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Abstract. Our aim was to study the effect of an axially directed blood plasma flow on the dissolution rate of cylindrical non-
occlusive blood clots in an in vitro flow system and to derive a mathematical model for the process. The model was based
on the hypothesis that clot dissolution dynamics is proportional not only to the biochemical proteolysis of fibrin but also to
the power of the flowing blood plasma dissipated along the clot. The predicted rate of thrombolysis is then proportional to
the square of the average blood plasma velocity for laminar flow and to the third power of the average velocity for turbulent
flow. To verify the model, the time dependence of the clot cross-sectional area was measured by dynamic magnetic resonance
microscopy during fast (turbulent) and slow (laminar) flow of plasma through an axially directed channel along the clot. The
flowing plasma contained a magnetic resonance imaging contrast agent (Gd-DTPA) and a thrombolytic agent (recombinant
tissue-type plasminogen activator). The experimental data fitted well to the model, and confirmed the predicted increase in the
dissolution rate when blood flow changed from a laminar to a turbulent flow regime.
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1. Introduction

Thrombolytic therapy aims to dissolve blood clots and restore vessel patency. It is used in treatment
of acute ischaemic stroke [9,19,24], haemodynamically significant pulmonary embolism [15,18], acute
and subacute arterial thrombosis [17], and retains a role in the treatment of myocardial infarction in
hospitals that do not provide emergency percutaneous transluminal angioplasty [21]. The success of
thrombolyis depends on the properties of the thrombolytic agent, the structure of the thrombus and the
characteristics of molecular transport into the thrombus [3]. Occlusive clots are initially recanalised
by slowly penetrating channels that follow the path of the thrombolytic agent, but are almost never
completely dissolved when blood flow is re-established [3]. The residual clot impedes normal blood
flow and poses a risk for rethrombosis. In contrast with the fairly well described interactions of the
biophysical environment and the thrombolytic processes in occlusive clots [1,2,10,31,32], less is known
about the influence of a rapid, axially directed blood flow on thrombolyis of non-occlusive clots. The
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experimental results of Sakharov and Rijken [25], as well as our own work [29], show that such rapid
flow of blood plasma significantly enhances dissolution of blood clots under favourable biochemical
conditions. Wootton and coworkers [30] developed a very sophisticated model of thrombolysis of mural
clots that took into account changing concentrations of the major components of the fibrinolytic system
by accounting for plasminogen adsorption to fibrin, plasminogen activation by rt-PA, fibrin degradation
by plasmin and plasmin consumption by α2 antiplasmin. In addition, their model included several kinds
of transport phenomena: outward convection of rt-PA from the flow channel into the clot, its inner
diffusion and inner convection. A similar model for thrombolysis of canalized clots was also proposed by
Pleydell and coworkers [22]. Both models gave a very good prediction of thrombolysis in slow tangential
blood flow; but they could not explain the significantly faster thrombolysis in fast tangential blood flow
[22,30].

We hypothesized that in addition to the rate of biochemical degradation of the clot [8], the mechanical
forces of “tangentially” flowing blood play a role in determining the rate of dissolution of non-occlusive
blood clots. These forces originate from blood viscosity or turbulence and may considerably acceler-
ate clot dissolution by eroding the clot’s surface, especially at higher flow velocities when blood flow
changes from a laminar into a turbulent regime. The aim of this paper is to describe in physical terms
the role of blood flow velocity in the process of thrombolysis of non-occlusive blood clots.

2. Theory

In the following section a mathematical model for dissolution of non-occlusive blood clots is pre-
sented. The model is based on the following assumptions: (a) the clot behaves as a rigid no-slip solid
interface; (b) no entrance or exit length hydrodynamic effects are considered, so the flow profile is
constant along the flow channel; (c) the flow is non-pulsatile and is generated by a constant pressure
drop, and (d) the concentrations of the components of the fibrinolytic system and the associated rate of
biochemical fibrinolysis are constant along the channel.

2.1. Blood velocity models

Let us assume that we are dealing with a cylindrical blood vessel which is narrowed in one segment
by a non-occlusive blood clot. Continuous flow through the vessel is provided by a constant pressure
source Δp. The vessel consists of two sections (Fig. 1a). The first – with a length l1 and a cross-sectional
area S1 – represents the normal part of the vessel and the second – with a length l2 and a cross-sectional
area S2 (where S2 � S1) – represents the channel along the non-occlusive clot through which the blood
is flowing.

