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Abstract: Direct injection of a fibrinolytic agent to the intraarterial thrombosis may increase the effectiveness of thrombolysis by
enhancing the permeation of thrombolytic agents into the blood clot. Permeation of fibrinolytic agents into a clot is influenced by
the surface pressure, which is determined by the injection velocity of fibrinolytic agents. In order to calculate the pressure
distribution on the clot surface for different jet velocities (1, 3, 5 m/sec) and nozzle arrangements (1, 9, 17 nozzles),
computational fluid dynamic methods were used. Thrombolysis of a clot was mathematically modeled based on the pressure
and lysis front velocity relationship. Direct injection of a thrombolytic agent increased the speed of thrombolysis significantly and
the effectiveness was increased as the ejecting velocity increased. The nine nozzles model showed about 20% increase of the
lysed volume, and the one and seventeen nozzles models did not show significant differences. The wall shear stress decreased
as the number of nozzles increased, and the wall shear stress in most vessel wall was lower than 25 Pa. The results implied
that thrombolysis could be accelerated by direct injection of a drug with the moderate velocity without damaging the blood

vessel wall.
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INTRODUCTION

In order to dissolve a blood clot and restore the
patency of a blood vessel, various treatments have
keen used, such as thrombolysis using
rharmacological agents, mechanical thrombectomy [1],
and angioplasty using a balloon or a stent [2]. Direct or
intravenous injection of thrombolytic agents, such as
tissue plasminogen activator (tPA), urokinase (uPA),
streptokinase (SK), have been used for the treatment of
acute thrombosis. Direct injection of a drug into a clot
is more effective because of efficient delivery of a drug
into a clot and high local drug concentration.
Difficulties involved in direct injection method are
related to the delivery of a catheter to the thrombosed
blood vessel. Intravenous injection is conveniently
applied to the patients, but thrombolytic efficiency is
low. Pharmacological treatment is a.safe and effective
method, but the drawbacks are delayed clot lysis and
bleeding. Mechanical methods, which are macerating
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clots using a mechanical device, have been used for
chronic fibrous clots. Rapid restoration of flow is a
major advantage of thrombectomy, but increased
incident of distal embolization and blood vessel
damages are the disadvantages [3]. Recently, a
rheolytic thrombectomy device, which generates local
low pressure by Venturi effects and aspires the clots,
has been used [4]. But the size of a catheter limits its
applications in small size vessels. Injecting
thrombolytic agents with high speed into the clot may
increase the effectiveness of thrombolysis by achieving
both benefits of pharmacological and mechanical
means [5,6]. Direct injection of a thrombolytic agent to
the thrombus increases the effectiveness of
thrombolysis by enhancing the permeation of a
thrombolytic agent into a blood clot.

Thrombolysis is affected by the transport of
pharmacological agents and the lysis kinetics. Lysis
process involves various

reaction cascades [7], and the reaction kinetics
depend on drug types, concentrations, administration
methods, and clot properties. A blood clot is very
heterogeneous entity which is composed of fibrin fibers
and blood cells, and its compositions, fibrin diameters,
porosity and fluid contents determine lysis
characteristics [8,9]. Factors related to lysis kinetics
are hard to be controlled by treatment schemes, but
thrombolysis can be accelerated by enhancing the
transport of pharmacological agents into a clot.
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Transport of pharmacological agents into a clot is
mediated by diffusion and permeation, but the
dominant mechanism is permeation. Previous workers
demonstrated that lysis of a whole blood clot was faster
by one or two orders of magnitude compared to the
rate where the transport was limited to diffusion alone
[10]. Permeation is directly affected by the pressure
gradient across the porous media, therefore the
pressure on the clot surface influences the
thrombolytic process. Wu et al [11] reported that the
lysis front velocity increased as the permeation
pressure increased for the fibrin and whole blood clots.
Perfusion of a drug into a clot is affected by the
pressure on the surface, and the injection velocity of a
thrombolytic agent changes the pressure distribution.
The effects of permeation pressure on the drug
perfusion and thrombolysis have been studied [11, 12].
Most of studies have been performed on uniform clot
surface pressures applied using a static fluid column,
but the effects of distributed pressure applied by
ejecting drug jets have not been studied. We would like
to calculate pressure distribution on the clot surface
for different jet velocities and ejecting nozzle
arrangements, and investigate their effects on
thrombolytic process.

