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Low Background, Pulsatile, In
Vitro Flow Circuit for Modeling
Coronary Implant Thrombosis
We have developed an in vitro method for creating pulsatile flows to mimic coronary
flow patterns on a beat-to-beat basis. The flow is created by accelerating fluid loops
an axis, inducing relative wall motion. Using this technique, a variety of oscillating fl
patterns can be generated and modulated. Such flow generation offers the poten
monitor sensitive, flow-dependent, biological parameters like thrombosis while min
ing background disturbances from pump action and circuit effects. We examined
potential by measuring the loop occlusion time for loops stented with stainless stee
NIR® stents and stentless control loops.@DOI: 10.1115/1.1517062#
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Introduction
Biocompatibility has been a major issue in the clinical use

prosthetic implants. One such set of applications includes pros
ses such as endoluminal stents or vascular grafts that allow b
to flow beyond a previously stenosed arterial segment. When s
a foreign structure comes into contact with tissue and blood
variety of biological consequences ensue. Reactions ranging
thrombosis, to inflammation, to restenosis, can result in acut
long-term device failure. The thrombotic reaction is one of t
earliest responses to implantation and by virtue of its rapid ac
eration and potential for complete luminal occlusion, one of
most devastating. Current implantation techniques and drug th
pies have limited the incidence of acute and subacute occlusio
around 5%, with the outcome of such events often being fatal
to their unexpected, sudden onset@1,2#. Moreover, mural throm-
bosis isolated to the wall of the blood vessel is likely the inciti
and promoting event for all subsequent events. The develo
clot not only serves as a scaffold for the in growth of migrati
and proliferating cells, but as a source and reservoir for chem
mediators of these cellular events@3#. Such cellular proliferation
leads to pathological restenosis in 20-50% of cases and is de
dent on factors such as vessel size, lesion complexity, and
design@4#. Accordingly, elucidation and control of the thrombot
process is especially important for the continued use and deve
ment of vascular implants.

Vascular patency relies on a careful balance of chemical me
tors and local fluid dynamics. Disturbances, even as simple as
insertion of a small intravascular wire, can cause profound mic
environmental changes that alter blood flow and coaguabi
A thrombus develops and propagates when the stimulatory
ces cannot be balanced by the regulatory measures as fibrin,
vated from precursor fibrinogen, stabilizes a mass of aggrega
platelets.

One difficulty that has limited the extensive examination
bioprosthetic thrombosis is the highly flow-dependent nature
thrombosis and lack of widely applicable flow models. Flow c
affect the components of thrombosis either through physical s
dependent mechanisms, such as von Willebrand’s Factor de
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Technology, Massachusetts Institute of Technology, Bldg 16-343, 77 Massachu
Avenue, Cambridge, MA 02139. Phone:~617!252-1655 Fax:~617!253-2514 E-mail:
kkolanda@excite.com

Contributed by the Bioengineering Division for publication in the JOURNAL OF
BIOMECHANICAL ENGINEERING. Manuscript received April 2001; revised manu
script received June 2002. Associate Editor: A. P. Yoganathan.
662 Õ Vol. 124, DECEMBER 2002 Copyright
of
the-
lood
uch
, a
rom

or
he
el-

he
era-
n to
ue

g
ing
g

ical

pen-
tent
c
lop-

dia-
the

ro-
ity.
for-
acti-
ting

of
of
n
ear

pen-

dent platelet activation, or through the mass transport of cellu
and molecular substances into and out of a given region@5–7#.
Thus, control and documentation of reproducible flows are ess
tial to the study of the dynamically coupled cellular and prote
pathways leading to implant thrombosis.

We sought to develop a system that created controlla
coronary-like flow conditions~as determined by various dimen
sionless parameters!, while reducing the background levels o
thrombosis by minimizing the length, volume and discontinuit
of a tubing loop into which a prosthetic device could be plac
The loop was filled with the desired blood constituents and s
about its axis in a prescribed and controlled fashion to modu
the inertial flow of the contained fluid through transmitted she
forces from the tubing wall, thereby generating relative flow.