Three different regimes may be considered with regard to the nature of the flow in each of the two
vessel sections. In the first case the pressure is low and flow is slow and laminar in both sections. In
the second situation the pressure is somewhat higher so that flow is still relatively slow and laminar in
the non-obstructed part of the vessel but is already fast and turbulent in the narrowed section. The last
regime occurs when the pressure is very high so that flow is rapid and turbulent in both sections. Let
us now consider all three possible situations and derive appropriate expressions for the flow velocity
through the narrowed segment along the clot.
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Fig. 1. A blood vessel in the model consists of two sections (a): an unobstructed vessel of cross-sectional area S1 and of length
l1 and a section of the vessel of length l2 that is partially closed by a clot with a flow channel of cross-sectional area S2. The
total pressure drop Δp in both vessel sections is equal to the sum of the pressure drops Δp1 in the first and Δp2 in the second
section. The clotted vessel (b) is filled with the clot (dark grey) everywhere except in a flow channel (light grey) next to the
vessel’s wall. The model assumes that the channel expands radially from the centre at the vessel’s wall as the clot dissolves.

2.2. Laminar–laminar flow

When flow through a vessel is laminar, the major reason for the pressure drop Δp across the vessel is
the viscosity η of the blood. According to Poiseuille’s law [11], this drop is proportional to the average
blood velocity ν, to the vessel’s length l and is inversely proportional to the cross-sectional area S of the
vessel:

Δp = 8πη
νl

S
. (1)

If two vessels of different diameter are connected in series to the same pressure source Δp then the
pressure is distributed between them. The first vessel with the average blood velocity ν1, length l1 and
cross-sectional area S1, has a pressure drop Δp1 and similarly the second vessel with parameters ν2, l2,
S2 has a pressure drop Δp2. From Eq. (1) it follows that

Δp = 8πη

(
ν1l1
S1

+
ν2l2
S2

)
. (2)

In addition, the conservation of volume flow ν1S1 = ν2S2 must be taken into account as blood is
incompressible at normal blood pressures. Combining this condition with Eq. (2), the expression for the
average velocity through the second vessel segment as a function of the ratio between the cross-sectional
areas of the two vessel segments x ≡ S2/S1 is obtained as

ν2(x) = νL
1

x + 1/Ax
; (3)
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here parameters νL = ΔpS1/(8πηl1) and A = l1/l2 correspond to the average blood velocity in the first
vessel alone and the ratio between the lengths of the first and the second vessel segment, respectively.
Equation (3) has two interesting limits. The first is when the clot almost completely blocks the vessel
so that x ≈ 0. In this limit, the average velocity through the clot region is proportional to the open area
of the vessel (ν2 = AνLx), which corresponds to the situation when the pressure drop in the normal
vessel region is negligible. In the second limit, where x ≈ 1, the cross-section of the narrowed segment
is very similar to the cross-section of the normal vessel segment. If it is also assumed that the length of
the narrowed segment is much shorter than that of the normal vessel (A � 1), it follows that ν2 = νL,
which means that the clot no longer represents an obstacle for blood flow and the average velocity in the
region with the small, non-occlusive clot is identical to the average velocity in the normal vessel.

2.3. Laminar–turbulent flow

In this model flow is laminar in the normal vessel segment and turbulent in the narrowed vessel seg-
ment. Unlike the laminar flow regime, where the pressure drop per unit length is proportional to the
average velocity and inversely proportional to the vessel’s cross-sectional area (Eq. (1)), in the turbu-
lent flow regime the pressure drop per unit length is proportional to the average velocity squared and
inversely proportional to the square root of the vessel’s cross-sectional area

Δp = fρ
lν2

√
S

. (4)

Turbulent flow is influenced mainly by the density of the fluid ρ, rather than by its viscosity. In Eq. (4)
f is a frictional coefficient which was experimentally determined to be approximately equal to 0.011
for most round tubes [11]. Similarly to the previous example of laminar–laminar flow, the total pressure
drop again has two contributions: a pressure drop Δp1 in the first vessel segment with parameters ν1, l1,
S1, where flow is laminar, and a pressure drop Δp2 in the second vessel segment with parameters ν2, l2,
S2, where flow is turbulent:

Δp = 8πη
l1ν1

S1
+ fρ

l2ν
2
2√

S2
. (5)

The equation for the average velocity in the narrowed vessel segment follows from the conservation
of volume flow ν1S1 = ν2S2:

ν2(x) = νLTAx3/2
(√

1 +
B

Ax5/2
− 1

)
. (6)

Here the variable x and the constant A have the same meaning as for the case of laminar–
laminar flow and the newly introduced coefficients correspond to νLT = 4πη/(fρ

√
S1), and B =

fΔpρS
3/2
1 /(16π2η2l1) where νLTB/2 is approximately the velocity of liquid at x = 1 assuming that

B/A � 1.
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2.4. Turbulent–turbulent flow

The third option is that flow is turbulent in both vessel sections. This condition is met at very high
blood velocities. Again, the pressure drop in both vessels is the sum of partial pressure drops in the
individual vessels. According to Eq. (4) this is equal to

Δp = fρ

(
l1ν

2
1√

S1
+

l2ν
2
2√

S2

)
. (7)

By taking into account that volume flow is conserved in both segments, we can extract the velocity
in the narrowed segment as a function of the ratio between the cross-sectional areas of the two vessel
segments:

ν2(x) = νT
1√

x2 + 1
A
√

x

, (8)

Here νT =
√

(Δp
√

S1)/(fρl1) corresponds to the blood velocity when the clot is totally dissolved
(x = 1). However, this is true when the length of the clot is significantly shorter than the length of the
remaining vessel (A � 1).

