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Introduction dent platelet activation, or through the mass transport of cellular

nd molecular substances into and out of a given reffe+V].

hus, control and documentation of reproducible flows are essen-

%Wto the study of the dynamically coupled cellular and protein
h

Biocompatibility has been a major issue in the clinical use c$
prosthetic implants. One such set of applications includes prostrf
ses such as endoluminal stents or vascular grafts that allow bl ways leading to impiant thrombosis

to;‘low_ beyc:nd?prewously_sttenose(tj a:ter.'th ?_egment. gvgfng “Rve sought to develop a system that created controllable,
a foreign structuré comes into contact with tissué and Dlood, 8,onary.jike flow conditiongas determined by various dimen-

’

long-term device failure. The thrombotic reaction is one of thgt 4 yping loop into which a prosthetic device could be placed.
earliest responses to implantation and by virtue of its rapid accglhe |o0p was filled with the desired blood constituents and spun
eration and potential for complete luminal occlusion, one of the,yt its axis in a prescribed and controlled fashion to modulate
most devastating. Current implantation techniques and drug thefige inertial flow of the contained fluid through transmitted shear
pies have limited the incidence of acute and subacute occlusiorydgces from the tubing wall, thereby generating relative flow.
around 5%, with the outcome of such events often being fatal dueas a test of the mechanical suitability of the system, we created
to their unexpected, sudden on$ef2]. Moreover, mural throm- and measured various flow profilésnpulse, square, triangular,
bosis isolated to the wall of the blood vessel is ||ke|y the inCitinginusoidaL Coronabyin a fluid |00p run under the nominal geo-
and promoting event for all subsequent events. The developipgtric and fluidic conditions found in an adult left anterior de-
clot not only serves as a scaffold for the in growth of migratingcending coronary branch. A preliminary study to assess the sys-
and proliferating cells, but as a source and reservoir for chemigah's ability to investigate coronary arterial implant thrombosis
mediators of these cellular everj§]. Such cellular proliferation was performed on polished, stainless steel 7-9 NIR® stents. These
leads to pathological restenosis in 20-50% of cases and is depgials indicated the system’s utility in assessing occlusion time as a
dent on factors such as vessel size, lesion complexity, and stgsiigh measure of thrombotic potential. We also showed the
design[4]. Accordingly, elucidation and control of the thromboticsufficiently low background levels in stentless, control circuits—
process is especially important for the continued use and develeprequisite for future, sensitive, inter-prosthetic studies to be
ment of vascular implants. performed.

Vascular patency relies on a careful balance of chemical media-
tors and local fluid dynamics. Disturbances, even as simple as the
insertion of a small intravascular wire, can cause profound micrgjethods
environmental changes that alter blood flow and coaguability.
A thrombus develops and propagates when the stimulatory for-Flow Theory. To create the desired flow profiles, a fluid-
ces cannot be balanced by the regulatory measures as fibrin, ddted torus was rotated about its axis. When impulsively started,
vated from precursor fibrinogen, stabilizes a mass of aggregatitigre is inertial fluid motion relative to the toroid wall. The fluid
platelets. accelerates primarily due to momentum transfer into the bulk fluid

One difficulty that has limited the extensive examination ofia shear forces. When the loop is accelerated, there continues to
bioprosthetic thrombosis is the highly flow-dependent nature bg relative motion, and hence relative flow. Lyne has previously
thrombosis and lack of widely applicable flow models. Flow cagnalogized such fluid motion to pressure driven flows where,
affect the components of thrombosis either through physical sheaeving in a reference frame with the wall, the acceleration takes
dependent mechanisms, such as von Willebrand’s Factor depen-the driving character of a body for¢8]. Analytical solutions

of straight tube models of oscillatory wall flow derived elsewhere
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Table 1 List of the dimensionless parameters considered, along with customary definitions

and typical values found in the left anterior descending coronary branch (LAD) [13]. Vg is the
mean cross-sectional axial velocity of the fluid, v is the kinematic viscosity, @ is the flow
oscillatory frequency, a is the vessel radius, and R is the radius of curvature of the loop. ¥ This
value for repeq Was calculated assuming a peak Re of twice the Re  and an aspect ratio, R /a, of
10 as suggested by Chang and Tarbell  [14].

