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Abstract 

The addition of local ultrasound (US) with a contrast agent to standard intra-arterial 

thrombolysis can accelerate the thrombolytic treatment of stroke and myocardial infarction. 

The contrast agent consists of microsized gas-filled bubbles that collapse when exposed to 

US, causing destabilization of the clot and making the clot surface more susceptible to 

fibrinolytics. In this study, we investigated the effect of additional US and microbubbles on 

standard low-dose intra-arterial thrombolysis in a porcine model of extensive peripheral arterial 

occlusion. Extensive arterial thrombosis was induced in 10 pigs in the 4-cm external iliac artery 

by clamping and injection of 100 IU of bovine thrombin. A transcutaneous laser Doppler flow 

probe and an ultrasonic perivascular flow probe assessed microcirculation and arterial flow 

respectively. The urokinase-only (UK) group (n = 4) received standard thrombolytic therapy: 

intra-arterial bolus injection of 500,000 IU, followed by a continuous low-dose urokinase 

(50,000 IU/h) infusion through an intra-arterial catheter and local intermittent application of US, 

1 second on, 5 seconds off, to visualize vascular patency during the first hour of therapy and 

to ensure microbubbles replenished the proximal portion of the occluded artery. The urokinase 

plus microbubbles (UK+) group (n = 6) received the same urokinase therapy with a 

concomitant intravenous infusion of microbubbles and local intermittent application of US. The 

contrast infusion protocol consisted of a bolus of two vials of 5 mL in the first 15 minutes and 

then three times 5 mL slowly hand-injected continuously during the next 45 min. After 3 hours 

of therapy, the animals were euthanized, and thrombi were harvested and weighed. All organs 

were cut in thin slices and macroscopically inspected for potential (hemorrhagic) adverse 

events, and tissue samples were taken. Median thrombus weights were 1.1 g (range, 0.8-1.3 

g) in the UK+ group vs 1.6 g (range, 1.3-1.9 g) in the UK group (P < .01). Arterial blood flow 

increased in four of six pigs in the UK+ group by a mean 61% vs in one of four in the UK group, 

with 1%. Microcirculation and lower limb arterial pressure levels improved after the start of 

therapy in the UK+ group, contrary to a trend of decline in the UK group. No signs of bleeding 

complications were observed in either group. In this experimental pilot study, the addition of 

contrast-enhanced US accelerated the thrombolytic effect of low-dose intra-arterial 

thrombolysis in peripheral arterial occlusions. Further clinical studies are warranted. 
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Introduction 

Since the 1990s, acute peripheral arterial occlusions have been treated with intra-arterial 

thrombolysis, which has proven to be a good alternative for primary surgical intervention.(1, 2) 

Nevertheless, there is no consensus regarding the most optimal mechanical device, fibrinolytic 

agent, or dose regimen, and the treatment is accompanied by major bleeding complications in 

up to 9% of patients, with intracranial bleeding in up to 3%.(3) Therefore, improvement of 

thrombolytic therapy is needed to minimize bleeding complications and, concomitantly, reduce 

therapy time. Fibrinolysis can be accelerated by ultrasound (US) application, especially in the 

early phase of therapy.(4) This effect can be augmented by the combination of US with US 

contrast agents.(5) These agents consist of encapsulated gas-filled microbubbles (1-5 mm) 

that can pass freely through capillary systems without extravasation into the interstitial fluid. 

When exposed to US, the bubbles collapse and cause destabilization of the clot structure, 

making the clot surface more susceptible to fibrinolytics and thereby accelerating fibrinolysis. 

