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General introduction and thesis outline
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aCute limb isChemia

acute limb ischemia is a vascular emergency. the incidence of acute limb ischemia is estimated 

to be 14 per 100,000 in the general population and to form 10% to 16% of the vascular workload.1 

When not treated promptly and adequately it is associated with significant limb loss and death. 

many patients suffering from acute limb ischemia have extensive cardiovascular disease, which 

makes them high-risk patients. the major cause of acute limb ischemia is thrombosis of underly-

ing atherosclerotic disease. atherosclerotic plaque rupture causes platelet activation, leading to 

platelet adherence and altered flow, which results in thrombosis. the second most common 

cause of acute limb ischemia is embolism, usually of cardiac origin. more rare underlying causes 

are cystic adventitial disease, popliteal entrapment syndrome, popliteal aneurysm, vasculitis, 

hyperhomocysteinemia and paraneoplastic syndrome.2

initial clinical examination is crucial in patients with acute limb ischemia. the classical signs 

and symptoms of patients with acute limb ischemia are categorized by the “six Ps” (pain, pallor, 

paralysis, pulse deficit, paresthesia, and poikilothermia). in 1986 a clinical classification for acute 

limb ischemia was published, that was later known as the rutherford classification (table).3

if sensation and motor function are present, viability of the limb is not immediately threatened 

and the patient can be treated semi-elective. in case of loss of sensation or muscle weakness, 

prompt surgical intervention is required, since ultimate limb loss is likely.

Table. rutherford classification for acute limb ischemia

Class Clinical signs 

i Viable–not immediately threatened, no sensory loss or muscle weakness, arterial doppler signal is audible.

iia marginally threatened–salvageable if promptly treated, minimal sensory loss, no muscle weakness, arterial 
doppler signal is often inaudible.

iib immediately threatened–salvageable with immediate revascularization, sensory loss associated with rest pain 
in more than the toes, mild to moderate muscle weakness, arterial doppler signal is usually inaudible.

iii irreversible–major tissue loss or permanent nerve damage inevitable if there is significant delay before 
intervention, profound limb anesthesia and paralysis, arterial and venous doppler signal is inaudible.

surGiCal thromboemboleCtomy

over a long period of time, surgical thromboembolectomy has been the standard of care for 

patients with acute limb ischemia. in 1963 the introduction of the fogarty catheter (a flexible 

tube, with a balloon attached to its tip through which thrombus is extracted) allowed large 

amounts of thromboembolic material to be removed rapidly to restore blood flow to ischemic 

tissues.4 disadvantages of this technique are damaging the endothelium and often leaving the 

underlying cause of the thrombus, an atherosclerotic plaque, untreated. furthermore, it can be 

challenging to treat small arteries in the foot or forearm with a thromboembolectomy catheter. 

in addition, up to 30% of thromboembolectomies may show residual thrombus on angiogram.5
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Catheter-direCted thrombolysis

Catheter-directed thrombolysis was introduced in the 1980s and its use has widely increased 

ever since. the benefits of catheter-directed thrombolysis compared with surgery are gentler and 

more complete clot removal, which allows the preservation of endothelium, its less invasiveness, 

and the possibility to visualize and, if necessary, to treat an underlying atherosclerotic lesion 

or anastomotic stenosis by endovascular means. the main limitations include failure to achieve 

complete lysis, prolonged time to revascularization and the occurrence of hemorrhagic compli-

cations. so far, there have been three large randomized controlled trials comparing surgery to 

catheter-directed thrombolysis.

in the rochester trial a total of 114 patients with limb-threatening ischemia of less than 7 days’ 

duration were randomized to thrombolytic therapy or surgical therapy. thrombolytic therapy 

resulted in complete lysis of the thrombus in 70%. although limb salvage rate at 12 months did 

not differ between the groups, cumulative survival rate at 12 months was significantly higher in 

the thrombolysis group.6

in the stile trial a total of 393 patients with native arterial or bypass graft occlusions were 

randomized to either optimal surgical treatment or catheter-directed thrombolysis with recom-

binant tissue plasminogen activator or urokinase. Patients with progressive limb ischemia in the 

previous 6 months were eligible for inclusion in the study. there was no significant difference in 

death or major amputation between the groups, but patients that underwent surgical treatment 

had significantly less ongoing/recurrent ischemia as compared to thrombolysis. a subgroup 

analysis stratified by duration of ischemia (acute (0-14 days of worsening ischemia) versus 

chronic (>14 days) ischemia) showed that among patients with acute ischemia, surgery was as-

sociated with more major amputations compared with thrombolysis. the authors concluded that 

combining a treatment strategy of catheter-directed thrombolysis for acute limb ischemia with 

surgical revascularization for chronic limb ischemia offers the best overall results. it is noteworthy 

that the study terminated prematurely because of significant failure of placement of the catheter 

in the thrombolysis group.7

in the toPas trial a total of 454 patients with acute (<14 days) arterial occlusions of the lower 

limbs, were randomized to surgical treatment (surgical thromboembolectomy or bypass graft-

ing) or catheter-directed thrombolysis. the amputation-free survival rates at 6 months and 1 year 

did not significantly differ between the groups. however, during the first 6 months after initial 

treatment, patients who were assigned to surgery underwent nearly twice as much open surgical 

procedures, as compared to the patients that were assigned to thrombolysis. a 12.5 percent 

incidence of major hemorrhage with urokinase was found. despite its association with a higher 

incidence of hemorrhagic complications, intra-arterial infusion of urokinase reduced the need for 

surgical procedures, with no significant increase in amputation or death.8
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ultrasouNd-aCCelerated thrombolysis

several methods have been investigated to accelerate thrombolysis with use of ultrasound (us). 

high- intensity us can be used to mechanically disrupt clots,9 while low-intensity us speeds 

enzymatic clot lysis in vitro by loosening fibrin strands and thereby increasing thrombus perme-

ability and exposing more plasminogen receptors for binding, without mechanically disrupting 

the clot.10-12 the aim of the latter method is to restore blood flow faster and to reduce the dosage 

of thrombolytic agent, and thereby possibly reducing thrombolysis-related hemorrhagic compli-

cations. several clinical studies have shown that this technique is safe and effective.13-16 so far, no 

randomized controlled trials have been performed.

thesis outliNe

this thesis focuses on catheter-directed thrombolysis in patients with acute limb ischemia. the 

final three chapters focus on the results of us-accelerated thrombolysis.

Chapter 2 provides an overview of the developments in pharmacomechanical thrombolysis. 

available thrombolytic agents, infusion techniques, and pharmacomechanical devices are dis-

cussed.

Chapter 3 describes the long-term outcome of catheter-directed thrombolysis for acute oc-

clusions of lower limb native arteries and prosthetic bypass grafts. several patient-related and 

occlusion-related factors that might possibly affect the outcome of thrombolysis have been 

identified. Controversy persists concerning the outcome of catheter-directed thrombolysis in 

lower limb native arteries compared with bypass grafts. Currently available studies are difficult to 

compare because different outcome measures are used. however, there is limited evidence that 

the long-term outcome is better in native arteries.

although catheter-directed thrombolysis has established its role in the treatment of acute 

lower limb ischemia, primary surgical intervention is still the most common treatment in acute 

upper limb ischemia. in Chapter 4 the outcome of catheter-directed thrombolysis as first-line 

treatment in patients with acute upper limb ischemia is evaluated. Possible benefits of this 

form of treatment are its less invasive character, minimal trauma to the intimal wall, clearance 

of thrombus in small arteries, and the possibility to visualize and treat any underlying cause of 

occlusions like stenosis in peripheral and collateral arterial territories in the arm.

Catheter-directed thrombolysis is an accepted form of treatment not only in peripheral 

arterial occlusions, but also in various other thromboembolic conditions, such as stroke, deep 

venous thrombosis, and pulmonary embolism. an important draw-back of catheter-directed 

thrombolysis are its (hemorrhagic) complications. several methods have been investigated to 

reduce therapy time and thereby reducing treatment related complications. low-intensity us 

has been shown to accelerate clot dissolution by affecting the fibrin strands and thereby facilitat-

ing the delivery of therapeutic agents into the clot. in Chapter 5 an overview of the literature 
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on us-accelerated thrombolysis is presented. a total of 77 reports focusing on catheter-directed 

us-accelerated thrombolysis, including in vitro, in vivo and clinical studies, were identified and 

reviewed.

Chapter 6 describes a feasibility study on the use of us-accelerated thrombolysis in arterial 

thromboembolic occlusions of the lower limbs in preparation of a randomized controlled clinical 

trial. in this study the eKos endoWave system (eKos Corporation, bothell, Wa, usa) is used. this 

system facilitates simultaneous delivery of low-intensity us and a thrombolytic agent into an 

occluded native artery or bypass graft. it consists of a multilumen thrombolysis delivery catheter 

and a matching us coaxial core wire that delivers low-intensity, high-frequency us over the 

entire length of the infusion catheter. both the multilumen thrombolysis delivery catheter and 

the us coaxial core are available in variable lengths, in order to match the length of the occlusion.

in Chapter 7 the design and rationale of a randomized trial comparing standard catheter-

directed thrombolysis versus us-accelerated thrombolysis for thromboembolic infrainguinal 

disease (duet) is described. thrombosed infra-inguinal native arteries and thrombosed bypass 

grafts were included. this is the first randomized trial to investigate the application of us-acceler-

ated thrombolysis, and its impact on therapy time as compared with standard catheter-directed 

thrombolysis.

finally, Chapter 8 describes the results of the randomized controlled duet trial, comparing 

standard catheter-directed thrombolysis with us-accelerated thrombolysis for thromboembolic 

infrainguinal disease. sixty patients (44 men; mean age 64 years) with recently thrombosed in-

frainguinal native arteries or bypass grafts causing acute limb ischemia (rutherford class i or iia) 

were randomized to standard catheter-directed thrombolysis (n=32) or us-accelerated throm-

bolysis (n=28). the primary outcome was the duration of catheter-directed thrombolysis needed 

for uninterrupted flow (>95% thrombus lysis), with outflow through at least 1 below-the-knee 

artery.

Chapter 9 concludes this thesis providing a summary and general discussion.
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history

a thrombus is composed of platelets and red blood cells that are entangled by fibrin strands. 

thrombus formation most frequently occurs superimposed on an atherosclerotic plaque. in 

1933, tillett and Garner1 discovered the lytic properties of streptokinase (sK) produced by group 

C β-hemolytic streptococci. the first intravascular infusion of thrombolytic agents was described 

in 1955 by tillett;2 initially, these agents were administered intravenously. the first patient series 

was described in 1965 by Cliffton.3 since the 1980s, thrombolytic agents have been routinely 

used for several thromboembolic conditions, including stroke, myocardial infarction, pulmonary 

embolism, and peripheral venous and arterial occlusions.

the goal of catheter-directed thrombolysis is to dissolve thrombus and restore tissue perfu-

sion. an underlying lesion can be identified, and usually be treated by endovascular means. 

suggested benefits of catheter-directed thrombolysis are: reestablishment of inflow and outflow 

for bypasses, establishment of patency for inaccessible small vessels, potentially with limited 

intimal injury in comparison with surgical embolectomy. additional benefits include reduction of 

the need for acute major surgery, and ultimately reducing the level of amputation. only patients 

with a nonviably threatened limb are suitable for catheter-directed thrombolysis, because they 

must be capable of withstanding a prolonged period of ischemia while the pharmacologic agent 

is administered.4 several endovascular treatment modalities are available for patients with acute 

limb ischemia. Catheter-directed thrombolysis can be used solely pharmacologic or combined 

with a mechanical thrombectomy device or thrombus aspiration device.

the aim of this article is to provide an overview of available thrombolytic agents, infusion 

techniques, and pharmacomechanical thrombolysis devices, in order to guide physicians to 

select the optimal (combination) of pharmacomechanical device(s).

thrombolytiC aGeNts

thrombolytic agents activate the fibrinolytic system by converting plasminogen into plasmin, 

which disaggregates fibrin and leads to clot dissolution. all thrombolytic agents are forms of 

plasminogen activators and do not directly degrade fibrin. thrombolytic agents initially were 

non-fibrin-specific agents that activated plasminogen in the circulating blood and also fibrin-

bound plasminogen.5 Newer thrombolytic agents have the ability to distinguish between circu-

lating and bound plasminogen and thereby avoid plasminemia, which is called fibrin specificity.6 

the most commonly used thrombolytic agents are discussed below.

Streptokinase
streptokinase was the first thrombolytic agent to be described. in 1933, tillett et al.1 demon-

strated the capacity of broth hemolytic streptococci to rapidly liquefy the fibrin clots of normal 
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human plasma. Plasma half-life of streptokinase is 30 minutes. a major disadvantage of this agent 

is its antigenic effect, including anaphylaxis, due to preformed antibodies.7

Tissue-type plasminogen activator
tissue-type plasminogen activator (t-Pa) is a naturally occurring fibrinolytic agent produced by 

endothelial cells. this agent is highly fibrin specific and has a short plasma half-life of 5 to 7 min-

utes.7, 8 Currently available agents are alteplase (recombinant t-Pa), derived from cloned human 

t-Pa, and reteplase and tenecteplase, genetically engineered mutant forms of t-Pa.9

Urokinase
macfarlane et al.10 first described the fibrinolytic potential of human urine. urokinase directly 

activates plasminogen to form plasmin. the agent is non-antigenic.7 it has low fibrin affinity and 

specificity and a plasma half-life of approximately 15 minutes.8 Pro-urokinase is a precursor of 

urokinase. it is relatively fibrin-specific because it preferentially activates fibrin-bound plasmino-

gen found in a thrombus over free plasminogen in flowing blood.7

thrombolysis Catheters

End-hole thrombolysis catheter
dotter et al.11 described the first thrombolysis catheter in 1974. this was an end-hole thromboly-

sis catheter. a disadvantage of this catheter was the need to reposition the tip of the catheter 

during thrombolysis and to have the tip in the remaining thrombus, with the possible risk of 

distal embolization because of manipulation of the thrombus.

Multiple side-hole thrombolysis catheter
at the beginning of the 1990s a multiple side-hole catheter was developed. a major advantage of 

this catheter was that it obviated the need for repeat repositioning of the thrombolysis catheter 

and thereby reduced the risk of distal embolization.12, 13 examples of currently available multiple 

side-hole catheters are the Prostream multiple sidehole infusion Wire (Covidien, mansfield, ma, 

usa), the Cragg-mcNamara Valved infusion Catheter (Covidien, mansfield, ma, usa), and the 

unifuse (angiodynamics, Queensbury, Ny, usa).

iNfusioN teChNiQues

Continuous infusion
this is the standard method for performing catheter-directed thrombolysis. the thrombolytic 

agent is infused using a constant infusion pump.14 Continuous, low-dose infusion is an appropri-

ate infusion technique when prompt revascularization is not warranted.
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Graded infusion
With graded infusion, a higher dosage of thrombolytic agents is administered in the first hours 

of treatment. an advantage of this technique is faster revascularization but it is associated with a 

higher risk of hemorrhagic complications.9

Forced infusion
With forced infusion (i.e., pulse-spray infusion), a high-pressure spray of small pulses of concen-

trated thrombolytic agents is forced homogeneously and simultaneously into the thrombus. this 

causes mechanical and enzymatic degradation of the thrombus. an advantage of this technique 

is even distribution of thrombolytic agents in the thrombus by forceful injection, overcoming 

thrombus resistance.15 Greenberg et al.4 showed that the time to reperfusion was reduced but 

that lysis was more incomplete and distal embolization was increased compared with continu-

ous infusion. Pulse-spray thrombolysis can be time consuming when applied manually. examples 

of currently available pulse-spray infusion systems are the fountain infusion Catheter With squirt 

fluid dispensing system (merit medical systems, inc., south Jordan, ut, usa) and the Pulse*spray 

infusion system (angiodynamics, Queensbury, Ny, usa).

PerCutaNeous thrombus asPiratioN deViCes

Percutaneous thrombus aspiration devices can be used alone or with catheter-directed throm-

bolysis. the technique was first reported by Greenfield et al.16 in 1969. the system consists of a 

thin-walled guiding catheter, a vascular sheath with a removable hemostatic valve, and a 50-ml 

luer lock syringe. the removable hemostatic valve is necessary to prevent retention of aspirated 

thrombus within the sheath upon removal from the artery.17 With this technique, the thrombus 

is passed with a guidewire, and a catheter is passed until it is embedded in the thrombus. the 

guidewire is removed, and suction of the thrombus is applied with a syringe.18 disadvantages of 

this technique are damage to the arterial wall caused by suction and only fresh thrombi can be 

treated. an overview of available percutaneous thrombus aspiration devices is provided in the 

table.

PerCutaNeous meChaNiCal thrombeCtomy deViCes

Percutaneous mechanical thrombectomy devices were originally developed for the treatment of 

occluded hemodialysis grafts. most percutaneous mechanical thrombectomy devices are used 

off-label for the treatment of peripheral arterial occlusions. they are generally fast in restoring 

blood flow but are associated with damage to the vessel wall and creation of sizable emboli.4 

therefore only high-risk patients who are not candidates for catheter-directed thrombolysis or 

surgery should be treated with these devices.
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Table. Percutaneous thrombus aspiration devices for peripheral arterial occlusions.

Company, Product Name
maximum tip 

diameter (mm)
minimum Guide 
Catheter size (f)

Catheter length 
(cm)

bayer, fetch 2 aspiration Catheter 1.42 6 135

Control medical technology, aspire rX-lP6 1.7 6 136

maquet Vascular systems, thrombuster ii 1.35, 1.52 6 140

medtronic, inc., export Catheter 1.73, 1.98 6, 7 140, 145

merit medical systems, inc., asaP aspiration Catheter Kit 1.73 6 140

optimed medizinische instrumente Gmbh, big lumen 
aspiration Catheter 

1.25, 1.48, 1.64, 1.88 5, 6, 7, 8 70, 80, 90, 100, 120

Qualimed innovative medizinprodukte Gmbh, aspiration 
Catheter 

0.5 5, 6, 7 135, 141

spectranetics Corporation, QuickCat extraction Catheter 1.4 6 145

terumo europe, eliminate N/a 6, 7, 8 140

Vascular solutions, inc., Pronto extraction Catheter 1.65-2.2 6, 7, 8 138

Hydrodynamic recirculation devices
hydrodynamic recirculation devices make use of the Venturi-bernoulli effect. heparinized saline 

is retrogradely injected through a catheter with a hairpin loop at the tip. this causes a local reduc-

tion in pressure that sucks the thrombus into the aperture of the catheter.17 Currently available 

devices are the angioJet thrombectomy set (Possis, minneapolis, mN, usa), hydrolyser (Cordis 

Corporation, fremont, Ca, usa), and oasis (boston scientific Corporation, Natick, ma, usa). the 

angioJet thrombectomy set consists of an over-the-wire catheter with a high-pressure saline jet 

at the distal tip that is retracted with high speed, creating a localized vacuum effect. this causes 

dissociation and entrainment of the thrombus.19 the hydrolyser and oasis are similar systems.

Rotational circulation devices
these devices cause clot disruption by production of a hydrodynamic vortex, which is created 

by a high-speed rotating impeller or basket. Currently available devices are the trellis Peripheral 

infusion system (Covidien) and the rotarex s (straub medical aG, Wangs, switzerland). the trellis 

device is a pharmacomechanical thrombectomy system (6f or 8f and working length of 80 or 

120 cm) that isolates the thrombus between two balloons while exposing the thrombus to a 

thrombolytic agent and using wire oscillation. this causes fragmentation of the thrombus, after 

which the thrombus is aspirated.20 the rotarex s device is a catheter (6f or 8f and working length 

of 85 or 110 cm) that contains a rotating steel spiral that fragments the clot while producing a 

continuous vacuum. the fragmented clot is transported to a collector bag.21

ultrasouNd-aCCelerated thrombolysis

a very different approach to catheter-directed thrombolysis is the addition of low-intensity, high-

frequency ultrasound. this technique uses ultrasound to increase permeability of the thrombus, 

and thereby enhances delivery of thrombolytics into the thrombus. moreover, it increases enzy-
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matic activity of thrombolytic agents and thereby accelerates thrombolysis.22 eKos Corporation 

developed the ekosonic endovascular system (eKos Corporation, bothell, Wa, usa) to provide 

ultrasound-accelerated thrombolysis. this system consists of a 5.2f multilumen drug-delivery 

catheter with a working length of 106 or 135 cm, a matching ultrasound coaxial core wire with a 

working zone of 6 to 50 cm, and a portable control unit. the multilumen drug-delivery catheter 

consists of 3 lumens for dispersion of the thrombolytic agent and a central lumen that accommo-

dates the us core wire. the multiple side holes of the drug-delivery catheter correspond to the 

miniature us transducers for the delivery of low-intensity (2.2 mhz) high-frequency ultrasound 

over the entire working zone of the us core wire.23

CoNClusioNs

thrombolytic agents, thrombolytic catheters, and infusion techniques are under constant devel-

opment, aiming to provide faster and more complete lysis of thrombus, while reducing hemor-

rhagic complications. the effect of thrombolytic agents depends on the intricate interaction 

between the biochemical characteristics of the thrombolytic agent and the individual patient’s 

hemostatic system, the technique used to infuse the thrombolytic agent, and the composition 

of the thrombus.

Choosing the right pharmacomechanical thrombolysis device depends on thrombus charac-

teristics as well as patient characteristics. a multiple side-hole catheter is currently the standard 

of care because it provides more even distribution of thrombolytic agents over the thrombus 

compared with end-hole catheters. Continuous, low-dose infusion is an appropriate infusion 

technique when prompt revascularization is not warranted and can be useful in overnight infu-

sion treatment strategies. Possible advantages of graded and forced infusion techniques over 

continuous infusion techniques are faster restoration of blood flow. disadvantages of these 

techniques are a higher incidence of hemorrhagic complications and distal embolization due 

to clot fragmentation in forced infusion techniques. Percutaneous thrombus aspiration can be a 

useful adjunct to catheter-directed thrombolysis when fast removal of thrombus load is required, 

for example, to facilitate placement of the catheter prior to initiation of catheter-directed throm-

bolysis or for small amounts of residual thrombus after discontinuation of catheter-directed 

thrombolysis. the use of percutaneous thrombectomy devices should be restricted to patients 

who are not suitable for catheter-directed thrombolysis.
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abstraCt

Objective
Catheter-directed thrombolysis is a well-accepted treatment for acute lower extremity occlusions 

of native arteries and bypass grafts. several variables that affect outcomes of thrombolysis have 

been identified. the hypothesis of this study was that the long-term outcome after catheter-

directed thrombolysis would be better for acute lower extremity occlusions of native arteries 

compared with prosthetic bypass grafts.

