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Abstract
Introduction—Fibrinolytics such as recombinant tissue plasminogen activator (rt-PA) are used to
treat thrombotic disease such as acute myocardial infarction (AMI) and ischemic stroke. Interest in
increasing efficacy and reducing side effects has led to the study of adjuncts such as GP IIb-IIIa
inhibitors and ultrasound (US) enhanced thrombolysis. Currently, GP IIb-IIIa inhibitor and
fibrinolytic treatment are often used in AMI, and are under investigation for stroke treatment.
However, little is known of the efficacy of combined GP IIb-IIIa inhibitor, fibrinolytic and ultrasound
treatment. We measure the lytic efficacy of rt-PA, eptifibatide (Epf) and 120 kHz ultrasound
treatment in an in-vitro human clot model.

Materials and Methods—Blood was drawn from 15 subjects after IRB approval. Clots were made
in 20 μL pipettes, and placed in a water tank for microscopic visualization during lytic treatment.
Clots were exposed to control, rt-PA (rt-PA), eptifibatide (Epf), or rt-PA+eptifibatide (rt-PA+Epf),
with or without ultrasound for 30 minutes at 37°C in human plasma. Clot lysis was measured over
time, using a microscopic imaging technique. The fractional clot loss (FCL) and initial lytic rate (LR)
were used to quantify lytic efficacy.

Results and Conclusions—LR values for (−US) treated clots were 0.8±0.1(control), 1.8±0.3
(Epf), 1.5±0.2 (rt-PA), and 1.3±0.4 (rt-PA+Epf) (% clot width/minute) respectively. In comparison,
the (+US) group exhibited LR values of 1.6±0.2 (control), 4.3±0.4 (Epf), 6.3±0.4 (rt-PA), and 4.6
±0.6 (rt-PA+Epf). For (−US) treated clots, FCL was 6.0±0.8 (control), 9.2±2.5 (Epf), 15.6±1.7 (rt-
PA), and 28.0±2.2% (rt-PA+Epf) respectively. FCL for (+US) clots was 13.5±2.4 (control), 20.7±6.4
(Epf), 44.4±3.6 (rt-PA) and 30.3±3.6% (rt-PA+Epf) respectively. Although the addition of
eptifibatide enhances the in-vitro lytic efficacy of rt-PA in the absence of ultrasound, the efficacy of
ultrasound and rt-PA is greater than that of combined ultrasound, rt-PA and eptifibatide exposure.
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Introduction
Lytic therapy utilizing recombinant tissue plasminogen activator (rt-PA) has been widely used
to treat various thrombotic diseases such as myocardial infarction [1], acute ischemic stroke
[2], and peripheral vascular occlusions [3,4]. The desire to improve the lytic efficacy and reduce
the bleeding complication of rt-PA thrombolysis has led to substantial interest in potential
adjunctive therapies such as ultrasound enhanced thrombolysis (UET) [5–8] and medications
such as GP IIb/IIIa inhibitors [9,10]. However, there is little data on the lytic efficacy of
combining such adjunctive therapies.

The ultrasonic enhancement of thrombolytic medications has been under investigation for some
time [11,12]. Suggested mechanisms have included thermal effects [11], microstreaming
[13], and cavitation [14,15]. Cavitation is the creation of small microbubbles by the ultrasound
acoustic field. There are two types of cavitation, inertial and stable. In inertial cavitation, the
bubbles are created and destroyed very quickly; typically over the time scale of a single
ultrasound pulse. Large amounts of energy can be deposited over local length scales by inertial
cavitation, and this is the phenomenon responsible for the efficacy of lithotripsy in the treatment
of kidney stones, as an example. Recently Datta et al [15] demonstrated a correlation between
the presence of stable cavitation and UET in an in-vitro porcine clot. Similar results were
obtained by Prokop et al [16]. These results suggest that stable cavitation is the mechanism
likely responsible for UET.

The ideal acoustic parameters for UET are unknown at this time. For some applications such
as UET treatment of stroke, higher frequencies (~MHz) may be problematic. Approximately
10% of the population exhibits temporal window insufficiency thus preventing transcranial
Doppler ultrasound penetration of the skull [17,18]. Lower ultrasound frequencies (~kHz) have
been demonstrated to penetrate the skull and chest wall [19,20] with less attenuation than at
higher frequencies.