2.5. The Reynolds number

In order to know which of the three equations (3), (6) or (8) for blood velocity in the narrowed vessel
section is correct, one has to know whether flow is laminar or turbulent. This can be determined by a
criterion based on the Reynolds number [11]:

Re =
ρdν

η
=

ρd∞
√

xν2(x)
η

. (9)

Here d and d∞ are the obstructed and normal (after complete clot dissolution) diameters of the vessel,
respectively, ν is the average blood flow velocity in the vessel, ρ is blood density and η is its viscosity.
It was experimentally determined that for steady flow in pipes with perfectly smooth surfaces, flow is
most likely turbulent when Re is more than 3000 and laminar when it is less than 2000 [7]. The transi-
tion between laminar and turbulent flow is usually not very sharp and there may be some intermediate
phenomena (typically when 2000 < Re < 3000). Flow in this regime is usually still laminar close to
the walls of the vessel and turbulent in the centre. For Re higher than 3000 flow becomes fully turbu-
lent. The onset of turbulence does not always occur at exactly Re = 2000. This is just an approximate
value. The laminar flow regime may also persist at Re much higher than 2000 when the vessel walls are
very smooth and may turn into fully developed turbulent flow also at Re much lower than 3000 if the
walls are rough [26]. Transitions to turbulent flow also occur at lower Re for pulsatile flow in stenotic
geometries [14]. For example, turbulence can occur with flow de-acceleration during diastole even at
Re < 1000 [20]. Based on electron micrographs of recanalization channels through blood clots [4], it
is clear that non-occlusive blood clots have rough walls and since flow along non-occlusive clots is also
pulsatile, the onset of turbulence is expected at Re lower than 2000. During clot dissolution Re changes
together with the average blood velocity and the channel’s diameter. It is interesting that Re is not the
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largest at beginning or at the end of thrombolysis, but at some time in between, when the product of
the channel diameter and the blood velocity is the largest. For the laminar–laminar model this occurs at
x = 1/

√
A and for the laminar–turbulent model at x = (9B/16A)2/5.

2.6. Rate of clot dissolution

Let us suppose that a pharmacological concentration of a thrombolytic agent is added to the blood
that flows in our idealized two-segment vessel. The non-occlusive clot begins to dissolve and the non-
obstructed channel along the clot expands radially as thin layers of the clot are gradually removed by
the flowing blood. Suppose that the blood flow channel is aligned with the vessel’s axis so that in the
transverse view its area is the cross-section of two circles: the vessel’s circle with a radius R and the
channel’s circle with a radius r (Fig. 1b). Obviously, r is in the range between 0 and 2R. In the transverse
view, the contact between the flowing blood and the clot is an arc with a length s that can be calculated
as:

s = 2r arccos
(

r

2R

)
=

dS2

dr
. (10)

Here, S2 denotes the cross-sectional area of the flow channel, which may be calculated by integrating
the arc length (Eq. (10)) in the range from 0 to the radius r

S2(r) =
∫ r

0
2r′ arccos

(
r′

2R

)
dr′ = πR2 − (2R2 − r2) arccos

(
r

2R

)
− r

√
R2 − (r/2)2. (11)

S2 in Eq. (11) also corresponds to the cross-sectional area of the channel along the clot in Eqs. (3), (6)
and (8), whereas S1 is equal to the cross-sectional area of the non-obstructed vessel’s segment πR2.
Therefore, by knowing r, the vessel’s obstruction level 1 − x = 1 − S2/S1 may be calculated using
Eq. (11) and from there the average blood flow velocity in the obstructed vessel by either Eq. (3), Eq. (6)
or Eq. (8). The average rate of thrombolysis dS2/dt may also be expressed by the progression rate of the
lysing front dr/dt, where dS2/dt = (dS2/dr)(dr/dt) = s dr/dt.

Now we come to the essence of our proposed model, namely that for every biochemical setting, the
rate of non-occlusive clot dissolution is proportional to the dissipated power of the blood flowing along
the clot, i.e., the dissolution rate is a function of the average blood flow velocity. In other words, the
higher the mechanical forces on the clot’s surface, the fewer plasmin-susceptible bonds in the fibrin
network have to be cleaved biochemically for removing a corresponding fragment of the non-occlusive
clot.

