipelines, working in parallel. In a NVIDIA
GTX8800, which we use for our framework, there are 128 vertex and fragment proc-
essors pipelines. In Fig. 2, the GPU pipeline that realizes the stream processing nature
of these parallel machines is illustrated.
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Fig. 1. Tllustration of 32-bit floating point GPU comparison courtesy of Engel et al [11].
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Fig. 2. Graphical Processing Pipeline, GPU Architecture

3 Biomechanical Modeling of Air inside the Tracheobronchial
Tree and its Deformations

The tracheobronchial tree geometry, shape, measurements and dimensions change
for each individual. Average tracheal length ranges from 5.4 cm to 13.1 cm, as the age
of the subjects changes from 2 to 20 [12]. Generally, air flow through the terminal
bronchioles follows a laminar pattern, whereas air flow inside the trachea can be tur-
bulent with high ventilation rates in abnormal conditions [13]. Hence our biome-
chanical model consists of two parts to be able to correctly model the physics of the
tracheobronchial tree: Modeling air inside the tracheobronchial tree, and modeling the
deformations on the tracheobronchial tree.

3.1 Modeling air trough computational fluid dynamics (airway gas dynamics)

We model air inside the tracheobronchial tree as a fluid defined as any material which
deforms continuously under shear stress. We make use of the continuum assumption
of fluid mechanics, which states that fluid can be treated as an infinitely divisible sub-
stance. We divide the solution domain into 3D infinitesimal cells, where the velocity
and the density of the fluid are defined as average properties. Our modeling assump-
tions for fluid is being incompressible, i.e. each cell has constant volume over time,
homogeneous, density of the fluid stays constant in space, viscous, rate of deforma-
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tion is same under the same stress for all fluid cells. Fluid cells might experience de-
formation, rotation, translation in space. The state of the fluid is determined through
velocity of the each fluid cell, being a function of time and space, effectively repre-
sented as a vector field, and pressure of each fluid cell, which is function of space and
time.

3.1.1 Equations of Fluid State

Governing equations for fluid motion are the Navier-Stokes equations (NS). The state
of the fluid, given by velocity and pressure, can be determined through solutions of
NS.

ou 1

—=—(ueViu——Vp+vVu+F @

ot P

Veu=0 ()]

In the above equations, u# represents velocity, a vector quantity, having 3 compo-
nents in 3D. If x(x,y,z) represents the position of the fluid cell, the velocity is u(x,?)
and the pressure is p(x,t). O represents the density of the fluid, ¥ represents the
kinematics viscosity. F(x,?) represent the external forces acting on the fluid including
the gravitational force. The (u o V)u term is called the advective term and it is the
source of nonlinearity. It resembles the propagation of any disturbance caused by the

external forces acting on the fluid. The LV p term is the effect of pressure on the

rate of change of the velocity. The vV uterm represents viscous diffusion. Due to
viscosity, fluids are resistive to move, this resistance results in the distribution of
momentum. Eq. 2 states the mass conversation since the fluid is assumed to be in-
compressible. As for the boundary conditions to solve NS, we use no-slip velocity and
pure Neumann pressure condition. No-slip velocity states that velocity is zero in all 3
dimensions at the boundaries. Pure-Neumann boundary conditions state that the rate
of change of pressure is zero along the normal direction on the surface boundaries.

3.1.2 A Solution Method for Equations of Fluid State

The solution of NS, the set of Partial Differential Equations (PDE), can be found in
many texts. We follow the lead of Griebel et al. [14] and Marsden et al. [15] Marsden
et al. show the solution of the NS through a theorem in vector calculus. This theorem
is called the Helmholtz-Hodge Decomposition Theorem. It states that in the same way
a vector is decomposed into two components, a vector field can be decomposed into
two vector fields. A divergent vector field w can be decomposed into a non-divergent
vector field u and a vector field composed by the gradient of the scalar field. The
Helmholtz Hodge decomposition theorem is shown in Eq. 3.

w=u+Vp 3)
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Since the application of external forces, advection and viscous diffusion, results in
a divergent velocity field, w, at the end of each time step, we must satisfy the continu-
ity requirement by subtracting the gradient of pressure field from the divergent veloc-
ity field.

u=w-Vp )

If we apply divergence to both sides of Eq 3, then we have
Vew=Veu+VeVp

Vew=V?p Q)

Since u is a divergent-free vector field, V ®u drops out. Eq. 5 is known as the
Poisson-pressure equation. Once we have the pressure distribution, Eq. 4 gives the ve-
locity at each time 7, for any point in the fluid domain. We can further simplify Eq. 1
by defining a projection operator, €, which projects the divergent vector field w into
its non-divergent vector field, u. If we apply Q to both sides of Eq. 3,

Q(w)=Q(u)+Q(Vp) (6)

By definition of ©
Q(w)=Q(u)=u )

If we substitute Eq. 7 into Eq. 6
0=9(Vp) ®)

Applying the projection operator Q to Eq. 1 and substituting Eq. 8 into the resulting
formulation will yield a drop out of the pressure term from Eq. 1.

