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INTRODUCTION

We have previously described a finite element method to solve
the one-dimensional equations of blood flow [1]. This method was
applied to predict flow distribution in vascular networks for
simulation-based medical planning This method was validated in a
porcine thoracic aorto-aorto bypass model with a prescribed inlet flow
and a simple resistance outlet boundary condition, but this model had
only one outlet, and as a result the flow distribution was not sensitive
to the choice of outflow boundary condition [2]. In general, atflow
boundary conditions play a major role in blood flow distribution when
modeling vascular networks with multiple branches. Olufsen described
a novel approach to address this problem, namely a finite difference
method to model blood flow in the major arteries coupled to a fractal
tree outflow boundary conditions using Womerdey’'s theory of
vascular impedance [3].

Clearly, the utility of an outflow boundary condition is not
manifest under a single physiologic state, e.g. resting conditions, but
must mimic the physiologic changes due to varying demands of organs
and tissues. For example, during lower limb exercise, the arterioles in
the active muscles dilate and capillaries are recruited resulting in a
decrease in the vascular resistance of the lower extremities.
Conversdly, arterioles in muscles and organs not involved in the
performance of this task constrict resulting in an incresse in the
vascular resistance for these branches.

We describe the application of an impedance boundary condition
derived from a fractal tree for modeling blood flow in the abdominal
aorta during resting and exercise conditions. In this approach, the
small arteries and arterioles are dilated or constricted, simulating the
change in impedance during exercise. We then apply this method to
simulate blood flow at rest and during exercise in 9 healthy subjects
[4]. For each of these subjects, a baseline model is constructed that
yields the flow distribution measured under resting conditions and
results in physiologic pressures in the abdominal aorta. We then
increased abdominal aortainflow, constricted the vascular beds for the
visceral organs and dilated the vascular beds for the lower ext remities
to Simulate exercise in each subject.
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METHODS
One dimensional analysis method

We solve the nonlinear one-dimensional equations of flow for a
Newtonian fluid in an elastic vessel for area, S(x,t), and flow, Q(xt).
A constitutive equation relates pressure to area, P(S(x,t),x,t). The flow
rate is prescribed at the inlet and impedance boundary conditions are
prescribed at each outlet. The resulting system of equations is solved
using a space-time finite element method [1].

Impedance boundary condition

Impedance, Z, relates flow, Q, and pressure, P, in the frequency
domain. In practice, we use the inverse of impedance, or admittance,
H(?) to compute flow rate from a time history of pressure. We
convert admittance into an array in the time domain, h[t], by taking
the inverse Fourier transform.
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Convolution of the resulting inverse Fourier transform of the

admittance with pressure yields flow at thetime, t = Ot >n where nis
the time step number.
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Here, N is the number of time stepsin one cardiac cycle and the array,
p[n], represents the outflow pressure over the preceding cycle.

Baseline Model for Vascular Bed

Fractal trees, networks of self-similar bifurcating vessels, can be
used to represent vascular beds [3]. In the present case, the trees are
constructed for each outlet down to a minimum radius of 4um using
parameters obtained from the literature. The first parameter describes
the area ratio between the parent and child vessels. At the junction,
flow must be conserved. Thisleads to the branching relationship:
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Observations show thatk is neither constant nor organ specific. It has
been suggested that there are three levels of arteries below the main
branch vessdl in which k varies from 2 to 3[4-7]. We prescribed k=2.5
for vessels with a radius larger than 250um, k=2.76 for vessels with a
radius greater than 50pm, and k=2.99 for vessels with a radius smaller
than 50um.

The next parameter used in building the fractal is the asymmetry
ratio, ?, the relationship between the radii of the daughter vessels.

9=rg/le (4)

Studies have found that this parameter varies widely throughout
vascular beds and is not organ specific [6]. To provide variation and
minimize the level of generations, we assigned asymmetry ratios of
0.4, 0.6, and 0.9 respectively to the three levels described above.

The final parameter used to construct the fractal trees is the
length-to-radius ratio of the vessels. Studies show that the length-to-
radius ratios in a bed are highly variable, but the average values are
organ specific [6-8]. We utilize the length-to-radius ratio to adjust the
impedance to balance the organ specific flow distributions.

Madifications of Vascular Bed to Simulate Exercise

During exercise, the arterioles supplying the active muscles dilate
and capillaries are recruited. The blood supply to these muscles can
increase more than 10 fold. Similarly the blood supply to non-
essential organs and inactive muscle is diminished to direct more of
the cardiac output to high-demand locations. While & rest only 20-
25% of muscle capillaries are in use, during exercise all of the
capillaries can be recruited [9]. To mimic this behavior, we modify
the radius of the vessels in the fractal tree to simulate the dilation or
constriction of resistance vessels (r<300 pum) with an exercise factor. A
factor less than one will congtrict the resistance vessels and a factor
greater than one will dilate the vessels.

Application to Blood Flow in Abdominal Aorta

The approach described a@ove was used to assign outflow
boundary conditions for a one-dimensiona finite element model
scaled to match the size of the abdominal aorta of each of 9 subjects
imaged at rest and during lower limb exercise (Fig. 1). The model
includes 12 vessels with one inlet boundary and 11 outlets. The inlet
flow waveforms were taken from the PC-MRI
velocity measurements obtained at the supra celiac
level. The outlet boundary conditions were balanced
by adjusting the length to radius ratios of the fractal
trees to match velocity data obtained at the suprarena
and infrarenal levels and literature data, and to
maintain a mean pressure of 85mmHg at the inlet.
Once the appropriate boundary conditions were
obtained for each subject under resting conditions, we
applied the supraceliac flow measured during exercise
at the inlet, constricted the 5 vessels with outlets
above the aortic bifurcation and dilated the 6 vessels
with outlets below the bifurcation. Flow
measurements obtained during exercise both proximal
and distal to the renal arteries and computed pressure

I'\:/:gdlel were used to balance the amount of constriction and
dilation of the distal beds.
RESULTS

We performed the simulations for al 9 subjects. Fig. 2 shows
representative flow waveforms at the inlet, suprarenal, and infrarenal
levels for measured and predicted values at rest and during exercise
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Fig. 2. Measured and predicted (1D) flow at the suprarenal
(SR) and infrarenal (IR) levels at rest and during exercise.
Resting boundary conditions were specified to give the
best fit to the measured data. The distal vascular beds were

constricted or dilated to simulate exercise.

DISCUSSION

We have described a method to prescribe outflow boundary
conditions for a one-dimensional finite element method used to
simulate blood flow under different physiologic states. Distal vessels
in fractal tree models were constricted or dilated to simulate changes
in the vascular beds during exercise for nine healthy subjects. Flow
distributions between the subjects were varied and as a result, we have
not yet developed a method to predict the exercise factors. Future
work will include deriving a method to predict the exercise boundary
conditions from resting data.
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