Dimensionless # Definition Typical Coronary ValugsAD)
Mean Reynold# (Re 2aVyig 153+64
14
Wormersely# (a) awlv 1.5£0.27
2aVy;i
Peak Dear# (Kpea) Max(%Ja/R) 95"

fluid being conducted to and from a reactive wall surface, the

relevant reaction control volumes are conducted away from the Viscous forcess

lagging fluid. (2a)

Since this manner of flow generation requires acceleration, a&)q
al

#Vsecondary

. ®)

ich have been determined from an order of magnitude consid-
ation of the relevant quantiti¢$8]. In these equation¥secongary
gpresents a typical secondary fluid velocitys the density of the

id, w is the dynamic viscosity of the fluid. The use of tube and
%bp diameterg2a, 2R rather than radii have been used to allow
) X - ; Peduction into a quantitatively proper form as conventionally
ducing coronary-like flows: introduction of a one-way valve Oseq The differential term in the centrifugal relation accounts for
crealtlng gl-fdlrectl?nal rovvl._ AI:houghtthehonc_e-wlay valve COUIddbt e relative centripetal motions in an inertial frame. When both
employed for certain applications, its physical presence and the .. ,
imposed water-hammer effect when the fluid is jerked to a ha{RO“O“S are presenkpe, becomes
could increase the circuit's background levels of thrombosis. Bi- 23(|Vf2|uid_V3vau|)l/2 a
directional flow at one half the frequen€ywysen) Of the desired K;,)eak: Max( " R 4)
heart rate( wcoonary) Can be established by following each loop
acceleration profile with a symmetric deceleration. For the puwherev, is given by the ratiqu/p. WhenV,,,, is zero, as in the
poses of this study, bi-directionality was deemed a suitable soltase of forced flow through a curved, stationary pipé‘eak re-

tion so long as the oscillatory frequency was kept low enough Huces to the standard form given in Table 1.
ensure minimal flow before the next pulse began.

Using such a technique, we hoped to create time-varying flowsSystém Design. The key components of the system include
whose characteristics, as defined by the dimensionless mean RBijd loops, rotor-stages, a driving motor, a motion controller, a
nolds (Re), based on an absolute velocity, and Wormeglgy Measurement system and an incubaféig. 1). The blood and
numbers were typical of coronary flows, as well as estimate t,g%;sthetlc device were placed into the fluid loop. This loop was

net positive flow requires a net positive acceleration, impractic
large loop angular velocities can result. However, the physiolo

1/2

secondary flow effects of curvature by considering the peak Del¢n fit onto a rotor stage and placed in axial alignment with other
number( x,e.) associated with our systefsee Table 1L oops to be tested under the same flow conditions. The entire rotor
peal

Table 1 defines these conventional dimensionless parame%@tem was driven through a desired oscillating motion profile via
[15]. In each of these parameters, a Newtonian approximation motor and controller system. This motion created the bi-
v is used, as has been shown to be valid for high shear conditions

(>100s" 1) and often applied when considering coronary flow

[9,14,16,17. However, the customary definition afis not appli- MEASUREMENT
cable in the rotating toroid case, as the relevant velocity term mu i
take into account the fluid’s axial velocity in an inertial referenc .

frame (Vqg) which gives rise to the centrifugal forces, and ¢ rivin ioor i B
different wall velocity /,,,). It is the difference in these com- |
ponents that gives rise to the relative wall velocity,{) and | :,L:m’
hence, the centrifugal pressure mismatch leading to second! s
flows. i
To determine a modifiea e NUMber Qcéea,) for comparison |
with the nominal conditions of Table 1, we can consider the deil
nition of x as a ratio of the square root of the product of thi|
secondary flow inertial and centrifugal forces to the viscous forc!
[15], where '
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DRIVER
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2R Fig. 1 General system schematic
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Fig. 2 Embodied fluid loop design and dimensions; (a) Fluid
loop; (b) cross-sectional view through a fitting. The three
equally spaced fittings were positioned to minimally disrupt the

loop curvature. One fitting serves as a connector to create the
fluid loop by securely holding the two ends of the tubing length

in apposition. The two other fittings serve as inlet and outlet

straight tube, Newtonian fluid approximation for oscillatory flow,
as used by Moore Jr. et 40], which was augmented by an im-
pedance factor as suggested by Chang and Tdtbglto account
for curvature effect$10,15.

The components of the motor control system integrate readily
and allow for the generation of specific flow profiles. These com-
ponents include a Renco RM15 Encoder, an Electro-Craft® 1Q-
550 Position Control Module, an Electro-Craft® Max-100 PWM
Servo Drive, and a Windows compatible PC terminal running 1Q
Master softwardFig. 1).

