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NUMERICAL AND EXPERIMENTAL SIMULATION OF
CORONARY FLOW CHARACTERIZATION USING
ARTERIOGRAPHY

Coronary arteriography is being used only for static imaging of vessel anatomy to assess coronary artery
disease. We have completed a pilot study to establish the feasibility of extending this diagnostic technique
to include images descriptive of the local flow in an artery. The study was undertaken to meet the need
for flow-based measurements to clarify the relationship between blood flow and the frequent occurrence
of postangioplasty complications. Our approach entails producing images that code fluid arrival times and
turbulence as pixel intensities. This technique has been used successfully to reveal flow recirculation and
turbulence zones in processed imagery from experimentally acquired arteriograms, and these results have
been confirmed using numerical simulations. We have concluded that flow-sensitive imaging is possible
from processed sequential arteriograms. Further development and testing of the method are therefore
recommended to explore its usefulness as a diagnostic supplement to conventional coronary arteriography.

INTRODUCTION

Coronary angioplasty, which is discussed in greater
detail in the next section, is a widely practiced procedure
for relieving an artery of an atherosclerotic blockage.
Unfortunately, for reasons that are not fully understood,
30% of the patients who undergo this treatment will
experience restenosis (renarrowing of the afflicted artery)
within six months after treatment. Since restenosis can
lead to myocardial infarction (an area of necrosis in the
heart muscle resulting from obstructed local circulation)
and death and is estimated to cost over $2 billion annually
to treat,’ clinicians hope that improvements in diagnostic
techniques and angioplasty assessment will reduce the
failure rate by enabling the subtle aspects of restenosis-
related vessel physiology to be understood.

Angioplasty results are assessed using only static ar-
teriograms (roentgenographic images of arteries into
which a contrast-enhancing radiopaque medium has been
injected). In simplified terms, a successful angioplasty is
declared when the treatment results in an arteriogram of
an opened artery. Yet, evidence suggests that restenosis
may be related to disturbances in the local flow at or near
the blockage site. If these disturbances were observable
during angioplasty, the procedure could be modified to
lessen their effect. Of course, the flow state around a
blockage site cannot be interpreted by looking at static
images of an artery. Our objective, therefore, has been to
demonstrate the feasibility of obtaining flow-disturbance
information by processing a sequence of images obtained
by conventional coronary arteriography without supple-
mentary measurements or instrumentation. The initial
demonstration used actual fluid flows in simple models
of coronary arteries for conditions of steady flow ob-
served with clinical arteriographic equipment. To confirm
the experimental results, we computed a numerical sim-
ulation for flow conditions as close as possible to those

of the laboratory study. Finally, to demonstrate the meth-
od for more realistic physiologic conditions, and as a
point of reference for relating the steady-flow results to
flows more characteristic of coronary flow, another nu-
merical simulation was conducted for nonsteady pulsatile
background flows.

The following are the major conclusions of our study:

1. Useful flow-related information is obtainable from
processed arteriograms for the conditions considered.

2. A cost-effective and convenient means of obtaining
flow information is available, given the frequency of
coronary arteriography.

3. A possible path exists for obtaining the additional
diagnostic information that may help reduce the incidence
of life-threatening restenosis.

We have made several simplifying assumptions dis-
cussed later that will require further consideration before
clinical application is possible.

The use of simulated blood flow and arterial models
has led us to consider the broader implications and uses
of these tools and is the reason we are contributors to this
theme issue on synthetic environments. In the concluding
remarks, we will discuss the possible applications of a
synthetic artery that could evolve from this early simu-
lation work and the benefits that would be derived.

THE RELEVANCE OF HEMODYNAMICS

Angioplasty, formally known as Percutaneous Trans-
luminal Coronary Angioplasty (PTCA), involves the infla-
tion of a balloon inside a severely narrowed artery to
reopen the vessel and reestablish blood flow following
deflation.? It is a relatively noninvasive treatment com-
pared with the most common alternative: a bypass
graft attached during open-heart surgery. Angioplasty
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was introduced in 1977, and more than 300,000 pTCA
procedures are now performed annually.