As a test of the mechanical suitability of the system, we crea
and measured various flow profiles~impulse, square, triangular
sinusoidal, coronary! in a fluid loop run under the nominal geo
metric and fluidic conditions found in an adult left anterior d
scending coronary branch. A preliminary study to assess the
tem’s ability to investigate coronary arterial implant thrombo
was performed on polished, stainless steel 7-9 NIR® stents. Th
trials indicated the system’s utility in assessing occlusion time a
rough measure of thrombotic potential. We also showed
sufficiently low background levels in stentless, control circuits
a requisite for future, sensitive, inter-prosthetic studies to
performed.

Methods

Flow Theory. To create the desired flow profiles, a fluid
filled torus was rotated about its axis. When impulsively start
there is inertial fluid motion relative to the toroid wall. The flui
accelerates primarily due to momentum transfer into the bulk fl
via shear forces. When the loop is accelerated, there continue
be relative motion, and hence relative flow. Lyne has previou
analogized such fluid motion to pressure driven flows whe
moving in a reference frame with the wall, the acceleration ta
on the driving character of a body force@8#. Analytical solutions
of straight tube models of oscillatory wall flow derived elsewhe
directly show such a pressure gradient/wall acceleration symm
on the development of radial velocity gradients@9–12#. While the
absolute fluid velocity in an inertial reference frame may chan
under pressure driven or accelerating wall conditions, it is
maintenance of the velocity gradients, or shear, that is impor
in the flow-dependent thrombotic reactions@5–7#. Rather than
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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‡. Vfluid is the
mean cross-sectional axial velocity of the fluid, n is the kinematic viscosity, v is the flow
oscillatory frequency, a is the vessel radius, and R is the radius of curvature of the loop. C This
value for kpeak was calculated assuming a peak Re of twice the Re ānd an aspect ratio, R Õa, of
10 as suggested by Chang and Tarbell †14‡.

Dimensionless # Definition Typical Coronary Values~LAD !

Mean Reynolds# (Rē) 2aVfluid̄

n

153664

Wormersely# ~a! aAv/n 1.560.27

Peak Dean# (kpeak) MaxS2aVfluid

n
Aa/RD 95C
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fluid being conducted to and from a reactive wall surface,
relevant reaction control volumes are conducted away from
lagging fluid.

Since this manner of flow generation requires acceleration,
net positive flow requires a net positive acceleration, impractic
large loop angular velocities can result. However, the physiolo
cal coronary flow pattern is pulsatile, comprising a diastolic, h
flow phase and a systolic, low flow phase where the flow can d
to zero, or even briefly reverse. Thus, two options exist for p
ducing coronary-like flows: introduction of a one-way valve
creating bi-directional flow. Although the one-way valve could
employed for certain applications, its physical presence and
imposed water-hammer effect when the fluid is jerked to a h
could increase the circuit’s background levels of thrombosis.
directional flow at one half the frequency~ vsystem) of the desired
heart rate~ vcoronary) can be established by following each loo
acceleration profile with a symmetric deceleration. For the p
poses of this study, bi-directionality was deemed a suitable s
tion so long as the oscillatory frequency was kept low enough
ensure minimal flow before the next pulse began.

Using such a technique, we hoped to create time-varying flo
whose characteristics, as defined by the dimensionless mean
nolds ~ Rē), based on an absolute velocity, and Wormesley~a!
numbers were typical of coronary flows, as well as estimate
secondary flow effects of curvature by considering the peak D
number~ kpeak) associated with our system~see Table 1!.

Table 1 defines these conventional dimensionless param
@15#. In each of these parameters, a Newtonian approximation
n is used, as has been shown to be valid for high shear condit
(.100s21) and often applied when considering coronary flo
@9,14,16,17#. However, the customary definition ofk is not appli-
cable in the rotating toroid case, as the relevant velocity term m
take into account the fluid’s axial velocity in an inertial referen
frame (Vfluid) which gives rise to the centrifugal forces, and
different wall velocity (Vwall). It is the difference in these com
ponents that gives rise to the relative wall velocity (Vrel) and
hence, the centrifugal pressure mismatch leading to secon
flows.