GP IIb-IIIa inhibitors are antagonists of platelet GP IIb-IIIa surface receptors, resulting in the
inhibition of platelet aggregation and fibrinogen cross-linking. These drugs are used to
facilitate intervention in acute coronary syndromes, and to prevent vessel re-occlusion [21].
GP IIb-IIIa inhibitors such as eptifibatide (Epf) and abciximab have been shown to increase
arterial recanalization rates when combined with fibrinolytics in patients with myocardial
infarction [10,22]. Currently, ongoing clinical trials such as CLEAR (P50 NS4 4283-01) and
ROSIE-2 (NCT00039832) are investigating the efficacy of combining eptifibatide with rt-PA
in acute ischemic stroke treatment. However, the lytic efficacy of this treatment regime
combined with ultrasound has not been quantified.

The objective of this study was to determine the thrombolytic efficacy of combined rt-PA,
eptifibatide and ultrasound treatment in a well-defined in-vitro human clot model. This model
uses a novel microscopic imaging technique that allows the quantification of lytic efficacy,
and comparison between various treatment regimens. Such data will be useful in planning
further in-vitro, in-vivo and clinical trials of such combination therapy.

Methods and Methods
Preparation of rt-PA, Epf, and human plasma

The rt-PA was obtained from the manufacturer (rt-PA, Activase®, Genentech, San Francisco,
CA) as a lyophilized powder. Each vial was mixed with sterile water to a concentration of 1
mg/ml as per manufacturer’s instructions, aliquoted into 1.0 ml centrifuge tubes (Fisher
Scientific), and stored at −80°C. The enzymatic activity of rt-PA is stable for at least 1 year
when stored in this fashion [23]. Eptifibatide (Epf) was obtained (Integrilin®, Millennium
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Pharmaceuticals, Inc., Cambridge, MA) as a solution at a concentration of 2 mg/ml. The drug
was stored at 4–5°C to prevent degradation. Human fresh-frozen plasma (hFFP) was procured
from a blood bank in 250–300 ml units. Each unit was briefly thawed, aliquoted into 50 ml
centrifuge tubes (Fisher Scientific), and stored at −80°C. Aliquots of rt-PA and plasma were
allowed to thaw for experiments, and the remaining amounts discarded following completion
of each experiment.

Production of blood clots
Human whole blood was drawn from fifteen volunteers by sterile venipuncture following local
Institutional Review Board approval and written informed consent. Samples of 1–2 ml were
placed in sterile glass tubes (Vacutainer) and allowed to form clots in and around a small
diameter (~600 μm) micropipette (Becton, Dickinson and Company, Franklin Lakes, NJ;
20λ) through which a segment of 7-0 silk suture (Ethicon Industries, Cornelia, GA) had been
threaded. The suture diameter ranges from 50 to 69 μm, as per the manufacturer. This is similar
to clot production methods used in imaging studies by Winter and Yu [24,25]. The clots were
incubated for three hours at 37°C, and refrigerated at 4–5°C for 3 days ensuring maximal clot
retraction, lytic resistance and stability [26–28]. Platelet aggregation is preserved in platelets
stored at this temperature for up to 14 days [29]. Before each experiment, the micropipette was
removed to produce a cylindrical clot adherent to the suture. The clot was typically 5–8 μl in
volume on the order of 300 μm in width (see Figure 1). For all clots used in the work here, the
average initial clot diameter was 245 ± 35 μm (N=108 clots). At this size the clots were similar
in diameter to the intracerebral segments of the middle cerebral arteries (80 to 840 μm in
diameter) or other cerebral vessels such as the recurrent artery of Heubner and its perforators
(643 ± 237 μm in diameter) [30,31]. These small clots were used in this work as it enables
measurement of changes in clot size on the order of ~10 μm, which is a typical length scale
for in-vitro clot lysis measurements as determined by others [32,33].