The mechanism behind this is the formation of free radicals and microjets, causing mechanical 

stress, erosion of the clot, the formation of small holes in the clot surface, and weakening of 

the fibrin network.(6)  

US contrast-agents, such as SonoVue (Bracco, Manno, Switzerland) and Definity (Lantheus 

Medical Imaging, North Billerica, Mass) are approved by the European Medicines Agency and 

the United States Food and Drug Administration and are safely used in clinical practice for 

diagnostic purposes. The effectiveness of the therapeutic application of these agents has been 

investigated at the level of clinical trials for treatment of myocardial infarction and stroke but 

has never been investigated in large peripheral arterial occlusions.(7, 8) 

We aim to improve the thrombolytic therapy of patients with peripheral arterial occlusions by 

reducing bleeding complications by using low-dose thrombolysis with urokinase and 

concomitantly shorten the therapy time with the use of microbubbles. Therefore, in the present 

study, we investigated the in vivo application of this thrombolysis protocol in a porcine model 

of large peripheral arterial occlusion. End points were thrombus weight, arterial flow, and 

microcirculation. We hypothesized that additional contrast-enhanced US can accelerate low-

dose thrombolysis in vivo, resulting in a lower residual thrombus weight and faster regain of 

arterial flow and microcirculation. 

 

Methods 

Approval of the Animal Ethics Committee was obtained before initiation of the study. 

 

General protocol and anesthesia 

Ten female adolescent Yorkshire pigs were housed at the research facility for a minimum of at 

least 1 week before initiation of the experiment to allow for quarantine and acclimatization. 
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Animals were randomized (random choice of an animal by the animal caretaker) to the control 

group, which received intra-arterial urokinase, designated as the urokinase-only (UK) group (n 

= 4) or the intervention group, which received intra-arterial urokinase with intravenous 

microbubbles and local application of US, designated as the UK+ group (n = 6). The pigs are 

numbered in chronologic order. At the start of procedure, the animals were sedated with an 

intramuscular injection of ketamine (28 mg/kg), midazolam (0.5 mg/kg), and atropine (1 mg). 

Anesthesia was induced with intravenous etomidate (20 mg), followed by intubation. Where 

necessary, the administration of etomidate was repeated to allow for cannulation of the airway. 

During the procedure, anesthesia was maintained with isoflurane (1.5%-2.0% endotracheally), 

fentanyl (50 mg/h), midazolam (50 mg/h), and pancuronium (20 mg/h intravenously). 

Furthermore, NaCl 0.9% (5 mL/kg/h) was administered intravenously. 

Tidal volumes were set at 10 mL/kg, with a frequency of 15 to 18/min and adjusted depending 

on capnography, maintaining the carbon dioxide (CO2) concentration between 35 and 40 mm 

Hg. These initial parameters were modified after serial blood gas measurements to keep the 

partial pressure of CO2 between 25 and 35 mm Hg and the pH within normal limits. 

All pigs (control group and intervention group) received methylprednisolone (40 mg) and 

indomethacin (500 mg) premedication, and acetylsalicylic acid (2500 mg) in three doses during 

the procedure. This pretreatment in pigs is necessary because pigs, in contrast to humans, 

are specifically known to exert an allergic reaction to the liposome outer layer of the 

microbubbles.(9) Nevertheless, we chose to investigate the experimental treatment in a pig 

model because of the similarities between humans and pigs in cardiovascular anatomy and 

coagulation profile. 

An overview of the experimental protocol can be found in Figure 1. A catheter was placed in 

the right carotid artery and in the femoral artery ipsilateral and distal to the thrombus to 

measure blood pressure. Blood flow in the external iliac artery distal to the occlusion was 

measured using an US perivascular T106 flow probe (Transonic Systems Inc, Ithaca, NY). A 

PeriFlux 4001 Master laser Doppler probe (Perimed Instruments, Järfälla, Sweden) was placed 

transcutaneous on the distal hind limb, ventral and just proximal of the foot of the affected limb, 

to measure subcutaneous microcirculation in perfusion units (PU), a relative value, defined as 

the product of the velocity and the concentration of moving blood cells signal within the 

measuring volume. Thermometers were placed in the esophagus and between the toes of both 

hind legs to measure core and limb temperature. The electrocardiogram, blood pressure, blood 

gases, urine output, transcutaneous oxygen saturation, and body temperature were monitored 

throughout the entire procedure. 
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Figure 1. Overview of the experimental protocol. A, Diagram shows the experimental setting, with the pig lying 

supine and the site of occlusion highlighted (inset). Location of microcirculation, limb pressure, and flow 

measurements are shown. B, Experimental protocol over time (minutes) is shown, with each small vertical line on 

the x-axis representing a measurement point. The arrow corresponds to t = 0 (ie, the moment of initiation of therapy, 

after which immediate measurement followed). B, Baseline; S, stabilization period (10 minutes).  = stenosis is 

created;  = induction of thrombus; = release of the proximal clamp; and = release of the distal clamp. 