The primary means for assessing the condition of an
artery before and after angioplasty is arteriography. Ar-
teriography is the video or film capture of the X-ray
shadows cast by a contrast-enhancing radiopaque medi-
um injected into an artery. An example of an arteriogram
from a patient study of a bypass graft is shown in
Figure 1. A radiopaque agent is necessary, since the X-
ray absorption characteristics of blood, vessels, and sur-
rounding tissue are similar, and image contrast would
thus otherwise be insufficient to define the edges of a
vessel clearly enough for an accurate diagnosis. Because
arteries are attached to the heart, which is moving,
multiple images are acquired at high speed during arte-
riography to ensure that at least a few of them will be at
the desired orientation and to obtain the proper position
of the injected contrast material as it is carried through
the vessel. Several new diagnostic techniques are in de-
velopment using magnetic resonance imaging (MRI) and
ultrasound imaging, but arteriography is the method of
choice for assessing coronary artery disease and is almost
exclusively used in grading the success of PTCA.

The first step in PTCA is the catheterization of the
patient, which entails placing a small tube carrying the
contrast medium, a balloon, and air to inflate the balloon,
into an artery. Injections of radiopaque material are made,
and images of the artery are obtained before and after
angioplasty. Once the obstruction appears to be relieved
(i.e., the amount of the contrast agent in the previously
blocked portion of the artery roughly equals that in near-

Figure 1. An arteriogram of a severely (> 90%) stenosed bypass
graft. Note that the contrast agent is nearly unobservable in the
narrow portion of the vesselin the lower left corner of the arteriogram.

by unblocked segments), the catheter is withdrawn.

Unfortunately, arteries opened in this way tend to close
spontaneously shortly after treatment. The restenosis rate
six months after initially successful angioplasty, referred
to as late restenosis, is estimated to be 30%.' The reasons
for this phenomenon are not fully understood, but effects
related to the dynamics of blood flow, a field of study
called hemodynamics,** and their interaction with struc-
tural properties of the lesion’ appear to be contributive.
Characterizing the flow environment near a treated le-
sion, even approximately, may be useful in predicting the
likelihood of restenosis.

Cardiologists performing arteriography have reported
observing apparent variations in the streaming of the
contrast agent into an artery during injection, but such
observations were tentative at best. We sought to process
a sequence of arteriograms in a way that would enhance
whatever flow-sensitive information was contained in the
images. More direct means of accessing blood-flow
characteristics are available using additional instruments
such as a Doppler ultrasound velocimeter, which is a
catheter-based device for direct measurement of flow
velocity. Mean background flow can also be measured
using phase-contrast MRL.® Our approach, however, be-
cause it involves extracting supplemental information
from commonly obtained arteriograms with little addi-
tional clinical effort and no significant extra cost or in-
convenience to patient or physician, is more likely to be
used routinely. The total development time and additional
expenses, moreover, are expected to be less than for more
elaborate techniques.

The approach we developed’* is intended to signal the
presence of flow disturbances in an artery but does not
offer accurate hemodynamic information owing to lim-
itations inherent to arteriography. Since the image formed
under arteriography is a two-dimensional projection of a
three-dimensional object, and since the radiopaque me-
dium is miscible with blood, a complete description of
the flow is not possible, but an indicator for the presence
and extent of a flow disturbance was hypothesized.

To demonstrate our method, we conducted a series of
laboratory experiments in collaboration with cardiolo-
gists from the Johns Hopkins School of Medicine involv-
ing steady flows in acrylic models to obtain a set of
arteriograms under controlled conditions. Flows from
steady rather than pulsatile background pressure were
studied because they are easier to produce and control and
provide a good first approximation to the overall dynam-
ics of pulsatile flows.”!” The approximation is acceptable
at physiological pulse and flow rates for human coronary
arteries of 4-mm diameter or less.!! Although the diam-
eters of the model arteries used in this study are larger,
the dynamics are equivalent to flows in smaller vessels
because, according to the principle of dynamic similar-
ity,'” dynamics are equivalent as long as the proper ratio
of dimensions, velocity, and forces is maintained. This
principle makes it possible to conduct aerodynamic stud-
ies using small-scale aircraft in wind tunnels. Thus, a
convenient size of the arterial model was constructed that
best matched the physical conditions of the pumps, tubes,
and accessories available for the experiment.
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A measure of dynamic similarity is the Reynolds
number, which will later be described and related to these
experiments. Results obtained in applying the method to
the in vitro contrast flows were compared with those from
numerical simulations of the experimental flows. The
numerical simulations were successful in confirming the
results obtained from the laboratory flows. Additional
numerical studies of the method for nonsteady back-
ground pressures® were conducted to demonstrate the
behavior of the method for more realistic pulsatile back-
ground flows.