aa—l;zg[—(uOV)u+vV2u+F] ®

3.2 Modeling tracheobronchial wall dynamics using linear elasticity theory

An important characteristic of the tracheobronchial tree is that it deforms constantly
under shear stress due to its elastic nature. When the fluid starts to move inside the
tracheobronchial tree, its pressure distribution causes displacements among other
forces acting on the tracheobronchial tree. During an inhalation expiration cycle,
changes in the transmural pressure inside and outside of the tracheobronchial tree
causes deformations on the walls. These deformations furthermore change the
boundaries for the fluid motion, resulting in displaced boundaries for the fluid simula-
tion. This type of coupling between fluid and an elastic wall is modeled through
Fluid-Structure Interaction (FSI). Fluid pressure distribution gives the force exerted
upon the elastic wall, whereas elastic displacements calculated through elastic body
theory of solid mechanics, give the new boundaries for fluid. Holzhauser et al. devel-
oped a mathematical model to estimate the change in cross-sectional area of the tra-
chea based upon a coupling between fluid flow and elastic theory [16]. FSI models
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are being also used in the simulation of blood flow in highly deformable arteries. In
[17], authors developed a method to couple elastic arteries wall deformation as a
moving boundary condition for blood flow. Equations for the incompressible fluid
flow will be the same as given in Eq. 1. and Eq. 2. However the boundaries for the
simulation for each time step will be redefined with the displacement calculated
through the elasticity theory. Based on a staggered partition approach, we will divide
the problem domain into two steps as shown by Griebel et al. [18]. At each time step,
the fluid flow will be solved as if it has fixed boundaries, and the pressure distribution
calculated by the fluid flow will be an input to the elasticity problem. Then newly cal-
culated displacements through elasticity will be fed into fluid flow as new boundaries.
Fig 3 gives an overview of FSI.

FElastic Solid
deformation

Fig. 3. A schematic of Fluid-Structure Interaction Modeling

In the elastic body deformation domain, time dependent Lame Equation serve as
the mathematical formulation of the elasticity problem. It is given as

2 1
Psaa%*ﬂAu*(/l"'ﬂ)VV cu=pgb 19
where u represents the displacement of elastic solid, O is the density of elastic solid,

b are the external forces acting on the elastic solid, £ and A are material specific

Lame constants. It is to be noted that the b includes the force caused by the fluid flow.
Finite methods have been extensively investigated for computing the solution of the
elastic equation.

3.3 Biomechanical Model

terpal Forces ;

gravity |

Fig. 4. 2D cross-section of a 3D biomechanical model of the human tracheobronchial tree.

In Fig. 4, a 2D cross-section of our biomechanical model for the tracheobronchial tree
is shown. This model utilizes a fluid flow model of CFD with an elasticity theory of
CSD in a FSI. Inputs to this model is gravitational force, external forces acting on the
tracheobronchial tree, volume-time curve of the subject inhalation exhalation cycle,
computational geometry of tracheobronchial tree, inhaled air parameters, i.e viscosity,
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density, tissue properties for elasticity, density of the tissue, lame constants. As an
output of this model, tracheobronchial deformations can be predicted as displace-
ments.

4  Framework Pipeline

To implement the proposed framework, a simulation pipeline was developed,
which is illustrated in Fig. 5. Acquisition of the geometry for the tracheobronchial tree
is done through segmentation of the images obtained through CT. Fluid simulation is
mostly done on GPU with an Eulerian grid approach where advection is done through
a semi-Lagrangian method based on [19]. Elastic body simulation will be done
through the Arbitrary Lagrangian-Eulerian (ALE) method, in process of implementa-
tion. Once we have the deformations of the tracheobronchial tree, 4DCT registration
algorithm can run to estimate alveoli ventilation.

Acquisition of? Acquisition of ~ }
i Boundary L Fuid | [ |Elastic Body
Conditions Simulation ; |4 | Simulation
e

Fig. 5. Framework Pipeline to realize our 3D biomechanical model

5 Initial Implementation & Results

We have implemented initial operators which form the basis functions for the biome-
chanical framework proposed. The operators, addition, multiplication, gradient, di-
vergence, and Jacobian are implemented on GPU. We use OPENGL and GLSL shad-
ing language to implement our framework. 32-bit floating point 3D textures are used
to represent 3D uniform grid that we need to use for our discretization of the partial
differential equation domain. As a discretization method, we use finite differences.
32-bit floating point textures are necessary to do any floating point arithmetic on
GPU. In each channel of the 3D RGBA or luminance texture, the texture contains a
true single precision floating point number that makes them suitable to represent 3D
vector fields, i.e. velocity of fluid w(x,?), u(x,?), or scalar fluid pressure field, p(x,?).
To implement the general purpose calculation on GPU with 32-bit 3D textures, we
render into 3D texture with frame buffer objects to have a feedback loop between
framebuffer and texture units illustrated in Fig. 2. To compute each operation, we
need to be able to generate as many fragments as the grid dimension. We render a
dummy quadrilateral of filling the viewport for each slice of the 3D texture and run
the computation on each fragment. Results are stored back on the 3D texture voxels
trough framebuffer objects. Multi-texturing is used when there is more than one oper-
and as in the case of addition. The gradient operator takes a 3D luminance texture as
input and gives a 3D RGBA texture as output, since gradient operates on a scalar field
and gives the greatest rate of change on that scalar field as a vector field. The gradient
of the pressure field, p(x,t), is calculated trough the finite difference formula given in
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Eq. 11. We calculate the gradient of the pressure field to guarantee that the fluid
obeys the divergent-free velocity assumption (incompressibility). Once the fluid is
perturbed by an external force, the result is a divergent velocity field. This divergence
on velocity field can be removed by subtracting the gradient of the pressure field at
that time instant from the divergent velocity field according to the HelmHoltz Hodge
theorem (Eq. 4).