Methods
this observational study retrospectively analyzed 159 consecutive patients (114 men), median 

age, 65 years (range 57-73 years), with 89 native artery (56%) and 70 prosthetic bypass graft 

(44%) occlusions of the lower extremity. all patients were treated with catheter-directed throm-

bolysis between 2006 and 2009 in two vascular referral centers in the Netherlands. the severity 

of ischemia was rutherford class i (52%), class iia (27%), class iib (12%), and unknown (9%) in 

native arteries and class i (64%), class iia (19%), class iib (1%), and unknown (16%) in bypass grafts. 

median (range) duration of symptoms before the start of thrombolysis was 3.5 (1-14) days in 

native arteries and 3 (1-9) days in bypass grafts. all patients were treated with a continuous dos-

age of urokinase (100,000 iu/h). amputation-free survival was estimated by conduit type using 

the Kaplan-meier method and compared using the log-rank test. univariate and multivariate 

analyses were performed using a Cox proportional hazards model.

Results
Complete (>95%) lysis was achieved in 69% of native arteries and bypass grafts (p=1.00). major 

hemorrhagic complications occurred in 12% (4% hemorrhagic strokes, of which 2% were fatal) of 

native arteries and in 7% (0% hemorrhagic stroke) of bypass grafts (p=0.28). the 30-day mortality 

rate was 6% in native arteries and 1% in bypass grafts (p=0.17), and the 30-day amputation rate 

was 10% in native arteries and 13% in bypass grafts (p=0.45). mean follow-up was 27±19 months. 

amputation-free survival at 1 year was 76% for native arteries and 78% for bypass grafts and at 5 

years was 65% for native arteries and 51% for bypass grafts (p=0.32). multivariate analysis showed 

two negative predictors for amputation-free survival: age >65 years and cerebrovascular disease. 

Conduit type was not an independent predictor for amputation-free survival (p=0.78).

Conclusion
despite initial promising results, long-term follow-up of catheter-directed thrombolysis for acute 

lower extremity occlusions showed a disappointing amputation-free survival. in a multivariate 

analysis, no significant differences in amputation-free survival between native arteries and pros-

thetic bypass grafts were determined.
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iNtroduCtioN

Background
Catheter-directed thrombolysis is a well-accepted treatment in selected patients with (semi) 

acute occlusions of lower extremity native arteries and bypass grafts. because hemorrhagic 

complications, and especially hemorrhagic stroke, may occur, identifying and selecting patients 

who are expected to have the best short-term and long-term outcome after catheter-directed 

thrombolysis is crucial. several patient-related and occlusion-related factors have been identified 

that might possibly affect the outcome of thrombolysis.

Proposed patient-associated factors have been gender, tobacco use, race, age, weight, coronary 

artery disease, diabetes, hypertension, renal insufficiency, hypercholesterolemia, cerebrovascular 

occlusive disease, congestive heart failure, malignancy, and pre-existing peripheral arterial oc-

clusive disease (Paod).1-8 Proposed occlusion-associated characteristics have been the cause of 

the occlusion (thrombus versus embolus), level of occlusion (suprainguinal versus infrainguinal), 

number of occluded segments involved, length of occlusion, rutherford classification, duration 

of ischemic symptoms, and number of runoff vessels.2, 4, 8-10

Controversy continues in the current literature about the outcome of catheter-directed 

thrombolysis in occluded lower extremity native arteries compared with bypass grafts. available 

studies are difficult to compare because different outcome measures are used. most studies have 

used short-term outcomes, such as technical success of thrombolysis, whereas only some studies 

have investigated long-term outcomes such as amputation-free survival. most studies have a 

short duration of follow-up. although most studies have found no difference in amputation-free 

survival between native arteries and bypass grafts, there is some evidence that the long-term 

outcome is better for native arteries.11, 12

Hypothesis
the hypothesis of this study was that the long-term outcome after catheter-directed throm-

bolysis is better for acute lower extremity occlusions of native arteries compared with prosthetic 

bypass grafts.

materials aNd methods

Study design
this was a retrospective cohort study in two vascular referral centers in the Netherlands, the st. an-

tonius hospital, Nieuwegein, and the university medical Center utrecht, utrecht. the study included 

patients with (semi-)acute (<28 days) occlusions of lower extremity native arteries and prosthetic 

bypass grafts with acute ischemia class i, iia, and iib, according to the rutherford classification for acute 

lower extremity ischemia.13 in the event a patient underwent more than one episode of thrombolysis 

during the study period, the outcome of the first thrombolysis treatment was analyzed.
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Procedure
an antegrade approach was used through the ipsilateral common femoral artery, if possible; 

otherwise, a crossover approach via the contralateral femoral artery was used. initial angiography 

included the iliac arteries and femoropopliteal arteries as well as the below-the-knee outflow. 

all patients received a continuous infusion with urokinase (100,000 iu/h). during thrombolysis, 

systemic heparin was given at a dose of 100,00 iu/24 hours. routine blood tests were performed 

that included fibrinogens, prothrombin times, and activated partial thromboplastin times. 

thrombolysis was discontinued in case of complete lysis, in case of no progression of lysis within 

24 hours, or in case of complications such as progressive ischemia requiring immediate surgical 

intervention or hemorrhagic complications.

any necessary additional procedure, such as percutaneous transluminal angioplasty (Pta), with 

or without additional stent placement, was performed at any stage in the treatment process if 

considered appropriate. after successful thrombolysis, systemic heparin was given (25,000 iu/24 

hours), and coumarin derivatives were started. the target international normalized ratio (iNr) was 

2.5 to 3.5. if this value was reached, heparinization was stopped.

Definitions
Complete lysis was defined as >95% clot lysis at angiography.14 major hemorrhage was defined 

as a hemorrhage necessitating discontinuation of thrombolysis, transfusion, or surgical interven-

tion. diabetes was considered if patients were receiving antidiabetic treatment with diet, oral 

hypoglycemic agents, or insulin. tobacco use was defined as current or former tobacco use. 

hypertension was defined as systolic blood pressure >140 mm hg or diastolic blood pressure 

>90 mm hg, measured on at least two occasions, and/or a previous diagnosis of hypertension or 

taking antihypertensive drugs. hyperlipidemia was defined as measured elevated levels of any or 

all lipids and/or lipoproteins in the blood. Coronary artery disease was considered if patients had 

a history of angina pectoris, myocardial infarction, or treatment for coronary artery disease. renal 

insufficiency was defined as preprocedural creatinine <1.5 mg/dl. Cerebrovascular disease was 

considered if there was a history of stroke or transient ischemic attack (tia).

Contraindications for catheter-directed thrombolysis were adopted from the inter-society 

Consensus for the management of Peripheral arterial disease (tasC ii).15 absolute contraindica-

tions for thrombolysis were (1) an established cerebrovascular event, excluding tia, within the 

previous 2 months, (2) active bleeding diathesis, (3) gastrointestinal bleeding within the previous 

10 days, (4) intracranial or spinal neurosurgery within the previous 3 months, and (5) head trauma 

within the previous 3 months.

Data collection
all consecutive patients treated with catheter-directed thrombolysis for occlusions of native 

arteries and bypass grafts of the lower extremity between January 2006 and december 2009 in 

the two participating hospitals were included. Patients were identified by the hospital registry 
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for radiologic procedures. the medical records and the radiologic imaging studies related to the 

thrombolytic treatment of the included patients were retrospectively reviewed. during the study 

period 72 patients were registered in our database as primary surgical intervention for acute 

lower extremity occlusions.

Statistical analysis
statistical analysis was performed using sPss 20.0 software (ibm Corp, armonk, Ny). Continuous 

parametric data are presented as means and standard deviations and continuous nonparametric 

data as medians with interquartile ranges. dichotomous data are presented as frequencies with 

percentages. amputation-free survival was estimated by conduit type using the Kaplan-meier 

method and compared using the log-rank test (p<0.05). univariate and multivariate analyses 

were performed using a Cox proportional hazards model to identify independent predictors 

for amputation-free survival and to correct for potential confounders. Proposed predictors for 

amputation-free survival were entered as covariables in the univariate analysis. dummy coding 

was applied for categorical variables. Variables showing a p-value of <0.15 with univariate analy-

sis were included in the multivariable analysis. a p-value of <0.05 was considered statistically 

significant.

results

Patients
the study included 159 consecutive patients (114 men), who were a median age of 65 years 

(range, 57-73 years), with 89 native artery (56%) and 70 prosthetic bypass graft (44%) occlusions 

of the lower extremity that were treated with catheter-directed thrombolysis. baseline character-

istics are presented in table 1. there was a significant difference in the presence of hypertension, 

hyperlipidemia, coronary artery disease, anticoagulation use, and rutherford class between 

patients with native arteries and prosthetic bypass grafts.

Technical success
Complete (>95%) lysis was achieved in 69% of native arteries and bypass grafts (p=1.00).

Complications
major hemorrhagic complications occurred in 12% (7% hemorrhage from vascular access site 

and 5% remote hemorrhage, of which 4% were hemorrhagic strokes) of native arteries and 

7% (3% hemorrhage from vascular access site and 4% remote hemorrhage, of which 0% were 

hemorrhagic strokes) of bypass grafts (p=0.28). all four hemorrhagic strokes occurred during 

thrombolysis. fibrinogen levels in all four patients were above 1.0 g/l during hemorrhagic stroke. 

after the occurrence of a stroke, thrombolysis was discontinued immediately. two patients died 

of hemorrhagic stroke. No patients died of other hemorrhagic complications.



30 Chapter 3

Table 1. baseline characteristics of 159 patients undergoing catheter-directed thrombolysis for occluded lower 
extremity native arteries and prosthetic bypass grafts.

Characteristic Native arteries (n =89) bypass grafts (n =70) total (n=159) P
age, y 64 (55-75) 65 (59-71) 65 (57-73) 0.931
Gender 0.088
 male 59 (66) 55 (79) 114 (72)
 female 30 (34) 15 (21) 45 (28)
diabetes 0.155
 yes 18 (20) 21 (30) 120 (76)
 No 71 (80) 49 (70) 39 (24)
tobacco use 0.791
 yes 56 (63) 41 (59) 50 (31)
 No 30 (34) 20 (28) 97 (61)
 unknown 3 (3) 9 (13) 12 (8)
hypertension 0.025
 yes 47 (53) 49 (70) 61 (39)
 No 41 (46) 20 (29) 96 (60)
 unknown 1 (1) 1 (1) 2 (1)
hyperlipidemia 0.001
 yes 33 (37) 43 (62) 79 (50)
 No 55 (62) 24 (34) 76 (48)
 unknown 1 (1) 3 (4) 4 (2)
Coronary artery disease 0.003
 yes 21 (24) 32 (46) 104 (66)
 No 67 (75) 37 (53) 53 (33)
 unknown 1 (1) 1 (1) 2 (1)
renal insufficiency 0.849
 yes 12 (14) 10 (14) 134 (84)
 No 76 (85) 58 (83) 22 (14)
 unknown 1 (1) 2 (3) 3 (2)
Cerebrovascular disease 0.695
 yes 11 (12) 10 (14) 137 (86)
 No 78 (88) 59 (85) 21 (13)
 unknown 0 (0) 1 (1) 1 (1)
medication 0.000*
 None 31 (35) 3 (4) 34 (21)
 Warfarin 13 (15) 28 (40) 41(26)
 ascal 44 (49) 33 (48) 77 (48)
 both 1 (1) 3 (4) 4 (3)
 unknown 0 (0) 3 (4) 3 (2)
duration of symptoms, d 3.5 (1.0-14.0) 3.0 (1.0-8.5) 3.0 (1.0-10.0) 0.115
rutherford class

0.015*
 i 46 (52) 45 (64) 91 (57)
 iia 24 (27) 13 (19) 37 (23)
 iib 11 (12) 1 (1) 12 (8)
 unknown 8 (9) 11 (16) 19 (12)
target occlusion

0.822 suprainguinal 23 (26) 17 (24) 40 (25)
 infrainguinal 66 (74) 53 (76) 119 (75)
Number of runoff vessels
 0 17 (19) 9 (13) 26 (16)
 1 19 (21) 7 (10) 26 (16)
 2 20 (23) 23 (33) 43 (27)
 3 31 (35) 26 (37) 57 (36)
 unknown 2 (2) 5 (7) 7 (5)

Values represent absolute numbers with percentages (n [%]) for categorical variables and median ± iQr or 
means (95% confidence intervals) for continuous values. *Pearson χ2.
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Follow-up
the 30-day mortality rate was 6% in native arteries and 1% in bypass grafts (p=0.17). early (<30 

days) and late (>30 days) causes of death are reported in table 2. the 30-day amputation rate was 

10% in native arteries (all of these patients had unsuccessful lysis) and 13% in bypass grafts (7 

patients with unsuccessful lysis and 2 patients with successful lysis; p=0.45). mean follow-up was 

27±19 months. amputation-free survival at 1 year was 76% for native arteries and 78% for bypass 

grafts and at 5 years was 65% for native arteries and 51% for bypass grafts (p=0.32; figure 1.).

Table 2. early (<30 days) and late (>30 days) causes of death in 159 patients undergoing catheter-directed 
thrombolysis for occluded lower extremity native arteries and prosthetic bypass grafts.

Causes early (<30 days) death late (>30 days) death*

Cerebro-cardiovascular

 stroke 2 (hemorrhagic) 1 (ischemic)

 myocardial ischemia 1 0

 Congestive heart failure 0 4

 Peripheral arterial ischemia 1 2

 bowel ischemia 1 0

Non cerebro-cardiovascular

 respiratory failure 0 2

 sepsis 1 1

 Gastrointestinal 0 1

 malignancy 0 4

 trauma 0 1

 unknown 0 6

Values represent absolute numbers. *excluding deaths within 30 days.
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Figure 1. amputation-free survival in 159 patients undergoing catheter-directed thrombolysis for occluded 
lower extremity native arteries and prosthetic bypass grafts.
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Univariate and multivariate analyses
results of the univariate and multivariate analyses are summarized in table 3. in the univariate 

analysis, age >65 years, diabetes, tobacco use (positive predictor), cerebrovascular disease, 

anticoagulation use, and rutherford class were predictors for amputation-free survival. Gender, 

hypertension, hyperlipidemia, coronary artery disease, renal insufficiency, history of peripheral 

arterial disease, duration of symptoms, level of occlusion, and number of runoff vessels were not 

predictors for amputation-free survival. multivariate analysis showed two independent predic-

tors for amputation-free survival: age >65 years and cerebrovascular disease. Conduit type was 

not an independent predictor for amputation-free survival (p= 0.78).

Table 3. univariate and multivariate analysis of variables associated with amputation-free survival.

Characteristic
univariate analysis multivariate analysis†

P hazard ratio (95% Ci) P hazard ratio (95% Ci)

age (>65 years/<65 years) 0.004* 2.2385 (1.322-4.303) 0.038* 2.267 (1.046-4.913)

Gender (female/male) 0.825 0.932 (0.497-1.745) - -

diabetes (yes/no) 0.049* 1.754 (1.002-3.070) 0.137 1.677 (0.848-3.318)

tobacco use (yes/no) 0.034* 0.533 (0.297-0.954) 0.22 0.651 (0.328-1.293)

hypertension (yes/no) 0.274 1.398 (0.767-2.550) - -

hyperlipidemia (yes/no) 0.873 1.046 (0.605-1.807) - -

Coronary artery disease (yes/no) 0.787 1.081 (0.612-1.911) - -

renal insufficiency (yes/no) 0.359 1.384 (0.691-2.770) - -

Cerebrovascular disease (yes/no) 0.002* 2.587 (1.400-4.781) 0.043* 2.127 (1.024-4.416)

medication

 None (ref category) 0.012* 0.095

 Warfarin 0.035 2.313 (1.059-5.050) 0.111 2.271 (0.829-6.219)

 ascal 0.786 0.895 (0.402-1.993) 0.853 0.916 (0.362-2.317)

 both 0.187 2.816 (0.605-13.109) 0.206 2.983 (0.548-16.244)

history of Paod 0.314 1.369 (0.743-2.524) - -

duration of symptoms (>14/<14 days) 0.217 0.603 (0.271-1.345) - -

rutherford class

 i (ref category) 0.060* 0.137

 iia 0.023 2.065 (1.107-3.853) 0.083 1.889 (0.920-3.879)

 iib 0.213 1.791 (0.716-4.482) 0.174 2.376 (0.683-8.267)

level of occlusion (infrainguinal/suprainguinal) 0.371 1.355 (0.696-2.638) - -

Number of run off vessels

 0 (ref category) 0.555 - -

 1 0.318 0.627 (0.251-1.567)

 2 0.33 0.678 (0.310-1.482)

 3 0.162 0.577 (0.268-1.246)

Conduit type (bypass graft/native artery) 0.293 1.156 (0.882-1.515) 0.778 1.053 (0.735-1.510)

*statistically significant. †multivariate analysis is performed with variables showing a p-value <0.15 in the uni-
variate analysis. Paod; peripheral arterial occlusive disease.
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disCussioN 

this study represents one of the largest published series comparing long-term amputation-free 

survival after catheter-directed thrombolysis in occluded native arteries and prosthetic bypass 

grafts of the lower extremity. initial technical results of catheter-directed thrombolysis in native 

arteries and in prosthetic bypass grafts were acceptable; however, long-term follow-up showed a 

disappointing amputation-free survival in both groups. multivariate analysis found two negative 

predictors for amputation-free survival: age >65 years and cerebrovascular disease. Conduit type 

was not an independent predictor for amputation-free survival.

during the study period, only 13 patients with an occlusion of a venous bypass graft were 

treated with catheter-directed thrombolysis. this group was too small to compare with the cur-

rent two groups. to prevent heterogeneity in the bypass graft group, we did not include the 

venous bypass grafts, which is a limitation of this study. during the study period, 16 patients were 

treated with catheter-directed thrombolysis for chronic (>28 days) arterial lower limb occlusions. 

these patients were also not included.

an overview of studies comparing short-term and long-term outcome after catheter-

directed thrombolysis for lower extremity native arteries and bypass grafts is presented in table 

4.1, 2, 4, 6-9, 11, 12, 16, 17 three of these studies were randomized controlled trials. Comparison of native 

arteries and bypass grafts was based on subgroup analyses.7, 12, 16 amputation-free survival is 

the preferred primary endpoint in reporting results of thrombolytic therapy in lower extrem-

ity ischemia.18 however, most studies have compared short-term outcomes, such as technical 

success and 30-day patency, in native arteries and bypass grafts. Current literature reporting the 

short-term outcome of catheter-directed thrombolysis is inconsistent. some studies have shown 

higher technical success for native arteries than for bypass grafts,1, 8, 11 others have shown bet-

ter results for bypass grafts,12, 14 and some authors report no difference between native arteries 

and bypass grafts.9, 17, 19 None of the studies made a distinction between venous and prosthetic 

bypass grafts.

a large number of studies describing long-term follow-up after catheter-directed thrombolysis 

have described death or amputation, or both. the number of studies that have compared ampu-

tation-free survival in native arteries and bypass grafts is small. Consistent with our findings, the 

studies by breukink et al., earnshaw et al., Kuoppala et al., and ouriel et al., found no difference in 

amputation-free survival between native arteries and bypass grafts.1, 2, 6, 7 the study by Kuoppala 

et al.6 was the only study that made a distinction among native arteries, venous bypass grafts, and 

prosthetic bypass grafts. the studies by Plate et al. and Geier et al. found a higher amputation-free 

survival for patients with an occluded native artery compared with a bypass graft.11, 12 however, 

these studies made no distinction between venous and prosthetic bypass grafts.

We found that age >65 years and cerebrovascular occlusive disease were independent predic-

tors for amputation-free survival after catheter-directed thrombolysis. these variables might be 

associated with more extensive (atherosclerotic) disease, and therefore a higher risk of amputa-
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tion or death, or both.7 other studies have also found older age is a predictor for amputation-

free survival.2, 5, 7 Cerebrovascular disease has been reported as a predictor for amputation-free 

survival.6, 7 in the study by Kuoppala et al.,6 cerebrovascular disease was only a predictor for 

amputation-free survival in the univariate analysis. in their multivariate analysis, cerebrovascular 

disease was an independent predictor for death but not amputation.

the current guidelines recommended catheter-directed thrombolysis only in acute (<14 days 

old) thrombus.18 interestingly, we found that duration of symptoms was not an independent 

predictor for amputation-free survival. this finding is consistent with the findings of breukink et 

al.1 another study found that duration of symptoms was also not an independent predictor for 

technical success.9 We found that rutherford classification was not an independent predictor for 

amputation-free survival. this finding is consistent with results of the study by breukink et al.1

hemorrhagic complications remain the largest limitation to catheter-directed thrombolysis. 

We found no significant difference in the occurrence of hemorrhagic complications between 

native arteries and bypass grafts. the current overall bleeding complication rate of 10% is com-

parable to the bleeding complication rates of two large randomized controlled trials in which 

catheter-directed thrombolysis was compared with surgical intervention.14, 16 the current techni-

cal success rate of approximately 70% in native arteries and in bypass grafts is comparable to 

these trials as well.14, 16, 17 the determined amputation-free survival is comparable to the outcome 

of a large retrospective study by Kuoppala et al.6

this study has some limitations. since the major focus of this manuscript was to describe the 

long-term outcomes of thrombolysis rather than 30-day complication rate and initial technical 

success, no detailed information about the amount of fibrinolytics and heparin was included. 

Patency rates during follow-up were not recorded due to the retrospective character of our study. 

moreover, the decision to perform a reintervention is often physician dependent. a number of 

our patients were referred back to their peripheral hospital after being treated in our tertiary 

center. Not all follow-up data from the peripheral hospitals could be retrieved, which resulted in 

some loss to follow-up.

CoNClusioN

despite initial promising results, long-term follow-up of catheter-directed thrombolysis for acute 

lower extremity occlusions showed a disappointing amputation-free survival. hemorrhagic 

complications remain the largest limitation to catheter-directed thrombolysis. the current results 

did not show a significant difference in amputation-free survival between native arteries and 

prosthetic bypass grafts. Catheter-directed thrombolysis should therefore not be withheld from 

patients based on conduit type. in older patients and patients with cerebrovascular disease, a 

poor outcome in terms of amputation-free survival is anticipated.
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abstraCt

Background
acute nontraumatic upper extremity ischemia has significant chronic disability when not treated 

adequately and timely. as surgical treatment can be challenging, this study evaluates catheter-

directed thrombolysis as first-line treatment for acute upper extremity ischemia.

Methods
between January 2006 and december 2010, 28 patients (22 women; mean age, 63±16 years) un-

derwent catheter-directed thrombolysis for acute upper extremity ischemia, rutherford class i or 

iia. Proximal extent of the occlusion was in the subclavian (32%), axillary (7%), brachial (25%) and 

forearm arteries (36%). median occlusion length was 18 cm (range, 12–43). Causes were embolus 

(14%), thrombus (39%), thoracic outlet syndrome (14%), paraneoplastic (4%), or unknown (29%).

Results
technical success was 96%, radiologic success (>95% clot lysis) 61%, and clinical success 68%. 

median duration of thrombolysis was 24 hours (range, 18-96). of the 11 radiologically unsuc-

cessful patients (39%), five were treated conservatively and six underwent surgical intervention. 

in-hospital amputation-rate was 7%. four complications occurred: embolization to the lower 

extremity, a transient ischemic attack, a subcapsular splenic hematoma and a pseudoaneurysm. 

Cumulative amputation-free survival at six months was 93%, standard error (s.e.) 4.87 and at one 

year 88%, s.e. 6.50.