MATERIALS AND METHODS

Parametric Image Calculation

Parametric arrival time and turbulence images of flow-
sensitive parameters were computed from a sequence of
arteriograms to describe the flow state in an artery. A
parametric image contains pixels whose color or intensity
describes some aspect of the object at that pixel location.
Parametric imaging can be thought of as a filtering op-
eration. The input is the array of time-varying pixel in-
tensities, and the output is one or more images of the
desired parameter values calculated from the underlying
input pixels. The technique has been used in a variety of
cardiac imaging applications.'?

In our study, parametric images were calculated from
the contrast density curve at each pixel in an arteriogram
obtained for the entire passage of the radiopaque bolus.
The pixel locations were determined by the arteriograms.
The contrast density curve is simply a plot of pixel in-
tensity as a function of time corrected for background
variations and is typically Gaussian, but with varying
spread, for a complete passage of the contrast material.
An idealized contrast density curve for an arriving bolus
is shown in Figure 2. A similar mirror image curve would
represent a departing bolus. The duration of the maxi-
mum is a function of the amount of contrast agent inject-
ed. Since arteriographic images from a patient examina-
tion are mathematically processed via coordinate trans-
forms to ensure proper registration, a given pixel corre-
sponds to the same anatomical location, frame to frame,
despite motion due to respiration, the pulsation of the
heart, and inadvertent camera movement. Each region of
interest in an arteriogram is linearly warped, a mathemat-
ical method of aligning dissimilar images,'* to coincide
with the same region of interest in every other arterio-
gram of a sequence. In laboratory studies involving sta-
tionary tubes, a far simpler case than that for moving
arteries, small inadvertent movements due to camera
tremor or other sources are corrected simply by translat-
ing and rotating each image in a sequence to match the
position of the first image. By observing variations in the
rate and appearance of contrast-agent filling at a partic-
ular pixel, it has been possible to perceive flow effects
not readily detectable otherwise.'>!®

A flow-sensitive parameter indicative of the contrast
medium’s arrival time was calculated using the times ¢,
and t, obtained from the contrast density curve, as shown
in Figure 2. The curve was formed as the frames were
acquired, and #, and 7, were derived from postprocessing

Contrast arrival time t, = (f, + 1)/2,
where
(ty) = Igin + 20%(Imax = Imin)
1(ty) = Iyiny + 80%(Imax — Imin)
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Figure2. Idealized contrastdensity curve foranarrivingradiopaque
bolus. The time t, is the instant (frame number) the intensity 7
corresponding to contrast density has achieved 20% of its total
increase from baseline to its maximum value, and i, is the time it
has achieved 80%. The pixel values in the arrival time parametric
image equal (t, + t,)/2, which approximately represents the mid-
point in the curve.

the curve. The times obtained from the curve actually
represent frame numbers. The frames used in this study,
as in most arteriographic applications, were acquired at
1/30-s intervals. The first-acquired frame was assigned a
time of zero, and all subsequent frames were counted
from it. The time ¢, is the instant (frame number) the
contrast density has achieved 20% of its total increase
from baseline to its maximum value, and ¢, is the time
it has achieved 80%. The pixel values in the arrival time
parametric image equal (, + ;)/2, which approximately
represents the midpoint in the curve. This point was
computed, since it is sensitive to movement of the con-
trast material but is likely to be less susceptible to mea-
surement error than attempting to estimate the actual
maximum value of the curve precisely. The resultant
image was then intensity stretched to facilitate interpre-
tation, which is a process that emphasizes the difference
between minimum and maximum pixel values to make
variations more easily detectable by observation.