 

Experimental surgical protocol 

Through a midline laparotomy, the left common and external iliac arteries were identified, and 

the left internal iliac artery was ligated. To resemble clinical practice, in which thrombi often 

form superimposed on stenotic vascular lesions, a stenosis was permanently created before 

thrombus induction. This was performed in the left external iliac artery by reducing the diameter 

of the artery with a vascular tourniquet, decreasing the flow in the iliac artery by 50% ± 10%. 

The stenosis was not relieved after thrombus induction, because a stenosis in patients does 
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not resolve during thrombolysis but is mostly treated with percutaneous transluminal 

angioplasty after thrombolytic treatment completion to prevent repeat thrombosis. 

Proximal from the stenosis, the endothelium of the arterial wall was mechanically damaged by 

clamping and declamping over a length of 4 cm of the external iliac artery to damage the 

endothelium and promote thrombus formation. This artery was then clamped proximally and 

distally over a total length of 4 cm, and 100 U bovine thrombin (Calbiochem, EMD/Merck, 

Darmstadt, Germany) was injected intraluminally to create a thrombus. The proximal clamp 

was removed after 1 hour, and the distal clamp was removed 30 minutes thereafter to ensure 

thrombus maturation (Figure 1, B). In case of persistent flow in the external iliac artery, the 

thrombus induction procedure was repeated by reclamping and additional injection of bovine 

thrombin. If necessary, small side branches were coagulated, and large side branches were 

ligated. 

After thrombus induction as described and 10 minutes of thrombus stabilization to observe 

potential embolization before treatment initiation, a Royal Flush High-Flow thrombolysis 

catheter (Cook Medical, Amsterdam, The Netherlands) was placed intra-arterially just proximal 

to the occlusion, and thrombolysis was initiated. The catheter was placed using an antegrade 

approach through the common iliac artery in analogy to the standard intra-arterial thrombolytic 

treatment of peripheral arterial occlusions in patients. The control (UK) group received an intra-

arterial bolus injection of 500,000 IU of urokinase through the catheter, followed by the 

continuous low-dose infusion of 50,000 IU/h urokinase, analogous to our standard protocol in 

clinical practice. 

A diagnostic US Philips Sonos 7500 probe (1.6 MHz, 3 cm focus; Mechanical Index [MI], 1.2; 

S3 transducer; Philips, Best, The Netherlands) was directed at the external iliac artery at the 

site of the thrombus to visualize vascular patency during the procedure. To mimic 

transcutaneous application of US targeted at the external iliac artery in patients, the probe was 

placed on a balloon filled with saline, resulting in a distance between the probe and the 

treatment artery of 3 cm. In the UK+ group, the same urokinase infusion regimen was 

administered as in the UK group, and the US probe was placed following the same protocol. 

However, in addition, five 5-mL vials (25 mL) of microbubbles (SonoVue; Bracco, prepared 

according to the manufacturer’s manual) were infused through an ear vein during the first 60 

minutes of thrombolysis. One vial was infused gradually during 10 minutes; after an additional 

5 minutes, a new vial was infused. The first two vials were administered together as a bolus 

during the first 15 minutes, followed by the gradual infusion of the three other 5-mL vials during 

the subsequent 45 minutes. 

To ensure replenishment of the microbubbles in the treatment area, US impulses were applied 

intermittently (ie, 5 seconds off, 1 second on). When a high-intensity (MI, >1.0) US impulse is 

applied, the microbubbles oscillate at such a high frequency that they collapse as a result. 
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Because the microbubbles remain intravascular, they keep recirculating and replenish in the 

5-second period before the next pulse, until all microbubbles are destroyed by US. The 

rationale of this technique is that US combined with contrast agent weakens the clot structure 

in the early phase of treatment to accelerate pharmaceutical fibrinolysis, as mentioned in the 

introduction. Because of our study aim regarding the potential effect in the early phase of 

thrombolytic treatment and due to ethical and practical reasons against treatment continuation 

until complete revascularization (potentially for days when resembling clinical treatment), the 

pigs were euthanized after 3 hours of thrombolytic therapy. 