To measure the loop flow rates, Transonic 3CA flow probe
leads are connected to a specially constructed junction on each
rotor stage. Upon stacking, the male connector junction on a given
rotor stage allows communication with the female junction on the
stage immediately below it. Thus, each stacked rotor was hard-
wired to all of the probes. This design allows the stages to be
modular for loading and possible future expansion, with the top
most stage relaying all probe signals to the on-board probe mul-
tiplexer. These signals were passed sequentially to a Transonic
T106 Flow meter that outputs a voltage signal, recordable on a
computer via a National Instruments® LAB-PC A/D interface and
LABTECH Version 8.1 software packageaboratory Technolo-
gies Corporation @ The trigger to sequentially switch probes

was provided by the high to low or low to high state change of a
digital output pin on the 1Q 550 controller. This switch was pro-
grammed to occur after each flow cycle, or beat. In this method,

directional flows that were measured via onboard, extracorporé’ﬂl of the probes’ signals were merged into a continuous wave-
flow probes built into the rotor stages. The rotating system w4 A final signal was sent from the multiplexer to the computer
maintained at 37°C in an incubator and connected remotely to tjgcoding a specific probe label. Therefore, with the waveform and
controller circuitry and flow recorder stationed externally at roorffo'responding probe label information, an individual fluid loop
temperature. could be monitored throughout the time course of an experiment.

In the current embodiment, the 7.6 of8.0”) diameter fluid An 8 lead rotary'electrlc_al cgupllng interfaces the rotating loop
loops are made from a 24.0 c(8.5") length of 3.2 mm ID/4.8 reference frame W|th the inertial frame. The onboa_rd multiplexer
mm OD (1/8” ID/3/16” OD) S-50-HL Tygon® tubing(Fig. 2) probe output was wired to four of the rotary couplings. Two ad-

L . . . ditional couplings provide power10V,GND) to the multiplexer.

approximating the geometric conditiofisoth 1D and R/a ratip

- ) The last two lines provide contacts for the probe switch trigger
found in the adult coronary artefit3]. To form the fluid 100ps, 4ng the probe label. Although this system can monitor and record

the ends of the tubes were squarely cut with the axial dimensigqy )| flow profiles in the fluid loops, only the peak flow values
and placed in apposition. This connection was held via an ovgfare stored to disk in actual loop occlusion time experiments to

lapping segment of 4.8 mm ID/7.9 mm QB/16” ID / 5/16”OD)  yequce the amount of data storage. These peaks effectively convey
S-50-HL Tygon® tubing. Further compressive support was prostormation on change in the fluidity of the blood.
vided by an elastic sleeve made from Silastic® silicon tubing

placed over the joiner segment of tygon. Two similar structures Performance Testing. To demonstrate the range of system
were slid onto the loop at equally spaced 120-degree intervalsc@pabilities, a single fluid loop was filled with a 6:4 water/glycerol
cause the least deviation in toroid curvature possible. The twix to match the Newtonian approximation blood viscosity under
additional sleeves serve as outlet and inlet ports for the replaeaterial flow conditiong0.04 cnt s~ 1) [16] and placed on a rotor
ment of the loop’s contained air by the desired fluid. Filling wastage. Subsequently, the rotor was driven through a variety of
accomplished via a syringe whose hypodermic needle tip was shitbtion profiles to generate impulse, square, triangle, sinusoidal,
under the outer most elastic sleeve and pushed through the midaihel coronary-type flows. The full flow profiles, rather than just
sleeve and inner loop layers. Small-bore needles were usedptak data, were recorded via the LABTECH software.
create the smallest possible disturbance to the loop’s luminal surTo assess the system’s potential in studying prosthetic throm-
face. A 26-gauge needle was used at one of the ports for thesis, both a source of blood and a prototypical implant were
evacuation of air. As a compromise between the need for a smadleded. In this preliminary study, surplus American Red Cross
injection port and an atraumatic injection of cellular componentbjood products were used to obtain quantities sufficient to allow
a 20-gauge needle was used for the transfer of blood productsseveral experiments to be performed on the same batch of blood
The rotors are the modular discoid platforms that hold the fluidr precision testing. Fresh frozen plasma and fresh platelet con-
loops. Each was manufactured out of a stock of delrin plastic. Teentrategboth anticoagulated with 10mmol citrateere utilized
key features of the rotors are a grooved resting stage to hold e these contained the key ingredients of classical thrombosis,
fluid loop, a keyed axial hole for rotor stacking and alignment, aeglecting the red and white blood cells in this first level of study.
chiral notch for the placement of the flow transducer, and a sl®ype AB+ fresh frozen plasm#&FFP with a prescribed storage
through which the transducer connections are passed. The ndifehof 6 months post-collection was stored-aR0°C. The plasma
chirality allows sequential rotors to be stacked with the probegas thawed in a 37°C water bath for 45 minutes and then spun
facing opposite directions in order to minimize asymmetricalown at 10000 G to eliminate debris such as preformed platelet
loading. With the current rotor system’s shaft, 6 rotor stages camcrovesicles. The supernatant was filtered 4 times through a 0.2
be stacked, along with a cap structure that serves as a locationgon low protein binding filter to further ensure clean FFP. The
on-board instrumentation. A centered hole allows for axial coylatelets(type AB+ PRP were obtained within one day of col-
pling to the motor. lection and stored on a 70 RPM rocker at 22°C. These were used
The driving motor is an Electro-Craft® E643 DC servo-bruskwvithin the first two days post-collection as was justified from
motor (peak torque 0.16 Nn720 oz in: peak operating speed adequate functional comparisons with freshly drawn volunteer
4800 RPM. The required parameters were estimated from platelets.