We also defined a turbulence parameter and generated
corresponding turbulence parametric images that were
calculated from variations in the intensity of the high-
frequency components of the Fourier transform of the
contrast density curve. The turbulence image index was
calculated from the fast Fourier transform (FFT) of the
same contrast density curves used for the arrival time
images. Since the equations given below, which were
used to compute the turbulence parameter, sum a portion
of the high-frequency components of the FFT as a relative
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measure of the high-frequency contribution in a particular
contrast curve, curves containing significant high-fre-
quency activity, assumed to be correlated to turbulent
flow, can be distinguished from those that do not. A sum
of components was chosen as the turbulence measure to
provide a more robust index of turbulent activity than
a single component value. The general form of the
turbulence index for a pixel at row i and column j of an
N point (i.e., formed from measurements on N frames)
contrast density curve is

1 m

xi,j:Equai,j(Q)’ (1)
where R is a normalizing factor defined in Equation 2,
m is the arbitrarily defined upper limit of the turbulence
component range, k is the lower limit, and g;;(¢) is the
qth frequency component of the FFT’s magnitude defined
in Equation 3. Pixel values in the parametric images
of this index were obtained for a low-frequency range
(k=1, m=38) and a high-frequency range (k= 39,
m = 58), identically scaled, and then compared. The rang-
es selected for m and k were empirically established. The
normalizing factor is defined as

NF-1
R= L a;(q), )
g=1
where NF is the number of components in the FFT, and
a;;(q) is the gth frequency component of the magnitude
of the FFT as defined by

a; ;(q) = {FFT* (cd; ; (1) x FFT(cd; ;1)) *(q), (3)

where cd; (1) is the value of the contrast density curve at
row i, column j, and time ¢, and 0 < r < (N—1)At. For
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the 30-frames/s acquisition rate used in obtaining the
arteriograms, At =33 ms, and the maximum value of g
is 15 Hz, the Nyquist frequency. Fast Fourier transforms
of 128 points were calculated (NF = 128).

Computational Facilities

A Silicon Graphics Rs4000 Entry Indigo has been used
as the computational platform for the project. A versatile
software package, the Fluid Dynamics Analysis Package
(FIDAP), from Fluid Dynamics International, Inc., is in-
stalled on the Indigo and is used to carry out the simu-
lation of fluid dynamics. The FIDAP software is a finite
element method analysis package consisting of three
modules: (1) a mesh generation module that automatical-
ly divides the flow domain into discrete, contiguous el-
ements, (2) a solution module that solves the governing
equations, and (3) a postprocessor for graphical represen-
tation of the field variables. The Indigo is configured with
an S-Video board that permits real-time capture of screen
text and graphics on VHS videotape for archival and di-
dactic purposes. Also installed on the Indigo is the Inter-
active Data Language (IDL) software package from Re-
search Systems, Inc., which is employed for user inter-
face development, animation, warping, contrast enhance-
ment, and other image processing functions.

Laboratory Studies

Arteriogram sequences were acquired under steady
background conditions for constricted and unconstricted
acrylic models of an artery (see Fig. 3) designed for this
experiment, and flow-sensitive parametric images were
derived. The models consist of two 75-in.-long, 0.5-in.-
dia. inlet and outlet sections connecting to a variable
output pump and drain and a set of interchangeable 2-in.
central sections of 0.5-, 0.4-, 0.25-, 0.15-, 0.05-in. diam-
eter (0%, 20%, 50%, 70%, and 90% reduction). Two

Figure 3. Acrylic model of an artery. A.
Central test sections with various con-
strictions. B. Inflow-outflow sections. C.
Test section attached to inflow-outflow
connectors. D. Connectors. E. Attenua-
tion-scatter equalizing sleeve.
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versions for each diameter are available: one with a 90°
exit-entrance angle and another with a 135° exit-entrance
angle. Thus, ten interchangeable central test sections are
in use, and more can easily be added if necessary. The
test sections are connected to the inlet-outlet tubes by
watertight acrylic connectors. Sleeves are placed over the
inlet, outlet, and test sections of the same dimensions as
the connectors to provide uniform X-ray scatter and at-
tenuation across the entire model. Only the 0% (uncon-
stricted) and 50% diameter-reduced (75% area constric-
tion) test sections were used for the experiments reported
here.