Vp(x,1)= {aip I aip} Pivijk = Picijik Pijsih ~ Pijix Pijant = Pijia

dx 9y’ 9z 26x ’ 268y ’ 26z ()

The divergence operator takes a 3D velocity field, and gives a scalar field, so the
input is a 3D RGBA texture, and the output is a luminance texture. Divergence of the
velocity field is calculated trough the following finite difference formula.

du  dv  dw Ui jue “Uici e | Yigrik " VYigak | Wijan = Wik (12)

Veu=—+ —+— 2J
" ox " dy " Jz 26x " 28y " 20z

For both the gradient and the divergence operators, we sample neighboring top,
bottom, front, back, left, right voxels at a position in the grid in a GLSL shader and
calculate the formulas presented with uniform grid dimension assumptions. Two Pois-
son equations arise in the solution of fluid equations, the viscous diffusion and the
Poisson pressure equations. Once the fluid has been perturbed by an external force,
the result is a divergent velocity field. We can obtain the pressure distribution by solv-
ing the Poisson pressure equation given in Eq. 5. In order to account for the viscosity
of the fluid, we need to solve viscous diffusion equation, given in Eq. 13.

W _ (13)
ot

Poisson equations can be solved by many numerical iteration methods i.e conju-
gate gradient, Gauss-Seidel, multi-grid, and Jacobian which are generally referred to
as relaxation methods. We use the Jacobian due to its relatively easy implementation.
By using the finite difference method, we expand the Laplacian operator, as it is given
in Eq. 14.

_ azp 3217 +827p} Pisjk _ZP.AJ.A T Dijx +p,.,+|.n _ZP.AJ.A Dk +pr./.k+l _zp..,,A tDi s (]4)
oz’ (&) &) (&’

Once we substitute Eq. 14 into Eq. 5, then we obtain the iteration equation for the
Jacobi algorithm, which gives us the pressure distribution across the fluid.

il erL_/,k +pin—1,j,k +H",’j+l,k +I?i,,l Lk +pi’:/‘,k+l +pZ k-l —(ax)zvow (as)
Pijx=
6
We implemented these operators both on GPU and CPU, and plotted the frame per
second (FPS) values versus the grid size as a comparison metric in Fig. 6. As it can be
seen from Fig. 6, initially, when the grid dimension is small, CPU outperforms GPU,
since it is designed to do general purpose computation, and setting up the fragment
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pipeline on GPU takes up time. Once the grid dimension becomes 32 or higher, GPU
outperforms CPU 10-30 times, being similar to the plot given in Fig. 1.

GPU vs CPU speedup
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Fig. 6. GPU vs. CPU FPS comparison of the framework operators

6 Challenges

Poulikakos et al. have shown general challenges encountered while applying CFD
methods to simulate fluids inside the human body, i.e. blood, cerebrospinal fluid [20].
In a similar way, we now list the challenges in implementing our biomechanical
model. The complex geometry of the tracheobronchial tree makes the image acquisi-
tion and processing steps tedious. Due to the coupling of the elasticity problem with
the fluid flow, fluid boundaries are modified at each time step, so traction of the
boundaries is required. Hence boundary conditions are the Achilles’s hill of the prob-
lem. As for the elasticity problem, material properties i.e. lame constants, density of
tracheobronchial wall tissue, need to be specified. For the external forces acting on
the exterior of the elastic tracheobronchial tree, an inverse computational dynamics
approach needs to be specified. Numerical simulation of the problem requires discre-
tization. For the fluid flow we use a finite-difference scheme. This is simple yet not
suitable for fluid-structure problem. In order to solve Poisson Equations, Jacobi’s it-
eration is used. Convergence and stability of numerical methods used in implementa-
tion should be verified.

7  Conclusion

In this paper we present a biomechanical framework to simulate air motion inside the
tracheo-bronchial tree and estimate the deformations of the tracheobronchial tree
caused by this fluid flow. This framework is being realized on GPU. The biomechani-
cal model combines a fluid flow model based upon CFD with an elastic model of
CSD. Furthermore, a simulator pipeline is given in this paper. Initial implementation
results have been shown and challenges discussed.
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