Apparatus
For each experiment, the clot attached to the suture was placed in a clean micropipette
(Drummond Scientific Company, Broomall, PA), and inserted into a U-shaped sample holder
composed of hollow luer lock connectors and silicone tubing (Cole Parmer, Vernon Hills, IL;
outer diameter 0.125″). The sample holder was placed in an acrylic water tank with a
microscope slide at the bottom. Water in the tank was maintained at a temperature of 37±1°C
during all experiments using two heating elements (Hagen A721, Mansfield, MA; 25 W). The
tank was placed over the objective of an inverting microscope (Olympus, Melville, NY) to
visualize the clot. The field of view in the image was 340 μm × 260 μm (640 pixels × 480
pixels). The entire apparatus was placed on top of a vibration isolation table (Newport, Irvine,
CA; XL-G) for mechanical isolation. Images were recorded at 6 frames/minute using a CCD
camera (Hitachi, Woodbury, NY; KP-M1A), and data was stored for later analysis on a
computer (Dell, Round Rock, TX; Intel Pentium). A complete description of the imaging
apparatus has been previously provided [8,34].

Ultrasound Treatment
The 120 kHz ultrasound unfocused transducer (Sonic Concepts, Inc., Woodburn, WA) was
mounted at one end of the tank at a 30° angle to the tank bottom thus allowing ultrasound
exposure of the sample clot. Sound absorbing material (rho-c rubber) was placed at the end of
the tank opposite the transducer to inhibit acoustic standing wave formation. The transducer
was previously calibrated with a PVDF hydrophone (Reson, Goleta, CA; TC4038), and the −6
dB beam width was measured to be 1.0 cm with a focal length of 2.4 cm. The 120 kHz
ultrasound exposures utilized a pressure amplitude of 0.18 MPa, a pulse repetition frequency
(PRF) of 1667 Hz, and a duty cycle of 80%. These ultrasound parameters were chosen as
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substantial clot lysis was observed at these settings in a previous work [8]. In addition, the
pressure amplitude is comparable to the stable cavitation threshold value found by Datta et al
[15], and is well below the 0.4 MPa threshold value measured by Hynynen et al [35] in a murine
model as resulting in blood-brain barrier disruption.

Experimental protocol
Clots were exposed to one of four treatment regimens, with (+US) or without (−US) 120 kHz
ultrasound: (1) hFFP alone (control); (2) rt-PA in hFFP (rt-PA) (3) eptifibatide in hFFP (Epf)
and (4) eptifibatide and rt-PA in hFFP (rt-PA+Epf). The rt-PA concentration was 3.15 μg/ml
for all exposures; this value is well-within the therapeutic concentration range in humans
[36–39] The eptifibatide concentration was 2.31 μg/ml which comparable to those used in the
CLEAR trial [10] and in the treatment of acute coronary syndromes [40,41].

Individual trials began by slowly injecting 1 ml of hFFP (control), or 1 ml of hFFP containing
rt-PA, Epf, or both (all other trials) into the sample holder. At time t equal to zero, the solution
was in contact with the clot. Removing the syringe exposed the ends of the sample holder to
atmospheric pressure, and the clot surface to a static fluid column. Clots were exposed to a
specific treatment regimen for 30 minutes; previous studies have shown that the majority of
thrombolysis occurs within a 30 minute window [8]. Each regimen used n≥6 clots, from at
least two donors.

Determination of lytic efficacy
Light intensity transmitted through the sample clot is reduced with increased clot thickness or
clot density. The CCD camera records image light intensity I(x,z) at each pixel (x,z). By
analyzing the light intensity in each pixel, the clot edges can be identified, thus enabling
measurement of clot width.

An image from the CCD camera was stored on a desktop computer for each frame as a function
of time. The average clot width (CW) was then calculated, using a computer program written
in Matlab 6.5 R13 (Mathworks, Inc., Natwick, MA). First, the spatial gradient of the light
intensities ∂I(x,z)/∂x was calculated for each row (fixed z) of pixels. The positions of the two
clot-plasma interfaces were determined via an edge-detection routine that finds the values of
x = (x1, x2) for each z such that

(1)

where Γ is a constant. A Γ of 2.5 was previously found to be sufficient to detect well-defined
clot edges [8,34]. The width W(z) of the clot at each z was then

(2)

The average clot width for each image was calculated by averaging the width over all z values.
The clot width values for each trial were normalized using the average clot width during the
first minute ( , six frames);

(3)
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The normalized clot width CWNORM values as a function of time were then averaged for each
treatment group. The normalized average clot width at 30 minutes was then used for comparing
the effects of thrombolysis between treatment regimens. This analysis is similar to that of
Meunier et al [8].