To determine a modifiedkpeak number (kpeak8 ) for comparison
with the nominal conditions of Table 1, we can consider the d
nition of k as a ratio of the square root of the product of t
secondary flow inertial and centrifugal forces to the viscous for
@15#, where

Inertial forces→ rVsecondary

2a
(1)

Centrifugal forces→
r~ uVfluid

2 2Vwall
2 u!

2R
(2)
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Viscous forces→ mVsecondary

~2a!2
(3)

which have been determined from an order of magnitude con
eration of the relevant quantities@18#. In these equations,Vsecondary
represents a typical secondary fluid velocity,r is the density of the
fluid, m is the dynamic viscosity of the fluid. The use of tube an
loop diameters~2a, 2R! rather than radii have been used to allo
reduction into a quantitatively proper form as conventiona
used. The differential term in the centrifugal relation accounts
the relative centripetal motions in an inertial frame. When bo
motions are present,kpeak8 becomes

kpeak8 5MaxS F2a~ uVfluid
2 2Vwall

2 u!1/2

y GF a

RG1/2D (4)

wheren, is given by the ratiom/r. WhenVwall is zero, as in the
case of forced flow through a curved, stationary pipe,kpeak8 re-
duces to the standard form given in Table 1.

System Design. The key components of the system includ
fluid loops, rotor-stages, a driving motor, a motion controller,
measurement system and an incubator~Fig. 1!. The blood and
prosthetic device were placed into the fluid loop. This loop w
then fit onto a rotor stage and placed in axial alignment with ot
loops to be tested under the same flow conditions. The entire r
system was driven through a desired oscillating motion profile
the motor and controller system. This motion created the

Fig. 1 General system schematic
DECEMBER 2002, Vol. 124 Õ 663
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directional flows that were measured via onboard, extracorpo
flow probes built into the rotor stages. The rotating system w
maintained at 37°C in an incubator and connected remotely to
controller circuitry and flow recorder stationed externally at roo
temperature.

In the current embodiment, the 7.6 cm~3.0’’! diameter fluid
loops are made from a 24.0 cm~9.5’’! length of 3.2 mm ID/4.8
mm OD ~1/8’’ ID/3/16’’ OD ! S-50-HL Tygon® tubing~Fig. 2!

approximating the geometric conditions~both ID and R/a ratio!
found in the adult coronary artery@13#. To form the fluid loops,
the ends of the tubes were squarely cut with the axial dimen
and placed in apposition. This connection was held via an o
lapping segment of 4.8 mm ID/7.9 mm OD~3/16’’ ID / 5/16’’ OD !
S-50-HL Tygon® tubing. Further compressive support was p
vided by an elastic sleeve made from Silastic® silicon tub
placed over the joiner segment of tygon. Two similar structu
were slid onto the loop at equally spaced 120-degree interva
cause the least deviation in toroid curvature possible. The
additional sleeves serve as outlet and inlet ports for the repl
ment of the loop’s contained air by the desired fluid. Filling w
accomplished via a syringe whose hypodermic needle tip was
under the outer most elastic sleeve and pushed through the m
sleeve and inner loop layers. Small-bore needles were use
create the smallest possible disturbance to the loop’s luminal
face. A 26-gauge needle was used at one of the ports for
evacuation of air. As a compromise between the need for a s
injection port and an atraumatic injection of cellular componen
a 20-gauge needle was used for the transfer of blood produc

The rotors are the modular discoid platforms that hold the fl
loops. Each was manufactured out of a stock of delrin plastic.
key features of the rotors are a grooved resting stage to hold
fluid loop, a keyed axial hole for rotor stacking and alignment
chiral notch for the placement of the flow transducer, and a
through which the transducer connections are passed. The n
chirality allows sequential rotors to be stacked with the pro
facing opposite directions in order to minimize asymmetri
loading. With the current rotor system’s shaft, 6 rotor stages
be stacked, along with a cap structure that serves as a locatio
on-board instrumentation. A centered hole allows for axial c
pling to the motor.

The driving motor is an Electro-Craft® E643 DC servo-bru
motor ~peak torque 0.16 Nm~720 oz in!: peak operating spee
4800 RPM!. The required parameters were estimated from

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
ports for the injection of fluid.
664 Õ Vol. 124, DECEMBER 2002
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straight tube, Newtonian fluid approximation for oscillatory flo
as used by Moore Jr. et al.@9#, which was augmented by an im
pedance factor as suggested by Chang and Tarbell@14# to account
for curvature effects@10,15#.