Work done by internal forces due to viscosity and turbulent velocity fluctuations cause heating of
the blood in the main stream, while the same forces exerted on the clot surface are responsible for
the clot degradation and can significantly accelerate clot lysis. The work done by the flowing blood in
contact with the clot can be estimated by the energy dissipation in the thin layer close to the surface. The
dissipation power density dP/dV is equal to the product of the wall shear stress τ and the wall shear
rate γ̇ [11]. Therefore, the work dW done to the surface of the clot in a layer of thickness λ in time dt
is equal to dW = τ γ̇λsl2dt, where sl2 is the area of the clot in contact with the flowing blood, and λ
is the depth of the clot to which mechanical forces are exerted. Assuming that the wall shear stress and
the wall shear rate are such as in a round tube of radius δ =

√
S2/π with laminar flow and a parabolic

velocity profile, the wall shear stress is then τ = Δp2δ/2l2 and the wall shear rate isγ̇ = ν2/δ, so that the
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mechanical work of the flowing blood done on the clot is equal to dW = Δp2ν2λsdt/2. The mechanical
work is used for clot degradation and the volume dV of degraded clot is proportional to the work dW .
To expand the clot channel by dr the work dW = csl2dr is needed. Here c is a proportionality constant
dependent on the biochemical setting. The more efficient the thrombolytic agent, the lower the value of
c and the lower the mechanical work W necessary for removing a layer of the clot. By equating the two
expressions for the mechanical work Δp2ν2λsdt/2 = csl2dr the final expression for the progressive rate
of the clot dissolution front is obtained

dr

dt
=

λν2Δp2

2cl2
=

λφV Δp2

2cV2
. (12)

Here φV = ΔV/Δt = S2ν2 is the blood volume flow and V2 = S2l2 is the volume of the clot channel.
It can be seen from Eq. (12) that the rate at which a clot dissolves is proportional to the velocity of
blood and to the pressure gradient along the clot. Equation (12) can be further considered for two cases:
the first is when flow along the clot is laminar and the second is when the flow is turbulent. If flow is
laminar, the pressure drop per unit length (Eq. (1)) is proportional to the square of the velocity of blood
and inversely proportional to the cross-sectional area of the clot channel

dr

dt
= CL

ν2
2

S2
, (13)

where CL = 4πλη/c. For turbulent flow the dissolution rate is somewhat different because a different
expression for the pressure drop per unit length (Eq. (4)) must be used:

dr

dt
= CT

ν3
2√
S2

; (14)

here CT = fλρ/2c. To calculate the dynamics of clot dissolution one must integrate Eq. (13) or Eq. (14).
This needs special care, as S2 and ν2 are both dependent on r. The dynamics of clot dissolution is
now governed by only one parameter: CL for laminar flow and CT for turbulent flow. In practice, a
delay parameter T has to be introduced into the model. The new parameter T corresponds to the time
lag between the injection of the thrombolytic agent into the blood and the time when the biochemical
processes of fibrinolysis reach a steady state with the surface layer of the clot being partly degraded.
After introducing the delay parameter T , Eqs. (13) and (14) change to

dr

dt
=

{
0; t < T
CLν2

2 (x(r))/S2(r); t � T
(15)

for laminar flow, and to

dr

dt
=

{
0; t < T
CT ν3

2 (x(r))/
√

S2(r); t � T
(16)

for turbulent flow; where x(r) ≡ S2(r)/S1. The velocity ν2 in Eq. (15) is the velocity for laminar–laminar
flow as defined in Eq. (3), whereas the velocity ν2 in Eq. (16) can be either the velocity for laminar–
turbulent flow (Eq. (6)) or for turbulent–turbulent flow (Eq. (8)). We were not able to find analytical
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solutions of Eqs. (15) and (16). However, these two equations may be efficiently solved by numerical
integration. Once the time dependence of r is known it is quite easy to obtain the clot dissolution rate
dS2/dt from Eq. (11), and from there the time dependence of the vessel’s obstruction level 1 − x(t).

3. Materials and methods

3.1. Artificial blood clots

Whole blood clots were prepared in cylindrical glass tubes with a diameter of 3 mm and length of l2 =
3 cm, as described before [29]. Briefly, citrated venous blood was clotted by addition of thrombin and
calcium, and clot retraction was inhibited by the phosphodiesterase inhibitor UDCG 212 (Boehringer,
Germany) in a final concentration [27] of 20 μmol/l. After at least an hour at room temperature to allow
for fibrin formation, the clots were pierced lengthways by a needle with a diameter of 0.7 mm to create a
channel for flow along the clot. The initial obstruction level (the ratio between the clot’s cross-sectional
area and the normal vessel’s cross-sectional area) was therefore equal to 1 − x = 1 − 0.054 = 0.946,
whereas during clot dissolution the obstruction level progressively decreased towards 0. The glass tube
with clot was connected by a flexible hose to a pump that generated a constant pressure of either 15 kPa
or 3 kPa. The hose connecting the pump and the clot was 1.7 m long (l1 = 3.4 m; to the clot and back)
and also had a 3 mm inner diameter. In each experiment the artificial circulation system was filled with
approximately 0.5 l of outdated human blood plasma, thawed and circulated at room temperature, which
was about 20 ◦C. According to the literature the viscosity of blood plasma is 1.8 times higher than the
viscosity of water, which yields an estimated viscosity of 0.0018 Ns/m2, whereas the density of plasma
is practically identical to the density of water, i.e., 1000 kg/m3.