Necropsy was performed, during which the brain, kidneys, liver, lungs, heart, and spleen were 

cut in thin slices and macroscopically inspected for potential (hemorrhagic) adverse events, 

and tissue samples were taken. The left external iliac artery was excised, and the persisting 

thrombus and 4 cm surrounding the external iliac artery to which it adhered were weighed 

together. As control, 4 cm of the untreated right external iliac artery were excised and weighed.  

 

Data analysis 

The data were analyzed with SPSS Statistics 20 software (IBM, Armonk, NY). A Mann-Whitney 

U test or an unpaired Student t-test was used to compare continuous variables with (non-) 

parametric distributions. 

A χ2 test was used to compare proportions between groups. A P value of <.05 was considered 

statistically significant. 

 

Results 

Baseline and thrombus induction before start of therapy 

Baseline parameters at the start of the experiments of all pigs and by subgroup are presented 

in Table 1. Thrombus induction varied between pigs in duration and amounts of thrombin 

needed (Table 2). 

 

Changes during the experiment after start of therapy flow  

After induction of the stenosis, the median (baseline) flow was 100 mL/min (range, 73-289 

mL/min). After execution of the occlusion protocol, complete occlusion of the external iliac 

artery was reached in seven of 10 pigs. In three pigs, some flow persisted (ie, 29% [84 of 289 

mL/min; UK+ group], 26% [27 of 102 mL/min; UK+ group], and 54% [135 of 250 mL/min; UK 

group] of their baseline flows). 

After 3 hours of treatment, revascularization was regained in the UK+ group in four of six pigs, 

with a median of 27% (range, 0%-96%) of baseline flow and a mean increase of 61% ± 42%. 

However, two pigs had already regained some flow during the stabilization period, as can be 

observed in Figure 2 (right panel). Nevertheless, despite incomplete occlusion at the moment 
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therapy was initiated, arterial flow levels in these pigs showed marked increases during the 

rest of the procedure (up to 42% [121 of 289 mL/min] and 96% [98 of 102 mL/min] of baseline 

flow, respectively). Of the four pigs with no arterial flow at the start of therapy, one (b2) showed 

higher flow, one showed a temporary increase of flow (b6, reocclusion by embolization), but 

the other two (b4 and b5) did not. Changes in flow are presented per pig in Table 2. In the UK 

group, no increase in flow was observed in three of four pigs within 3 hours of therapy (Figure 

2, left panel). 

One pig had a little increase in flow, although the occlusion of this pig’s external iliac artery 

was partial at the time of release of the distal clamp, from 54% (135 of 250 mL/min) to 55% 

(138 of 250 mL/min) of baseline flow.  

 

Table 1. Baseline parametersa 

 

PU = Perfusion units; UK = urokinase-only; UK+ = urokinase plus microbubbles. aBaseline parameters were 

measured after creation of the stenosis (50% flow reduction). 
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Microcirculation 

At the start of the experiments the median (baseline) microcirculatory flow was 44 PU (range, 

28-63 PU). After execution of the occlusion protocol, the median microcirculatory flow was 21 

PU (range, 11-31 PU). The microcirculation partly remains because of the presence of existing 

collateral circulation. 

 

Table 2. Thrombus induction, changes in the limb with time, and thrombus weight at necropsya 

 

PU = Perfusion units; UK = urokinase-only; UK+ = urokinase plus microbubbles. aChange in various parameters 

due to therapy in individual pigs (ie, t = 180 vs value after stabilization thrombus; designated in text as Δ). bDefined 

as the following ratio: change in flow/baseline flow (flow after creating stenosis) x 100%. 
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Microcirculation levels are depicted in Figure 3 for the different treatments and stratified for 

total or partial occlusion at the moment of therapy was initiated. Microcirculation levels reflect 

a trend toward an increase in pigs treated with UK+. Changes in microcirculation due to therapy 

(Δ microcirculation at t = 180 vs microcirculation after stabilization thrombus) per pig are 

presented in Table 2. Microcirculation increased in three of six pigs in the UK+ group, for a 

median change of 23% (range, -24% to 146%), and only a slight increase in two of four pigs in 

the UK group (5% and 12%), for a median change of -22% (range, -52% to 12%) in the entire 

UK group. 