The components of the motor control system integrate rea
and allow for the generation of specific flow profiles. These co
ponents include a Renco RM15 Encoder, an Electro-Craft®
550 Position Control Module, an Electro-Craft® Max-100 PW
Servo Drive, and a Windows compatible PC terminal running
Master software~Fig. 1!.

To measure the loop flow rates, Transonic 3CA flow pro
leads are connected to a specially constructed junction on e
rotor stage. Upon stacking, the male connector junction on a g
rotor stage allows communication with the female junction on
stage immediately below it. Thus, each stacked rotor was h
wired to all of the probes. This design allows the stages to
modular for loading and possible future expansion, with the
most stage relaying all probe signals to the on-board probe m
tiplexer. These signals were passed sequentially to a Trans
T106 Flow meter that outputs a voltage signal, recordable o
computer via a National Instruments® LAB-PC A/D interface a
LABTECH Version 8.1 software package~Laboratory Technolo-
gies Corporation ©!. The trigger to sequentially switch probe
was provided by the high to low or low to high state change o
digital output pin on the IQ 550 controller. This switch was pr
grammed to occur after each flow cycle, or beat. In this meth
all of the probes’ signals were merged into a continuous wa
form. A final signal was sent from the multiplexer to the compu
encoding a specific probe label. Therefore, with the waveform
corresponding probe label information, an individual fluid loo
could be monitored throughout the time course of an experim

An 8 lead rotary electrical coupling interfaces the rotating lo
reference frame with the inertial frame. The onboard multiple
probe output was wired to four of the rotary couplings. Two a
ditional couplings provide power~110V,GND! to the multiplexer.
The last two lines provide contacts for the probe switch trigg
and the probe label. Although this system can monitor and rec
the full flow profiles in the fluid loops, only the peak flow value
were stored to disk in actual loop occlusion time experiments
reduce the amount of data storage. These peaks effectively co
information on change in the fluidity of the blood.

Performance Testing. To demonstrate the range of syste
capabilities, a single fluid loop was filled with a 6:4 water/glycer
mix to match the Newtonian approximation blood viscosity und
arterial flow conditions~0.04 cm2 s21) @16# and placed on a rotor
stage. Subsequently, the rotor was driven through a variety
motion profiles to generate impulse, square, triangle, sinuso
and coronary-type flows. The full flow profiles, rather than ju
peak data, were recorded via the LABTECH software.

To assess the system’s potential in studying prosthetic thr
bosis, both a source of blood and a prototypical implant w
needed. In this preliminary study, surplus American Red Cr
blood products were used to obtain quantities sufficient to al
several experiments to be performed on the same batch of b
for precision testing. Fresh frozen plasma and fresh platelet c
centrates~both anticoagulated with 10mmol citrate! were utilized
as these contained the key ingredients of classical thrombo
neglecting the red and white blood cells in this first level of stu
Type AB1 fresh frozen plasma~FFP! with a prescribed storage
life of 6 months post-collection was stored at220°C. The plasma
was thawed in a 37°C water bath for 45 minutes and then s
down at 10000 G to eliminate debris such as preformed plat
microvesicles. The supernatant was filtered 4 times through a
mm low protein binding filter to further ensure clean FFP. T
platelets~type AB1 PRP! were obtained within one day of col
lection and stored on a 70 RPM rocker at 22°C. These were u
within the first two days post-collection as was justified fro
adequate functional comparisons with freshly drawn volunt
platelets.
Transactions of the ASME
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One hour before a planned experiment, the platelets were a
to the FFP at a constant ratio of 1:4 PRP to FFP and returne
the rocker for equilibration. Each loop required 2.5 ml of t
FFP/platelet mix to ensure proper filling. To reduce experimen
error from mixing and handling variation, the total volume of t
suspension for a given run~15 ml! was pooled and prepared in
single tube.