3.2. Flow regimes during clot dissolution

Two blood flow regimes were tested. In the high velocity regime, corresponding to shear forces gen-
erated in the arterial system at the site of a significant stenosis, a stronger pump was connected directly
to the hose leading to the clot. In the low velocity regime, corresponding to average shear forces in
the venous system, a weaker pump was connected to the hose via a needle with a narrow opening that
served as a serial resistor to additionally reduce the flow. For both regimes volume flow was measured
without the thrombolytic agent in the system containing the clot (x = 0.054) and in an empty glass tube
(x = 1). From these measurements the average plasma velocities in the clot channel were calculated:
4.26 m/s at the beginning (x = 0.054) and 0.86 m/s at the end (x = 1) for the high velocity regime,
and 0.192 m/s at x = 0.054 and 0.011 m/s at x = 1 for the low velocity regime. Based on these results,
Reynolds numbers (Eq. (9)) were calculated (Table 1) and a graph of the Reynolds number in the clot
channel as a function of the relative cross-sectional area of the channel plotted (in Fig. 2). The maximum
Re = 2490 was reached at x = 0.19 for the laminar–turbulent model (Re = 2740 at x = 0.16 for the

Table 1

Reynolds numbers for plasma flow in the perfusion system

High velocity regime Low velocity regime
clot hose clot hose

Beginning (x = 0.054) 1660 380 75 17
End (x = 1) 1430 1430 18 18
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Fig. 2. Reynolds number as a function of the relative channel cross-sectional area x of the clot for high and low velocity regime
experiments. In the high velocity regime the flow becomes turbulent in the range: 0.08 < x < 0.47.

Fig. 3. Clot dissolution in the high (top row) and in the low (bottom row) velocity regime for the rt-PA thrombolytic agent.
Thrombolysis was monitored by magnetic resonance microscopy at 2-minute intervals; the first image was acquired imme-
diately after injection of the thrombolytic agent. Increasing brightness within the clot is due to transport of plasma with the
contrast agent Gd-DTPA into the clot.

laminar–laminar model) in the high velocity regime, and maximum Re = 83 was reached at x = 0.026
for the laminar–laminar model in the low velocity regime.
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3.3. Magnetic resonance imaging during clot dissolution

Glass tubes with clots were placed into a radio-frequency probe with a 25 mm diameter for magnetic
resonance microscopy. First, the artificial flow system was tested for its stability, assuring that the system
contained no air bubbles which could obstruct plasma flow. Then, the radio-frequency probe with the
clot was inserted into the magnet of a nuclear magnetic resonance (NMR) spectrometer and dynamic
MR imaging was started. The spectrometer consisted of a 100 MHz (proton frequency) horizontal bore
Oxford superconducting magnet, a TecMag NMR console and a Bruker micro-imaging gradient system
with maximum gradients of 300 mT/m. Control clots were imaged without the thrombolytic agent to
assure that clot dissolution was not caused by mechanical erosion alone. Approximately 10 minutes
after starting dynamic MR imaging, a pharmacological dose of the thrombolytic agent recombinant
tissue activator of plasminogen (rt-PA) (Actylise, Boehringer, Germany) at 2 μg/ml was added to the
plasma along with the magnetic resonance imaging contrast agent Gd-DTPA (Magnevist, Berlex Lab.,
Germany) at 1 mmol/l. The contrast agent Gd-DTPA is a very stable Gd3+ ion complex with 100% ion
chelation to DTPA (diethylene tetramine pentaacetic acetate). Its molecular mass of 938 Da [13] is one
to two orders smaller than that of typical plasma proteins and about 70 times smaller than the molecular
mass of rt-PA, but pores in the clot are of micrometre dimensions [6], so that no substantial differences
in convective flow of Gd-DTPA and rt-PA are expected. The addition of such minute quantities of rt-
PA and Gd-DTPA to plasma did not change its viscosity. Blood clots were imaged by MRI every 2
minutes in a transverse plane through the centre of the long axis of the clot. The imaging sequence
was a standard T1 weighted spin-echo imaging sequence with echo time and repetition rate parameters
TE/TR = 8/400 ms. The imaging field of view was 2 cm, with an imaging matrix of 256 by 256 and
the slice thickness was 2 mm. Thrombolysis was monitored for 40 minutes so that a time sequence of
20 images in the identical slice position and orientation was acquired after adding the thrombolytic and
contrast agent to the plasma. An example of dynamic MR microscopy of thrombolysis is shown in Fig. 3.
Regions with higher concentrations of Gd-DTPA contrast agent have shortened T1 relaxation times and
appear bright on the T1 weighted MR images, while the remaining regions with lower concentrations
of Gd-DTPA contrast agent have longer T1 relaxation times and appear dark on the T1 weighted MR
images. All images were later analysed by Image-J (Java version of the NIH-Image program, NIH,
USA). Cross-sectional areas of the channel through the clot were measured as a function of time for the
two groups with different velocity regimes (turbulent or laminar blood flow through the clot). In each
group there were at least 4 clots.