Conclusions
these results show that catheter-directed thrombolysis is effective in over 60% of patients as first-

line treatment of extensive acute upper extremity ischemia and can prevent surgical intervention 

in these patients.
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iNtroduCtioN

acute ischemia of the upper extremity is rare compared with acute ischemia of the lower extrem-

ity. the incidence of acute upper extremity ischemia is 1.3/100,000 persons, which accounts for 

15% to 18% of patients with acute extremity ischemia.1, 2 acute upper extremity ischemia may 

occur secondary to traumatic or nontraumatic causes. the most common nontraumatic cause 

of acute upper extremity ischemia is an embolus, most frequently of cardiac origin. the second 

most common nontraumatic cause is a local thrombus superimposed on underlying atheroscle-

rosis. less common causes are arterial thoracic outlet syndrome (tos), paraneoplastic syndrome, 

vasculitis, and raynaud phenomenon.3, 4 although acute upper extremity ischemia usually does 

not immediately threaten the limb due to an extensive collateral circulation, it has been associ-

ated with a high level of functional impairment and chronic disability if left untreated.5, 6

since the 1960s, the state-of-the-art treatment for acute nontraumatic upper extremity 

ischemia has been balloon catheter embolectomy, as first described by fogarty et al.7 reported 

complication rates after balloon catheter embolectomy are low. however, since in the majority 

of patients no postoperative angiography is performed, some injuries are undetected unless 

they cause severe symptoms that warrant diagnostic investigation.8, 9 reported complications 

after embolectomy are arterial rupture by over inflation of the balloon, arterial perforation by the 

catheter tip and pseudoaneurysm formation.10, 11 other limitations are the occurrence of reocclu-

sions due to damage to the intimal layer of the arterial wall12-14 and the inability to remove all of 

the thrombus, especially in the small arteries of the forearm and hand.15

over the years, the use of catheter-directed thrombolysis to treat acute nontraumatic upper 

extremity ischemia has gained interest. advantages of catheter-directed thrombolysis compared 

with balloon catheter embolectomy include its less invasive character, minimal trauma to the 

intimal wall, clearance of thrombus in small arteries, and the possibility to visualize and treat any 

underlying cause of occlusions like stenosis in peripheral and collateral arterial territories in the 

arm. although thrombolysis has established its role in the treatment of acute lower extremity 

ischemia,16 reports on the use of thrombolysis in the treatment of acute upper extremity isch-

emia are scarce; moreover, most reports are outdated and include small numbers of patients.17-28

this study evaluates the outcome of catheter-directed thrombolysis as first-line treatment 

in patients with acute nontraumatic upper extremity ischemia in two tertiary vascular referral 

hospitals in the Netherlands.

methods

the study was conducted in accordance with the principles of the declaration of helsinki.
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Patients and study design
from January 2006 until december 2010, all consecutive patients presenting with acute (com-

plaints <24 hours) nontraumatic upper extremity ischemia class i or iia according to rutherford 

were eligible for inclusion in our study and were prospectively registered. Patients were treated 

primarily with catheter-directed thrombolysis, unless contraindicated. Contraindications for 

thrombolysis were adopted from the transatlantic inter-society Consensus for the management 

of Peripheral arterial disease ii.29 Patients with acute upper extremity ischemia rutherford class 

iib or iii were treated primarily by surgical means and patients with acute upper extremity isch-

emia caused by trauma were also excluded.

Pre-intervention evaluation 
a detailed history and clinical examination were undertaken in all patients. arterial duplex, 

Computed tomography angiography (Cta) or magnetic resonance angiography (mra) of 

the affected extremity was performed to localize the occlusion. Cta of the thoracic aorta and 

echocardiogram were performed to identify cardiothoracic sources of emboli. Cardiac embolism 

was assumed to be the cause of the occlusion if a cardiac embolus was identified on echocar-

diography or if patients had a history of atrial fibrillation, or both, combined with absence of 

an underlying atherosclerotic lesion of the affected extremity or thoracic aorta on angiography. 

arterial tos was diagnosed when the occlusion was in the subclavian artery at the level of the 

thoracic outlet and physical examination and electromyography were suggestive for thoracic 

outlet syndrome. Possible underlying coagulation disorders were identified.

Interventions
Thrombolysis

all patients underwent diagnostic subtraction angiography on presentation. the preferred ac-

cess was via the common femoral artery. if this was not possible, access was through the axillary, 

subclavian or brachial artery in an antegrade fashion (proximal of the occlusion). after the oc-

clusive lesion was localized, placement of a thrombolysis catheter was attempted. if placement 

of a thrombolysis catheter was successful, urokinase was continuously infused in a dosage of 

100,000 iu/hour, with systemic heparin in a dosage of 10,000 iu/24 hours. Control angiographies 

were performed on indication of clinical improvement or deterioration. thrombolysis was dis-

continued when lysis was complete (>95% clot lysis),30 if lysis did not progress after 24 hours of 

treatment, if progressive arm ischemia occurred that required immediate surgical intervention, 

or if hemorrhagic complications occurred. after successful thrombolysis, heparin was given and 

coumarin derivatives were started. during heparinization, the target activated partial thrombo-

plastin time (aPtt) ratio was 1.5 to 2.5 and was measured twice daily. the target international 

normalized ratio (iNr) was 2.5 to 3.5; if this value was reached, heparin was stopped.
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Additional interventions

an additional intervention was defined as an intervention to treat an underlying disease that 

caused the occlusion and included percutaneous transluminal angioplasty (Pta), with or without 

additional stent placement for pre-existent occlusions, or transaxillary first rib resection in case 

of tos.

Secondary interventions

a secondary intervention was defined as an intervention necessary because of incomplete 

thrombolysis or progressive ischemia, or both, and included embolectomy, bypass grafting, or 

amputation.

Data collection
Patients were prospectively registered in a database, as described in Patients and Study Design, 

and data analysis was performed retrospectively. Collected data included patient demographics, 

vascular risk factors, arterial occlusion characteristics, interventions and reinterventions, amputa-

tions, complications (i.e. hemorrhage, stroke, distal embolization), and death.

Follow-up
routine clinical follow-up was scheduled at one month and one year post-procedurally.

Outcomes
the outcome measures included (1) technical success, defined as successful placement of a 

thrombolysis catheter with the distal tip of the catheter positioned in the occluded segment; 

(2) radiologic success, defined as complete (>95%) clot lysis as demonstrated with angiography 

with outflow through at least one forearm artery to the arcus palmaris;30 (3) clinical success, 

defined as complete resolution of ischemic symptoms and restoration of radial or ulnar pulse, 

or both; (4) hemorrhagic complications; (5) reinterventions; (6) amputation; (7) mortality; and (8) 

amputation-free survival. radiologic success was determined by two experienced interventional 

radiologists who evaluated all the pre-intervention and post-intervention angiographies.

Statistical analysis
analyses were performed using sPss 19.0 software (sPss inc., Chicago, ill, usa). Categorical 

variables are presented as numbers and percentages. Continuous variables are reported as 

means ± standard deviation (sd) and as medians (range) in case of non-normal distributions. 

a two-sided P <.05 was considered statistically significant. Cumulative amputation-free survival 

was calculated by life table analysis.
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results

Patient inclusion
during the 5-year study period, 42 patients presented with acute nontraumatic upper extrem-

ity ischemia. fourteen patients were excluded: two had acute ischemia (rutherford i) with very 

mild symptoms and were treated conservatively by their own preference, 12 had acute ischemia 

that threatened the extremity (rutherford iib or iii) requiring immediate surgical intervention 

by embolectomy or bypass grafting, or both. the remaining 28 patients (22 women; mean age, 

63 ± 16 years) were indicated for catheter-directed thrombolysis as first-line treatment. Patient 

characteristics are presented in table 1. seventeen patients (61%) were american society of 

anesthesiologists class 3.

occlusion characteristics are presented in table 2. Notably in 10 of 28 patients (36%), more 

than one arterial segment was occluded; in table ii only the proximal extent of the occlusion is 

indicated. median length of the occlusion was 18 cm (range, 12–43 cm). the minority of patients 

suffered from emboli. most of the patients had pre-existent atherosclerotic disease.

Table 1. baseline characteristics of 28 patients undergoing catheter-directed thrombolysis for acute upper ex-
tremity ischemia.

Characteristic Patients (n=28)

age, y 63±16

female sex 22 (79)

Predisposing factors

 insulin-dependent diabetes 1 (4)

 smoking, current or recent 13 (46)

 hypertension 9 (32)

 hypercholesterolemia 7 (25)

 Coronary artery disease 4 (14)

 stroke or tia 3 (11)

history of malignancy

 Current (<5 y) 4 (14)

 Past 11 (3)

asa class

 1 4 (14)

 2 7 (25)

 3 17 (61)

Preprocedural medication

 Warfarin 5 (18)

 acetylsalicylic acid 10 (36)

 None 13 (46)

rutherford class

 i 15 (54)

 iia 13 (46)

asa, american society of anesthesiologists; tia, transient ischemic attack. Continuous data are presented as 
mean ± standard deviation, and categorical data as number (%).
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Table 2. occlusion characteristics of 28 patients undergoing catheter-directed thrombolysis for acute upper 
extremity ischemia.

Characteristic occlusions (n=28)

right sided 15 (54)

type of conduit  

 artery 25 (89)

 bypass 3 (11)

Proximal level of occlusion  

 subclavian 9 (32)

 axillary 2 (7)

 brachial 7 (25)

 radial/ulnar 10 (36)

extent of occlusion  

 1 segment 18 (64)

 >1 segment 10 (36)

Cause  

 embolus 4 (14)

 thrombus 11 (39)

 thoracic outlet syndrome 4 (14)

 Paraneoplastic 1 (4)

 unknown 8 (29)

data are presented as number (%).

Technical success
a thrombolysis catheter was successfully placed in the occluded segment in 27 of 28 patients 

(96%). Placement of a thrombolysis catheter was technically not feasible in one patient due to 

inability to transverse an in-stent occlusion of the subclavian artery with a guidewire. this patient, 

with acute ischemia rutherford class i, was further managed with medical treatment because of 

mild complaints.

Radiologic success
in 17 of 28 patients (61%) >95% clot lysis was achieved. median duration of thrombolysis was 24 

hours (range, 18-96 hours). an additional intervention was performed in six of these 17 patients 

(35%). Pta of an underlying atherosclerotic lesion was performed in four patients, and two pa-

tients underwent a transaxillary resection of the first rib at six weeks after thrombolysis because 

of tos. in the remaining 11 of 17 patients with radiologic successful thrombolysis, no underlying 

cause of the acute occlusion could be determined.

thrombolysis was not successful in 11 of 28 patients (39%). No correlation between failure 

of treatment and severity of ischemia, duration of ischemic symptoms, location of occlusion or 

cause of occlusion could be found. Partial lysis was achieved in four of 11 patients. one of these 

patients was successfully treated with embolectomy, with complete resolution of symptoms. 

three patients preferred conservative treatment; of these, two had become asymptomatic and 

one patient remained mildly symptomatic. No lysis was achieved in seven patients; including 
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the patient with technical failure of catheter placement, as aforementioned. in the remaining six 

patients thrombolysis was discontinued because there was no lysis of thrombus after 24 hours. 

of these, one patient requested conservative treatment, and the remaining five underwent 

embolectomy because of persistent ischemic complaints. embolectomy was successful in three 

patients, with complete resolution of symptoms. in two patients, embolectomy was not suc-

cessful, and progressive ischemia resulted in forearm amputation in one patient and upper arm 

amputation in the other. the first patient had an occlusion of the subclavian artery and multiple 

thrombi in the radial, ulnar and hand arteries. thrombolysis of the subclavian artery was suc-

cessful; however thrombolysis of the forearm and hand was not successful. two attempts of em-

bolectomy were performed, followed by forearm amputation because of progressive ischemia. 

the second patient had an occlusion of the forearm arteries. after unsuccessful thrombolysis, 

embolectomy was performed. eventually an upper arm amputation was performed, because of 

progressive ischemia due to residual thrombus.

of the seven patients that had failed lysis two patients had an embolus of cardiac origin, two 

patients suffered from a thrombus with pre-existent atherosclerotic disease, and in three patients 

the etiology of the occlusion could not be determined.

Clinical success
Complete resolution of ischemic symptoms after thrombolysis alone was achieved in 19 of 28 

patients (68%), this includes two of the patients with partial clot lysis. after secondary interven-

tion complete resolution of ischemic symptoms was achieved in 23 patients (82%).

In-hospital morbidity and mortality
in-hospital mortality was 0%. the amputation-rate was 7%, as described in the previous section. 

four other complications occurred in three patients. in the first patient embolization to the su-

perficial femoral artery and crural arteries of the lower extremity occurred during the completion 

angiography, which was successfully treated with thrombolysis. this patient had pre-existent 

single vessel crural outflow. in the second patient, a vertebrobasilar transient ischemic attack 

(tia) occurred directly after discontinuation of thrombolysis. duplex scanning showed an under-

lying atherosclerotic lesion of the ipsilateral vertebral artery. a Ct study of the brain showed no 

ischemia or hemorrhage. the patient recovered without neurological sequelae. in the third pa-

tient, who eventually underwent upper arm amputation because of progressive ischemia, a false 

aneurysm developed at the puncture site of the femoral artery that thrombosed spontaneously. 

the same patient developed a subcapsular splenic hematoma one week after thrombolysis. this 

patient needed blood transfusion. there was no need for (surgical) intervention. therefore, the 

major hemorrhagic complication rate was 4%. in all three patients thrombolysis-related compli-

cations did not adversely affect secondary interventions.
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Follow-up
at one-month follow-up, two patients had developed a reocclusion after an initially successful 

thrombolysis. one patient was successfully treated with renewed catheter-directed thrombolysis 

(no cause of reocclusion could be determined), and another patient was treated with throm-

bosuction and re-Pta of a pre-existent stenosis. treatment was successful in both patients. No 

patients died during one-month follow-up, and no amputations were necessary.

two patients died during follow-up: one patient died of an acute myocardial infarction at 7 

months after initial hospitalization. the other patient died of multi-organ failure due to sepsis of 

unknown cause at one year after initial hospitalization (figure 1). Cumulative amputation-free 

survival at six months was 93%, standard error (s.e.) 4.87 and at one year 88%, s.e. 6.50 (figure 2).
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disCussioN

in this study, catheter-directed thrombolysis as a first-line treatment in patients with acute non-

traumatic upper extremity ischemia was radiologically successful in 61% of patients and clinically 

successful in 68% of patients. of the remaining 11 radiologically unsuccessful patients (39%), 

five were treated conservatively and six underwent surgical intervention. of the latter group of 

patients, two subsequently underwent an upper arm and a forearm amputation respectively, due 

to extensive and progressive ischemia. despite absence of in-hospital mortality, four complica-

tions occurred. in-hospital amputation-rate was 7%.

Women comprised 79% of our study population. this female preponderance in acute upper 

extremity ischemia has previously been described.3, 31 the mean age of our study population was 

63 years. Patients presenting with acute upper extremity ischemia tend to be older than patients 

with acute lower extremity ischemia.2

in this study the percentage of patients with acute upper extremity ischemia due to a cardiac 

embolism is relatively low (14% of the total cohort) as compared to current literature. the reported 

incidence of cardiac embolism as a cause of upper extremity ischemia is up to 90%. most studies at-

tribute the cause of occlusion to associated cardiac conditions, but often this cannot be confirmed 

pathologically. since atherosclerosis in the arteries of the upper extremity is more rare as compared 

to the lower extremity, some investigators label all non-traumatic upper extremity ischemia as em-

bolic. this could cause over reporting of cardiac embolisms as a cause of upper extremity ischemia.3

in more than one- third of our patients, more than one arterial segment was occluded. median 

arterial occlusion length was 18 cm. a substantial part of the patients had pre-existent athero-

sclerotic lesions of the upper extremity arteries. We believe that these long-segment acute on 

chronic occlusions are particularly suitable for catheter-directed thrombolysis instead of invasive 

surgical intervention. embolectomy in diseased arteries might cause intimal damage to the small 

arm arteries and dislodgement of atherosclerotic plaques.

in our study, a quarter of patients had a history of malignancy. other studies have shown that 

patients suffering from cancer have a higher risk of developing arterial thrombosis. this is probably 

due to the hypercoagulable state associated with malignancy. 

hemorrhagic complications are the main limitation of thrombolytic therapy. however, the 

hemorrhagic complication rate was low (4%) in our study, as compared to the 9% described in 

current literature.16 the risk of hemorrhagic complications should be weighed against the low 

complication rate of surgical embolectomy for localized emboli.

a tia occurred in one patient. this patient was treated for a thrombus in the subclavian artery. 

Cerebral embolization resulting in tia or stroke can be caused by pericatheter thrombosis from a 

catheter that is localized in the supra-aortic region19, 23 or by the underlying thrombogenic lesion.

our in-hospital amputation rate of 7% is considerable. however, it is comparable to studies in 

which embolectomy has been described. in 1998 eyers et al. published a review on the outcome 

of embolectomy in acute upper extremity ischemia. they reported amputation rates ranging 
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from 0 to 20%.3 over more, a large observational cohort study from denmark that included 1377 

patients that underwent thromboembolectomy of the upper extremity reported an amputation 

rate up to 3.6%.32

the main limitations of this study are its retrospective design and the absence of long-term 

routine follow-up. furthermore, a minority of patients with acute ischemia rutherford class i was 

managed with medical treatment, because of very mild symptoms. it remains debatable if these 

patients should have been treated with thrombolysis at all.

several non-randomized studies on catheter-directed thrombolysis for acute upper extremity 

ischemia have been published.17-28 the majority of studies are case reports or small cohort studies 

with less than 10 patients.20, 22-28

the largest case series was published by Cejna et al. in 2001, describing a retrospective cohort 

study of 38 patients undergoing thrombolysis for 40 acute arterial occlusions of the upper ex-

tremity. the overall radiologic success rate was 55%, and for small segment upper arm occlusions 

the success rate was 100%. No lethal complications occurred and no amputations were required 

in the follow-up period.18

baguneid et al. reported a retrospective cohort study of 12 patients undergoing thrombolysis 

for acute upper extremity ischemia. technical failure occurred in three patients. in all patients 

an embolectomy could be safely performed. Complete lysis was achieved in six patients. in one 

patient partial lysis was achieved, but this patient had become asymptomatic. in the remaining 

patients no lysis was achieved; one patient was treated with embolectomy and one with a bypass 

graft. No major hemorrhagic complications occurred and no amputations were performed.17

Coulon et al. reported a retrospective cohort study of 13 patients. in 8 patients complete lysis 

was achieved and in five patients partial lysis was achieved. one patient suffered from a tia, prob-

ably due to a cerebral embolism upon catheter withdrawal. No amputations were performed.19

Johnson et al. reported 12 patients undergoing thrombolysis for acute arterial occlusions of 

the upper extremity. in all patients partial lysis was achieved. in four patients a digital amputation 

was performed; notably all of these patients had presented with rutherford class iii ischemia. No 

complications occurred.21

CoNClusioNs

this patient series shows that catheter-directed thrombolysis is valuable in around 60% of 

patients as first-line treatment for long-segment arterial occlusions of the upper extremity to 

prevent or limit surgical intervention.
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abstraCt

Introduction
Pharmacological catheter derived thrombolysis has evolved into an accepted treatment modal-

ity of a variety of thromboembolic conditions. additional use of ultrasound waves may increase 

lysis rate, thereby reducing therapy time. the objective of the present study was to review all 

available literature on catheter-directed ultrasound-accelerated thrombolysis for peripheral arte-

rial occlusions (Pao), stroke, deep venous thrombosis (dVt) and pulmonary embolism (Pe).

Materials and Methods
a systematic literature search was performed, using medliNe, embase and Cochrane databases. 

a total of 77 reports focusing on catheter-delivered ultrasound-accelerated thrombolysis were 

identified.

Results
experimental studies show that high intensity ultrasound may induce thrombolysis, with and 

without the addition of plasminogen activators, mainly by acoustic cavitation and mechanical 

disruption, while low intensity, high frequency ultrasound waves may actually enhance plasmin-

mediated thrombolysis. in a total of 340 clinical cases of various thromboembolic conditions, 

catheter-directed ultrasound-accelerated thrombolysis was related to rapid revascularization 

and a reduction in treatment time, drug dosage, hospitalization time, and possibly major bleed-

ing complications compared to standard thrombolysis. reported complication rates, including 

bleeding and embolization, were low.