It should be noted that the finite silk suture diameter (50–69 μm) contributes to the measured
clot width, and the average fractional contribution (average initial clot width 243 μm) is
approximately 0.25. For example, if the final clot width in a given experiment is 0.3, very little
clot actually remains. Therefore, the above measurement technique will underestimate the
actual amount of clot lysis resulting from a given lytic treatment.

Statistical analysis
The effects of the treatment protocol on lytic rate and lytic efficacy at 30 minutes were evaluated
using a mixed-model analysis of variance. An estimate of the fixed effects of rt-PA, eptifibatide,
and ultrasound was determined and the covariance structure was modeled arising from the
within-subject design. Data are presented as mean values with standard errors at each point in
time. Parameter estimates and 95% confidence limits of the estimates are used to report the
effects of ultrasound, eptifibatide, and rt-PA and their combinations. These calculations were
performed using SAS v8.02 (SAS Institute, Cary, NC) and a p value less than 0.05 was
considered significant.

Results
Figure 1 shows a photograph of the imaging apparatus. The inverting microscope, transducer
and water tank are all mounted on a vibration isolation table. The driving electronics and
computer are to the left of this image (not shown). A complete description of the apparatus is
discussed in the work of Meunier et al [8].

Figure 2 shows the normalized average clot width versus time for the tested treatment protocols.
It is interesting to note that the largest reduction in clot width at 30 minutes occurs for clots
treated with rt-PA and 120 kHz ultrasound rt-PA (+US). Most of the other treatment groups
exhibit clot lysis that ranges between that of the control (−US) group and these two groups.

The normalized average clot width as a function of time t was found to be well-described by
the empirical 2-parameter expression;

(4)

for all treatment groups (R2≥0.93). Here B is a parameter of the fit (dimensionless), and k is a
rate constant (min−1). Following the treatment of Meunier et al [8], equation (4) can be
approximated as

(5)

for small values of time t. Note that this expression is linear in time, thus allowing one to define
the initial lytic rate LR as

(6)
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This parameter can then be calculated from the obtained values for B and k, and used to compare
the speed of clot lysis for early time t between the various treatment groups.

An additional parameter that is useful to compare between treatment groups is the total decrease
of the normalized average clot width following thirty minutes of treatment. This quantity is
denoted the as the fractional clot loss FCL, and is shown in Figure 3 for each treatment group.
For the (−US) treated clots, the FCL values were 6% (95% Confidence Limits: 4.4–7.6%),
9.2% (4.2–14.3%), 15.6% (12.2–19%) and 28.8% (23.7–32.4%) for control, Epf, rt-PA and rt-
PA+Epf treated clots respectively. For the (+US) group, the values were 13.5 % (8.8–18.2%),
20.7% (8.0–33.5%), 44.4% (37.3–51.5%) and 30.3% (23.1–37.5%) for control, Epf, rt-PA and
rt-PA+Epf treated clots respectively. Overall, the greatest degree of clot lysis in the (−US) clots
was the combination rt-PA and eptifibatide treated group. The average FCL for this group was
significantly greater than those treated with rt-PA alone. Interestingly, the largest FCL in (+US)
treated clots was exhibited in the rt-PA group, and is larger than that achieved in the combined
rt-PA+Epf treated clots. Note that the confidence interval for the rt-PA(+US) group barely
overlaps that of the rt-PA+Epf (+US) group.

Figure 4 exhibits values for the initial lytic rate for each treatment group. Note that the LR
values for the (−US) clots are similar in magnitude. These values were 0.8 (0.6–1), 1.8 (1.2–
2.4), 1.5 (1.1–1.8), and 1.3 (0.5–2.1) %/min for control, Epf, rt-PA and rt-PA+Epf treated clots
respectively. Ultrasound exposure significantly increased the lytic rate for all treatment groups.
The LR values for (+US) treated clots were 1.6 (1.2–2), 4.3 (3.5–5.1), 6.3(5.5–7.1), and 4.6
(3.4–5.8) % clot width/min for control, Epf, rt-PA, and rt-PA+Epf treated clots respectively.
As in the discussion of the FCL values, the quantities in parentheses are the 95% confidence
limits. Similar to the FCL data, the largest initial lytic rate is achieved in the rt-PA (+US) treated
clots.