ports for the injection of fluid.
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One hour before a planned experiment, the platelets were add =~ 100
to the FFP at a constant ratio of 1:4 PRP to FFP and returned 50
the rocker for equilibration. Each loop required 2.5 ml of the r-M\\A m\_ f‘
FFP/platelet mix to ensure proper filling. To reduce experiment: ° / 1 U
error from mixing and handling variation, the total volume of the -50
suspension for a given rud5 ml) was pooled and prepared in a
single tube.

Polished, passivated, 7-9 stainless steel NIR® endovasculfa
stents were obtained from Medinol Lt@Jerusalem, ISRAEL =
While the platelets were equilibrating in the filtered FFP, the
stents were expanded 1 cm from the end of the tygon tubing via
36mm Maxxum™ 3.5 SCIMED® balloon catheter under a pres~
sure of 12 atm. The tubes were closed into their loop forme &
ensuring a gapless fit. When the plasmal/platelet mix was reac==
5M Ca2+ was added to bring the sample to an additional 170mmc
Ca2+ concentration, negating the citrate’s anticoagulant chelatin

-100

effect. The stented loops were then filled with the plasma/platels it

mix as described above and placed onto the rotors. This proce 50 /\ /_\ /
was sequentially performed as rapidly as possiblé5 sec/loop 0 74 ,

while ensuring safe handling of the blood components and prop - 05 ‘WZ 25 v
filling of the tubes. Once complete, the rotors were placed ont 150

the rotor shaft and spun according to the desired motion profil
within the 37°C incubator. Background thrombosis was assess

by running three stented loops against three stentless conti Time (seconds)

loops.
Fig. 4 Sample flow profiles depicting some of the possibilities
achievable with this type of flow generation; (a) Square; (b)
Results Triangular; (c) Sinusoidal

Mechanical validation. The impulsive response of the sys-
tem was examined after a brief burst of torque was supplied to the
rotor. Some points to note in this profil&ig. 3) are the 0-135 [ Bldiractional System Flow pmf'ﬂ
ml/min rise time of 0.1 sec and a decay time constant of 0.1 st s:;ro-Realistic Coronary Flow Profile

These values help characterize the realistic impulse functiig 200
" HVZ e

achievable with the current setup, which serves as the limitit§€ 150 -
building block from which other functions can be compose’g "0 7
Some examplegsquare, triangular, sine wavesf other possible 3
flows are shown in Fig. (4-c). Here, the periodic, bi-directional & -so
nature of the flow is evident. Again, this type of oscillation i&& -100
o
=

L ey

necessary in the methodology used to create flow, as no vah g ;::
were present in the circuit.
Since we hope to investigate coronary arterial events, a col

nary flow pattern[19] (scaled to a 60 beat/sec frequeneyas [——Vrel — — Vwall - - - -Vriuid (Vwall+Vrel) |
approximated with our bi-directional model as shown in Fig. 5 300 -

Figure % gives the driving wall velocitiesV,,,,, required to 200 {7 s
achieve the coronary-type flow/,,, and the derived absolute 100 | AR /,_(r
fluid velocity in the inertial frame,Vg,q. This simulated 0 e . g7

coronary-type flow is characterized by a Ré 150 (based on 00 3 \‘:@—1—5—
[Viel), an a of 2 (based on avcoronan), and aKr’)eak of 135 (as -200 | N ~2ero v, upon initiation of
defined by equation)1 Re and a, when compared with Table 1, .2 _,, o e
indicate the ability to achieve coronary-type principle flows, whili
keeping secondary flow effectas estimated byéeal) to within
physiological levels.