The nominal flow (from left to right) in the models for
all tests was 8.3 = 0.1 ml/s, using water as the working
fluid, which corresponds to a Reynolds number of 821,
a value representative of coronary arteries.'' The flow
rate was measured at the drain site using a graduated
cylinder and stopwatch. A 20-ml bolus of sodium iodide
in water (40 g Nal/100 ml) was introduced through a side
arm at the start of the inflow section. The 35-mm cine
images were acquired just downstream of the stenosis
section using a GE Fluoricom 5000 X-ray system at a
constant source-intensity setting, 6-in. magnification, and
30-frames/s acquisition rate.

The developed film was mounted on a standard view-
ing projector for 35-mm film with a beamsplitter direct-
ing images onto the aperture of a charge-coupled device
camera for digitization. The images were digitized to
form 384 x 512 image arrays and stored. The parametric
images were calculated using the contrast density curves,
as described earlier.

Numerical Simulation

The numerical simulation was carried out by solving
Navier-Stokes equations for continuity and momentum
for the axial and radial dimensions. The equation for
continuity is

Vev=0, 4)

and the radial (r) momentum is determined by

_d_vL:_a—p+LV2v,. —l—<r":’~2 >
dt or Re r ar
’ ’ (5)
)

<

where v is the velocity vector, v, is the radial velocity
component, v. is the axial velocity component, p is pres-
sure, v, and v/ are fluctuating components of velocity, and
< > represents the correlation. A similar equation exists
for the axial (z) momentum. The Reynolds number Re is

Figure 4. Finite element grid near a con-
striction.

defined as pul/p, where p is the fluid density, u is the
reference velocity, / is the reference length, and p is the
fluid viscosity. The continuity equation, which states that
mass is conserved, must be satisfied throughout the flow
domain. The radial momentum equation expresses the
balance of forces in the radial direction. Equation 5 re-
lates the total derivative of velocity to the pressure gra-
dient, viscous diffusion, and the turbulent stresses (last
two terms).

A two-dimensional geometrical model of the acrylic
tube designed for the laboratory experiment was comput-
er coded and used to produce a numerical simulation of
the flow field in the tube. A two-dimensional model was
chosen, since the flow in an axially symmetric straight
tube is assumed to be two-dimensional axisymmetric.
The finite element method'” was used to solve for the
flow in the geometrically defined model. In this tech-
nique, a region of space in a specified geometry, here the
modeled vessel, is divided into small, contiguous ele-
ments much like the process of covering a floor with
rectangular tiles. The “tiles” that define the computation-
al domain for the arterial model are shown in Figure 4.
The Navier-Stokes equations, which are used to charac-
terize flow, were numerically solved within this compu-
tational domain. Dividing the model into small elements
enables complex flows to be computed by solving for
linear variations of the dynamical variables across an
element and linking these results by matching boundary
values. Solution of complex flows in an extended object
would otherwise be prohibitively difficult to model. It is
important, however, that the elements be sufficiently
small to allow a linear approximation to the equations of
flow within that region to prevent errors from being in-
troduced. Care was therefore taken to use a finer grid near
the wall boundaries (see Fig. 4) and in the vicinity of
expected recirculation zones to resolve the high gradients
known to exist in those regions better.”'®

Turbulence in the governing equations was accounted
for through the two-equation turbulence model, which
requires solution of two extra equations, one for the tur-
bulence intensity k and one for the turbulence dissipation
rate €. The k (the autocorrelation <u’u">, where prime
denotes the fluctuating quantity of the reference velocity
u and < > implies time correlation) is used to characterize
turbulent energy and serves as a comparative quantity for
parametric turbulence images derived experimentally
from arteriograms. The nominal grid was a 3276-element
quadrilateral with each element having four nodes. Con-
verged solutions were achieved through the Galerkin
method,'” and mass conservation was satisfied by the
penalty approach (i.e., the same mass leaves as enters a
grid element). Solutions for 0% and 75% area constricted
models were obtained, and the geometry and Reynolds
numbers were matched to the experiments. The boundary

Flow
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conditions for the inlet velocity profile were specified as
laminar parabolic.*

To simulate the flow of the contrast agent, we intro-
duced a series of massless tracer particles proximal to the
constriction and tracked their path as they traversed the
model. Since massless particles were used, the flow was
not affected by their presence. Because the numerical
simulation utilized particles to track the location of the
contrast medium, the arrival of a particle at a particular
location was associated with finding the midpoint of the
contrast density curve. The numerical simulation arrival
time parameter was therefore the time a massless particle,
introduced at the inlet plane, reached a given location.