Discussion
In summary, we measured the lytic efficacy of the fibrinolytic rt-PA combined with the platelet
inhibitory agent eptifibatide, with or without 120 kHz ultrasound exposure, in an in-vitro
human clot model. A microscopic imaging technique was used to determine clot diameter as
a function of time during lytic treatment (Figure 2). The total decrease in clot width after 30
minutes (Figure 3), and the initial lytic rate (Figure 4), were used as parameters quantifying
clot lysis in these experiments.

In summary, in the absence of ultrasound, rt-PA+Epf (−US) treatment yielded a greater
fractional clot loss than control (−US), rt-PA (−US) or Epf (−US) treatment (Figure 3). For
ultrasound exposed clots, the observed fractional clot loss for control (+US), rt-PA (+US) and
Epf (+US) exposed clots was substantially increased compared with control (−US), Epf (−US)
and rt-PA (−US) treated clots respectively (Figure 3). However, ultrasound exposure did not
increase the fractional clot loss in rt-PA+Epf treated clots. Ultrasound did significantly increase
the initial lytic rates for all treatment groups, but the largest LR value was found for rt-PA
(+US) treated clots and was substantially greater than that of the rt-PA+Epf (+US) treated
group.

Several studies have examined the efficacy of combined thrombolytic, GP IIb-IIIa inhibitor
treatment, and ultrasound on clot lysis. In a recent work, Atar et al [9] exposed fresh human-
whole blood clots for 30 minutes to combinations of saline, the GP IIb-IIIa inhibitor tirofiban,
the ultrasound contrast agent Optison, heparin, and rt-PA. This group measured lytic efficacy
by determining the percent mass loss as a result of treatment; this parameter is a measure of
total lytic efficacy similar to the FCL values in this study. In addition, some clots were exposed
to very low frequency (27 kHz) ultrasound at an intensity of 0.9 W/cm2. For purposes of
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comparison, the 120 kHz ultrasound parameters used in this work result in an average acoustic
intensity of 0.8 W/cm2 [42]. This group found that tirofiban and rt-PA exposure (without
ultrasound) resulted in a percent mass loss of 28±4%, whereas rt-PA and tirofiban exposure
alone resulted in a mass loss of 33±9% and 19±8% respectively. For purposes of comparison,
the fractional clot loss in this work was 28.0±2.2% (rt-PA+Epf, −US), 9.2±2.5 (Epf, −US),
15.6±1.7 (rt-PA, −US) respectively. For ultrasound treated clots, they found that combined rt-
PA, tirofiban and ultrasound exposure yielded a percent mass loss of 56 ± 6% compared with
values of 72 ± 1% and 37 ± 4% for rt-PA (+US) and tirofiban (+US) exposed clots respectively.
These values are quite comparable to the values obtained here of 30.3±3.6%, 20.7±6.4%, and
44.4±3.6%, for the fractional clot loss of rt-PA+Epf (+US), Epf (+US), and rt-PA (+US) treated
clots respectively (Figure 3). It is interesting to note that Atar et al [9] also observed the greatest
clot lysis for rt-PA treated clots exposed to ultrasound (72 ± 1%), and this value was greater
than that measured for clots exposed to combined rt-PA, tirofiban, and ultrasound treatment
(56 ± 6%). We observe a similar result here in that FCL (Figure 3) for combined rt-PA+Epf
(+US) treatment (30.3 ± 3.6%) is less than that for rt-PA (+US) treated clots (44 ± 3.6%). It
must be pointed out that comparisons with Atar et al [9] are approximate at best; their group
used fresh clots which can be less resistant to thrombolysis [27,43], and a different
measurement technique was utilized to determine lytic efficacy.