METHODS

In order to analyze the flow fields of ejecting jets
onto a clot surface, a segment of a blood vessel with a
catheter was modeled. We assumed a blood vessel
(diameter of 3 mm) and a catheter (diameter of 2 mm)
were coaxially located, and nozzles (length of 1 ‘'mm)
were attached at the end of a catheter. Three different
models were considered — one nozzle (1N: diameter of
0.5 mm), nine nozzles (9N: diameter of 0.17 mm), and
17 nozzles (17N: diameter of 0.12 mm) model. In
multiple nozzle models, one nozzle is located at the
center and other nozzles are located radially with the
equal spacing. Each model had the same total cross
sectional ejection area, therefore total infusion flow
rate are the same for the same ejection velocity. Since
the cross section of each model is symmetric over 45
degree, one eighth of the vessel cross section is
modeled. The one nozzle model and multiple nozzle
models are composed of about 34,000 and 60,000
hexahedral cells, respectively. A  commercial
computational fluid dynamic package (Fluent 6.0) was
used to calculate the flow fields. We assumed that the
vessel wall was rigid, and the blood and drug were
Newtonian fluid. Velocity inlet and pressure outlet
boundary conditions were applied to the nozzle
entrance and the annular exit area between a vessel
and a catheter wall, respectively. The interface between

blood and clot surface was modeled as a wall boundary.

Flow fields were calculated for. three ejecting velocities
-1, 3, 5 m/sec. The higher velocity generated blood
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volume overloading and high mechanical stress that
might cause vessel wall damage, thrombus
fragmentation and emboli production [6,13].

If we simulate the clot lysis considering drug
perfusion and lysis chemical reactions, many
difficulties should be resolved. First, it is very difficult
to define the physical properties of a blood clot. A clot
is the porous media which are composed of fibrin fibers
and blood cells. Physical properties of a clot depend on
the cellular composition of a clot, fibrin fiber thickness
and density, which vary depending on clot age and
thrombotic process. Therefore it is very difficult to
define representative values of porosities and
permeation coefficients. Another difficulty is related to
the chemical kinetics of lysis process. If we try to
model clot lysis by considering permeation and
reaction of a drug inside the clot, we need to know
various parameters involved in reaction Kkinetics.
Moreover unsteady nature of lysis process is difficult to
model. Since the lysis process requires minimum
reaction time for chemical reaction, quasi-steady
modeling might be appropriate. But the time constants
involved in several reaction cascade is hard to be
determined.

Since many difficulties were involved in the porous
media and chemical reaction model, we modeled the
blood clot as a solid segment and used a simple
relationship between the clot surface pressure and
lysis  velocity, which had been determined
experimentally. Blinc et al [12] showed that 2 cm blood
clots could be lysed within 30 minutes by perfusing
tPA under the pressure of 3 kilopascal. Wu et al [11]
measured the velocity at which a lysis front moved
across a clot (lysis front velocity) for different pressure
gradients. In vitro experiments were performed for fine
and coarse fibrin clots using 1 pmole of urokinase. The
results showed enhancement of the lysis front
velocities by increasing pressure gradients. Since the
lysis front velocity increased linearly to the permeation
pressure up to a few kilopascals, we could obtain a
linear relationship between lysis front velocity (v:
mm/min) and pressure (P: Pascal) based on the Wu et
al’s experimental data for the fine fibrin clots.

v = 0.0002 P + 0.0129 ( r2 = 0.98, r2 : correlation

factor)

This relationship is valid on the in vitro whole blood
clot. Since the physical properties of a clot depends on
clot age and thrombotic process, different relationships
could be used for other clots.