3.4. Fitting the experimental data to the theoretical model

The experimental data were analysed by the appropriate mathematical model given by Eqs. (3) and
(15) for slow flow and Eq. (6) or Eq. (8) and Eq. (16) for fast flow; the relations in Eq. (11) were used
as well. These equations were numerically integrated by the fourth-order Runge Kutta method [23] to
obtain theoretical values for the obstruction level 1−x(t) at given model parameters CL or CT and T . The
model parameters were extracted by finding the best fit to the data by applying the Levenberg-Marquardt
method for fitting functions with nonlinear parameters [23].

4. Results

The data in Table 1 and the graph in Fig. 2 indicate that in the low velocity regime, flow was laminar
at all times in the clot channel, as well as in the connecting hoses, since the Reynolds number was much
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Table 2

Model parameters that yield the best fit between clot dissolution models and experimental MRI data

High velocity regime (turbulent flow) Low velocity regime (laminar flow)

CT [s2/m] T [s] CL [ms] T [s]

9.78 × 10−10 (1 ± 0.03) 460 (1 ± 0.02) 1.87 × 10−11 (1 ± 0.03) 213 (1 ± 0.05)

lower than 2000. For the high velocity regime, flow in the hose leading to the clot was laminar at all
times as the Reynolds number ranged between 380 and 1430 and the inner surface of the hose was very
smooth. In the clot’s channel the Reynolds number was in the range between 1430 and 2490 (Fig. 2), but
the clot’s inner surface, i.e., the wall of the channel through the clot was not as smooth as that of the hose.
Therefore, it is likely that flow was partially turbulent through the clot in the high velocity regime and the
appropriate description of average plasma velocity is given by the laminar–turbulent model in Eq. (6).
Conversely, in the low velocity regime the laminar–laminar model as stated by Eq. (3) is appropriate. The
parameters of the blood velocity models were calculated from known average velocities of plasma in the
clot channel at the beginning (x = 0.054) and at the end (x = 1) of clot dissolution: νLTA = 63 m/s and
B/A = 0.0275 for the laminar–turbulent flow (high velocity regime); νL = 0.011 m/s and A = 4300 for
the laminar–laminar flow (low velocity regime). In the low velocity regime the volume flow through the
system was practically constant throughout clot dissolution because of the high value of the parameter A.

In control clots there was no appreciable widening of the clot channel with plasma flow in the absence
of rt-PA. Penetration of Gd-DTPA-labeled plasma into the clots was measured by MRI as a surrogate
for the penetration of the thrombolytic agent. Permeation of Gd-DTPA labelled plasma into the clot was
considerably more rapid at fast than at slow flow. The clot can be considered as a porous structure and
the penetration of plasma into the clot is a pressure gradient driven process and diffusion-like process.
After 6 minutes of flow, Gd-DTPA-permeated areas extended 2.0 ± 0.4 mm from the border of the
flow channel into the clot with fast flow, but only 0.4 ± 0.13 mm with slow flow. Plasma, where the
concentration of the Gd-DTPA contrast agent was the highest, did not give any signal because of the
flow-void phenomenon.

According to the laminar–turbulent type of flow, Eq. (16) was used to describe the dynamics of clot
dissolution in the high velocity regime, and Eq. (15) was used for the laminar–laminar low velocity
regime. Parameters of the models were optimized so that the best fit between the theoretical model for
the obstruction level 1 − x(t) and the experimental data 1 − xi was obtained. This yielded results that
are shown in Table 2 at the fit precision R2 = 0.98 for the high velocity regime and R2 = 0.79 for the
low velocity regime.

The delay T from the time of addition of the thrombolytic agent into the system to the time when
initial clot dissolution was observed was equal to approximately 7.5 minutes in the fast velocity regime,
but was hard to determine exactly for the low velocity regime because dissolution was so slow and
gradual.

Figure 4 shows that clot dissolution was significantly quicker at fast flow than at slow flow. The best
fit of the laminar–turbulent model and the laminar–laminar model to the experimental data is shown by
solid lines in Figs. 4a and 4b respectively, while dashed lines correspond to the opposite model, i.e., to
the laminar–laminar model at the fast flow regime (Fig. 4a) and to the laminar–turbulent model at the
slow flow regime (Fig. 4b). The dashed curves were calculated using theoretically expected parameters
for the corresponding flow.
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Fig. 4. Clot dissolution curves in the high velocity regime with turbulent flow along the clot (a) and in the low velocity regime
with laminar flow along the clot (b). The curves depict the vessel’s obstruction level (1−x) as a function of time after beginning
of thrombolysis with the thrombolytic agent rt-PA. Solid curves correspond to the best fit of the laminar–turbulent model (a) and
of the laminar–laminar model (b) to the data, while dashed curves correspond to the theoretical estimate for the dissolution rate
were the laminar–laminar model valid for the fast flow regime (a) and laminar–turbulent model for the slow flow regime (b).