Conclusion
ultrasound-enhanced thrombolysis seems to be a promising concept in the treatment of various 

thromboembolic conditions. the technique has shown to be safe and efficacious in vitro, in vivo 

and in clinical studies. randomized controlled trials are warranted and should be awaited before 

considering catheter-directed ultrasound-accelerated thrombolysis as a new standard treatment.
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iNtroduCtioN

in recent years, pharmacological catheter-directed thrombolysis (Cdt) has become an accepted 

treatment modality for a variety of thromboembolic conditions, including infrainguinal arterial 

thromboemboli, stroke and deep venous thrombosis. acute infrainguinal arterial thrombosis 

is related to significant morbidity and mortality. traditional therapy consists of surgical throm-

bectomy, which is associated with incomplete thrombus removal, a high rate of re-thrombosis, 

perforation, pseudoaneurysm formation and intimal hyperplasia.1-3 advantages of Cdt are its 

minimal invasive character, gentler clot removal and the opportunity to immediately treat an 

underlying cause endovascularly. Potential drawbacks of this technique include high costs, an 

extended time needed for revascularization, hemorrhagic complications, and renal dysfunction 

related to repeated angiography.4-7

stroke and stroke related death are an increasing cause of concern in the western world. Cur-

rently, stroke is the third most common cause of mortality in the western world.8, 9 in 2008 the 

american College of Chest Physicians (aCCP) has stated that the preferred treatment of acute 

ischemic stroke is the intravenous administration of recombinant tissue plasminogen activator 

(r-tPa), provided that treatment is initiated within 3 hours of clearly defined symptom onset. 

additionally, the use of catheter-delivered thrombolytic therapy may be indicated in selected 

patients with acute middle cerebral artery or acute basilar artery thrombosis in specialized cen-

ters, although this indication is still matter of dispute. limitations of the technique, for instance 

contraindications for thrombolytic drugs and side effects such as intracranial hemorrhage, 

emphasize the need to develop adjunctive therapies increasing efficacy and minimizing the 

administered dose of thrombolytic drugs.3

the two major manifestations of venous thromboembolic events are deep venous thrombosis 

(dVt) and pulmonary embolism (Pe). over 90% of acute Pe are caused by emboli originating from 

proximal veins of the extremities and is the most significant complication of dVt, with a mortal-

ity rate of 12%.10 the vast majority of patients with dVt are treated with low-molecular-weight 

heparin and coumarin derivatives. before the introduction of these agents 80% of patients with 

dVt developed a severe form of post-thrombotic syndrome (Pts),11 which is associated with 

a reduced quality of life12 and chronic venous ulceration.13 the use of heparin and coumarin 

derivatives has reduced the incidence of Pts to 20-50% within 1 to 2 years after the symptomatic 

episode of dVt.14 however, anticoagulation therapy does only prevent propagation of thrombus 

and does not resolve existing thrombus.3 Catheter-delivered thrombolysis of dVt may offer a 

valid alternative in patients with extensive acute dVt as it might shorten treatment time, reduce 

acute symptoms and, most importantly, reduce the incidence of Pts.15, 16 interventional catheter-

ization techniques of Pe may also be indicated in compromised patients who are unsuitable to 

receive prolonged systemic thrombolytic therapy due to bleeding risk.3

several in vitro studies have suggested a role for ultrasound in accelerating thrombolysis.17-43, 43-57 

in addition, in vivo studies have shown that transcutaneous applied ultrasound waves, either 
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alone or in combination with thrombolytic agents, are capable to enhance thrombolysis in pe-

ripheral arterial occlusions (Pao), dVt,27, 45, 58-68 stroke,69 and myocardial infarction.63, 70-72 however, 

adverse effects of transcutaneous ultrasound application, including interstitial edema, internal 

and external tissue damage45, 65, 66, 73-75 and the disruption of the blood-brain barrier, causing brain 

edema and infarction,76, 77 have limited its applicability in common clinical practice.

recently, catheter-delivered thrombolysis has been combined with catheter-delivered high 

frequency, low intensity ultrasound in order to accelerate clot dissolution, thereby reducing 

treatment time and the incidence of thrombolysis-related complications. ultrasound waves 

may increase clot permeability by affecting the fibrin strands, thereby facilitating the delivery of 

therapeutic agents into the clot.78-83 a rapid restoration of complete blood flow is likely to reduce 

the risks of treatment and costs.84, 85 the aim of the present study was to summarize all available 

evidence on catheter-delivered ultrasound accelerated thrombolysis.

methods

a systematic literature search was conducted to identify reports on the application of catheter-

delivered ultrasound-accelerated thrombolysis, published until september 1, 2010, using the 

medliNe, embase and Cochrane databases. the following mesh search terms were used: 

ultrasonography, ultrasonic therapy, thrombolytic therapy, stroke, pulmonary embolism, venous 

thrombosis and arterial occlusive diseases. other non-mesh terms such as catheter-delivered 

ultrasound, peripheral arterial occlusions, thrombolysis, and ultrasound enhanced/accelerated 

thrombolysis, were also used. these terms were applied in various combinations in addition to 

the use of the ‘related articles’ and ‘citing articles’ function. full-text articles were studied without 

restriction of language of publication and manual cross-referencing was performed. reports 

were classified by in vitro studies, in vivo studies and clinical trials. experimental studies focusing 

on transcutaneously applied ultrasound were excluded.

a total of 77 reports on catheter-delivered ultrasound-accelerated thrombolysis were identi-

fied; 51 reports presented data from in-vitro studies, 11 reports described results from in vivo 

studies and 15 reports described clinical results of catheter-delivered ultrasound-accelerated 

thrombolysis in case series. to date no randomized controlled trials have been published in the 

area of catheter delivered ultrasound thrombolysis.

results

In vitro studies
in 1976, truebestein et al. were the first to demonstrate that ultrasound waves could disrupt 

clots.17 additional animal studies suggested that this approach had the potential for peripheral 

arterial clot dissolution. since then two fundamentally different approaches have been evolved in 

the use of ultrasound for thrombolysis. in the first concept high intensity ultrasound is applied in 
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order to mechanically disrupt the clot, while in the second concept a lower intensity ultrasound 

is used to augment enzymatic fibrinolysis by breaking linkage of fibrin strands.86

High intensity ultrasound

in the early studies of truebestein et al. high intensity ultrasound was used in order to disrupt 

clots.17, 18 later studies showed that a simultaneous application of thrombolytic drugs, such 

as urokinase and t-Pa, led to synergistic effect on clot resolution.28 several other studies have 

confirmed the observation that catheter-delivered ultrasound at different intensities (10-150W, 

20khz) could mechanically disrupt clots with87-89 or without the administration of plasminogen 

activators.19-24

siegel et al.22 were the first to demonstrate the effectiveness of catheter-delivered ultrasound 

in atherosclerotic clot ablation. treatment, however, was limited by vessel perforation, thermal 

heating and the generation of microscopic debris. these adverse effects were considered to be 

related to the thermal heating, the use of continuous wave energy at an intensity of > 20 W, the 

application of the probe perpendicular to longitudinally opened segments and the use of ultra-

sound for at least 30s. in addition, other researchers observed that the effects of ultrasound on 

dissolution rates were inversely related to its intensity.20, 23 hong et al.19 observed that ultrasound 

waves could disrupt human blood clots by both mechanical and cavitational mechanisms, rather 

than by fibrinolysis. in contrast, rosenschein et al.21 have shown that high-intensity focused 

ultrasound provided a safe and effective mean to induce thrombolysis.

Low intensity ultrasound

Various experimental studies have shown that low intensity, high frequency ultrasound waves 

may actually enhance plasminogen activator mediated thrombolysis.25-31, 31-38 according to blinc 

et al.25 the degree of thrombolysis depends on the plasminogen activator concentration, the 

intensity of ultrasound waves, the duty cycles and the frequency. a successful thrombolytic effect 

has been reported for urokinase,25, 26, 28 r-tPa,25, 48 t-Pa,27 reteplase,35 and streptokinase25, 28, 34, 36 at 

intensities ranging from 0,125-4 W/cm². the lytic effect of streptokinase and reteplase, however, 

disappeared at intensity levels of 4 W/cm2 and greater, indicating that the balance between 

ultrasound waves and pharmacological treatment is crucial.34-36 in addition, soltani et al.90 dem-

onstrated that ultrasound with a frequency of 1mhz and intensities of 2,5-3,1 W/cm2 had no 

statistically significant effect on the enzymatic activity of the plasminogen activators, urokinase, 

reteplase, alteplase and streptokinase. Nevertheless, only limited data is available on the ideal 

concentrations of plasminogen activators necessary for optimal ultrasound enhanced throm-

bolysis. the highest lytic rates of r-tPa have been reported using a dose of 1-3 µg/ml.47

importantly, a variation in the used ultrasound waves may affect its thrombolytic efficacy. the 

use of low frequency ultrasound has repeatedly been shown to accelerate fibrinolysis with a 

reduction of side effects caused by thermal heating.39-41, 43-47, 49 the use of a pulsed mode ul-

trasound29, 33 significantly enhanced thrombolysis when compared to continuous waves and 
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a rise of duty cycles resulted in increased clot lysis.48 moreover, traveling waves significantly38 

accelerated thrombolysis, either in a pulsed37 or continuous wave mode, when compared to 

standing waves.38

an addition of microbubbles to ultrasound therapy may further increase the thrombolytic ef-

fect of ultrasound-accelerated thrombolysis.55, 91-100 several in vitro studies have been focusing on 

the use of catheter-delivered ultrasound as a potential use in the endovascular area. according 

to tachibana et al.26, 53 the use of catheter-delivered ultrasound at respectively 225 khz and 1.3 

mhz combined with urokinase accelerated thrombolysis. similar results were described by the 

group of shlansky-Goldberg54 using a 640 khz catheter-mounded transducer with urokinase. 

in addition, the use of albumin microbubbles in combination with urokinase and pulse-waved 

ultrasound catheter (170 khz, 0.5 W/cm2, 60 sec) significantly enhanced the fibrinolytic effect.55

hartnell et al.56 evaluated an ultrasonic thrombolysis device for intracoronary use and reported 

rapid clot lysis, less local heating and little debris release during clot ablation. these results were 

confirmed by the studies of muller-leisse et al.57 in addition, fischell et al.42 showed at moderate 

power outputs, effective for clot ablation, a dose dependent, reversible vasorelaxant effect of 

catheter-delivered ultrasound in rabbit thoracic aortas, which was not related to thermal heating 

or irreversible smooth muscle cell injury. they suggested that this vasorelaxation effect could 

further enhance the safety and efficacy of catheter directed ultrasound thrombolysis.

In vivo studies
animal studies using a catheter-delivered external ultrasound transducer for clot dissolution 

are relatively rare. rosenschein et al.21 have described that a pulsed mode ultrasound (20 khz) 

significantly reduced obstruction in canine femoral arteries. histological examination showed no 

damage to the media or adventitia. applying the same pulse mode ultrasound, a rapid disrup-

tion of occluded arteries, without thermal or cavitation injury, embolization, or perforation, was 

found in a canine femoral artery model20, 101 and in xenografts.101 in addition, an arterial relaxation 

effect of catheter delivered external ultrasound was found ex-vivo and in-vivo in occluded canine 

femoral arteries. histological examination revealed no evidence of perforation, thermal damage, 

blast injury, re-thrombosis or vessel damage.42 a case control study, steffen et al.87 showed that an 

activated ultrasound probe was able to completely disrupt a coronary thrombus in 13 out of 15 

dogs and partially in 2 out of 15 dogs, while there was no clot lysis in the control group without 

ultrasound. again, there was no histological evidence of ultrasound-mediated vessel damage or 

residual thrombus.

a relative new concept is the catheter-delivered transducer tipped ultrasound. experiments in 

the rabbits’ aorta using a continuous ultrasound exposure during 10 minutes demonstrated no 

endothelial damage due to thermal or mechanical factors.102 atar et al.103-105 tested a prototype 

of a transducer-tipped ultrasound catheter with a local drug delivery capability in 16 bilateral 

occluded superficial femoral arteries in dogs. significantly more partial or complete reperfu-

sion (p=0.0007), widely patent artery segments (p=0.0002) and lower distal embolization rates 
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(p=0.05) were found in the ultrasound (1,1 mhz, 0,6 W/cm²) plus low-dose urokinase group 

compared to urokinase treatment alone. in a similar designed study, atar et al.106 and mitchel et 

al.107 confirmed these results using the same catheter. these first comparative studies showed 

significant more complete perfusion in the combined ultrasound and urokinase treated arteries 

when compared to controls.103-107

Clinical Data
Peripheral arterial occlusions

the first clinical results using ultrasound-accelerated thrombolysis with the eKos ultrasound 

infusion system (eKos Corporation, bothell, Wa, usa) were published by Greenberg et al.108 in 

1999 (table 1). in a small series of 9 patients with acute lower extremity ischemia, they described 

technical difficulties in 3 patients in which the procedure had to be discontinued. the technical 

success rate of the 6 remaining cases was 100% after changing the study design. revasculariza-

tion was seen in 5 of the 6 cases. in addition, link et al.109 reported a technical success rate of 80% 

using the same system in 5 patients with acute leg ischemia over a mean treatment time of 5.75 

hours and 8.5 mg rtPa. Complete lysis was achieved in 3 patients.

in 2007, Wissgott et al.110 published a retrospective non-randomized trial designed to evaluate 

the efficacy and safety of the eKos Peripheral infusion system (eKos Corporation, bothell, Wa, 

usa) in 25 patients with acute thrombotic occlusions of the lower limb (figure 1). the inclusion 

and exclusion criteria were matched to the toPas protocol to allow comparison to a control 

group.111 early recanalization (>50% thrombus resolving after 6 hours of treatment) occurred 

in 23 patients (92%), with achieving complete lysis in 8 patients (32%). Complete lysis, defined 

angiographically as > 95% clot removal and < 30% residual stenosis, was achieved in 22 patients 

(88%) after 16 hours of treatment. Partial lysis had been realized in one patient and in another 

patient there was no lysis. in one case treatment had to be ended due to a dislocation of the 

introducer sheath. additional treatment, such as percutaneous transluminal angioplasty (Pta), 

stent placement, thrombectomy and vascular repair, was performed in 12 (48%) patients. the 

technical success rate, defined as placement of the tip of the catheter distal to the thrombus 

and simultaneous delivery of ultrasound with lytic infusion, was 100% and no adverse events 

attributable to the eKos Peripheral infusion system were described. the mean time to discharge 

was 4 days (range 1-6 days). during 1-month follow-up, 2 re-occlusions occurred. No amputa-

tions or deaths were reported. the authors concluded that the use of ultrasound-accelerated 

thrombolysis is a safe, effective and time-saving treatment, achieving rapid recanalization and 

higher rates of complete lysis. similar results were obtained by motarjeme,112 who reported a 

complete lysis of 96% with a mean treatment time of 16.4 hours in a group of 24 patients with 

an occlusion of an iliac, femoral or popliteal artery. they reported a shorter infusion time and 

higher rate of complete lysis using the lysis infusion system (eKos Corporation) compared to 

the toPas111 and relaX113 trials. there were no procedure-related complications and during a 12 

month follow-up a re-occlusion occurred in only one patient.
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in a prospective trial, Wissgott et al.114 compared the eKos lysis Peripheral Catheter system 

(eKos Corporation) with a rotational mechanical thrombectomy device (rotarex, straub medical, 

Wangs, switzerland) in 20 patients with an acute occlusion of a femoropopliteal bypass graft. 

the mean duration to achieve complete lysis was significant lower (p<0.05) in the mechanical 

thrombectomy group, i.e. 1 hour compared to 15 hours in the lysis group. the technical success 

rate was 100% in the thrombectomy group and 90% in the ultrasound-accelerated thrombolysis 

group, due to a dislocation of the introducer sheath, which was successfully treated by open 

surgery. additional treatment was performed in both groups (60% in the thrombectomy group 

compared to 70% in the lysis group). No major complications were reported. the mean hospital-

ization time was 2.3 days in the mechanical thrombectomy group and 8.5 days in the lysis group. 

during follow-up, re-intervention was necessary in one patient in the lysis group because of a 

re-occlusion. the authors concluded that both techniques were very safe and effective in the 

treatment of acute arterial occlusions.

in 2008 Kasirajan115 presented data of 37 patients with arterial and venous occlusions, treated 

with the eKos endoWave endovascular system. Complete lysis was achieved in all arterial pa-

tients without any complication related to the eKos device. in addition, Crouch et al.116 used 

the eKos endoWave endovascular system in a 66-year-old woman with a right femoral-tibial 

peroneal bypass graft occlusion. after 1 hour of treatment, pulses in the dorsalis pedis returned 

and a patent bypass with minimal residual thrombus had been achieved in 21.5 hours of infusion 

with in total 5 u reteplase. Pta was performed to treat the underlying atherosclerotic irregularity. 

the patient was discharged the 4th day post treatment without complications.

Very recently, raabe has studied the eKos endoWave endovascular system, in combination 

with alteplase, in 29 patients with a peripheral arterial occlusion. twenty-seven out of 29 patients 

achieved either complete or partial lysis without an unusual decline in fibrinogen levels. No 

major complications were reported. these data suggest that shorter infusion times and lower 

Figure 1. the transducer tipped ultrasound probe of the eKos endoWave endovascular device. (Kindly pro-
vided by eKos Corporation, bothell, Wa, usa)
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administered drug doses related to the use of ultrasound accelerated thrombolysis, may limit 

fibrinogenolysis, thereby minimizing fibrinogen depletion and reducing the likelihood of bleed-

ing complications.117

Stroke

the first clinical experience with the eKos microlysus infusion Catheter (eKos Corporation) for 

acute embolic stroke was published in 2003 by mahon et al.118. they studied 14 patients with an 

occlusion of the anterior (n=10) or posterior (n=4) cerebral circulation and symptoms of cerebral 

ischemia. at the end of ultrasound-accelerated thrombolysis using either tPa or reteplase a 

complete perfusion was achieved in 36% of patients (n=5), a partial perfusion in 29% (n=4) and 

5 patients died. three patients died within 24 hours after treatment due to cerebral edema (n=1) 

and intracranial hemorrhage (n=2). in another patient the thrombolysis had to be terminated 

due to bradycardia and hypotension, followed by cerebral edema which required neurosurgi-

cal intervention and the patient died within 4 days because of non-hemorrhagic herniation. a 

fifth patient died one month after treatment due to intracranial hemorrhage. No adverse events 

attributable to manipulation of the catheter, such as perforation, dissection, vasospasm and 

vessel occlusion were seen. during follow-up improvement was noted in all major standardized 

stroke scores. the group with posterior occlusions performed better on average standard stroke 

score scales than those with anterior occlusions. it was concluded that ultrasound-accelerated 

thrombolysis is associated with a similar or slightly better rate of recanalization and neurologic 

outcome compared to the historical controls using standard thrombolytic therapy.119-121

the interventional management of stroke ii (ims ii) trial122 was developed to determine if 

micro-catheter technology using the eKos micro infusion system (eKos Corporation) in com-

bination with intra-venous (iV) and/or intra-arterial (ia) administration of thrombolytic drugs 

is safe and effective in patients with ischemic stroke. eighty-one patients were enrolled in the 

study of which 26 patients received only iV administered r-tPa. a combined iV/ia therapy was 

applied in 55 patients and 36 of them had occlusions accessible for the infusion catheter. any 

subject with etiology or arterial occlusion that prevented safe passage of a guidewire through 

the occlusive lesion were not accepted for treatment with the eKos catheter. additionally, pa-

tients with thrombus identified in the anterior cerebral artery; posterior cerebral artery; superior 

cerebellar artery; posterior inferior cerebellar artery; and anterior inferior cerebellar artery could 

not be treated with the eKos micro infusion system. in total 33 were treated with the eKos 

micro infusion system and three subjects received r-tPa infusion without ultrasound activation, 

with a mean drug dose of 56 mg rtPa. a complete or partial perfusion was achieved in 46% of 

the eKos-treated patients within the first hour of treatment and in 73% at the end of procedure. 

Procedure related complications such as dissections and vasospasm were reported in 3 cases and 

2 major bleeding complications required transfusion. the overall mortality rate at 3 months was 

16% for the whole ims ii population. significantly better 3-month outcomes were reported at all 

endpoints when compared to both the placebo-treated subjects and the r-tPa-treated group of 
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the NiNds r-tPa stroke trial.123 a randomized ims iii trial has been started in 2006 and included 

the eKos micro infusion system as part of the investigation to further elucidate the role of this 

technique in ischemic stroke.

Deep venous thrombosis

in an open enrollment registry across seven centers in the us, raabe et al.124 studied 40 patients 

with 45 acute and chronic occlusions of the upper and lower extremity and hepatic veins (table 

1). using various thrombolytic agents, including reteplase, alteplase, urokinase and tenecteplase, 

in combination with the eKos lysus system (eKos Corporation, they achieved a complete lysis in 

71%, a partial lysis in 20% and only in 9% no lysis occurred. the average time to achieve complete 

clot clearance was 25 hours and 2 major bleeding complications (4.4%) occurred. the techni-

cal success rate, defined as catheter positioning within the clot and simultaneous delivery of 

ultrasound with lytic infusion, was 100%. it was concluded that the eKos lysus system offers 

a rapid initiation of thrombolytic therapy with lower lytic drug dosage, shorter infusion time 

compared to traditional catheter-directed thrombolysis, as reported in literature.125 similar results 

were reported by motarjeme et al.112 who had a complete lysis in a mixed group of patients, 

including venous thrombosis, in 83% of the patients with a mean duration of complete lysis of 

21 hours, without major complications. Compared to the National Venous registry,125 shorter 

average infusion times and higher rates of complete lysis were seen using the eKos lysis infusion 

system. during a 12 months follow up, re-occlusion occurred in one patient. in a retrospective 

study, Parikh et al.126 investigated the success of lysis and clinical outcomes in patients treated 

with deep vein thrombosis. forty-seven patients with 53 occlusions in the upper and lower ex-

tremity and hepatic veins were treated with the eKos endoWave system. in 37 patients (70%) a 

complete lysis, defined as ≥90% lysis, was achieved. a partial lysis was noted for 11 patients (21%) 

and in 5 patients no lysis occurred. additional treatment, such as Pta, stent placement, mechani-

cal thrombectomy and surgery, was necessary in 40 cases. two major bleeding complications 

occurred in patients with relative contraindications for thrombolytic therapy. both patients suc-

cessfully completed thrombolysis followed by a surgical evacuation of hematoma. these results 

showed better efficacy rates, a 3.4 times lower uK drug dosage and half of the infusion time 

used in the National Venous registry.125 similar results were found when compared to the study 

of Grunwald and hofmann.127 the authors concluded that ultrasound-accelerated thrombolysis 

appeared to be safe and effective in the treatment of dVt, and it had the potential benefit of 

complete thrombus resolving behind valves to prevent Pts.

additionally, Kasirajan115 reported 10 cases of venous occlusions treated with the eKos en-

doWave system. in that study, a complete lysis occurred only in 40% of the dVt group, a partial 

lysis was noted in 4 patients (40%) and 2 patients had no changes. mean duration of tPa infusion 

was 16 hours. after a six month follow-up, one patient developed an asymptomatic re-occlusion. 

recently, raabe has published the results of 9 patients with venous occlusions of the upper 

and lower extremities that were treated with the eKos endoWave system in combination with 
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alteplase. treatment was successful in 8 out of 9 patients and during follow-up 1 re-occlusion 

occurred 2 months after treatment. fibrinogen depletion was more pronounced among patients 

with venous occlusions (26.4% from baseline) than those with arterial occlusions (15.8% from 

baseline), but no major hemorrhagic complications occurred.117

Pulmonary embolism

Publications focusing on ultrasound-accelerated thrombolysis for Pe are rare. in 2008, Chamsud-

din et al.128 have evaluated the efficacy of thrombolysis using the eKos endoWave endovascular 

system in 10 patients with 17 massive Pe’s (n=17). the eKos endoWave system was used in 

combination with urokinase, tPa or reteplase. Complete lysis, defined as more than 90% throm-

bus removal, was achieved in 76% of patients (n=13). Near complete thrombolysis, defined as 

75%-90% thrombus clearance, was achieved in 18% (n=3), and partial thrombolysis, defined 

as 50%-75% thrombus removal, was achieved in 6% (n=1). the average treatment time was 25 

hours. two minor complications, a small right groin hematoma and non-fatal hemoptysis were 

seen. during follow up over a period of 3 days to 1 year, no reocclusions were seen.

stambo and montague129 used the eKos endoWave system in a hemodynamic unstable 

patient with bilateral massive pulmonary embolism. bilateral infusion of tPa (0.5 mg/hr for eight 

hours) resulted in complete lysis of both emboli at control angiography, without any complica-

tion. this is a fraction of the total amount of 100 mg iV tPa recommended by the aCCP.3 the 

patients’ hemodynamic status improved and the patient was discharged home after three days. 

further, lin et al.130 evaluated the outcome of acute massive Pe in patients treated with ultrasound 

accelerated thrombolysis using the ekosonic endovascular system (n=15) or catheter directed 

thrombolysis (Cdt, n=18). the eKos treated group had a significant (p < 0.02) better outcome 

in complete thrombus dissolution compared to the Cdt group (100% versus 50%). the time to 

achieve thrombolysis was significant shorter in the eKos group (p < 0.03), with a mean duration 

of 17.4 ± 5.2 hours. the mean total dosage of tPa was 17.2 ± 2.4 mg for the eKos treated group 

and 25.4 ± 5.3 mg for the Cdt group. Comparative analysis showed a significant reduction in 

treatment time and drug dosage in the eKos group compared to Cdt (p < 0.001). No treatment 

related hemorrhagic complications were seen with the ekosonic endovascular system compared 

to 21.4% for Cdt (p < 0.02). the authors concluded that, compared to Cdt, treatment with the 

eKos ekosonic endovascular system has the same efficacy but provides faster recanalization and 

less treatment related complications.

disCussioN

in the present review we have shown that ultrasound-accelerated thrombolysis is a promising 

concept in the treatment of various thromboembolic conditions. this technique has repeatedly 

been reported to be associated with a rapid revascularization without increased complication 

rates (figure 2). it must be stressed, however, that all the available clinical data are complicated 
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by reporting bias and that this may be one of the reasons for the positive results. moreover, 

the eKos catheter has undergone significant modifications since the 1999 publication, which 

may have affected outcome of different studies. randomized trials have not been performed to 

date. due to the wide variance in study design of publications concerning ultrasound enhanced 

thrombolysis, a comparison with results from either the toPas or stile study may not be reli-

able.131,133 additionally, since the publication of these trials treatment protocols have changed, 

indicating the need for prospective randomized trials.