Considering the delay between the drug perfusion and
the clot lysis, the distances lysed into clot (DL) in 5
minutes were calculated from the lysis front velocities.
Since the distance lysed into a clot was determined
from the pressure, DL showed distributed value over
the clot surface. The volume lysed (VL) was calculated
by integrating DL over the surface area.
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RESULTS AND DISCUSSIONS

The velocity contours in the longitudinal cross
section for the ejecting velocity of 5 m/sec were shown
in Figure 1. In multiple jets, the interactions of jets
caused the cross stream velocity diffusion. The fluid
ejecting from the nozzle impinged on the clot surface,
radially diffused and efflux to the proximal outlet
boundary. The pressure on the clot surface showed the
maximum value at the stagnation point and decreased
radially, following slight increase near the rim (Figure
2). High pressure zones were concentrated near the
siagnation point and radial pressure gradients were
higher in one nozzle model. Pressure was relatively
uniformly distributed in the multi nozzle models.
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Fig. 1. Velocity contours at the longitudinal cross section for
the velocity of 5 m/sec for one, nine, and seventeen nozzle
models.
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Fig. 2. Pressure distribution at the clot surface at the velocity
of 5 m/sec for one, nine, and seventeen nozzle models.

The maximum distances lysed into a clot in 5
minutes increased as the ejection velocity increased
and decreased as the number of nozzles increased. It
was up to 20 mm in the one nozzle model with 5 m/sec
ejection velocity. Since the distance lysed into a clot
was determined from the pressure, DL showed
distributed value over the clot surface. The volume
lysed (VL} was calculated by integrating DL over the
clot surface area. We assumed a 2 cm long clot and the
percentage of volume lysed (VL%) for different ejecting
velocities were shown in Figure 3. The volume lysed
increased as the velocity increases. We observed the
negligible volume lysed for the small velocity (0.01
m/sec}, but the volume lysed in 5 minute was about

Vol.26. No. 3. 2005



160 Woo Won Jeong - Kyehan Rhee

7% of the clot volume for the ejecting velocity of 5
m/sec. The nine nozzles model showed about 20%
increase of the lysed volume comparing to other
models, but the one and seventeen nozzles models did
not show significant differences.
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Fig. 3. Percentage of volume lysed (VL%) of one (1N), nine
(9N), and seventeen (17N) nozzle modeis for different
ejecting velocities.

The maximum and average vessel wall shear stress
were less than 160 Pa and 25 Pa for the velocity of 5
m/sec, and both values decreased as the number of
nozzles increased (Figure 4). The average wall shear
stress was smaller than 25 Pa, which implied that
serious vessel damages were not expected [14].

The difficulties in numerical modeling of
thrombolysis were unsteadiness of dissolving process
and the incomplete experimental data of pressure
effects on lysis front velocity. We calculated the
dissolved volume at the initial stage of thrombolysis
process. As the clot dissolved, new blood - clot
interface would be formed. Since the lysed distances
and volumes should be calculated as the lysis front
moved, unsteady calculation should be performed. Also
the experimental data on the pressure effects on the
lysis process were available in the limited pressure
ranges. Experimental studies of the pressure effects on
the thrombolytic process should be performed.
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Fig. 4. Maximum (Tmax) and average (Tavg) wall shear stresses
of one (1N), nine (9N), and seventeen (17N) nozzle models
for different ejecting velocities

CONCLUSIONS

In order to study the effects of ejection velocity and
nozzle arrangements on thrombolysis process,
computational fluid dynamic methods were used. The
pressure distribution on the clot surface and blood
vessel wall shear stresses were calculated.
Thrombolysis of a clot was modeled based on the
pressure and lysis front velocity relationship. Direct
injection of a thrombolytic agent increased the speed of
thrombolysis significantly and the effectiveness was
increased as the ejecting velocity increased (up to 5
m/sec). The nine nozzles model showed about 20%
increase of the lysed volume, and the one and
seventeen nozzle models did not show significant
differences. The wall shear stress decreased as the
number of nozzle increased, and the wall shear
stresses in most vessel wall were lower than 25 Pa. The
results implied that thrombolysis could be enhanced
by injecting a drug with the moderate velocity without
damaging the blood vessel wall. :
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