Polished, passivated, 7-9 stainless steel NIR® endovasc
stents were obtained from Medinol Ltd.~Jerusalem, ISRAEL!.
While the platelets were equilibrating in the filtered FFP, t
stents were expanded 1 cm from the end of the tygon tubing v
36mm Maxxum™ 3.5 SCIMED® balloon catheter under a pr
sure of 12 atm. The tubes were closed into their loop form
ensuring a gapless fit. When the plasma/platelet mix was re
5M Ca21 was added to bring the sample to an additional 10mm
Ca21 concentration, negating the citrate’s anticoagulant chela
effect. The stented loops were then filled with the plasma/plat
mix as described above and placed onto the rotors. This pro
was sequentially performed as rapidly as possible~;15 sec/loop!
while ensuring safe handling of the blood components and pro
filling of the tubes. Once complete, the rotors were placed o
the rotor shaft and spun according to the desired motion pro
within the 37°C incubator. Background thrombosis was asses
by running three stented loops against three stentless co
loops.

Results

Mechanical validation. The impulsive response of the sy
tem was examined after a brief burst of torque was supplied to
rotor. Some points to note in this profile~Fig. 3! are the 0-135
ml/min rise time of 0.1 sec and a decay time constant of 0.1
These values help characterize the realistic impulse func
achievable with the current setup, which serves as the limi
building block from which other functions can be compose
Some examples~square, triangular, sine waves! of other possible
flows are shown in Fig. 4~a-c!. Here, the periodic, bi-directiona
nature of the flow is evident. Again, this type of oscillation
necessary in the methodology used to create flow, as no va
were present in the circuit.

Since we hope to investigate coronary arterial events, a c
nary flow pattern@19# ~scaled to a 60 beat/sec frequency! was
approximated with our bi-directional model as shown in Fig. 5a.
Figure 5b gives the driving wall velocities,Vwall , required to
achieve the coronary-type flow,Vrel , and the derived absolut
fluid velocity in the inertial frame,Vfluid . This simulated
coronary-type flow is characterized by a Reōf 150 ~based on
uVrelu), an a of 2 ~based on avcoronary), and akpeak8 of 135 ~as
defined by equation 1!. Rē anda, when compared with Table 1
indicate the ability to achieve coronary-type principle flows, wh
keeping secondary flow effects~as estimated bykpeak8 ) to within
physiological levels.

The pliability of the system allows principle wave character
tics such as frequency and amplitude to be readily varied acc

Fig. 3 Impulsive fluidic response to a step in rotor velocity
Journal of Biomechanical Engineering
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ing to the experimental protocol. Furthermore, the system allo
for tailoring of more detailed parameters such as the systolic
astolic ratio if desired.

Feasibility for Coagulation Testing. As a preliminary test,
six stents were positioned in their respective fluid loops and
through the described coronary flow protocol. The results obtai
after parsing the data according to the probe label and runnin

Fig. 4 Sample flow profiles depicting some of the possibilities
achievable with this type of flow generation; „a… Square; „b…
Triangular; „c… Sinusoidal

Fig. 5 Modeled coronary profiles; „a… Typical left anterior de-
scending coronary flow pattern superimposed on the modeled,
bi-directional, coronary-type flow profile; „b… The wall, Vwall ,
and fluid, Vfluid , velocities in the inertial reference frame re-
quired to drive the relative coronary flow velocity, Vrel . Note
that Vrel is essentially zero by the time Vwall initiates a new
cycle.
DECEMBER 2002, Vol. 124 Õ 665
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5-point moving average demonstrate an initial constant flow r
followed by a fairly rapid drop to zero flow~Fig. 6!. The actual
initial flows in each loop are identical as they have the sa
dimensions, fluid properties, and driving motion profiles. Var
tion in the measured start-up flow rates arises from the hard-w
calibration of the meter for a specific flow probe’s~#1’s! signal
while our system employs six different probe signals. To corr
this, each signal can be re-calibrated according to these in
deviations where identical fluid conditions are known to exist. T
drop-off point indicates when the thrombus is occluding the ste
If a zero-flow condition is taken as the end point, the avera
occlusion time for this run is 43.166.8 min.

Another initial test of the system is to compare a trial of thr
stented tubes to three empty control tubes. The transformed p
flow data for such a run is given in Fig. 7. As above, the init
flow period followed by a drop-off is witnessed in the stent
samples, with an average clotting time of 39.11/- 1.7 min. The
stentless controls remained patent for the12 hour duration of the
test.