Catheter-directed thrombolysis is an accepted therapy in different thromboembolic condi-

tions. When compared to surgical thrombectomy, however, the technique is associated with 

higher costs, longer time needed to revascularization, hemorrhagic complications, a small but 

significant incidence of stroke, and renal dysfunction related to repeated angiography. the inci-

dence of complications appears to be related to the length of treatment since extended infusion 

times are associated with increased fibrinogen depletion.131-134 for this reason a reduction of 

thrombolytic therapy time would be indispensable. Various reports included in this study note a 

rapid lysis, when using ultrasound-accelerated thrombolysis.

in the present study a total of 340 patients were included that were treated with catheter-de-

livered transducer tipped ultrasound- accelerated thrombolysis for various indications. Complete 

lysis, defined as >90% thrombus removal, or partial lysis defined as <90% thrombus removal, was 

achieved in 87.9% compared to no lysis in 8.2%. in 4 cases, it was not clear if there was lysis or not, 

and 2.6% of the procedures had to be discontinued before thrombolysis was achieved. the time 

to achieve complete lysis differed among indications, partly caused by differences in definitions 

of lysis time (e.g. time to complete lysis, median lysis time, and early recanalization).

A B C D

Figure 2. (a) Preprocedural angiography showing an occluded bypass in a 53-year-old patient with a history of 
renal transplantation, diabetes, and 2 right-sided femoropopliteal bypasses. the patient presented with a pale 
and painful right leg that had existed for 1 day. (b) the patient was treated with ultrasound-enhanced throm-
bolysis. (C, d) Control angiography at 6 hours showing complete lysis of the thrombus.
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moreover, the lysis time may have been influenced by the anatomical substrate of the oc-

clusion (arterial or venous), the time of onset of the occlusion (acute, subacute, or chronic), the 

length of the occlusion, the use of different plasminogen activators and the interval of control 

angiography. the mean drug dosage was lower when compared to conventional thrombolytic 

treatment. the overall complication rates are low (7.1%). bleeding occurred in 4.1% and distal 

embolization was not described. Procedure related complications, including technical failure, oc-

curred in 1.2% of the cases. in some studies, a shorter hospitalization time was reported. during 

follow-up, re-occlusion occurred in 2.1% of the cases. None of the studies included in this paper 

had a proper control group.

the development of an algorithm in the treatment of acute thromboembolic events may be 

hampered by advances in percutaneous thrombomechanical devices, which are a promising al-

ternative to catheter-delivered pharmacologic thrombolytic therapy and surgical thrombectomy. 

Combinations of these techniques may prove to be useful in the near future. Current limitations of 

percutaneous mechanical thrombectomy devices, however, are incomplete thrombus removal, 

high costs, embolization risks, hemolysis, vessel wall and valve injury, design complexity, its labor 

intensiveness, effective in fresh thrombi only and the lack of prospective data.4-6 randomized 

studies focusing on different techniques and indications are indicated to elucidate this subject.

Various authors have reported the efficacy of ultrasound-accelerated thrombolysis in the 

dissolution of chronic clots. a chronic thrombus is less receptive for lytic drugs,25 because the 

thrombus composition changes over time as a well-organized fibrin cap developed around 

the thrombus.135 the application of high frequency ultrasound may facilitate permeation of the 

lytic drug into the fibrin cap due to ultrasound mediated changes in the fibrin structure. this 

mechanism may account for the complete lysis seen in patients with chronic arterial and venous 

occlusions.112 the possibility to clear thrombus behind venous valves, thereby preserving their 

function, may lead to better long-term patency rates and a reduced incidence of Pts.124, 126 long 

term follow-up of patients, however, have not been published, to date.

the reported incidence of complications using ultrasound-accelerated thrombolysis is low. 

systemic thrombolysis is associated with a significant increase in major bleeding complica-

tions.85 a reduced lysis time and dose might reduce the incidence of bleeding complications. 

the reported rate of distal embolization is also low. the absence of mechanical fracturing of the 

thrombus by the eKos endoWave endovascular system may prevent distal embolization during 

the procedure.124 several devices for arterial revascularization have been reported to cause vaso-

constriction or spasm.136, 137 this could result in turbulent blood flow and high shear rates, which 

promote platelet aggregation and thrombus formation.138, 139 in vitro, ex vivo, in vivo and clinical 

experiments have shown a dose dependent, reversible vasorelaxant effect of catheter-delivered 

ultrasound. this finding may further enhance the safety and efficacy of ultrasound accelerated 

thrombolysis, especially when the device is used in the coronary or cerebral circulation.42, 140

the mechanism of action of ultrasound-accelerated thrombolysis is not completely clear. the 

effects of ultrasound on clot dissolution are thought to be based on multiple factors including 
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(1) acoustic cavitation, (2) microstreaming, (3) mechanical effects, (4) intracellular microcurrents, 

(5) thermal warming, and (6) increased clot permeability. the chemical effect of ultrasound on 

thrombus dissolution is most likely based on the cavitation phenomenon: the formation, growth 

and implosive collapse of cavities in liquids that release large amounts of localized energy.78, 141

acoustic cavitation results in the formation of microscopic bubbles when ultrasound waves 

pass with an alternating pressure and may either be stable or transient. both the oscillation of 

microbubbles and their rapid collapse in the acoustic field result in high local pressure changes,78 

localized thermal heating, acoustic (micro)streaming (liquid micro circulations) and local turbu-

lences.142-145 an intense shear stress may occur in tissues in the immediate vicinity of the collaps-

ing bubble which could alter the erythrocyte membrane, causing reversible disaggregation of 

fibrin fibers and affect platelets. acoustic (micro)streaming and local turbulences may improve 

transport processes143, 145 leading to better penetration of enzyme into the thrombus78, 79 and in-

creasing the total amount and depth of penetration,80 finally leading to thrombus disruption.78-83

the effect of ultrasound-accelerated thrombolysis may be further increased by the addi-

tion of various substances (chemical microbubbles), including perfluorocarbon-filled polymer 

biospheres, perflurocarbon-exposed sonicated dextrose albumin, and galactose-based micro-

bubbles.94-96 the addition of a glycoprotein iib/iiia receptor antagonist to microbubbles, may 

improve binding of the microbubble at the surface of platelet thrombi.97, 146 recent studies have 

demonstrated that tPa incorporated echogenic liposomes may also enhance thrombolysis.98, 99 

these observations warrant further experimental studies in order to optimize thrombolytic treat-

ment.

CoNClusioN

Catheter-directed ultrasound-accelerated thrombolysis seems to be a promising concept in the 

treatment of various thromboembolic conditions. however, ultimately this issue can be resolved 

only by randomized controlled trials. Comparative studies with conventional thrombolysis and 

other available techniques are indicated before considering ultrasound-accelerated thrombolysis 

as the new standard treatment. to this end, the dutch ultrasound accelerated trial (duet), com-

paring standard catheter-directed thrombolysis with ultrasound accelerated catheter-directed 

thrombolysis in infra-inguinal arterial occlusion, is designed to provide level 1 evidence.
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abstraCt

Purpose
to report the 30-day technical and clinical outcome of ultrasound (us)-accelerated thrombolysis 

in patients with aortofemoral thromboembolic obstructions.

Methods
a prospective cohort study was conducted from december 2008 to december 2009 of patients 

who were treated with us-accelerated thrombolysis for thromboembolic obstructions of 

aortofemoral arteries or bypasses. urokinase was infused in a dosage of 100,000 iu/hour. twice 

daily a control angiography was performed. thirty-day follow-up consisted of duplex scanning, 

combined with magnetic resonance angiography.

Results
the study included 21 consecutive patients (20 men; median age, 66 years; range 52–80) with 

24% artery versus 76% bypass occlusions. median duration of symptoms was 11 days (7-140). 

median occlusion length was 32 cm (6-80). in 20 patients (95%) an us-accelerated thrombolysis 

catheter could be successfully placed. in 1 patient placement of an us-accelerated thrombolysis 

catheter was technically not feasible, and therefore a standard catheter was placed. median 

thrombolysis time was 26.5 hours (range 8.5-72). Complete thrombolysis (>95% lysis of thrombus) 

was achieved in 20 patients; in 9 within 24 hours. median ankle-brachial index (abi) increased 

from 0.28 (0–0.85) to 0.91 (0.58-1.35). one patient had a thromboembolic complication, and 

needed surgical intervention. No hemorrhagic complications and no deaths occurred. at 30-day 

follow-up, 17 of 21 patients (81%) had a patent artery or bypass.

Conclusion
this feasibility study showed a high technical success rate of us-accelerated thrombolysis for 

aortofemoral obstructions. us-accelerated thrombolysis led to complete lysis within 24 hours in 

almost half of patients, with a low 30-day major complication rate.
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iNtroduCtioN

thrombosis of a bypass graft or native artery of the lower extremities has been associated with 

a high rate of limb loss and significant morbidity and mortality.1 Catheter-directed thrombolysis 

was introduced in the 1980s and its use has increased. the benefits of catheter-directed throm-

bolysis compared with surgery are gentler and more complete clot removal that allows the 

preservation of endothelium, less invasiveness, and the possibility to visualize and, if necessary, 

to treat an underlying atherosclerotic lesion or anastomotic stenosis by endovascular means. the 

main limitations include inability to cross the thrombosed segment, failure to achieve complete 

lysis, occurrence of thrombolysis-related hemorrhagic complications, distal embolization, and a 

prolonged time to revascularization.2, 3

in the stile trial 393 patients with acute thromboembolic occlusions of native artery or bypass 

graft of the lower limbs were randomized to catheter-directed thrombolysis or surgery. major 

amputation rates at 6 months follow-up were similar for both groups (11.8% in catheter-directed 

thrombolysis group versus 10.6% in the surgery group, p=0.87) and there were no significantly 

different mortality rates (16% versus 12%, p=0.54). major morbidity rates at 1 month follow-up 

were similar in both groups (20.6% in catheter-directed thrombolysis group versus 16.0% in 

the surgery group, p=0.266), however there was a significant difference in composite clinical 

outcome in favor of the surgery group. more than half of thrombolysis patients had a reduction 

in the need for open surgery (p <0.001).4

in the toPas trial 548 patients with acute thromboembolic occlusions of native artery or 

bypass graft of the lower limbs were randomized between catheter-directed thrombolysis and 

surgery. at 1 year follow-up amputation-free survival rates were similar in both groups (65.0% 

in catheter-directed thrombolysis group versus 69.9% in the surgery group, p=0.23) and there 

were no significantly different mortality rates (20.0% versus 17.0%, p=0.39). major hemorrhage 

occurred in 12.5% of thrombolysis patients versus 5.5% of surgical patients (p=0.005). however 

catheter-directed thrombolysis reduced the need for open surgery (p ≤0.01).5

a recent systematic review that included a meta-analysis of 3 large randomized controlled 

trials, including both the toPas and stile trials, totaling 1283 patients comparing surgery with 

thrombolysis in the management of acute lower limb ischemia showed no significant differences 

in limb salvage rate or deaths at 30 days, 6 months, or 1 year. however, 30-day hemorrhagic 

complications and distal embolization were more likely in thrombolysis patients (8.8% and 12.4%, 

respectively) compared with surgery.6

several methods have been investigated to accelerate thrombolysis with use of ultrasound 

(us).7 high intensity ultrasound can be used to mechanically disrupt clots,8, 9 while low-intensity 

ultrasound causes an increase in enzymatic activity of thrombolytics 10-18. the aim of the latter 

method is to restore blood flow faster and to reduce the dosage of thrombolytic agent, thereby 

reducing thrombolysis-related hemorrhagic complications. a combination of low-intensity 

us and thrombolytics accelerated clot lysis by increasing clot permeability and penetration of 
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the thrombolytic agent into the thrombus both in vitro13-18 and in vivo,10-12 without mechanical 

fragmentation of the clot. the safety of the application of us-accelerated thrombolysis has been 

shown in the treatment of embolic stroke19, 20 and deep venous thrombosis.21-23 so far, 3 studies 

have been published concerning catheter-directed us-accelerated thrombolysis in the treat-

ment of thromboembolic obstructions of native arteries and bypass grafts of the aortofemoral 

area.21, 24, 25

the present article reports the initial results of catheter-directed low-intensity us-accelerated 

thrombolysis in patients with arterial thromboembolic obstructions of the aortofemoral area. 

this was a feasibility study performed in preparation of a multicenter randomized controlled trial 

comparing standard catheter-directed thrombolysis with us-accelerated thrombolysis in arterial 

thromboembolic obstructions of the aortofemoral area.

methods

this prospective cohort study was conducted between december 2008 and december 2009 in 

one university medical center and two vascular referral hospitals in the Netherlands. included 

were adult patients with a thromboembolic obstruction of an artery or bypass graft of the aorto-

femoral area that existed for at least 1 week. all the patients were informed concerning the new 

us-accelerated thrombolysis technique, which is not experimental. approval had been given by 

all patients for data collection in this study. excluded were patients with an immediately threat-

ened limb (i.e. rutherford class iib or higher) that required immediate revascularization. other 

exclusion criteria were based on the dutch guidelines, including patients for whom antiplatelet 

therapy, anticoagulants, or thrombolytic drugs are contraindicated, patients with a recent (less 

than 6 weeks) ischemic stroke or cerebral bleeding, patients with recent (less than 6 weeks) 

surgery, severe hypertension (diastolic blood pressure greater than 110 mmhg, systolic blood 

pressure greater than 200 mm hg), current malignancy, a history of life-threatening reaction 

to contrast medium, uncorrected bleeding disorders (gastrointestinal ulcer, menorrhagia, liver 

failure), and women with childbearing potential not taking adequate contraceptives or currently 

breastfeeding, and pregnancy.

data on the following variables were prospectively collected: patient characteristics, occlusion 

characteristics (including inflow and outflow arteries), therapy time, complications (technical 

failure, hemorrhage, distal embolization, infection, reocclusion, and conversion to open surgery), 

additional endovascular procedures, mortality, and 30-day complication and patency rates.

Device
us-accelerated thrombolysis involves simultaneous delivery of low-intensity us and a thrombo-

lytic agent into a thrombosed vessel. us-accelerated thrombolysis was performed with use of the 

eKos endoWave system (eKos Corporation, bothell, Wa, usa) (figure  1). this system consists of 

a 5.2f multilumen thrombolysis delivery catheter with a 106 cm or 135 cm working length and 
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a matching us coaxial core wire with a working zone of 6 cm to 50 cm. the central lumen of the 

multilumen thrombolysis delivery catheter accommodates the us core. urokinase was infused 

through 3 drug lumens containing multiple side holes. low-intensity (2.2 mhz) high-frequency 

us was delivered over the entire length of the infusion catheter. us power and local temperature 

were automatically controlled by a portable control unit.21, 24

Procedure
all procedures were performed under local anesthesia in the angiography suite of the radiology 

department. arterial access was obtained with a percutaneous antegrade or retrograde femoral 

approach in all patients using a 6f introduction sheath. digital subtraction angiography was 

performed to determine the inflow, obstruction, and outflow of the affected limb. after measure-

ment of the length of the occlusion, a multilumen thrombolysis delivery catheter was navigated 

over a 0.018-inch hydrophilic guidewire into the thrombosed segment in such a way that the us 

treatment zone traversed the entire occluded segment and the tip of the infusion catheter was 

located distal to the thrombosed segment.

after final positioning, the guidewire was exchanged for a length of matching us core wire 

(eKos endoWave system), and thrombolytic therapy was started. urokinase was infused in a dos-

age of 100,000 iu/hour. during thrombolysis systemic heparin was given (10,000 iu/24 hours). if 

placement of the eKos endoWave system was technically not feasible (i.e., the entire thrombosed 

segment could not be passed), the procedure was defined as a technical treatment failure. the 

vascular surgeon and interventional radiologist decided to switch to an alternative treatment, for 

instance, standard thrombolysis with the tip of the thrombolytic catheter in the proximal part of 

the thrombosed segment or conversion to open surgery.

all patients had their first angiography started at 8:00 a.m. a control angiography was 

performed every 12 ± 2 hours. during the night angiographies were only performed in case 

Figure 1. ultrasound-accelerated thrombolysis catheter (eKos endoWave system, eKos Corporation, bothell, 
Wa, usa).
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of emergencies (i.e. thromboembolic complications). us-accelerated therapy was continued 

until complete lysis was achieved. if the obstructive clot was successfully thrombolized, a final 

angiogram of the treated segment was performed. any necessary additional procedure, such as 

percutaneous transluminal angioplasty (Pta) with or without additional stent placement, was 

documented.

after successful thrombolysis, heparin was given in a dosage of 25,000 iu/24 hours and cou-

marin derivatives were started. antiplatelet therapy was only started in case of intolerance to 

coumarin derivatives. during heparinization, the target activated partial thromboplastin time 

(aPtt) ratio was 1.5 to 2.5 and was measured twice daily. the target international normalized 

ratio (iNr) was 2.5 to 3.5; if this value was reached, heparin was stopped. in case of thrombolysis-

related complications, therapy could be stopped on the decision of the physician.

Definitions
technical success was defined as positioning of the eKos endoWave system so that the treat-

ment zone traversed the entire thrombosed segment and the tip of the thrombolysis catheter 

was positioned distal to the thrombosed segment. Complete lysis was defined as clot lysis ex-

ceeding 95% of the thrombosed native artery or bypass graft with outflow through at least 1 

crural artery, as determined by digital subtraction angiography. Clinical success was defined as 

ischemic complaints at least returning to the preacute ischemic state, both after the procedure 

and at 30-day follow-up.

Follow-up
the 30-day follow-up consisted of a visit to the outpatient clinic, with clinical examination, includ-

ing ankle-brachial indices (abi), and duplex us scanning combined with magnetic resonance 

angiography (mra) of the treated limb. any additional procedures, conversion to open surgery, 

distal thromboembolic complications, and other complications were recorded during follow-up.

Statistical analysis
statistical analysis was performed using sPss version 17.0 software (sPss, Chicago, il, usa). 

Patency rates were calculated with Kaplan-meier life-table estimates. statistical analysis was 

performed based on the intention-to-treat principle.

results

during the study period 21 consecutive patients were treated with us-accelerated thrombolysis 

for thromboembolic obstructions of a native artery or a bypass graft of the aortofemoral area. 

baseline characteristics of the study population are summarized in table 1. occlusion character-

istics are summarized in table 2. in 20 of 21 patients (95%), the eKos endoWave system could 

be successfully advanced through the entire thrombosed segment. in only 1 patient placement 
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of the eKos endoWave system was technically not feasible because of the inability to navigate 

the tip of the thrombolysis catheter distal to the entire thrombosed segment. this patient was 

treated with standard thrombolysis, with placement of the tip of the catheter as far as possible 

into the thrombosed segment. thrombolysis was successful, but at 1 month follow-up reocclu-

sion occurred. because this patient had no clinical signs of ischemia no further reintervention 

was performed.

Complete lysis was achieved in 20 of 21 patients. median therapy time until complete lysis 

was 26.5 hours (range, 8.5 - 72 hours). in 9 patients (43%), complete lysis was achieved within 24 

hours. No hemorrhagic complications occurred during treatment. us-accelerated thrombolysis 

had to be discontinued after 5.5 hours in 1 patient because of distal embolization. this was a 

class d major complication, according to the society of interventional radiology Classification 

system for Complications by outcome (table 5).26 the patient was successfully treated with open 

thrombectomy and revision of the stenotic segment of the bypass graft. median iu of urokinase 

Table 1. baseline characteristics of study population.

Variable Patients (n=21)

age, median (range) years 66 (52–80)

male sex 20 (95)

risk factors
 diabetes
 smoking, current or recent
 hypertension
 hypercholesterolemia
 Coronary artery disease
 stroke or transient ischemic attack

2 (10)
14 (67)
17 (81)
11 (52)
10 (48)
3 (14)

body mass index, median (range) kg/m2 27.5 (23.1–38.8)

Preprocedural medication
 acetylsalicylic acid
 Coumarin
 Clopidogrel
 dipyridamole
 No anticoagulant

16 (76)
7 (33)
4 (19)
0 (0)
0 (0)

duration of ischemic complaints
 acute (<14 days)
 subacute (14-30 days)
 long-lasting (>30 days)

10 (48)
9 (42)
2 (10)

severity of ischemia
(sub)acute ischemia (<30 days)
 rutherford category i
 rutherford category iia
long-lasting ischemia (>30 days)
 fontaine category 1
 fontaine category 2a
 fontaine category 2b
 fontaine category 3

19 (90)
3 (14)

16 (76)
2 (10)
0 (0)
0 (0)
1 (5)
1 (5)

ankle-brachial index, median (range) 0.28 (0–0.85)

data are presented as number (percentage) unless otherwise indicated.
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given was 2,650,000 (range, 850,000 – 7,200,000). of 21 patients, 14 (67%) needed an additional 

Pta after successful thrombolysis to treat an underlying atherosclerotic lesion, 3 of them had 

additional stent placement due to >30% residual stenosis. two (10%) required additional throm-

bosuction of localized thrombus in one of the crural arteries, and 2 (10%) underwent a surgical 

Table 2. occlusion characteristics.

Variable occlusions (n=21)

type 
Native artery
bypass graft
 Venous
 Prosthetic 

5 (24)
16 (76)
3 (14)

13 (62)

location
Proximal
 aortoiliac
 iliofemoral
 aortofemoral
femoral
distal
 above-knee femoropopliteal
 below-knee femoropopliteal
 femorocrural

8 (39)
5 (24)
1 (5)

2 (10)
1 (5)

12 (56)
2 (9)

6 (28)
4 (19)

Number of patent crural arteries

 0 0 (0)

 1 1 (5)

 2 5 (24)

 3 15 (71)

length thrombosed segment, median (range) cm 32 (6–80)

Values are presented as number (percentage) unless otherwise indicated.

Table 3. results.