Results

The parametric images generated in the studies are
summarized in Table 1.

Steady Flow

We calculated parameters from the laboratory-ac-
quired arteriograms using the method described earlier.
Arrival time images of the radiopaque bolus (Figs. SA
and 5B) and turbulence images (Figs. 6A and 6B) were
calculated for arteriogram sequences of both the 75%
area constricted and unconstricted models. (Note that the
arteriograms of the experimental flows were acquired at
an angle of about 45° relative to the edge of the film. All
flows were horizontal, however.) In the figures, the pixel
brightness intensifies with increasing arrival time and
turbulence. Bright areas next to the exit of the constricted
portion of the model in Figure SA suggest delayed filling
caused by recirculation known to exist at this Reynolds
number for a stenosis of this severity.'® No such regions
are present in the straight tubes, where the flow does not
recirculate at this Reynolds number (Fig. 5B).

The arrival time parametric images obtained from the
numerical simulation for a central cross section of the
model are shown in Figures 7A and 7B. X-ray attenuation
and three-dimensional geometry effects have not been
included in the arrival time computation. Pixel intensity

Simulation of Coronary Flow Characterization Using Arteriography

Table 1. Summary of parametric images and experimental con-
ditions used to generate them.

Area Laboratory/ Parametric
constriction simulation image Figure
75% Laboratory Arrival time S5A
0% (control) Laboratory Arrival time 5B
75% Laboratory Turbulence 6A
0% (control) Laboratory Turbulence 6B
75% Numerical Arrival time TA
simulation

0% (control) Numerical Arrival time 7B
simulation

75% Numerical Turbulence 8
simulation

becomes more pronounced as the arrival time for a
particle increases. The simulation-derived turbulence im-
age for the 75% area constricted model is shown in
Figure 8. The pixel intensity increases as turbulence
intensifies, as described earlier. The turbulence image for
the unconstricted model is virtually uniform and is not
shown. Streamlines (Fig. 9) and shear forces (Fig. 10)
computed by the numerical simulation are also shown.

Numerical Simulation: Pulsatile Background Pressure

To study the performance of parametric imaging for
more physiologically realistic background flows, we
conducted a pulsatile flow simulation using the same
model geometry and governing equations. The waveform
for the inlet pressure is shown in Figure 11. The peak
Reynolds number for the flow was 821, matching that
used in the steady-flow studies. Again, a series of mass-
less tracer particles were released, and their position
throughout the model was recorded as a function of time.
As with the steady-flow simulation, an arrival time image
was obtained for a center cross section of the obstructed
model (Fig. 12). The dark regions next to the model

Figure 5. Arrival time images for the
radiopaque bolus. (The flow is from left
to right.) A. Laboratory model with 75%
area constriction. B. Unconstricted
model.
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Figure 6. Turbulence images. (The flow
is from left to right.) A. Laboratory model
with 75% area constriction. B. Uncon-
stricted model.

Figure 7. Numerical simulations of the
arrival time for the radiopaque bolus in a
central cross section of the model. (The
flow is from left to right.) A. Simulation for
75% area constriction. B. Simulation for
0% constriction.

Figure 8. Turbulence simulation for75%
area constriction. (The flow is from left to
right.)

Figure 9. Simulated streamlines for the

steady-background flow in the presence
of a 75% area constriction.

artery’s wall below (distal to) the constriction that re-
ceived no contrast material during the simulation are
completely black. Streamlines for the pulsatile simulation
at selected times are also shown (see Fig. 13).