Discussion
Along with the relevant biological factors, the physical enviro

ment needs to be considered when investigating physiolog
phenomena. Indeed, when dealing with complex reaction n
works such as the thrombotic or inflammatory responses, flow
been shown to be critical in determining outcomes@20#. Various
flow systems have been developed to study the thrombotic pro
and though they have contributed greatly to our understandin
vascular biology, many of these systems have limitations.

Loops, partially filled with blood, can be mounted on a tilte
turntable. As the table spins, gravity keeps the fluid at the bott
of the tube, creating flow@21,22#. However, the partial filling
creates a large air/fluid interface leading to protein aggrega
and denaturation, resulting in a departure from the physiolog
situation. Furthermore, this method does not allow for arte

Fig. 6 Occlusion time trial for 6 stainless steel 7-9 NIR®
stented loops

Fig. 7 Occlusion time trial depicting 3 stainless steel 7-9 NIR®
stented loops „in blue … and 3 stentless control loops „in green …
666 Õ Vol. 124, DECEMBER 2002
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flow profiles to be obtained. Parallel-plate flow chambers ena
microscopic visualization of surface-cellular interactions in re
time, but cannot readily be applied to clinical devices and phy
ological geometries@23,24#. Other flow systems have been creat
to examine real devices but they often employ roller or perista
pumps to drive blood through long in vitro circuits@25,26#. High
background levels of thrombosis can result from the large surf
area of peristaltic tubing, the multiple components and disco
nuities of the system, and the roller pump’s action. Such noise
be reduced by using sub-physiological flow rates, though
raises concern as to the adequacy of modeling highly flow dep
dent phenomenon@27#. Some of these issues can be avoided
systems that funnel blood directly from a human into a length
tubing where the stent is placed@28#. This reduces the backgroun
noise by allowing a minimal tubing length and eliminating pe
staltic action, though the signal is likewise reduced from t
single pass over the stent. Additionally, this setup does not al
for controllable flow rates.

Animal in-vivo and ex-vivo models recreate physiologic
flows and have been used to show various differences in s
thrombosis@29,30#. However, these are limited to studies invol
ing parameters that can be controlled in animals. Extraneous v
ables may also be amplified in these in-vivo systems, while in
specimen variation creates additional uncertainty@31#.
Furthermore, the use of such animals, like clinical trials@1,2,32–
34# is restrictive and should likely be reserved until extensive a
definitive in vitro evaluations have been completed.

The principle goal of this work has been to develop an in-vi
model of the in-vivo flow situation to aid in the study of vascul
phenomenon such as thrombosis. The proposed design is a sy
that minimizes background sources of thrombosis in a flow circ
where the axial Rēanda were matched to typical coronary value
found in the literature. This was accomplished by rotating flu
filled loops in a prescribed fashion to create inertially driv
flows.

Restrictions on the obtainable flow patterns were given by
realistic impulse function whose dynamics were not instan
neous. The finite rise time was a result of the limitations of ro
inertia, friction, and peak obtainable torque. If a quicker respo
is required, these parameters can be changed. The decay
constant on the other hand, being a function of the vessel ra
and kinematic fluid viscosity, is not subject to change. Therefo
relative flows decaying to nearly zero~,2% peak! in times less
than 4 time constants are not possible without flow reversal. F
ure 5b shows that this flow resetting is possible for the corona
like flow conditions considered, as the relative flow velocity
approximately zero by the time the wall velocity begins to initia
a new pulse.

While the relative flow essentially resets to zero initial con
tions after each uni-directional beat, we must point out that
created flows are bi-directional in nature. While many of t
thrombotic protein and cellular surface reactions have been sh
to be dependent on shear, which we attempt to approximate
matching beat-to-beat dimensionless parameters, the potentia
fluences of bi-directionality on factors such as mass trans
~which has been shown to be dependent on flow oscillation! @6#
and cellular function~adhesion and activation! @35# may need to
be considered.