Variable Patients (n=21)

technical success 20 (95)

Complete lysis 20 (95)

 < 24 hours 9 (43)

 < 48 hours 19 (90)

therapy time, median (range) hours 26.5 (8.5 – 72)

urokinase dosage, median (range) iu 2,650,000 (850,000 – 7,200,000)

Complications by outcome

 minor 0 (0)

 major 1 (5)

additional interventions

 Pta 14 (67)

 thrombosuction 2 (10)

 surgical revision bypass graft anastomosis 2 (10)

ankle-brachial index, median (range) 0.91 (0.58-1.35)

Values are presented as number (percentage) unless otherwise indicated.



us-accelerated thrombolysis: feasibility 85

revision of a bypass graft anastomosis. one patient required amputation of the lower leg because 

of progressive ischemia, despite complete lysis of an occluded bypass graft. after additional and/

or secondary intervention all 21 patients were discharged with a patent treated native artery or 

bypass graft.

mra or duplex scans at the 30-day follow-up showed 17 of 21 patients (81%) had a patent 

treated artery or bypass graft. these treated limbs had returned to at least their preischemic state. 

median abi was 0.85 (range, 0.42-1). in the remaining 4 patients, a reocclusion of the treated seg-

ment had occurred. the reocclusions in 2 patients were treated within 48 hours after complaints 

with standard thrombolysis, as this was the preferred treatment of the treating physician. in 1 

patient, the reocclusion of a native artery was treated with a bypass graft because of the poor 

quality of his former occluded graft, and in another, this was the patient that was treated with 

standard thrombolysis, the reocclusion was treated conservatively.

disCussioN

this study assessed the safety and efficacy of the application of us-accelerated thrombolysis for 

thromboembolic obstructions of native arteries and bypass grafts of long-segment occlusions 

existing for a median of 11 days. the technical success of us-accelerated thrombolysis was 95%. 

Complete lysis was achieved in 20 of 21 patients, and in 9 of these patients (43%) lysis occurred 

Table 4. 30-day follow-up.

Variable Patients (n=21)

Patency 17 (81)

treatment of reocclusion

 standard thrombolysis 2 (10)

 bypass graft 1 (5)

 Conservative 1 (5)

Complications by outcome

 minor 0 (0)

 major 0 (0)

ankle-brachial index, median (range) 0.85 (0.42 – 1.0)

Values are presented as number (percentage) unless otherwise indicated.

Table 5. sir Classification system for Complications by outcome.26

minor Complications

a. No therapy, no consequence.

b. Nominal therapy, no consequence; includes overnight admission for observation only.

major Complications

C. require therapy, minor hospitalization (<48 hours).

d. require major therapy, unplanned increase in level of care, prolonged hospitalization (>48 hours).

e. Permanent adverse sequelae.

f. death.
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within 24 hours. the incidence of treatment-related complications was 5%, the mortality rate was 

0%, and the patency rate at 30-day follow-up was 81%.

Catheter-directed thrombolysis is a well-accepted treatment for thromboembolic obstructions 

of arteries and bypass grafts of the lower extremities. however, this treatment is associated with 

incidence of hemorrhagic complications of approximately 9% and distal embolization of 12%.6 

the incidences of these sometimes devastating complications are variable amongst literature 

and influenced by the therapeutic agents which has been used as well as the varying treatment 

protocols the main focus of current studies is to reduce thrombolysis time and thereby possibly 

reduce treatment-related hemorrhagic complications.

us may be used to accelerate thrombolysis by using two distinct approaches.7 first, high-inten-

sity us is used to mechanically disrupt clots. reported complications of this approach, however, 

are vessel wall damage and possible distal embolization of clot and plaque fragments.8, 9 second, 

low-intensity us is used to accelerate enzymatic activity of thrombolytics by increasing clot 

permeability and penetration of the thrombolytic agent into the thrombus, without mechanical 

fragmentation of the clot.13-18 this is caused by an increased drug transport, a reversible alteration 

in fibrin structure, and an increase in binding sites to fibrin.27 us can be delivered transcutaneously 

or be catheter-directed.28 the latter is used with the eKos endoWave system, which consists of 

a multilumen thrombolysis delivery catheter with a us core. this system facilitates simultaneous 

delivery of low-intensity us and a thrombolytic agent into a thrombosed vessel or bypass graft.

the results of this study are comparable to the results reported by 3 previous studies on the 

application of us-accelerated thrombolysis in acute thromboembolic obstructions of the lower 

extremities. in 2007 Wissgott et al. conducted a prospective single-center study that included 25 

patients with acute (existing less than 14 days) thromboembolic obstructions of the lower limb 

arteries who were treated with us-accelerated thrombolysis.24 the technical success rate was 

100%, and mean therapy time was 16.9 ± 10.9 hours. there were no complications related to the 

catheter system. at the 1-month follow-up, 2 reocclusions had occurred.

in 2008 Wissgott et al. conducted a prospective study that compared mechanical thrombec-

tomy, using a rotational thromboembolectomy device (rotarex s, straub, Wangs, switzerland) 

with us-accelerated thrombolysis for the treatment of 20 patients with an acute femoropopliteal 

bypass graft occlusion.25 some of the patients in this study had also been included in the previous 

study by Wissgott et al.24 the technical success rate was 90% in the us-accelerated thrombolysis 

group, due to dislocation of the introducer sheath, which was successfully treated by open 

surgery. mean therapy time was 904.0 minutes (range, 120–1350 minutes).

motarjeme et al used us-accelerated thrombolysis in the treatment of 24 subacute arterial 

occlusions.21 the technical success rate was 100%, and complete lysis was achieved in 23 (96%) 

arterial occlusions. average time to achieve complete lysis was 16.4 hours (range 3–25 hours). 

during the 12-month follow-up, only 1 femoropopliteal bypass graft rethrombosed. No bleeding 

or other complications occurred.



us-accelerated thrombolysis: feasibility 87

median therapy time in our study was longer compared with previous studies on the ap-

plication of us-accelerated thrombolysis. several explanations can be proposed. in contrast to 

aforementioned studies, only patients with occlusions existing more than 1 week were treated in 

this study. these were mostly long-segment occlusions, with a length of more than 20 cm.

the interval between control angiographies differed between this study and previous stud-

ies. due to logistic reasons control angiographies were performed every 12 hours in our study 

compared to every 4 hours in the study by motarjeme et al. actual therapy time in our study 

might have been shorter.

also, the type and dosage of thrombolytic agent differed between studies. in this study uro-

kinase in a dosage of 100,000 iu/hour has been used. Wissgott et al. used in both trials rtPa in a 

dosage of 1.0 mg/h. motarjeme et al. used urokinase dosages of 80,000-120,000 iu/h. urokinase 

is a first generation thrombolytic drug, which is non-fibrin specific. in contrast, second and third 

generation thrombolytics are fibrin specific enzymes. fibrin specific thrombolytics may be more 

effective in the treatment of older clots.29

one of the limitations of this study is the fact that post-interventional clinical categories of 

acute and chronic limb ischemia were not recorded, and no comparison could be made with 

pre-interventional data.

in conclusion, this feasibility study showed that the application of us-accelerated throm-

bolysis in the treatment of thromboembolic obstructions of arteries and bypass grafts of the 

aortofemoral area is effective and safe and might be better compared with standard catheter-

derived thrombolysis. to this end, we recently started a multicenter randomized trial comparing 

us-accelerated thrombolysis with standard thrombolysis: dutch randomized trial comparing 

standard catheter-directed thrombolysis versus ultrasound-acceelerated thrombolysis for 

thromboembolic infrainguinal disease (duet) [isrCtN72676102]. inclusion is expected to be 

completed at the end of 2011.
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abstraCt

Background
the use of thrombolytic therapy in the treatment of thrombosed infrainguinal native arteries and 

bypass grafts has increased over the years. main limitation of this treatment modality, however, 

is the occurrence of bleeding complications. low intensity ultrasound (us) has been shown to 

accelerate enzymatic thrombolysis, thereby reducing therapy time. so far, no randomized trials 

have investigated the application of us-accelerated thrombolysis in the treatment of thrombosed 

infra-inguinal native arteries or bypass grafts. the duet study (dutch randomized trial comparing 

standard catheter-directed thrombolysis versus ultrasound-accelerated thrombolysis for throm-

boembolic infrainguinal disease) is designed to assess whether us-accelerated thrombolysis will 

reduce therapy time significantly compared with standard catheter-directed thrombolysis.

Methods/design
sixty adult patients with recently (between 1 and 7 weeks) thrombosed infrainguinal native arter-

ies or bypass grafts with acute limb ischemia class i or iia, according to the rutherford classifica-

tion for acute ischemia, will be randomly allocated to either standard thrombolysis (group a) or 

us-accelerated thrombolysis (group b). Patients will be recruited from 5 teaching hospitals in the 

Netherlands during a 2-year period. the primary endpoint is the duration of catheter-directed 

thrombolysis needed for uninterrupted flow in the thrombosed infrainguinal native artery or 

bypass graft, with outflow through at least 1 crural artery.

Discussion
the duet study is a randomized controlled trial that will provide evidence whether us-acceler-

ated thrombolysis will significantly reduce therapy time in patients with recently thrombosed 

infrainguinal native arteries or bypass grafts, without an increase in complications.
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baCKGrouNd

thrombosis of an infrainguinal bypass graft or the native lower leg arteries has been associated 

with a high rate of limb loss and significant morbidity and mortality.1 traditional therapy with 

thrombectomy and eventually additional (bypass) surgery has been associated with moderate 

long-term patency rates.2 Catheter-directed thrombolysis was introduced in the early 1980s as 

a treatment option for occluded bypass grafts. this technique has advantages that make it ideal 

for acute occlusions, including avoidance of mechanical injury to the endothelium, no need for 

surgical interventions and more complete lysis of the clot in the bypass graft or outflow arteries. 

moreover, it can dissolve platelet-fibrin aggregates in the microcirculation and thrombi in col-

lateral vessels.3 a recent systematic review that included a meta-analysis of 5 large randomized 

controlled trials with a total of 1283 patients comparing surgery with thrombolysis in the man-

agement of acute lower limb ischemia showed no significant difference between them in limb 

salvage or death at 30 days, 6 months, or 1 year. however, hemorrhagic complications and distal 

embolization were more likely at 30 days in thrombolysis patients (8.8% and 12.4%, respectively) 

than in surgery patients.4, 5

the incidence of these complications might be reduced by a reduction in thrombolytic 

therapy time. in recent years, ultrasound (us) has been used to accelerate thrombolysis. low-

intensity us-accelerated thrombolysis has been shown to accelerate enzymatic clot lysis in vitro 

by loosening fibrin strands and thereby increasing thrombus permeability and exposing more 

plasminogen receptors for binding, without mechanically disrupting the clot.6-8 the safety of this 

technique has been shown in the treatment of embolic stroke9 and deep venous thrombosis.10 

only two prospective series have been published on the use of us-accelerated thrombolysis in 

the treatment of thromboembolic obstructions of native arteries and bypass grafts of the lower 

extremities. in a recent study by Wissgott et al, 25 patients with acute obstructions of the native 

lower limb arteries were treated with us-accelerated thrombolysis. the technical success rate of 

100%, and total clot removal was achieved in 88% of the patients within 24 hours. there were 

no complications related to the catheter system. at the 1-month follow-up, 2 reocclusions had 

occurred.11 motarjeme et al used us-accelerated thrombolysis in the treatment 24 arterial occlu-

sions and 12 venous occlusions, and complete lysis was achieved in 23 (96%) arterial occlusions. 

average time to achieve complete lysis was 16.4 hours (range, 3-25 hours). during the 12-month 

follow-up, only 1 femoropopliteal graft rethrombosed. No bleeding or other complications oc-

curred.12

so far, no randomized trials have focused on us-accelerated and standard catheter-directed 

thrombolysis for arterial thromboembolic disorders of the lower limbs. the duet (dutch 

randomized trial comparing standard catheter-directed thrombolysis versus ultrasound-accel-

erated thrombolysis for thromboembolic infrainguinal disease) study is designed to compare 

us-accelerated thrombolysis with standard thrombolysis in patients with recently thrombosed 

infrainguinal native arteries or bypass grafts.
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Hypothesis
We anticipate that us-accelerated thrombolysis will result in a significant reduction in thromboly-

sis time (12 hours or more), without increasing the complication rate.

methods/desiGN

Study objectives
the purpose of the study is to demonstrate that us-accelerated thrombolysis will significantly 

reduce (by at least 12 hours) therapy time compared with standard thrombolysis, without in-

creasing complication rate.

Primary endpoint
the primary end point is the duration of catheter-directed thrombolysis needed for uninter-

rupted flow in the thrombosed infrainguinal native artery or bypass graft with outflow through 

at least 1 crural artery.

Secondary endpoints
1. technical success, defined as complete lysis of the thrombus of the native artery or bypass 

graft, without distal thromboembolic complications

2. Number of units of urokinase needed for uninterrupted flow in the thrombosed infrainguinal 

native artery or bypass graft with outflow through at least 1 crural artery

3. thrombolysis-induced hemorrhagic complications

4. thirty-day mortality

5. duration of hospital admission

6. Costs of hospital admission

7. thirty-day patency of the target native artery or bypass graft, as evidenced by magnetic 

resonance angiography (mra)

8. drop of serum fibrinogen concentration to below 1.0 g/l during procedure

9. Conversion to open surgery

10. distal thromboembolic complications

11. other complications

Definitions
Complete lysis: clot lysis of >95% determined by arteriographic measurements of the throm-

bosed native arterial segment or bypass graft.13

hemorrhagic complications are defined as:

• hemorrhagic complication requiring interruption or ending of thrombolysis

• hemorrhagic complication requiring surgical intervention

• hemorrhagic complication requiring transfusion
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rutherford classification of acute limb ischemia:14

Class i:   Viable - not immediately threatened, no sensory loss or muscle weakness, arterial 

doppler signal is audible.

Class iia:  marginally threatened - salvageable if promptly treated, minimal sensory loss, no 

muscle weakness, arterial doppler signal is often inaudible.

Class iib:  immediately threatened - salvageable with immediate revascularization, sensory loss 

associated with rest pain in more than the toes, mild to moderate muscle weakness, 

arterial doppler signal is usually inaudible.

Class iii:  irreversible - major tissue loss or permanent nerve damage inevitable if there is 

significant delay before intervention, profound limb anesthesia and paralysis, arterial 

and venous doppler signal is inaudible.

Design of study
this is a multicenter 2-group parallel randomized trial.

Participating centers
Participating centers are albert schweitzer hospital dordrecht, free university medical Centre 

amsterdam, maasstad hospital rotterdam, rijnstate hospital arnhem, and st. antonius hospital 

Nieuwegein.

Setting
Patients who will meet the inclusion criteria will be enrolled from 5 teaching hospitals in the 

Netherlands.

Patients
a total of 60 adult patients with acute lower limb ischemia due to recently (between 1 and 7 

weeks) thrombosed infrainguinal native arteries or bypass grafts will be randomized.

Eligibility criteria
Inclusion criteria

1. men and women older than 18 years and younger than 85 years old.

2. Patients with recently (between 1 and 7 weeks) thrombosed femoropopliteal or femorocrural 

native arteries or femoropopliteal or femorocrural venous or prosthetic bypass grafts with 

ischemic complaints.

3. Patients with acute lower limb ischemia class i and iia according to the rutherford classifica-

tion.

4. Patients understand the nature of the procedure and provide written informed consent 

before enrollment in the study.
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Exclusion criteria

1. Patients with isolated common femoral artery thrombosis, including the origin of the super-

ficial femoral artery and profunda femoral artery.

2. Patients with localized (less than 5 cm) emboli or occlusions in the native femoropopliteal 

arteries.

3. Patients with clinical complaints of acute lower limb ischemia due to thrombosis of the 

femoropopliteal or femorocrural native arteries, or femoropopliteal or femorocrural venous 

or prosthetic bypass grafts less than 1 week and more than 7 weeks.

4. Patients with acute lower limb ischemia class iib and iii according to the rutherford classifica-

tion.

5. Patients for whom antiplatelet therapy, anticoagulants, or thrombolytic drugs are contraindi-

cated.

6. recent (less than 6 weeks) ischemic stroke or cerebral bleeding.

7. Patients with recent (less than 6 weeks) surgery.

8. severe hypertension (diastolic blood pressure greater than 110 mm hg, systolic blood pres-

sure greater than 200 mm hg).

9. Current malignancy.

10. Patients with a history of prior life-threatening reaction to contrast medium.

11. Patients with uncorrected bleeding disorders (gastrointestinal ulcer, menorrhagia, liver failure).

12. Women with child-bearing potential not taking adequate contraceptives or currently breast-

feeding.

13. Pregnancy.

14. Patients considered hemodynamically unstable at the onset of the procedure.

15. Patients who refuse treatment.

16. Patients who are currently participating in another investigational drug or device study who 

have not completed the entire follow-up period.

17. Patients younger than 18 years or older than 85 years.

18. severe comorbid condition with a life expectancy of less than 1 month.

19. Contraindication for magnetic resonance imaging (mri).

Randomization
Central randomization will take place using a computerized randomization procedure. block-

randomization is used and stratified according to whether a native artery or a bypass graft is 

involved. blinding will not be used.

Ethics
this study is conducted in accordance with the principles of the declaration of helsinki and good 

clinical practice guidelines. the study protocol was approved by the ethics Committee (metC) of 
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the st. antonius hospital Nieuwegein (r-09.17a). Written informed consent will be obtained from 

all patients, before randomization.

Safety and quality control
Data Safety Monitoring Board

the data safety monitoring board (dsmb) is composed of 4 members: 2 independent vascular 

surgeons and 2 independent interventional radiologists. None of the 4 members is working in 

one of the hospitals that will include patients. the role of the dsmb is to review safety and to 

make recommendations regarding the conduct of the study to the steering committee and to 

the accredited metC that approved the study protocol.

Adverse and serious adverse events

adverse events (ae) are defined as any undesirable experience occurring to a participant dur-

ing the study, whether or not considered related to the investigational device. this definition 

includes events occurring during hospital stay right up to 30 ± 7 days of follow-up. underlying 

disease that was present at the time of enrolment is not reported as an ae, but any increase in 

the severity of the underlying disease will be reported as an ae.

all aes will be monitored from the time of enrolment through the 30-day follow-up visit. aes 

can be classified as moderate or serious and will be recorded on the case record forms (Crfs). a 

description of the event, including the start date, end date, whether device-related, any action 

taken, and the outcome will be provided along with the investigator’s assessment of the relation-

ship between the ae and the study treatment.

a serious adverse event (sae) is any untoward medical occurrence or effect that at any dose 

results in death, or that;

• is life-threatening at the time of the event, or

• requires hospitalization or prolongation of an existing inpatient’s hospitalization, or

• results in persistent or significant disability or incapacity, or

• necessitates an intervention to prevent a permanent impairment of a body function or 

permanent damage to a body structure.

Clinical events to be considered and reported as saes include:

• death

• myocardial infarction

• stroke

• bleeding complication requiring interruption or ending of thrombolysis

• bleeding complication requiring surgical intervention

• bleeding complication requiring transfusion
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a moderate adverse event (mae) is any untoward medical occurrence or effect that at any dose 

will not lead to death, or

• life-threats, or

• significant disability or incapacity, or

• require hospitalization or prolongation of an existing inpatient’s hospitalization, or

• necessitate an intervention to prevent a permanent impairment of a body function or per-

manent damage to a body structure.

Clinical events to be considered and reported as maes include:

• groin hematoma

• bleeding complication not requiring interruption or ending of thrombolysis, surgical inter-

vention, or transfusion

data on saes and maes will be reported to the dsmb and to the accredited metC via the ‘toet-

singonline’ website of the website of the Central Committee on research inv. human subjects 

(CCmo, ccmo.nl).

Statistical analysis
Intention-to-treat

the analysis will be performed in accordance with intention-to-treat principle.

Sample size calculation

the assumption has been made that the mean duration for successful standard thrombolytic 

treatment of infrainguinal native arteries or bypass grafts is 2.5 ± 1 day, based on retrospective se-

ries from the st. antonius hospital, Nieuwegein. Given a power of 90% and a 2-tailed significance 

of 5%, a 2-armed randomized trial including 26 patients in each arm will be needed to prove 

a significant reduction in therapy time (12 hours or more) with us-accelerated thrombolysis 

compared with standard thrombolysis. taking into account 5% to 10% dropouts in each arm, 30 

patients need to be included in each study arm. We will analyze the primary outcome by means 

of Kaplan-meier and log-rank test. the sample size calculation is also based on this premise. We 

will assess imbalance in prognostic factors as a secondary analysis by means of Cox-proportional 

hazards multivariate analysis.

an interim analysis on the primary end point (i.e. efficacy) will be performed after 50% of 

patients have completed their follow-up. the Peto approach will be followed, meaning that the 

study will only be stopped for beneficial effects in case of a P < .001.15 the study will not be 

stopped in case of futility. end points in blinded groups will be assessed by the dsmb.
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Intervention
Group A (standard thrombolysis)

standard thrombolysis will be performed with use of a 5f unifuse infusion catheter (angiody-

namics, Queensbury, Ny, usa) with a working length of 90 cm, with infusion holes around the 

circumference of the distal 10 cm to 50 cm of the catheter. access sites may be the contralateral 

common femoral artery, the ipsilateral common femoral artery, or a brachial approach.

during the initial angiography, the catheter will be navigated over a guidewire and positioned 

in such way that the entire distal segment with the infusion holes is in the thrombosed seg-

ment. at standardized intervals, a control angiography will be performed. during each control 

angiography, the distal part of the thrombolysis catheter will be repositioned in the remaining 

thrombosed segment.

Group B (US-accelerated thrombolysis)

us-accelerated thrombolysis involves simultaneous delivery of low-intensity us and a thrombo-

lytic agent into a thrombosed vessel. us-accelerated thrombolysis will be performed with use 

of the eKos endoWave system (eKos Corporation, bothell, Wa, usa). this system consists of a 

5.2f multilumen thrombolysis delivery catheter with a 106 cm or 135 cm working length and a 

matching us coaxial core wire with a working zone of 6 cm to 50 cm. the central lumen of the 

multilumen thrombolysis delivery catheter accommodates the us core. thrombolytics will be 

infused through 3 drug lumens containing multiple side holes. low-intensity (2.2 mhz), high-

frequency us will be delivered over the entire length of the infusion catheter. us power and local 

temperature are automatically controlled by a portable control unit.

during the initial angiography, a multilumen thrombolysis delivery catheter will be navigated 

over a guidewire into the thrombosed segment in such a way that the us treatment zone tra-

verses the entire thrombosed segment and the tip of the infusion catheter is located distal to the 

thrombosed segment. after final positioning, the guidewire will be exchanged for a matching 

us core wire, and thrombolytic therapy will be started. likewise, a control angiography will be 

performed at standardized intervals.

if placement of the eKos system is technically not feasible, the procedure will be defined as 

a technical treatment failure. the vascular surgeon or interventional radiologist, or both, may 

decide what alternative treatment they will start, for instance, standard thrombolysis or conver-

sion to open surgery. the outcome of these patients will be analyzed in group b according to the 

intention-to-treat principles.