 

 

Figure 2. Arterial blood flow is shown for individual pigs. The top of the graph shows mean systemic and limb 

arterial pressures. See Table 2. for symbols corresponding to pig identifications. The white symbols depict partial 

occlusion at the moment of initiation of therapy, and the black symbols depict complete occlusion. The arrow 

corresponds to t = 0 (ie, the moment of initiation of therapy, after which immediate measurement followed). S 

= Stabilization period;         = release of the distal clamp; = administration of 1 vial of microbubbles; baseline 

flow (flow after creating a stenosis) is not shown here. 

 

Pressures and temperature 

Mean arterial limb pressures fluctuated between the groups during the procedure, showing a 

trend to increased pressures in the UK+ group (Figure 2, values at the top). Changes in mean 

arterial limb pressures (Δ limb pressure) per pig, as presented in Table 2, show increased limb 

pressures in four of six pigs in the UK+ group, a median increase of 46% (range, -6% to 104%), 

and decreased limb pressures in three of four pigs in the UK group, for a median change in 

limb pressures of -13% (range, -19% to 0%) in the entire UK group. Systemic temperature of 

nearly all pigs (except b1) rose during the procedures, with an overall median increase in 

systemic temperature of 0.6°C (range, -0.1° to 2.2°C). Slight temperature changes were noted 

during the procedure in the affected limbs (Δ temperature of the affected limb) of all pigs (Table 
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2), however, none was significant. Temperature of the control limbs (Δ temperature of the 

control limb) of all pigs remained the same (Table 2). 

One pig in the UK+ group was euthanized after 135 minutes of therapy, but before the 

experiment was ended, because of cardiac arrhythmias.  

 

 

 

Figure 3. Mean microcirculation curves. The two main groups (ie, based on therapy) are each divided in two 

subgroups, depending on whether there was total or partial occlusion at the moment of initiation of therapy. The white 

symbols depict pigs treated with urokinase-only (UK) and the black symbols depict pigs treated with urokinase plus 

microbubbles (UK+). The large arrow corresponds to the moment of initiation of therapy. The continuous line depicts 

pigs with total occlusion and the dashed line depicts pigs with partial occlusion at the moment of initiation of therapy. 

 = Release of the distal clamp;  = administration of 1 vial of microbubbles; baseline flow (flow after creating a 

stenosis) is not shown here; PU = Perfusion units. 

 

Thrombus weights and absence of bleeding complications at the end of the experiment 

Thrombus weights were significantly lower in UK+ group pigs compared with the UK group 

pigs, median 1.1 g (range, 0.8-1.3 g) vs 1.6 g (range, 1.3-1.9 g; P = .01; Figure 4). The weights 

of the 4-cm excised right external arteries varied, with a maximum of 0.03 g. All of the pigs in 

the UK+ group had lower thrombus weights at necropsy compared with pigs in the UK group; 

the exception of pig a1 in the latter group, which showed already high flow at the moment 

therapy was initiated. Importantly, no signs of hemorrhagic complications were observed 

during the procedures or in any of the organs investigated at necropsy. 
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Figure 4. Thrombus weights at necropsy (A) grouped and for (B) individual pigs. A, The horizontal line in the middle 

of each box indicates the median; the top and bottom borders of the box mark the 75th and 25th percentiles, 

respectively, and the whiskers mark the 90th and 10th percentiles. B, *Indicates pigs in which only partial occlusion 

was reached before initiation of therapy. Note the difference in the y-axis between (A) grouped and (B) 

individual figures. UK = Urokinase-only group, dark columns; UK+ = urokinase plus microbubbles group, light 

columns. 