The pliability of the system allows principle wave characteris,:

. - p - Fig. 5 Modeled coronary profiles;  (a) Typical left anterior de-
tics such as frequency and amplitude to be readily varied aCCOEQ%nding coronary flow pattern superimposed on the modeled,

Velocity (cm/sec)

Time (seconds)

bi-directional, coronary-type flow profile; (b) The wall, Vi,

and fluid, Vg4, velocities in the inertial reference frame re-

quired to drive the relative coronary flow velocity, Vel - Note
’a 185 that V., is essentially zero by the time  V,, Initiates a new
E 135 | cycle.
R
~ 35 ing to the experimental protocol. Furthermore, the system allows
2 15 —~t e e for tailoring of more detailed parameters such as the systolic:di-
é 0 05 1 15 astolic ratio if desired.

Time (seconds)

Fig. 3 Impulsive fluidic response to a step in rotor velocity

Journal of Biomechanical Engineering

Feasibility for Coagulation Testing. As a preliminary test,
six stents were positioned in their respective fluid loops and run
through the described coronary flow protocol. The results obtained
after parsing the data according to the probe label and running a
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200 flow profiles to be obtained. Parallel-plate flow chambers enable

= == Probe1 microscopic visualization of surface-cellular interactions in real
E 150 — Probe? time, but cannot readily be applied to clinical devices and physi-
= ological geometrief23,24]. Other flow systems have been created
E 100 Probe 31 5 examine real devices but they often employ roller or peristaltic
z 50 Probe 4 pumps to drive blood through long in vitro circuit&5,26. High

= Probe 5| background levels of thrombosis can result from the large surface
= o area of peristaltic tubing, the multiple components and disconti-
= 0 20 40 60 Probe 8] nyities of the system, and the roller pump’s action. Such noise can
& be reduced by using sub-physiological flow rates, though this

raises concern as to the adequacy of modeling highly flow depen-
dent phenomenof27]. Some of these issues can be avoided in

Time (minutes) systems that funnel blood directly from a human into a length of

tubing where the stent is placg28]. This reduces the background

Fig. 6 Occlusion time trial for 6 stainless steel 7-9 NIR® noise by allowing a minimal tubing length and eliminating peri-
stented loops staltic action, though the signal is likewise reduced from the

single pass over the stent. Additionally, this setup does not allow
for controllable flow rates.
Animal in-vivo and ex-vivo models recreate physiological

- 120 —  Stent 1 flows and have been used to show various differences in stent
£ 100 thrombosig 29,30. However, these are limited to studies involv-
E —Contrel 1} ing parameters that can be controlled in animals. Extraneous vari-
_E 80 —— Stent2 ables may also be amplified in these in-vivo systems, while inter-
- 60 —Control? specimen variation creates additional uncertainfB1].

E 40 Furthermore, the use of such animals, like clinical tr[dl®,32—

= Stent3 34] is restrictive and should likely be reserved until extensive and
™ 20 Control3 definitive in vitro evaluations have been completed.

= 0 The principle goal of this work has been to develop an in-vitro
(¥ A > o

[ 0 50 100 model of the in-vivo flow situation to aid in the study of vascular

phenomenon such as thrombosis. The proposed design is a system
Fig.7 Occlusion time trial depicting 3 stainless steel 7-9 NIR® that minimizes background sources of throm_b05|s in a flow circuit
stented loops (i blue ) and 3 stentless control loops  (in green) ~ Where the axial Rand« were matched to typical coronary values
found in the literature. This was accomplished by rotating fluid-
filled loops in a prescribed fashion to create inertially driven