General

the primary angiography in groups a and b will be started at day 1 at 8.00 a.m. ± 1 hour for 

logistic reasons. after successful positioning of the thrombolysis catheter, a bolus of 250,000 iu 

urokinase is given and followed by a continuous infusion with a dose of 100,000 iu urokinase/h. 

a control angiography will be performed every 6 ± 1 hours. during the night, standard angiog-
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raphy will only be performed in emergencies. angiographies will be performed the next day at 

8.00 a.m. ± 1 hour; 2.00 p.m. ± 1 hour, and 8.00 p.m. ± 1 hour. a checklist is completed during 

each angiography.

the pressure curve from the eKos monitor will be recorded constantly from the start of the 

procedure. from the start of thrombolysis until completion angiography, the ankle-brachial 

indices of the treated leg and a standardized pain score will be recorded every 3 hours by a 

nurse practitioner or surgical resident. every day during thrombolysis, the fibrinogen concen-

tration must be checked: if <1.0 g/l the urokinase rate must be lowered to 50,000 iu/h; if the 

fibrinogen concentration is <0.5 g/l, thrombolysis must be stopped. if the obstructive clot has 

been successfully thrombolized, any necessary additional procedure, for instance percutaneous 

transluminal angioplasty (Pta) of the inflow or outflow artery, is performed before the comple-

tion angiography, and again, a checklist of the last angiography is completed.

after successful thrombolysis, systemic heparin is given (25,000 iu/24 hours) and coumarin 

derivatives are started. activated partial thromboplastin time (aPtt) will be measured daily dur-

ing heparinization. the target international normalized ratio (iNr) will be 2.5 to 3.5; if this value is 

reached, heparinization can be stopped.

Data collection
data will be collected by means of a Crf during treatment in the participating centers. the Crf 

will be completed prospectively during hospital admission and during follow-up. after that, the 

Crfs will be forwarded to the data coordinating center. there will be regular contact between 

the study coordinators and the participating centers.

Follow-up
Patients are followed-up during their hospital stay. at 30 ± 7 days after thrombolysis has been 

completed, there is one follow-up visit in the outpatient department, including a physical 

examination, ankle-brachial index, treadmill test, and contrast-enhanced magnetic resonance 

arteriography of the treated leg, according to current guidelines.16 during follow-up, any ad-

ditional procedures, conversion to open surgery, duration and costs of hospital admission, death, 

distal thromboembolic complications, and other complications will be recorded.

disCussioN

several treatment strategies have focused on accelerating thrombolytic therapy to improve 

its effectiveness and to reduce treatment time and, therefore, adverse effects. us-accelerated 

thrombolysis, which involves the simultaneous delivery of low-intensity us and a thrombolytic 

agent into a thrombosed vessel, has been shown to reduce therapy time. the duet study is 

designed to compare us-accelerated thrombolysis with standard thrombolysis in patients with 

recently thrombosed infrainguinal native arteries or bypass grafts.
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only patients with acute lower limb ischemia in class i and iia, according to the rutherford 

classification, will be included in our study, because catheter-directed thrombolysis is the initial 

treatment chosen in patients with viable or minimally threatened lower limbs. immediate surgi-

cal revascularization is indicated in most patients with acute lower limb ischemia class iib and iii; 

therefore, these patients will be excluded from the study.

Prolonged thrombolysis therapy might be expected in clots older than 1 week. most clots that 

are less than 1 week old can be rather easily and quickly treated with standard catheter-directed 

thrombolysis or thrombosuction. the additional value of the more expensive us-accelerated 

thrombolysis in these thrombi may be argued and are these are therefore excluded in this study.

randomization is stratified according to whether a native artery or a bypass graft is occluded, 

because it has been shown that thrombolysis of a bypass graft will lead to better outcome than 

thrombolysis of a native artery.

to test our hypothesis, a control angiography should be performed every 12 hours. therefore, 

our sample size calculation is based on a reduction in therapy time of 12 hours or more. Control 

angiographies at 8:00 a.m. and at 8.00 p.m. would have been sufficient. however, in our study 

protocol we have incorporated an extra control angiography at 2.00 p.m. to measure our primary 

outcome more precisely and to reduce any unnecessary exposure to thrombolytics in our study 

participants.

two vascular surgeons and 2 interventional radiologists from 2 nonparticipating centers will 

review all angiographies independently. the vascular surgeons and the interventional radiolo-

gists will be blinded for patient characteristics and for the results of the initial reports. they will 

be asked to classify the degree of lysis, ranging from no lysis, partial lysis, to complete lysis (>95% 

lysis).

if thrombolysis of the occluded segment is successful, any hemodynamically significant under-

lying atherosclerotic lesion will be identified and treated. Preferably, the underlying lesion will be 

treated endovascularly, with Pta with or without stent placement, or both. it will be the vascular 

surgeon’s or interventional radiologists’ decision to convert to open surgery if endovascular treat-

ment of the underlying lesion is not feasible or if thrombolysis of the occluded segment is not 

successful.

CoNClusioN

the duet study is a randomized controlled trial that will provide evidence whether us-acceler-

ated thrombolysis will significantly reduce therapy time compared with standard thrombolysis 

in patients with recently thrombosed infrainguinal native arteries or bypass grafts, without an 

increase in the number of complications.
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abstraCt

Purpose
to report the results of the dutch randomized trial comparing standard catheter-directed and 

ultrasound-accelerated thrombolysis (ust) for the treatment of arterial thromboembolic occlu-

sions.

Methods
the duet study (controlled-trials.com; identifier isrCtN72676102) was designed to assess 

whether ust can reduce therapy time significantly compared with standard thrombolysis (st). 

sixty patients (44 men; mean age 64 years) with recently (7–49 days) thrombosed infrainguinal 

native arteries or bypass grafts causing acute limb ischemia (rutherford category i or iia) were 

randomized to st (n=32) or ust (n=28). the primary outcome was the duration of thrombolysis 

needed for uninterrupted flow (>95% thrombus lysis), with outflow through at least 1 below-the-

knee artery. Continuous data are presented as means ± standard deviations.

Results
thrombolysis was significantly faster in the ust group (17.7±2.0 hours) than in the st group 

(29.5±3.2 hours, p=0.009) and required significantly fewer units of urokinase (2.8±1.6×106 iu 

in the st group vs. 1.8±1.0×106 iu in the ust group, p=0.01) for uninterrupted flow. technical 

success was achieved in 27 (84%) patients in the st group vs. 21 (75%) patients in the ust group 

(p=0.52). the combined 30-day death and severe adverse event rate was 19% in the st group and 

29% in the ust group (p=0.54). the 30-day patency rate was 82% in the st group as compared 

with 71% in the ust group (p=0.35).

Conclusion
thrombolysis time was significantly reduced by ust as compared with st in patients with re-

cently thrombosed infrainguinal native arteries or bypass grafts.
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iNtroduCtioN

Background and rationale
Catheter-directed thrombolysis is a well-accepted treatment for acute occlusions of lower 

extremity native arteries and bypass grafts.1 moreover, several studies have shown that catheter-

directed thrombolysis is a valuable treatment option for sub-acute occlusions as well.2-4 benefits of 

thrombolysis over surgical embolectomy are its minimally invasive character, more complete lysis 

of small side branches and outflow arteries,5 and the possibility to identify and treat underlying 

lesions using percutaneous transluminal angioplasty (Pta) and stenting. a major limitation to this 

treatment is the occurrence of bleeding complications.6 a meta-analysis of 3 large randomized 

controlled trials comparing surgical intervention with standard thrombolysis for the treatment of 

acute lower extremity ischemia showed that limb salvage and death rates were similar for both 

treatments, with a higher incidence of major bleeding complications in the thrombolysis group.7

in recent years, ultrasound (us) has been used to accelerate thrombolysis. high-frequency low-

intensity us-accelerated thrombolysis (ust) has been shown to accelerate enzymatic clot lysis 

in vitro by loosening fibrin strands and thereby increasing thrombus permeability and exposing 

more plasminogen receptors for binding, without mechanically disrupting the clot.8-10 moreover, 

us accelerates thrombolysis by another nonthermal mechanism, called acoustic cavitation, 

which refers to the formation and collapse of microscopic bubbles in a liquid due to an acoustic 

pressure field. the resulting cavitation causes reversible disintegration of fibrin fibers, leading to 

better penetration of enzyme into the thrombus.8, 11 Possible benefits of ust are shorter throm-

bolysis time and eventually reduction in bleeding complications.

the hypothesis of dutch randomized trial comparing standard catheter-directed thrombolysis 

versus ultrasound-accelerated thrombolysis for thromboembolic infrainguinal disease (duet) 

was that ust would result in a significant reduction in thrombolysis time (≥ 12 hours) as com-

pared with standard thrombolysis (st). We present the final results of this trial, which enrolled 

patients with recently thrombosed infrainguinal arteries or bypass grafts.

methods

Study design and patients 
the design and rationale of the duet study have been previously described in detail.12 Patients 

were enrolled in 4 vascular teaching hospitals in the Netherlands; all participating physicians had 

treated >4 patients with ust before recruitment in the duet study began to overcome a possible 

learning curve.

Patients with recently (7–49 days) thrombosed infrainguinal native arteries or bypass grafts 

presenting with acute limb ischemia (rutherford acute category i and iia)13 were eligible for ran-

domization. exclusion criteria were isolated common femoral artery (Cfa) thrombosis including 

the origin of the superficial femoral artery (sfa) and deep femoral artery (dfa); localized (<5 
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cm) femoropopliteal emboli or occlusions; acute ischemia due to thrombosis of the infrainguinal 

native arteries or bypass grafts <7 or >49 days before treatment; acute lower limb ischemia ruth-

erford class iib and iii; contraindication to antiplatelet therapy, anticoagulants, or thrombolytic 

drugs; recent (<6 weeks) ischemic stroke or cerebral bleeding; recent (<6 weeks) surgery; severe 

hypertension (>110 mmhg diastolic, >200 mmhg systolic blood pressure); current malignancy; 

history of prior life threatening reaction to contrast medium; uncorrected bleeding disorders; 

women with child-bearing potential not taking adequate contraceptives; current breastfeeding; 

pregnancy; hemodynamic instability at the onset of the procedure; refusal of treatment; cur-

rent participation in another investigational drug or device study that has not completed the 

entire follow-up period; and age <18 or >85 years. eligible patients were randomly assigned 

to treatment groups centrally by the study coordinator using a computerized randomization 

procedure. block randomization was used with a concealed block size of 4. all patients provided 

written informed consent before randomization. Patients were stratified according to whether a 

native artery or a bypass graft was involved. Prospective data collection was performed by local 

physicians in the participating centers using case record forms. this study was conducted in 

accordance with the principles of the declaration of helsinki. the institutional review board of 

each participating hospital approved the study protocol. the trial was registered on the Current 

Controlled trials website (controlled-trials.com; identifier isrCtN72676102).

Endpoints and definitions
the predefined primary end point was the duration of catheter-directed thrombolysis needed 

for uninterrupted flow (> 95% lysis) in the thrombosed infrainguinal native artery or bypass graft 

with outflow through at least 1 below-the-knee (btK) artery.14 all angiographies were evaluated 

by a team of an interventional radiologist and a vascular surgeon to judge endpoints. blinding 

was not used due to the visual difference between the thrombolysis catheters. secondary end 

points included technical success, defined as > 95% lysis of the thrombosed native artery or 

bypass graft with outflow through at least 1 btK artery;15 number of units of urokinase needed 

for uninterrupted flow in the thrombosed infrainguinal native artery or bypass graft; death; major 

amputation and other adverse events; duration of hospital admission; 30-day patency of the 

treated native artery or bypass graft.

adverse events were graded as mild, moderate, or severe according to the recommended 

standards for reports dealing with lower extremity ischemia.13 Clinical events regarded as severe 

were myocardial infarction, major amputation, severe bleeding (including intracranial bleeding), 

distal embolization, and compartment syndrome. moderate adverse events included moderate 

bleeding, pseudoaneurysm, iatrogenic dissection, and renal insufficiency (transient, not requir-

ing hemodialysis). Clinical events regarded as mild were groin hematomas and other bleeding 

complications without the need for (operative) intervention and/or blood transfusion (mild 

events were not considered in this analysis).
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additional interventions were those performed after successful thrombolysis to sustain pa-

tency, including endovascular, including Pta with or without stenting, additional thrombolysis 

for remaining thrombus, thrombosuction and surgical (e.g., bypass anastomosis revision) proce-

dures.

secondary interventions were those performed after failed thrombolysis to achieve revascular-

ization, including thromboembolectomy or bypass grafting.

Intervention
Standard thrombolysis

initial angiography included the abdominal aorta, iliac arteries and femoropopliteal arteries as 

well as the btK outflow. the antegrade approach was used through the ipsilateral Cfa if possible; 

otherwise a crossover approach via the Cfa was used. st was performed with a 5 f unifuse 

infusion catheter (angiodynamics, Queensbury, Ny, usa), which had a working length of 90 cm 

and circumferential infusion holes along the distal 10 cm of the catheter. after initial angiography, 

the catheter was navigated over a guidewire and positioned so that the tip of the catheter with 

the infusion holes was in the thrombosed distal segment. during each control angiography, the 

distal part of the thrombolysis catheter was repositioned in the remaining thrombosed segment, 

if necessary. the initial angiography in both groups was started at 8.00 a.m. ± 1 hour for logistical 

reasons. after successful positioning of the thrombolysis catheter, a 250,000 iu bolus of urokinase 

was given, followed by a continuous infusion of 100,000 iu urokinase/hour. moreover, systemic 

heparin was given (10,000 iu/24 hours) to prevent clot formation at the catheters and infusion 

lines. Control angiography was performed every 6 ± 1 hours. at night, angiography was only 

performed in emergencies (e.g., clinical suspicion of distal embolization and bleeding). if the 

obstructive clot had been successfully thrombolized, a completion angiography was performed, 

including inflow and outflow arteries. any necessary additional procedure was performed. after 

successful thrombolysis, systemic heparin was given (25,000 iu/24 hours) and dosage was ad-

justed based on activated partial thromboplastin time. Coumarin derivatives were started. the 

target international normalized ratio (iNr) was 2.5 to 3.5. if this value was reached, heparinization 

was stopped.

Ultrasound-accelerated thrombolysis

ust was performed using the eKos endoWave system (eKos Corporation, bothell, Wa, usa) 

which consists of a 5.2 f multilumen thrombolysis delivery catheter (106 - or 135-cm working 

length) and a matching us coaxial core wire with a working zone of 6 cm to 50 cm.16, 17 the 

central lumen of the multilumen thrombolysis delivery catheter accommodates the us core wire.

after initial angiography, the thrombolysis delivery catheter was navigated over a guidewire 

into the target vessel so that the us treatment zone traversed the entire thrombosed segment, 

with the tip of the infusion catheter located distally in a patent outflow artery. after final posi-

tioning, the guidewire was exchanged for the matching us core wire, and thrombolytic therapy 
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was started. urokinase was infused through 3 drug lumens containing multiple side holes. low-

intensity (2.2 mhz), high-frequency us was delivered over the entire length of the us core wire 

and corresponding infusion catheter. us intensity and local temperature were both monitored 

with thermocouples and automatically regulated by a portable control unit. Control angiography 

was performed at standardized intervals similar to the st group. if placement of the eKos system 

was technically not feasible, the operating physician decided which alternative treatment was 

started.

Follow-up
at 30±7 days after completion of thrombolysis, a follow-up visit was planned in the outpatient 

department, including contrast-enhanced magnetic resonance angiography of the treated leg. 

during follow-up, any (surgical) reintervention, death, and other (severe) adverse events were 

recorded.

Safety and quality control
an independent data safety monitoring board (dsmb) performed an interim analysis on the 

primary end point after half the required number of patients had been enrolled, using the 

Peto approach, meaning that the study would only be stopped for beneficial effects in case of 

a p <.001.18 end points in blinded groups were assessed by the dsmb. in addition, sequential 

monitoring was used to monitor the incidence of death from all causes and all severe and moder-

ate adverse events.

Statistical analysis
sample size calculation was based on the assumption that the mean duration for successful 

standard thrombolytic treatment of infrainguinal native arteries or bypass grafts is 2.5±1 days. 

this assumption was based on data from a cohort of 186 patients from the st. antonius hospital 

(Nieuwegein, the Netherlands) undergoing catheter-directed thrombolysis for acute arterial 

lower limb occlusions from 2001 to 2008 (unpublished data). Given a power of 90% and a 2-tailed 

significance of 5%, a 2-armed randomized trial including 26 patients in each arm would be 

needed to prove a 12-hour reduction in therapy time with ust compared with st. taking into 

account 10% dropouts in each arm, 30 patients would be needed in each study arm. this study 

was not powered on secondary outcomes; no subgroup analyses were predefined.

all analyses were performed according to the intention-to-treat principle, and results were 

compared between the treatment groups. Primary outcome was analyzed by means of Kaplan-

meier analysis and log-rank tests. Patients with unsuccessful thrombolysis were censored in the 

Kaplan-meier analysis; censored cases were removes from the denominator, that is, the group of 

patients still receiving thrombolysis.19 baseline characteristics were analyzed using chi-square test 

and fischer’s exact test when appropriate. a p-value <0.05 was considered statistically significant. 
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statistical analyses were performed using sPss software (version 20.0; ibm Corporation, armonk, 

Ny, usa).

results

Patient characteristics and treatment assignments
between November 2009 and November 2012, 67 patients were randomized in the duet study. 

seven patients were excluded after randomization because diagnostic angiography showed a 

significant stenosis instead of an occlusion. these patients were primarily treated with Pta; none 

had been treated with thrombolysis. the remaining 60 patients (44 men; mean age 64 years) 

were included in the analysis (figure 1): 32 in the st group and 28 in the ust group. baseline 

patient (table 1) and occlusion characteristics (table 2) of the treatment groups were similar. 

bypass graft thrombosis predominated in both groups.

Outcomes and adverse events
thrombolysis was significantly faster in the ust group (17.7±2.0 hours) than in the st group 

(29.5±3.2 hours, p=0.009; figure 2) and required significantly fewer units of urokinase (2.8±1.6×106 

Figure 1. randomization flowchart. st, standard thrombolysis; ust, ultrasound-accelerated thrombolysis.
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iu in the st group vs. 1.8±1.0×106 iu in the ust group, p=0.01) for uninterrupted flow (table 3). 

mean units of urokinase for all patients was 3.0±1.6×106 iu in the st group and 1.8±1.0×106 iu in 

the ust group (p=0.001). technical success was achieved in 27 (84%) patients in the st group vs. 

21 (75%) patients in the ust group (p=0.52). repositioning of the unifuse catheter was needed 

in 6 st patients during control angiography to navigate the infusion holes into the remaining 

part of the thrombus. there was no significant difference in the use of additional procedures or 

secondary interventions between the treatment groups. of the 9 patients with a thrombosed 

venous bypass graft, 7 had successful thrombolysis (5 ust and 2 st). the 2 patients who had 

unsuccessful thrombolysis were both in the st group. the combined 30-day death and severe 

adverse event rate (table 4) was 19% (6/32) in the st group and 29% (8/28) in the ust group 

(p=0.54). Combining severe or moderate adverse events with death gave incidences of 22% (7/32) 

in the st group and 43% (12/28) in the ust group (p=0.10). one patient died in each group; the 

st patient died due to cardiac failure, while the ust patient suffered fatal intracranial bleeding 

2 days after successful thrombolysis. two st patients experience severe bleeding complications. 

one had bleeding from a dfa side branch during additional thrombolysis that required embo-

lization and the other had bleeding from a sfa side branch that needed embolization 4 days 

after thrombolysis. in the ust group, 3 patients had severe bleeding complications. two had 

Table 1. Patient characteristics.a

Characteristic standard thrombolysis (n=32) us-accelerated thrombolysis (n=28)

age, y 64.0 ± 11.8 64.8 ± 12.1

men 25 (78) 19 (68)

body mass index, kg/m2 27.1 ± 3.3 27.3 ± 4.5

history of smoking 25 (78) 23 (82)

Comorbidities

 diabetes 9 (20) 9 (32)

 hypertension 18 (56) 16 (57)

 hypercholesterolemia 18 (56) 15 (54)

 Coronary artery disease 8 (26) 10 (36)

 tia or stroke 5 (16) 2 (7)

 renal insufficiency 2 (6) 5 (18)

 Pulmonary disease 8 (25) 5 (18)

asa class

 i 1 (3) 4 (14)

 ii 23 (72) 13 (46)

 iii 8 (25) 10 (36)

 iV 0 (0) 1 (4)

Prestudy medication

 Coumarin derivatives 14 (32) 11 (39)

 Platelet aggregation inhibitors 17 (53) 15 (54)

 statines 18 (56) 15 (54)

abbreviations: us, ultrasound; tia, transient ischemic attack; asa, american society of anesthesiologists. aCon-
tinuous data are presented as the means ± standard deviations; categorical data are given as counts (percent-
age).
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Table 2. baseline occlusion characteristics.a

Characteristic* standard thrombolysis (n=32) us-accelerated thrombolysis (n=28)

type of occlusion 

 Native artery 10 (31) 9 (32)

 bypass graft 22 (69) 19 (68)

Prosthetic 18 (82) 14 (74)

Venous 4 (18) 5 (26)

duration of symptoms, d 18.7 ± 12.3 18.9 ± 13.0

Walking distance, m 76.3 ± 116.3 48.6 ± 76.6

occlusion length, cm 29.8 ± 15.9 32.6 ± 15.3

rutherford class 

 i 19 (59) 15 (54)

 iia 13 (41) 13 (46)

abi 0.37 ± 0.26 0.24 ± 0.25

Number of outflow arteries

 0 6 (19) 3 (11)

 1 7 (22) 7 (25)

 2 5 (16) 8 (29)

 3 14 (44) 10 (36)

Previous ipsilateral revascularization

 Pta and/or stenting 9 (28) 7 (25)

 thrombolysis 6 (19) 5 (18)

 bypass 22 (69) 19 (68)

abbreviations: us, ultrasound; Pta, percutaneous transluminal angioplasty; abi, ankle-brachial index. aContinu-
ous data are presented as the means ± standard deviations; categorical data are given as counts (percentage).
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Figure 2. Kaplan-meier curve of primary endpoint of both treatment groups.
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intracranial bleeding (fatal in one as mentioned above) and the other, a patient with a history 

of recurrent pancreatitis, bled from the gastroepiploic artery during thrombolysis and required 

laparotomy. during hospitalization, 2 lower leg amputations were performed in st patients. both 

had presented with acute on chronic ischemia and required a lower leg amputation because of 

progressive fontaine grade iV ischemia.

Table 4. thirty-day adverse events.a

adverse eventsb standard thrombolysis
(n=32)

us-accelerated 
thrombolysis (n=28)

P

death 1 (3) 1 (4) 1.00

death and severe adverse events 6 (19) 8 (29) 0.54

death and severe or moderate adverse events 7 (22) 12 (43) 0.10

severe adverse events

 myocardial infarction 1 (3) 0 (0) 1.00

 major amputation 2 (6) 2 (7) 1.00

 severe bleeding 2 (6) 3 (11) 0.66

intracranial 0 (0) 2 (7) 0.21

other 2 (6) 1 (4) 1.00

 distal embolization 0 (0) 1 (4) 0.47

 Compartment syndrome 0 (0) 1 (4) 0.47

moderate adverse events

 moderate bleeding 0 (0) 1(4) 0.47

 Pseudoaneurysm 1 (3) 1 (4) 1.00

 iatrogenic dissection 0 (0) 1(4) 0.47

 renal insufficiencyc 0 (0) 1 (4) 0.47
adata are presented as counts (percentage). ball events that occurred in each patient were counted.13 cdefined 
as transient renal insufficiency without need for hemodialysis.