 

Discussion 

In this study, we investigated the potential of the therapeutic application of contrast-enhanced 

US to improve the efficacy of thrombolysis. From a clinical perspective, thrombolytic therapy 

with urokinase for peripheral arterial occlusion takes one or more days, at average, to regain 

vascularization and ensure relief of symptoms.(3) In the present study, we observed that in 3 

hours of therapy time, thrombus weights were on average 30% lower in the UK+ group. 

Furthermore, we observed increases in arterial flow, microcirculation, and limb arterial 

pressures in the experimental group, whereas in the UK group, an increase in arterial flow was 

observed in only one of four pigs, and microcirculation and limb arterial pressures deteriorated. 

This raises the potential for contrast-enhanced US to enhance thrombolysis and shorten 

therapy duration in humans. 

The most feared adverse events during thrombolytic therapy are bleeding complications, 

especially the occurrence of intracranial bleeding. During the performed procedures with low-

dose urokinase, no signs of bleeding complications were observed. Although no conclusions 

regarding the incidence of intracranial bleedings can be drawn from this small number of 

animals, it is likely that a lower dose of urokinase lowers the risk of bleeding complications. 

Furthermore, shorter therapy duration could lower the risk of occurrence of other complications 

as well, and most importantly, lowers patient burden. The total therapy time in the study was, 

unfortunately, limited to a maximum of 3 hours due to ethical and practical reasons. However, 

in 3 hours, marked improvement of reperfusion was observed in the group with microbubbles, 

without any hemorrhagic complications. 
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In this study we used pigs for their resemblance to human cardiovascular anatomy and 

coagulation parameters. However, pigs are known to be allergic to the lipid shell of the 

nanoparticle, so we needed to provide medication to prevent allergic reactions.(10, 11) To the 

best of our knowledge, no previous studies have been performed regarding thrombolysis with 

additional contrast-enhanced US in large-animal models of peripheral arterial occlusion. In the 

setting of myocardial infarction, Xie et al (11) showed improvement in epicardial recanalization 

rates as well as improvement in microvascular flow to the risk area with contrast-enhanced US 

and pro-urokinase-induced thrombolysis after acute coronary thrombotic occlusion in pigs. 

This supports the results of our feasibility study. 

Importantly, treatment with contrast-enhanced US in addition to the administration of 

fibrinolytics could benefit the microcirculation as well. Clinically, this could indicate potential 

improvement in the disease management of a patient’s leg microcirculation. A potential 

explanation for the beneficial effects of contrast-enhanced US on the microcirculation could be 

a nitric oxide-dependent mechanism, as opted in the coronary setting.(12) The rationale behind 

this is that US causes mechanical stress to the vascular endothelium, inducing endothelial 

nitric oxide synthase to produce nitric oxide, which causes vasodilatation.(13)  

The potential role of contrast-enhanced US in thrombolysis has also been shown in smaller-

animal models (rabbit iliofemoral arteries). Nishioka et al. (14) and Birnbaum et al. (15) showed 

dissolution of in vivo thrombus after treatment with contrast-enhanced US solely, and thus 

without the use of a thrombolytic drug. The (nontargeted) microbubbles were administered 

intra-arterially in the Nishioka et al. (14) study and intravenously in the Birnbaum et al. (15) 

study, the latter importantly, without loss of effectiveness compared with an intra-arterial 

infusion. 

A drawback of treating thrombotic occlusions without fibrinolytics is the possible occurrence 

and persistence of distal emboli. The rabbit iliofemoral arteries treated with contrast-enhanced 

US showed no (zero of 17 in Nishioka et al. (14)) or only a few cases (one of 10 in Birnbaum 

et al. (15)) of distal embolization. Distal emboli can occur during standard urokinase therapy; 

however, the continuous infusion of fibrinolytics may treat these. In our study, we also used 

continuous infusion of low-dose urokinase as part of the experimental treatment with 

microbubbles, which may treat distal emboli. However, the occurrence of distal emboli remains 

a potential disadvantage of thrombolytic therapy. 