Cinearteriographic Simulation

In obtaining parametric images from the numerical
modeling, we also demonstrated a new capability for
simulating cinearteriographic contrast injections, first for

steady flows (see inside back cover) and later for pulsatile
flows.® Sixteen frames of a fifty-frame animation of the
pulsatile study are shown in Figure 14. The frame num-
bers correspond to the frame number in the animation
(e.g., frame 25 is the 25th frame in the animation). The
fifty frames span one cycle of the input background
pressure pulse. Note how the contrast agent breaks up and
accumulates in the recirculation zone and along the walls
of the model. For the simulation, only a small amount of
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Figure 10. Shear stress computed from simulated flow along the
wall of the model artery with a 75% area constriction.

contrast material was injected. In actual practice, quan-
tities sufficient to fill the vessel completely for a brief
period are supplied. The animation depicts the release of
several massless tracer particles in the flow for a two-
dimensional slice through the center of the vessel, as
described earlier. The X-ray illumination along a given
line of sight for a set of parallel ray directions is blocked
if a particle is encountered; otherwise, it passes unatten-
uated. The animation shows the radiopaque bolus wave-
front as it travels through the vessel, revealing various
details of the flow, including the size variation of the
recirculation zone during the cardiac cycle. This anima-
tion capability has been helpful in considering new sim-
ulation applications, as discussed in the section on future
work.

DISCUSSION

Steady Flows

The parametric images derived from the model flow
experiments are very similar to the numerically simulated
result. Recirculation zones on either side of the constric-
tion at its exit and areas of jetting along the tube walls
of the constricted portion of the vessel are clearly visible
in both cases in about the same locations. The sizes of
the recirculation and turbulence zones are consistent with
published, precise measurements made from a range of
Reynolds numbers that spanned the value of 821 used
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Figure 11. Inlet axial velocity waveform. The triangles denote the
times (t=0,0.325, 0.675 s) during a pulse at which the streamlines
in Figure 13 were plotted. The pulse duration is 1 s. (Adapted, with
permission, from Ref. 21, p. 1148.© 1992 by Elsevier Science Ltd.,
The Boulevard, Langford Lane, Kidlington, U.K.)

here for a similar model of a stenosed artery.'' The
streamline calculations obtained with the simulation
(Fig. 9) also demonstrate recirculation zones in this re-
gion. Thus, the goal of proving the possibility of iden-
tifying regions of disturbed flow was met for the condi-
tions studied.

A jetting phenomenon is observable in the arrival time
images (Figs. 5A and 7A) at the exit of each constriction
and was examined in detail using the velocity distribution
calculated by the finite element simulation. The jetting
was discovered to be the result of the increased flow
velocity at the inlet of the constriction generated as fluid
near the wall in the unobstructed portion of the model is
forced into the narrowed section of the tube. The high-
velocity region persists through the contracted area until
the fluid velocity decreases below the obstruction, creat-
ing a jetlike structure.

The distinct region of high-frequency variation shown
in the turbulence image of Figure 6A in comparison with
that of Figure 6B suggests that a turbulent region is
present, particularly since low-frequency parametric im-
ages (not shown) obtained with the constricted model
demonstrate no such variation. The extent of the turbu-
lence region observed in the numerical simulation

Figure 12. Simulated arrival time image for the
radiopaque bolus in the presence of a 75% area
constriction under the pulsatile-background flow
conditions.
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Figure 13. Streamlines during a pulse 3 @F_
(refer to Fig. 11). A.0s. B. 0.325 s. C. =—=X Z ———

0.675s.

(Fig. 8) is consistent with the parametric turbulence
image.

The shear force distribution results (Fig. 10) agree
qualitatively with earlier in vitro measurements® made in
flow-through casts of human arteries. As in those studies,
shear forces dramatically increase distally (downstream)
from the reattachment point, a point of local shear
minimum.

Pulsatile Simulation

The presence of a recirculation zone, as suggested in
the steady-flow parametric image, is evident in the pul-
satile result as well, although its appearance is more
structured. Streamlines for the pulsatile flow are shown
in Figure 13. They reveal the changing nature of the
recirculation zone throughout a pulse cycle and help
explain the complexity of the pulsatile arrival time image
compared with that of the steady-background flow sim-
ulation.

Approximations

Several approximations were made to accomplish the
demonstration and numerical flow modeling. The acrylic
“artery” and its corresponding numerical model are
smooth, rigid, and straight, unlike actual arteries, which
are tortuous and flexible. An ideal (Newtonian) fluid
(i.e., one that has constant viscosity) was used in the
experiments and simulations because blood behaves like
an ideal fluid for vessels of 0.5-mm diameter or larger,”
and the coronary arteries of interest have diameters larger
than 1 mm. Also, since a single-phase, uniform fluid was
used, multiphase flow effects at the wavefront were ne-
glected. We have assumed that disturbances introduced
by the catheter during injection will not significantly alter
the results.