In a similar work, Collet et al [33] studied the effects of combined rt-PA and GP IIb-IIIa
inhibitor treatment on in-vitro human clots. In this study, human plasma clots were prepared
and exposed to rt-PA (control) or rt-PA plus one of the GP IIb-IIIa inhibitors abciximab or
eptifibatide (treated). The progression of the lytic front was measured using an elegant confocal
microscopic imaging technique. Qualitatively they found that platelet aggregates within the
clot decreased the progression of clot lysis in control clots. However, the addition of either
abciximab or eptifibatide substantially increased rt-PA lytic front progression and clot lysis in
treated clots. In addition, they found that lysis from treated clots yielded clot fragments with
an average diameter of 8–10 μm. In contrast, lysis fragments from untreated clots averaged 60
μm in diameter. Quantitatively, they observed that after 30 minutes of exposure, the lytic front
penetrated into the sample clot surface to about 290 μm in treated clots as compared with 160
μm in control clots. These results are similar to those presented here in that the decrease in clot
width was 28.0 ± 2.2 % and 15.6 ± 1.7 % in rt-PA+Epf (−US) and rt-PA(−US) treated clots
respectively.

The effect of rt-PA, eptifibatide and 120 kHz ultrasound on clot lysis is clearly complex, but
one can speculate as to the mechanisms that influence this interaction. In an attempt to delineate
a potential mechanism, we note that there are several interesting observations in this work that
require explanation; (1) the approximate equivalence of the initial lytic rates for rt-PA, Epf and
rt-PA+Epf treated clots in the absence of ultrasound, (2) LR(rt-PA, +US) is greater than LR
(rt-PA+Epf, +US), (3) FCL(rt-PA+Epf, −US) is comparable to FCL(rt-PA+Epf,+US), and (4)
FCL(rt-PA, +US) is greater than FCL(rt-PA+Epf, +US).

In the absence of ultrasound, exogenous eptifibatide and/or rt-PA can only enter the clot via
diffusion [32], which is a slow process. In addition, the pharmacologic mechanism for rt-PA
and eptifibatide are quite different. The fibrinolytic rt-PA acts by converting the plasminogen
both within and outside of the clot into plasmin. The plasmin then cleaves the fibrin mesh
within the clot into fragments, thus lysing the clot. Eptifibatide acts by blocking the GP IIb-
IIIa receptor on target platelets, thus interfering with platelet-platelet binding and interaction
with the fibrin mesh of a thrombus [44]. Therefore, in clots not exposed to ultrasound, the rt-
PA and/or eptifibatide diffuse into the clot volume from the surrounding plasma and act on
their respective pharmacologic targets. However, since diffusion is slow, it is likely that both
the eptifibatide and rt-PA are initially substrate limited since the clot volume available for these
drugs to act is quite small. This likely limits clot lysis for small values of time t and could result
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in small values of the initial lytic rate. This qualitatively explains the data of Figure (4) in the
(−US) treated groups in that the initial lytic rate values for rt-PA (−US), Epf (−US) and rt-PA
+Epf (−US) treated clots are quite low and similar in magnitude. For longer exposure times,
rt-PA and eptifibatide can act synergistically in achieving clot lysis over a larger clot volume,
as discussed previously. Therefore, one can expect a greater degree of clot lysis from combined
rt-PA-Epf treatment than would result from either drug alone. The data of Figure (3) provide
support for this speculation as the decrease in clot width for the rt-PA+Epf (−US) group is
larger than those in the rt-PA (US), Epf(−US) or control (−US) groups.