Another aspect of the flow that is altered is the secondary fl
Physiologically, such flows have been shown to be up to 5%
the axial flow velocity, shifting the peak of the velocity conto
towards the outer wall via half-tube, single vortex flows. Ho
ever, peak wall shear rates due to these flows can be up to 40
the peak axial wall shear rates@14#. While precise determination
of these secondary flow fields through numerical simulat
would be interesting and of value in finding the exact tim
dependent wall shear rates, we have found that the magnitud
the secondary flows in our system~as determined bykpeak8 ) are
comparable to those found in a coronary setting of similar ax
Transactions of the ASME
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flows. Qualitatively, a deviation in the secondary flow pattern
sults from a disconnect between the centrifugal force and the r
tive wall velocity ~which are normally linked in stationary wa
flows!. During part of the cycle, the bulk fluid velocity is great
than the wall-boundary layer velocity, as is generally the c
@14#. However, in our rotational system, there are also times w
the wall-boundary layer velocity is greater than the bulk fluid
resulting in a counter-rotating secondary flow drive. Consider
these effects, we see that we can minimize the secondary flow
well as maintain beat-to-beat symmetry by using a zero DC c
ponent ofVwall . For further reduction in these flows, a largerR/a
ratio can be used.

Another point that should be mentioned is the lack of docum
tation of the hydrostatic pressures within our system. While
pressure head can be maintained within our closed loops, we
lied primarily on our blood injection technique for consistenc
This seemed reasonable as absolute pressures have been fo
have only subtle effects on blood under physiological conditio
with relevant changes occurring in more extreme situations s
as those associated with diving or hyperbaric chambers@36#.
However, we must keep in mind that a cyclic, radial wall stre
does not occur with our system and this could be relevant sh
the actions of endothelial or smooth muscle cells be incorpora
into the model@37#.

As a preliminary biological test of the embodied, bi-direction
system, the occlusion time of polished, passivated, 7-9 stain
steel NIR® stents was assessed by performing trials on ste
loops. In these trials, the peak flow data show an essentially
nary phenomenon, characterized by an initial flow rate t
quickly dropped to zero as the thrombus occluded the circuit w
an average clotting time of 43.11/-6.8 min. As a measure of back
ground thrombosis, stentless control tubes were run aga
stented loops. These control loops remained unoccluded for
duration of the trials, indicating the sufficiently low levels o
background thrombosis, while the stented loops clotted after 3
1/- 1.7 min.

The approximate 40-minute stent occlusion times are phen
enological findings that occur in our in-vitro system. In-viv
thrombotic occlusion occurs at a much lower rate and gener
takes place subacutely over the course of several days. Ther
various potential explanations for such observational discrep
cies. The clinical situation has both innate and external cou
measures, such as a reactive endothelial layer and drug ther
that help to regulate thrombosis. Indeed, with the advent of s
able drug regimes and implantation technique, the thrombosis
has dropped from nearly 25% in initial studies to its current l
levels ~,5%! @2#. Furthermore, our system is a closed, in-vit
model where produced substances are not cleared. This coul
only help to explain the regularity of clotting seen within o
system, but also the fairly rapid drop to zero flow as the c
fined reactions could augment rapidly due to positive feedb
processes.

Due to such differences between our model and the physiol
cal situation, we hope not to study the physical occurrence
end-state occlusion for a given stent-type~though this is an im-
portant preliminary observation!, but the comparative difference
between stent-types in the factors leading up to thrombosis. S
differences are important not only in overt stent occlusion, but
sub-clinical levels of thrombosis that play a more general role
the overall prosthetic response.

The current results give insight into the important characte
tics of the system’s precision and background noise levels. M
mizing precision and minimizing background noise allows for
fective inter-prostheses studies. Investigations are currently b
performed to assess such inter-stent differences, both on the b
of occlusion times, as well as more detailed platelet and coag
tion studies. Using the highly adjustable nature of the setup,
hope to also investigate how these various factors interact
endovascular prosthesis in different flow regimes.
Journal of Biomechanical Engineering
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While the current application of the described flow system is
study intravascular thombosis, its use can be generalized to o
situations where a carefully controlled, pulsatile flow is requir
with adjustments~loop dimensions, surface properties, uni/b
directional flow! being made to suit the different requiremen
Such a system would hopefully be of use in helping to be
bridge the experimental gap existent between the in-vitro and
vivo environments.
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