The finite element computations themselves approxi-
mate changes within an element and degrade with in-
creasing object boundary complexity. Only a two-dimen-
sional axisymmetric flow was considered, for the tube
and the background pressures were axisymmetric. The

boundary conditions were not directly measured but
estimated on the basis of mean flow, tube length, and
background pressure. Yet, for the intended purposes of
confirming the results of our laboratory experiment and
estimating the influence of pulsatile background pres-
sure, the approximations seem justified and acceptable.
The waveform used to provide pulsatile background
pressure was derived, as mentioned earlier, from exper-
imental measurements>' and is only an example of arte-
rial pressure, since pulsatile waveforms vary with size
and location of the artery. The waveform will also be
affected by catheter placement, injection pressure, and
the onset time of injection relative to the cardiac cycle.

CONCLUSION

Our results suggest that flow turbulence and separation
zone information are available from single-plane contrast
arteriography. The additional information provided by
parametric flow imaging may be useful in addressing the
problem of postangioplasty restenosis, which has been
somewhat difficult for clinicians to resolve with existing
arteriographic analysis. Parametric imaging of flow dis-
turbances is particularly attractive because it requires
little additional clinical resources or effort to accomplish
when implemented for conventional, single-plane arteri-
ography. Should greater accuracy be necessary, biplanar
arteriography, which acquires two images at separated
angles and would facilitate three-dimensional imaging of
the flow, is available in many hospital catheterization
laboratories. Biplanar imaging, however, would require
modification and retesting of the approach.

Further study is planned to probe the limitations of the
approach and to develop a more faithful test environment
that takes vessel compliance and curvature into account
and uses numerical simulation tools. Numerical simula-
tion offers a powerful means of modeling arterial phys-
iology, blood flow, and diagnostic techniques without the
expense, logistical complications, intricate machining,
and drenched clothing that often accompany laboratory
experiments with fluids.
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Figure 14. Sixteen frames from a fifty-frame animation made
during the pulsatile-flow study of a simulated contrast medium
injection. (The flow is from left to right.) A. through J. Frames 1

FUTURE WORK

We hope to extend the blood-flow simulation to in-
clude the material properties of the vessel, also modeled
using finite element method techniques, with the aim of
developing a synthetic artery for use as a more general
coronary research and assessment tool. The ability
to simulate arterial hemodynamics faithfully would

namics on vessel structure could also be studied. Hemo-

Simulation of Coronary Flow Characterization Using Arteriography

restenosis following balloon angioplasty, and in the onset
of symptoms, including myocardial infarction, in previ-
ously asymptomatic coronary artery disease patients. For
example, plaque, a constituent of atherosclerotic lesions,
may rupture as a result of material fatigue caused by
hemodynamical forces,” which may in turn lead to flow-
limiting clot formation. Yet many plaques develop only
small fissures that heal without consequence and pose no
threat to the patient. A method is needed for examining
the mechanical properties of plaques and considering the
influences of hemodynamics on the development of stress
cracks in plaques.

The creation of a synthetic artery, although an under-
taking requiring substantial resources to accomplish, will
offer a unique ability to study and probe questions of
coronary health not easily addressed otherwise. Another
research opportunity using this capability is the design of
a virtual catheterization environment for training and
surgical planning. Development of this environment will
require the incorporation of force-feedback devices to
simulate catheter tension, balloon pressure, and three-
dimensional imaging. A student using the tool could train
and learn from an extensive set of catheterization exercis-
es, thus offering educators greater control of the training
environment and assuring a thorough exposure to the
major issues in catheterization. The virtual catheteriza-
tion environment would permit improved evaluation of
students using standardized materials and unlimited op-
portunities for practice without exhausting the supply of
test materials or fear of patient or animal injury. Such a
simulation tool would also offer treatment advantages,
since it could be used by the clinician to plan catheter-
ization or angioplasty or to consult with other clinicians
in a lifelike, interactive fashion. This pilot study is, of
course, a small step along the path to a synthetic artery,
but continued evolution of this and other simulation tools
integrated with additional sensory devices poses exciting
possibilities for future medical applications.
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