The addition of 120 kHz ultrasound was shown to increase the initial lytic rate (Figure 4) for
all treatment groups, and increased the fractional clot loss (Figure 6) for control, rt-PA, and
Epf treated clots. However, ultrasound did not increase the fractional clot loss for rt-PA+Epf
(+US) treated clots. The explanation for this result may lie in the combined effects of rt-PA,
eptifibatide, and ultrasound on the clot. It is known that rt-PA mediated clot lysis can be limited
by the availability of the substrate plasminogen both within the clot and in the plasma
surrounding the clot [45,46]. As previously discussed, Collet et al [33] noted that fragments
from clots treated with both rt-PA and a GP IIb-IIIa inhibitor were much smaller than those
treated with rt-PA alone. It has been demonstrated in the work of others that ultrasound
increases the penetration of rt-PA into the clot [47], likely as a result of the induction of stable
cavitation [16,48]. Therefore, we speculate that treating clots with rt-PA and eptifibatide yields
many smaller clot fragments resulting from clot lysis. The surface-to-volume ratio of these clot
fragments would be greater than those resulting from rt-PA lysis alone, and could represent a
substantial “sink” for plasmin and plasminogen since there are more sites available for
plasminogen and plasmin binding in these smaller fragments. For clots not treated with
ultrasound, the lytic process is predominantly limited by diffusion of eptifibatide and rt-PA.
However the eptifibatide and rt-PA likely penetrate farther into the clot in ultrasound treated
clots than in the non ultrasound treated clots. This initially results in faster clot lysis for non
ultrasound treated clots, as the rt-PA and eptifibatide are not substrate limited, thus explaining
the observation that LR(rt-PA+Epf, +US) is much greater than LR(rt-PA+Epf, −US). However,
a later reduction in substrate availability could “soak up” the available plasmin and
plasminogen as the combined ultrasound, rt-PA and Epf treatment creates many small clot
fragments, as compared with ultrasound and rt-PA treatment. This could reduce fractional clot
lysis in the rt-PA+Epf (+US) treated group as compared with rt-PA(+US) treated clots (Figure
3), resulting in total fractional clot loss similar to the rt-PA+Epf(−US) group. Such a
mechanism could also reduce LR for clots treated with rt-PA+Epf and ultrasound as compared
to LR (rt-PA, +US) since less of the rt-PA is available to lyse the bulk clot in the rt-PA+Epf
treated group.

The results presented here are limited by several factors. First, this is an in-vitro model, and
certainly does not replicate the complex in-vivo or clinical scenario of lytic therapy. Second,
the clots are subject to static pressure; in the in-vivo scenario of arterial obstructing thrombus,
the clot is subject to a time-varying blood pressure. The external blood pressure would increase
permeation of the clot with lytic drug and increase thrombolysis [32]; therefore the lytic
efficacy of the rt-PA and eptifibatide are likely underestimated in this work. In addition, the
clots were manufactured from the blood of healthy donors thus reducing the applicability of
these results to individuals on anticoagulants or other medications, or those suffering from
significant medical problems.

It has been shown in an in-vitro human clot model that the lytic efficacy of combined rt-PA
and eptifibatide treatment is greater than that of either medication alone. The addition of 120
kHz ultrasound substantially increases the initial lytic rate of all treatment groups, but does not
increase the overall clot lysis resulting from combined rt-PA and eptifibatide treatment. The
effects on lytic efficacy of combined ultrasound, rt-PA and eptifibatide treatment are complex,

Meunier et al. Page 8

Thromb Res. Author manuscript; available in PMC 2010 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



and are likely a result of the different pharmacologic mechanisms of the two drugs. The results
overall are promising, and further work is needed to delineate the potential clinical efficacy of
such combination therapy.
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Figure 1.
Picture of apparatus. The inverting microscope is in the center of the image, and the ultrasound
transducer is to the left. Note that the apparatus is on a vibration isolation table.

Meunier et al. Page 12

Thromb Res. Author manuscript; available in PMC 2010 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Normalized average clot width as a function of time for clots exposed to rt-PA, eptifibatide,
and ultrasound. Normalized average clot width is shown for control (−US ○, +US ●), rt-PA
(−US △, +US ▲), Epf (−US □, +US ■), and rt-PA+Epf (−US ◇, +US ◆) treatment groups.
Overall, there is an initial rapid decline in clot width, followed by a more gradual decline.
Vertical bars are representative standard errors for the data. Note that the greatest clot lysis
occurs for the rt-PA(+US) group.
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Figure 3.
Percent decrease in normalized average clot width for each treatment group after 30 minutes
of lytic exposure. Note that the addition of 120 kHz ultrasound significantly increases clot lysis
for control, Epf, and rt-PA treated clots compared with drug treatment alone. The error bars
are the standard errors for each treatment group.
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Figure 4.
Initial lytic rate for each treatment group, as determined from Equation (5) by fitting the data
to Equation (4). Values for the lytic rate are given as mean ± standard error, in units of % of
normalized clot width per minute. The addition of ultrasound substantially increases the initial
lytic rate for all treatment groups over that of drug treatment alone.
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