5. Discussion

The theoretical model for dissolution of non-occlusive blood clots presented in this paper is based on
the hypothesis that clot degradation is governed not only by the biochemical processes of fibrinolysis, but
also by viscous and kinematic mechanical forces of blood flowing along the clot. The higher the velocity
of tangential blood flow, the larger the mechanical contribution to clot dissolution, and vice versa. When
blood flows slowly, thrombolysis resembles a purely biochemical system in a no-flow environment.

For any set of biochemical and biophysical circumstances during dissolution of non-occlusive blood
clots, the dynamics of clot dissolution can be described by a few relatively simple parameters. First, it is
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important to know whether flow along the clot is laminar or turbulent, since the rate of clot dissolution
is proportional to the square of the average tangential flow velocity during laminar blood flow and to
the third power of the average flow velocity during turbulent flow. Second, we proposed a proportion-
ality constant, CL for laminar flow or CT for turbulent flow, that incorporates the relevant biophysical
properties of blood plasma for the particular type of flow, as well as an approximation of the biochem-
ical properties of the fibrinolytic system – in the form of the “biochemical proportionality constant” c.
Third and last, a time delay parameter T was introduced to account for the time lag between the injec-
tion of thrombolytic agent into the blood and the time when the surface layer of the clot is sufficiently
biochemically degraded to be removed mechanically by flowing blood.

The proposed model and our experimental data yielded a reasonably accurate fit. From the graphs
of clot dissolution in Fig. 4, it can be seen that clot dissolution was far more efficient at fast flow than
at slow flow. At least two processes significantly contributed to faster thrombolysis at fast blood flow:
(a) the supply of the thrombolytic agent to the clot which is more efficient at fast flow than at slow flow,
and (b) mechanical forces on the surface layer of the clot in the flow channel which increase with flow
velocity. The forces are linearly dependent on blood flow velocity as long as the flow is laminar, but
become quadratically dependent when flow is turbulent. However, the processes to some extent compete
with one another. At higher blood velocities when thrombolysis proceeds faster, a much shorter time is
available for the thrombolytic agent to degrade a volume element of the clot before it is removed by the
flowing blood. This effect was not included in our model and is hidden in the biochemical constant c (in
relation to Eq. (12)).

Another point of interest is also the difference between the best fit model curves in Fig. 4 (solid curves)
and the theoretical estimates of dissolution dynamics for the opposite models (dashed curves). In both
graphs (for the fast flow regime and for the slow flow regime) the laminar–laminar model predicts faster
dissolution than the laminar–turbulent model, which is rather surprising because in the laminar–turbulent
model the lysing front progresses with the cube of the average blood velocity and in the laminar–laminar
model with the square of the average velocity. The reason for the difference probably lies in the different
dependence of clot dissolution dynamics on the flow channel cross-sectional area. According to Eqs. (15)
and (16) the progression of the lysing front is inversely proportional to the channel area for the laminar–
laminar model and inversely proportional to the square root of the channel area for the laminar–turbulent
model, which means that for larger channel areas progression of the front slows down more rapidly for
the laminar–turbulent model than for the laminar–laminar model. This can also be seen in Fig. 4a where
both solid and dashed curves start with the same slope but then the dashed line (laminar–laminar model)
reaches zero faster.

The parameter T (Eqs. (15) and (16)) was used to describe the delay between the time of injection
of the thrombolytic agent into the blood circulation and the time when the clot starts to dissolve. In our
experiments, T was equal to 460 s in the fast flow regime, whereas it was not precisely determined in
the slow flow regime due to the slowness of clot dissolution. From the known blood plasma velocity in
the connecting hose, which was not lower than 0.23 m/s at the beginning of our experiments, and the
length of the hose from the injection site to the clot (which was equal to 1.7 m) we know that the initial
front of the thrombolytic agent reached the clot no later than 7.4 s after being injected into the blood
plasma container surrounding the immersed pump. The transit time to the border of the clot was thus
much shorter than the measured parameter T . The bulk of the delay, about 7.5 minutes, was needed for
the thrombolytic agent to penetrate into the superficial clot layer and to induce sufficient biochemical
degradation so that the surface layer could no longer resist the forces of the tangentially flowing blood.
Penetration of Gd-DTPA-labelled plasma into the clots, which was measured by MRI as a surrogate for
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the penetration of the thrombolytic agent, was much more efficient with fast flow than with slow flow,
which is another reason for better clot dissolution with higher tangential velocities of the blood plasma
flow.