The therapeutic application of contrast-enhanced US and thrombolysis in humans is still in pilot 

stage. In a clinical pilot setting, microbubbles combined with US have shown a trend toward 

higher early recanalization and clinical recovery rates in acute stroke patients when used as 

an adjunct to standard intravenous tissue plasminogen activator therapy.(7) Despite limitations 

regarding sample size and deployment of operator-dependent techniques, this trial shows 

promising results, and the authors recommend continuation of clinical trials with contrast-
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enhanced thrombolysis. However, in the setting of acute stroke, the safety in terms of 

intracranial hemorrhage and microembolization of this therapy needs to be established first, 

before evaluating its efficacy in a phase II clinical trial setting. In the acute cardiac care setting, 

a pilot thrombolysis protocol with microbubbles was feasible and safe during treatment and 

follow-up.(8) Patient inclusion of this trial is still ongoing. Contrast-enhanced US combined with 

thrombolysis has not been applied in patients with critical limb ischemia. 

For acute peripheral arterial occlusions in the limbs, we recommend more studies on the 

optimization of contrast-enhanced US techniques for therapeutic thrombolytic use: different 

microbubbles and fibrinolytics as well as different infusion protocols could be used to 

accelerate thrombolysis and minimize bleeding complications. We plan to continue research 

on this technique, including dose-response and temporal efficacy studies, in this model. In this 

study we were limited to our own low-dose urokinase thrombolysis protocol for translational 

purposes and we used a contrast agent that is clinically available and used in our current 

practice. However, use of other fibrinolytic agents, such as tissue plasminogen activator, and 

other market-approved lipid-based contrast agents, such as Definity, have also proven 

feasible.(7, 16)  

Furthermore we used freshly formed thrombus in our model, whereas the duration of “acute” 

formed thrombus in patients at the moment of presentation with symptoms can vary from a few 

hours to a few days. In addition we applied acute damage and induction of thrombotic occlusion 

in an otherwise healthy artery without atherosclerosis. Although we used a standardized 

thrombus induction protocol, limited flow persisted in three of 10 pigs after release of the distal 

clamps. We recognize this as a limitation of our study. This variation can most likely be 

attributed to individual differences in coagulation profile. However, this resembles the clinical 

situation of patients: a major reduction in flow only could lead to clinical symptoms and 

requirement of thrombolysis. Furthermore, changes in parameters due to therapy remain 

relevant (Table 2). 

To assess the thrombus weight at the end of the therapy, we used the difference in weight 

between the right external iliac artery and the left external iliac artery, including the thrombus. 

Theoretically, the left artery segment without thrombus could have been subject to edema and 

thrombotic change. However, the left arterial segments in both groups would have been subject 

to this potential change. 

The pig (b3) that was euthanized before experiment completion due to cardiac arrhythmia after 

135 minutes of treatment presented cardiac arrhythmia for the first time 50 minutes after the 

last contrast infusion (ie, after 110 minutes of treatment). Because of the length of time 

between the last contrast infusion and the occurrence of arrhythmia, it is unlikely this was a 

result of allergic reaction because this would have presented immediately after the contrast 

infusion. Previous to the time point of arrhythmia occurrence, the arterial flow increased from 
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~80 mL/min at 90 minutes to ~160 mL/min at 105 minutes, as can be appreciated in Figure 2. 

Therefore, a potential explanation of the onset of arrhythmia could be that it was a result of 

reperfusion injury resulting in potassium disturbances. 

 

Conclusion 

We observed beneficial effects of contrast-enhanced US on thrombolysis with urokinase in 

extensive peripheral arterial occlusions: a significant reduction in thrombus weight was 

reached in the pigs that received additional contrast-enhanced US. Moreover, iliac blood flow, 

microcirculation, and limb arterial pressures tended to improve ≤ 3 hours of therapy. Therefore, 

it seems that time to thrombus resolution could be likely shortened. No hemorrhagic 

complications occurred during these experiments. Contrast-enhanced US has the potential to 

improve thrombolytic therapy in large peripheral arterial occlusions. This technique could result 

in faster revascularization and lowering of thrombolytic dose and, therefore, minimize 

complications. Our data warrant prospective studies in patients with peripheral arterial 

occlusions. 
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