5-point moving average demonstrate an initial constant flow rafl@ws.
followed by a fairly rapid drop to zero flowFig. 6). The actual Restrictions on the obtainable flow patterns were given by the
initial flows in each loop are identical as they have the sanigalistic impulse function whose dynamics were not instanta-
dimensions, fluid properties, and driving motion profiles. Varigheous. The finite rise time was a result of the limitations of rotor
tion in the measured start-up flow rates arises from the hard-wirertia, friction, and peak obtainable torque. If a quicker response
calibration of the meter for a specific flow probé#l's) signal is required, these parameters can be changed. The decay time
while our system employs six different probe signals. To corregbnstant on the other hand, being a function of the vessel radius
this, each signal can be re-calibrated according to these init&ld kinematic fluid viscosity, is not subject to change. Therefore,
deviations where identical fluid conditions are known to exist. Thelative flows decaying to nearly zefe<2% peak in times less
drop-off point indicates when the thrombus is occluding the sterthan 4 time constants are not possible without flow reversal. Fig-
If a zero-flow condition is taken as the end point, the averagie 5b shows that this flow resetting is possible for the coronary-
occlusion time for this run is 43:16.8 min. like flow conditions considered, as the relative flow velocity is
Another initial test of the system is to compare a trial of threapproximately zero by the time the wall velocity begins to initiate
stented tubes to three empty control tubes. The transformed peakew pulse.
flow data for such a run is given in Fig. 7. As above, the initial While the relative flow essentially resets to zero initial condi-
flow period followed by a drop-off is withessed in the stentetions after each uni-directional beat, we must point out that the
samples, with an average clotting time of 3%:1- 1.7 min. The created flows are bi-directional in nature. While many of the
stentless controls remained patent for th2 hour duration of the thrombotic protein and cellular surface reactions have been shown

test. to be dependent on shear, which we attempt to approximate by
) ) matching beat-to-beat dimensionless parameters, the potential in-
Discussion fluences of bi-directionality on factors such as mass transport

Along with the relevant biological factors, the physical environtwhich has been shown to be dependent on flow oscilla{i6h
ment needs to be considered when investigating physiologiéld cellular functiofadhesion and activatio35] may need to
phenomena. Indeed, when dealing with complex reaction n&€ considered. _ _
works such as the thrombotic or inflammatory responses, flow haginother aspect of the flow that is altered is the secondary flow.
been shown to be critical in determining outconi26]. Various Physiologically, such flows have been shown to be up to 5% of
flow systems have been developed to study the thrombotic proct® axial flow velocity, shifting the peak of the velocity contour
and though they have contributed greatly to our understandingtvards the outer wall via half-tube, single vortex flows. How-
vascular biology, many of these systems have limitations. ever, peak wall shear rates due to these flows can be up to 40% of

Loops, partially filled with blood, can be mounted on a tiltedhe peak axial wall shear ratgs4]. While precise determination
turntable. As the table spins, gravity keeps the fluid at the bottopfi these secondary flow fields through numerical simulation
of the tube, creating flowW21,22. However, the partial filing would be interesting and of value in finding the exact time-
creates a large air/fluid interface leading to protein aggregatiégpendent wall shear rates, we have found that the magnitude of
and denaturation, resulting in a departure from the physiologidhle secondary flows in our systefas determined byc.,) are
situation. Furthermore, this method does not allow for arterisbmparable to those found in a coronary setting of similar axial
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flows. Qualitatively, a deviation in the secondary flow pattern re- While the current application of the described flow system is to
sults from a disconnect between the centrifugal force and the re&udy intravascular thombosis, its use can be generalized to other
tive wall velocity (which are normally linked in stationary wall situations where a carefully controlled, pulsatile flow is required
flows). During part of the cycle, the bulk fluid velocity is greatemwith adjustments(loop dimensions, surface properties, uni/bi-
than the wall-boundary layer velocity, as is generally the casirectional flow being made to suit the different requirements.
[14]. However, in our rotational system, there are also times wh@n_Jch a system _Would hopefull_y be of use in helplng to bettgr
the wall-boundary layer velocity is greater than the bulk fluid'spridge the experimental gap existent between the in-vitro and in-
resulting in a counter-rotating secondary flow drive. Consideringvo environments.

these effects, we see that we can minimize the secondary flows as

well as maintain beat-to-beat symmetry by using a zero DC Corﬂ'cknowledgments

ponent ofV,,,,. For further reduction in these flows, a lardg¥a ) ) )
ratio can be used. This work was supported in part by grants from the National

Another point that should be mentioned is the lack of documefstitutes of Health(GM/HL 49039 and HL 60407 and an
tation of the hydrostatic pressures within our system. While EStablished Investigator award to ERE from the American Heart
pressure head can be maintained within our closed loops, we figsociation.
lied primarily on our blood injection technique for consistency.

This seemed reasonable as absolute pressures have been_f_oupdgf@rences

hfflve only subtle effects on bI,OOd, under phyS|oIog|ch cqndltlons,m Schatz, R. A., 1997, “The Evolution of Antithrombotic Therapy in Coronary

with relevant changes occurring in more extreme situations such ~ stenting,” American Heart Journal34, pp. S78—S80.
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