Although our model gives a useful overview, it has several limitations. Describing the biochemical
setting by a single constant c is an oversimplification, since the concentration of reactants may change
over time. A classical example of this is the gradual depletion of plasminogen from circulating blood
during use of non-fibrin specific plasminogen activators so that fibrinolysis becomes progressively less
efficient with time [28]. Our model is also inaccurate in describing the discrete starting conditions of
thrombolysis at time T after the injection of the thrombolytic agent (the graphs in Fig. 4 show a very
sharp beginning of thrombolysis at time T ). This is also an oversimplification, as the local concentra-
tion of plasmin increases gradually until it reaches equilibrium at stable flow conditions; therefore, the
beginning of thrombolysis is also gradual. However, our model may not be far from reality under stable
biochemical conditions when fibrin degradation proceeds steadily. Playdell and coworkers [22] showed
that the rt-PA concentration gradient in the direction from the clot’s surface to its interior decreases along
the length of the clot in the direction of flow due to binding of rt-PA to the clot, which decreases the
rt-PA concentration in the fluid phase downstream. This effect is less pronounced with increasing flow
rates, which makes our single biochemical parameter model acceptable at higher flow velocities.

Some other physical phenomena have also not been accounted for in detail. Blood flow in humans is
pulsatile, while our model considers a steady flow that is amenable to analytical modelling. Pulsatile flow
may promote thrombolysis because it periodically creates turbulences in the clot’s flow channel which
contribute to faster thrombus degradation. The pressure of 15 kPa that was used for fast flow experiments
approximately corresponds to the pressure generated by a human heart during systole. A pressure drop
of 15 kPa is thus expected across a clot that almost completely blocks a large artery, while the pressure
drop of 3 kPa, which was used in slow flow experiments, describes the conditions in the microcirculation
and veins. The second important effect not accounted for by our model is associated with transition
phenomena at the entry point to the clot’s channel. At this point blood velocity changes rapidly as the
cross-section of the relatively wide blood vessel changes into a narrow channel through the clot. Because
of conservation of blood volume flow at this point, blood flow is accelerated. When blood enters the
clot’s channel the velocity profile is flat and after a distance known as the entrance length [5] the profile
will attain a parabolic shape. At distances larger than the entrance length the flow velocity profile is
fully developed and no longer changes. Since the rate of thrombolysis is proportional to shearing of
blood adjacent to the wall, faster thrombolysis is expected at the entry point into the flow channel. Our
preliminary results obtained by dynamic 3D MR imaging showed that the dissolution rate is in fact faster
in the first few millimetres of the flow channel, but becomes steady in the remainder of the channel. In
the experiments described in this paper, the imaging plane was positioned 15 mm from the entry point
into the clot where flow was fully developed at all times for the low velocity regime and was close to it
at the high velocity regime, which makes our model acceptable.

More precise calculations of blood flow along the clot’s channel can be obtained by solving the
Navier-Stokes equation [12] of flow for this particular geometry. This is quite difficult as it implies
solving partial differential equations. Most likely the equations cannot be solved analytically. However,
many commercial software packages for computational fluid dynamics (CFD) are available now that can
solve this problem numerically. Another option would be to measure the velocity map of flowing blood
through the clot by magnetic resonance flow imaging techniques [16]. From these, the pressure distrib-
ution around the clot could be calculated. Based on such experimental flow measurements or numerical
flow simulations more complex models for thrombolysis may be developed that would encompass flow
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separation and plusatile flow effects. However, these models would not provide simple analytical solu-
tions for thrombolysis that enable valuable insight into the most relevant phenomena, but would need to
be solved entirely numerically.

6. Conclusion

Dissolution of non-occlusive blood clots in any biochemical setting is strongly dependent on tangen-
tially oriented blood flow along the clot. Clot dissolution can be divided into three stages. In the first
stage, which takes several minutes after injecting a pharmacological dose of the thrombolytic agent into
the blood, the thrombolytic agent accumulates in the superficial layers of the clot and induces chemical
degradation to the stage when tangentially oriented blood flow starts eroding the superficial layer of the
clot in the flow channel. In the second stage, when fibrinolytic biochemistry is assumed to have reached
a steady state with respect to the moving plasma-clot border, the flow channel expands as the clot dis-
solves. Clot dissolution is fastest at the beginning, when the flow channel is narrowest and blood flow
through the obstruction is most rapid. The dynamics of clot dissolution is proportional to the square of
the blood velocity in the flow channel if flow is laminar, and to the third power of blood velocity if flow
is turbulent. As the channel gets wider, the flow velocity through the channel decreases, therefore the
dissolution rate decreases, too. In the last stage, the channel is already so wide that the clot no longer
represents a substantial obstacle to the flowing blood. Since there is practically no pressure drop along
the flow channel, very little work is done by the flowing blood and thrombolyis reverts to a regime gov-
erned purely by the fibrinolytic biochemistry. This may preclude complete dissolution of the clot if the
biochemical circumstances are unfavourable.
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