Table 3. Procedural details.a

standard thrombolysis 
(n=32)

us-accelerated thrombolysis 
(n=28)

P

duration of thrombolysis, h 29.5±3.2 17.7±2.0 0.009

urokinase, iu x 106 2.8±1.5 1.8±1.0 0.01

technical success 27 (84) 21 (75) 0.52

additional procedures

 Pta ± stenting 17(53) 19 (68) 0.30

 thromboaspiration 0 (0) 1 (4) 0.47

 thrombolysis 4 (13) 3 (11) 1.00

 bypass anastomosis revision 3 (9) 1(4) 0.62

secondary procedures

 embolectomy 1 (3) 4 (14) 0.18

 bypass 0 (0) 1 (4) 0.47

increase in abi 0.56±0.33 0.57±0.31 0.88

length of hospital stay, d 8.0±6.3 9.0±7.8 0.48

abbreviations: us, ultrasound; Pta, percutaneous transluminal angioplasty; abi, ankle-brachial index. aContinu-
ous data are presented as the means ± standard deviations; categorical data are given as counts (percentage).
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Follow-up
at 30-day follow-up, patency in the successfully lysed st patients was 82% (22/27) vs. 71% (15/21) 

in the ust patients (p=0.35). among the st group, 5 patients had a reocclusion. one patient 

underwent thrombolysis, another had embolectomy, and 3 patients were treated conservatively 

because of mild claudication symptoms. in the ust group, 6 patients had a reocclusion. two 

patients underwent embolectomy, of which 1 patient eventually underwent a transfemoral 

amputation. one patient had a bypass, another needed a lower leg amputation, and 2 patients 

were treated conservatively.

disCussioN

us-accelerated thrombolysis is a non-mechanical form of thrombolysis that does not damage 

the intimal wall according to in vitro studies.20, 21 in addition, ust is thought to have a vasorelax-

ant effect.20 several authors have reported promising results of catheter-directed ust for acute 

occlusions of lower limb native arteries and bypass grafts, with reported technical success rates 

between 88% and 96%.17, 22-25

the duet study, the first randomized controlled trial comparing st with ust in recently throm-

bosed infrainguinal native arteries or bypass grafts, showed that ust can reduce thrombolysis 

time significantly. major bleeding was substantial in both groups, and 30-day patency rates were 

moderate.

for logistical reasons, patients were randomized prior to initial angiography. since all of the 

7 excluded patients had an initial angiogram that showed a significant stenosis instead of an 

occlusion, Pta was performed instead of thrombolysis. therefore, it is very unlikely that selec-

tion bias occurred, since allocation did not influence the likelihood that patients received the 

intervention.26

in this trial, patients were included with an occlusion at least 7 days old. results of standard 

thrombolytic therapy in acute occlusions are good because the thrombus or emboli are not 

organized. the added value of ust is expected in the more organized thrombi. moreover, the 

literature has shown that the duration of ischemic symptoms does not significantly influence fi-

nal outcome of thrombolysis,2-4 and some patients present after 7 days because of mild ischemic 

symptoms.27

this clinical study reflected common practice. restoration of antegrade flow and dissolution 

of at least 95% of the thrombus is the consensus definition of technical success.15 this endpoint 

was evaluated for every patient in this trial by an interventional radiologist and vascular surgeon. 

the decision to continue or finish thrombolysis is subjective and was made after the primary end-

point had been reached. the treating physician decided how to treat any residual thrombosis, 

that is, by endovascular or surgical means.

Control angiography was performed every 6±1 hours; at night, angiography was performed 

only in case of emergencies. theoretically, therapy time could have been overestimated in our 
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study if complete lysis were achieved during the night. actually, the duration of thrombolysis in 

the study showed a quite left-skewed distribution, suggesting that most of the ust cases had 

been successful within the first 12 hours. since the study protocol was similar for both groups, it 

is unlikely that bias occurred.

urokinase was used in this study since this was the most frequently employed fibrinolytic 

agent in the participating hospitals. a systematic review of fibrinolytic agents for peripheral ar-

tery occlusions found no evidence that urokinase is more or less effective or is associated with 

more bleeding complications as compared to other fibrinolytic agents.28

in 3 patients it was technically not possible to advance an us-accelerated catheter through 

the entire thrombosed arterial segment; in 2 of these patients, it was possible to place a stan-

dard catheter in the proximal segment of the thrombus instead. a standard catheter could not 

be placed in the third case, so embolectomy was performed. the need to advance the us-

accelerated catheter through the entire thrombus is one of the limitations of this technique. in 

addition, the costs of an us-accelerated catheter and the portable unit are substantially higher 

than those of a standard catheter. While a decrease in overall costs of thrombolytic treatment (i.e., 

fewer control angiographies, less lytic agent, and shorter hospitalization) is a possible benefit of 

reduced thrombolysis time, it is unknown if the savings could compensate for the higher costs of 

the us-accelerated catheter. a cost-effectiveness analysis will be performed to compare overall 

costs of both treatments.

although not statistically significant, the rate for combined 30-day death and any severe or 

moderate complication was higher in the ust group. the 30-day major bleeding complication 

rates of 6% in the st group and 11% in the ust group are comparable to the 9% in the meta-

analysis of 3 randomized controlled trials comparing standard thrombolysis to surgical interven-

tion.7 the number of severe bleedings in the ust group was relatively high as compared with the 

st group, which might be partially explained by the need to temporarily withdraw the us coaxial 

core wire during control angiography manipulation of the introducer sheath. the incidence of 

hypertension did not significantly differ between both groups, and no patient had a systolic pres-

sure >200 mm hg. in the ust group, 2 of the 3 remote bleeding complications were intracranial. 

one occurred after 5 hours of thrombolysis and the other 20 days after thrombolytic therapy. it 

is debatable if the latter event was associated with the initial thrombolysis. in the st group, only 

local bleeding complications occurred, most likely due to guidewire trauma.

Limitations
When the trial was started, all hospitals used the 10-cm long catheters for standard thrombolysis, 

since catheters with other infusion hole lengths were not available in all participating hospitals. 

the use of only one length of the unifuse catheter might be a limitation of this study. While 

major bleeding is an important outcome of catheter- directed thrombolysis, it was not chosen as 

a primary endpoint in this trial. a study showing a difference in major bleeding would require a 

very large sample size and is not feasible in the Netherlands.
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CoNClusioN

therapy time for treatment of infrainguinal arterial thrombosis is significantly reduced with ust 

compared to st. however, in both treatment groups the number of bleeding complications was 

substantial with moderate 30-day patency rates. future studies are needed to assess the clinical 

significance of reduced therapy time.
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acute limb ischemia occurs due to a sudden decrease in blood flow to the limb, usually caused 

by a thrombus or embolus, resulting not only in a potential threat to the viability of the limb, 

but also a high risk of death. While over the past decades the rate of limb loss in patients with 

acute limb ischemia has declined, the mortality rate has not changed. most likely the rate of limb 

loss has declined due to improvements in treatment strategies. however, mortality is associated 

with (cardiovascular) comorbidities and the fragile baseline state of patients with acute limb 

ischemia.1 although surgical techniques have been the standard of care for a long period of time, 

less invasive endovascular techniques have become the preferred treatment over the last three 

decades, in particular catheter-directed thrombolysis.

Chapter 2 provides an overview of the current status and new developments of pharma-

comechanical thrombolysis for acute arterial lower limb occlusions. since the introduction 

of catheter-directed thrombolysis, there has been a vast development of new thrombolysis 

catheters and different infusion techniques. different adjuncts to pharmacological thrombolysis 

are available, such as percutaneous thrombus aspiration devices and percutaneous mechani-

cal thrombectomy devices. simultaneous delivery of ultrasound and thrombolytic agents, is 

a relatively new concept in the treatment of acute limb ischemia. the constant innovation of 

pharmacomechanical thrombolysis catheters, infusion techniques, and thrombolytic agents, is 

intended to improve and accelerate revascularization and reduce hemorrhagic complications.

Chapter 3 describes the long-term outcome of catheter-directed thrombolysis for acute 

lower limb occlusions of native arteries and prosthetic bypass grafts. because (fatal) hemor-

rhagic complications may occur, identifying and selecting patients who are expected to have 

the best outcome after catheter-directed thrombolysis is crucial. based on available literature the 

hypothesis of the study was that long-term outcome is better for native arteries as compared 

to prosthetic bypass grafts. despite initial promising results, long-term follow-up of catheter-

directed thrombolysis for acute lower limb occlusions showed a poor amputation-free survival. 

in our multivariate analysis, no significant differences in amputation-free survival between na-

tive arteries and prosthetic bypass grafts were found. multivariate analysis did show that age 

>65 years and cerebrovascular disease were significant negative predictors for amputation-free 

survival. our results indicate that catheter-directed thrombolysis should not be withheld from 

patients solely based on conduit type.

in Chapter 4 we investigated the use of catheter-directed thrombolysis as first-line treatment 

in patients with acute upper limb ischemia. We found that catheter-directed thrombolysis is ef-

fective in over 60% of patients as first-line treatment of extensive acute upper limb ischemia and 

can prevent surgical intervention in these patients. although cardiac embolism is found to be the 

most common cause of acute upper limb ischemia in current literature,2 we did not find this in 

our study. it is possible that the cause of acute upper limb ischemia has been falsely attributed to 

a cardiac embolism in past studies, since most studies did not perform standard diagnostic tests 

to confirm the origin of the embolus. We believe that computed tomography angiography of the 

thoracic aorta and echocardiography to identify cardiothoracic sources of emboli, and laboratory 
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test to identify coagulation disorders should be part of a standard work-up of patients with acute 

upper limb ischemia. a Pet-scan should be performed in case of suspicion of a paraneoplastic 

syndrome to identify the primary tumor.

evidence concerning the treatment of acute ischemia of the upper limb is scarce and patient 

cohorts are often small. in current literature there is controversy about how aggressively acute 

upper limb ischemia should be treated, particularly when the upper limb appears viable.2 to 

date a considerable amount of patients is still treated conservatively or with oral anticoagulants 

only. many of these patients are lost to follow-up and data on the outcome of these patients 

are lacking. since there is a substantial risk of limb loss, ischemic time of the limb should not be 

prolonged by only administering oral anticoagulants.

since hemorrhagic complications are the largest draw-back of thrombolysis, several methods 

have been investigated to reduce thrombolysis time. ultrasound-accelerated thrombolysis seems 

to be a promising concept in the treatment of various thromboembolic conditions. in the 1970s 

it was demonstrated that ultrasound waves could disrupt clots.3 since then, two fundamentally 

different approaches have evolved in the use of ultrasound for thrombolysis. in the first concept, 

high-intensity ultrasound is applied to mechanically disrupt the clot, while in the second con-

cept lower intensity ultrasound is used to augment enzymatic fibrinolysis by breaking linkage 

of fibrin strands.4 in the review described in Chapter 5, a total of 340 patients were treated with 

catheter-directed transducer-tipped ultrasound-accelerated thrombolysis for various indications. 

Complete or partial lysis was achieved in almost 90% of patients. the overall (hemorrhagic) com-

plication rates were low. it must be noted that studies on ultrasound-accelerated thrombolysis 

are difficult to compare, as the eKos catheter (eKos Corporation, bothell, Wa, usa) has under-

gone significant modifications since 1999, which may have affected outcome of different studies.

in preparation of the randomized controlled trial of this thesis, in Chapter 6 the results of 

a prospective cohort study of 21 patients undergoing ultrasound-accelerated thrombolysis for 

acute arterial lower limb occlusions are presented. Complete lysis was achieved in all but one 

patient. median therapy time until complete lysis was 26.5 (range, 8.5–72) hours. No hemorrhagic 

complications or deaths occurred. one patient required major amputation because of progres-

sive ischemia, despite complete lysis of the occluded segment. based on our study and other 

available clinical studies, ultrasound-accelerated thrombolysis seems to be feasible and safe in 

the treatment of acute lower limb ischemia.

in Chapter 7 the design and rationale of duet (dutch randomized trial comparing standard 

catheter-directed thrombolysis versus ultrasound-accelerated thrombolysis for thromboembolic 

infrainguinal disease) is described. it was designed to assess whether ultrasound-accelerated 

thrombolysis will reduce therapy time significantly compared with standard thrombolysis. the 

primary outcome was the duration of thrombolysis needed for uninterrupted flow (>95% throm-

bus lysis), with outflow through at least 1 below-the-knee artery.

as stated in the study protocol, all angiographies in the trial were assessed by a vascular sur-

geon and an interventional radiologist independently. We are aware of the fact that there could 
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be an inter- or intraobserver variability in the assessment of angiographies. for future research 

it would be interesting to develop a scoring system to calculate thrombus volume, in order to 

standardize the assessment of angiographies. to our knowledge only one study has described 

a formula to calculate thrombus volume.5 thrombus volume was calculated with independent 

assessments of radiographs by three physicians; it included the anatomic extent of intra-arterial 

thrombus, the maximum arterial stenosis produced by residual thrombus, and the volume of 

residual thrombus (length x [predicted normal arterial diameter/2] x π0. the physicians met as 

a group and reached a consensus on these end points. it would be interesting to perform an 

inter- and intraobserver variability study on this scoring system.

the results of duet are presented in Chapter 8. this was a multicenter randomized controlled 

trial that was conducted in four vascular teaching hospitals in the Netherlands. sixty patients with 

recently thrombosed infrainguinal native arteries or bypass grafts causing acute limb ischemia 

were randomized to standard thrombolysis or ultrasound-accelerated thrombolysis . thromboly-

sis time was significantly reduced with 12 hours in the ultrasound-accelerated thrombolysis group 

as compared to the standard thrombolysis group and subsequently significantly fewer units of 

urokinase were required in the ultrasound-accelerated thrombolysis group. technical success 

rate and 30-day patency rate did not significantly differ between the groups. however there was 

a trend of higher complication rates in the ultrasound-accelerated thrombolysis group. most 

remarkable was the higher occurrence of intracranial hemorrhage in the ultrasound-accelerated 

thrombolysis group, although not significantly different as compared to the standard thromboly-

sis group. a possible explanation for this phenomenon is that the lytic properties of urokinase 

were more enhanced by the addition of ultrasound, caused by a synergistic effect. furthermore 

the overall moderate (local) complication rate in the ultrasound-accelerated thrombolysis group 

was higher. No specific subtype of moderate hemorrhagic complications could be identified. 

however, it is possible that the higher rate of local complication is caused by the need to reposi-

tion the ultrasound-accelerated thrombolysis catheter during control angiographies.

Possibly, a more clinically relevant primary endpoint would have been (hemorrhagic) compli-

cation rate. however, in order to reach a statistically significant difference in complication rate, 

a much larger sample size would have been needed, which was not thought feasible in the 

Netherlands.

in order to further reduce hemorrhagic complications, studies have investigated the use of a 

low-dose urokinase regimen. ebben et al. compared a low-dose urokinase regimen (50,000 ie 

urokinase per hour) to a high-dose regimen (100,000 ie urokinase per hour), and showed that 

the low-dose regimen is as effective, while hemorrhagic complications are significantly reduced.6 

a subsequent study by the same authors investigated the addition of contrast-enhanced ultra-

sound to low-dose thrombolysis in a porcine model and demonstrated that the thrombolytic ef-

fect was accelerated, without the occurrence of hemorrhagic complications.7 Plans are underway 

to commence a non-randomized clinical trial, duet ii, that will investigate the use of a low-dose 

urokinase regimen in combination with ultrasound.
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future PersPeCtiVes

despite several advancements in treatment strategies for patients with acute limb ischemia, 

complication rates remain high. since many patients suffer from several underlying cardiovascu-

lar comorbidities, acute limb ischemia usually is a sign of end-stage cardiovascular disease and 

therefore a sign of poor overall prognosis.

hemorrhagic complications remain a large draw-back of catheter-directed thrombolysis. 

during thrombolytic therapy hemorrhage occurs due to fibrinolysis and platelet inhibition.8 the 

ideal thrombolytic agent should cause fast and complete thrombus lysis, with a minimal risk 

of both hemorrhage and distal embolization. further research should focus on developing a 

thrombolytic agent that has strong lytic capabilities and is highly fibrin specific, and thereby 

avoid systemic plasminemia. it should have a short circulating half-life and the effects of the 

thrombolytic agent should be easily reversed in case of hemorrhagic complications. over more 

the ideal thrombolytic agent should not be dependent of genetic variations in response to its 

lytic capacities.

the concept of adding glycoprotein (GP)iib/iiia antagonists to thrombolytic therapy to reduce 

the total amount of thrombolytics needed, especially in platelet rich clots, seems promising. the 

mechanism of action of GP iib/iiia antagonists is inhibition of platelet aggregation and dissolu-

tion of platelet rich clot by disrupting fibrinogen-platelet interaction. this combination therapy 

has been extensively used in the setting of coronary arterial interventions. Current clinical studies 

that investigated this combination therapy in acute peripheral arterial occlusions, showed faster 

thrombus resolution, but similar or increased major hemorrhagic complications as compared 

to thrombolytic therapy alone.9, 10 future research should focus on applying this combination 

therapy only in patients that are more resistant to thrombolysis.

the ideal thrombolysis catheter should be a multiple side hole catheter that reduces the need 

for repeat repositioning of the catheter and thereby reducing the risk of peripheral embolization. 

the addition of ultrasound to thrombolytic therapy has been proved to reduce therapy time. 

results of duet ii, that investigates ultrasound-accelerated thrombolysis with a lower dosage of 

urokinase, are eagerly awaited.

Percutaneous thrombomechanical devices are a valuable adjunct to catheter-directed throm-

bolysis in more organized thrombi. organized thrombi are less receptive to lytic drugs because 

a well-organized fibrin cap develops around the thrombus over time. the ideal thrombectomy 

catheter should be highly steerable and torqueable in order to reach difficult-to-navigate vessels. 

the catheter should be low-profile, while the robustness of the catheter is maintained in order to 

reduce endothelial damage, since endothelial damage causes local thrombogenicity.
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CoNClusioN

Physicians treating patients with acute limb ischemia should be acquainted with available 

pharmacomechanical thrombolysis treatment modalities and their (dis-)advantages. having the 

complete spectrum of pharmacomechanical thrombolysis treatment modalities in your arma-

mentarium is crucial in order to treat the individual, often fragile, patient in the most optimal way.
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acute ischemie (onvoldoende doorbloeding) van de extremiteit is een medisch noodgeval. 

indien deze aandoening niet snel en adequaat wordt behandeld, is er grote kans op amputatie 

en/of dood. de incidentie van acute ischemie van de extremiteit bedraagt 14 per 100.000 in de 

algemene bevolking en vormt 10 tot 16% van de vasculaire werkbelasting. de meest voorko-

mende oorzaak van acute ischemie van de extremiteit is vorming van een trombus (bloedstolsel) 

ter hoogte van een atherosclerotische plaque (slagaderverkalking).

de afgelopen jaren is de kans op amputatie verlaagd door verbeteringen van behandeltech-

nieken. de mortaliteit is helaas niet verlaagd doordat patiënten met een acute arteriële (slag-

aderlijke) trombus van de extremiteit vaak uitgebreide hart- en vaatziekten hebben, waardoor er 

een grote kans is op overlijden tijdens en na de behandeling.

Gedurende lange tijd werden patiënten met acute ischemie van de extremiteit behandeld met 

een embolectomie (het operatief verwijderen van een bloedprop). Nadelen van deze behande-

ling zijn het ontstaan van schade aan de vaatwand en incomplete verwijdering van de trombus. 

in het begin van de jaren 80 werd het gebruik van catheter-geleide trombolyse (het oplossen van 

een stolsel met medicijnen die via een catheter worden toegediend) geïntroduceerd. Voordelen 

van deze behandeling ten opzichte van chirurgische embolectomie zijn: meer voorzichtige en 

complete verwijdering van de trombus, minder schade aan de vaatwand en de mogelijkheid om 

onderliggende atherosclerose te behandelen met een dotter-procedure, eventueel in combina-

tie met plaatsing van een stent. met drie grote, gerandomiseerde studies, waarbij chirurgische 

interventie werd vergeleken met catheter-geleide trombolyse, is aangetoond dat er geen signi-

ficant verschil is in het optreden van amputatie of dood op de korte- en middellange termijn, 

maar dat het aantal bloedingscomplicaties significant hoger is bij catheter-geleide trombolyse.

inmiddels is veel onderzoek gedaan naar technieken om de trombolyseduur te reduceren en 

daarmee het aantal bloedingscomplicaties te reduceren. met verschillende laboratorium- en 

klinische studies is aangetoond dat het toevoegen van lage-intensiteit echogeluid leidt tot het 

sneller oplossen van een trombus. door de toevoeging van lage-intensiteit echogeluid aan 

trombolytica (stolseloplossende medicijnen) wordt de trombus op celniveau kapot gemaakt, 

waardoor de trombus makkelijker kan worden opgelost. hierdoor wordt de behandelingsduur 

gereduceerd en mogelijk ook het aantal bloedingscomplicaties.

in hoofdstuk 2 wordt een overzicht gegeven van de ontwikkelingen van pharmacome-

chanische trombolyse. sinds de introductie van catheter-geleide trombolyse is er een snelle 

ontwikkeling geweest van nieuwe trombolysecatheters en toedieningstechnieken. daarnaast 

zijn er verschillende hulpmiddelen beschikbaar, zoals aspiratiecatheters en mechanische trom-

bolysecatheters. de toevoeging van lage-intensiteit echogeluid aan trombolytica is een relatief 

nieuw concept binnen de behandeling van een acute arteriële trombose. de constante innovatie 

van nieuwe technieken is gericht op het (sneller) verbeteren van de bloeddoorstroming van de 

extremiteit en het verminderen van bloedingscomplicaties.

Hoofdstuk 3 beschrijft de lange termijn uitkomsten van catheter-geleide trombolyse bij een 

acute trombose van arteriën en bypasses in de onderste extremiteit. ondanks veelbelovende 
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initiële resultaten, toonde lange termijn follow-up een teleurstellende amputatie-vrije overle-

ving. de amputatie-vrije overleving verschilde echter niet voor acute trombose van een arterie 

vergeleken met een bypass in de onderste extremiteit. Wel was de amputatie-vrije overleving 

slechter voor patiënten ouder dan 65 jaar en patiënten met cerebrovasculaire (bloedvaten van 

de hersenen) ziektes.

in hoofdstuk 4 hebben we het gebruik van catheter-geleide trombolyse onderzocht bij pa-

tiënten met een acute arteriële trombose in de bovenste extremiteit. resultaten van deze studie 

toonden dat trombolyse effectief is bij meer dan 60% van de patiënten en daarmee de noodzaak 

voor chirurgische interventie voorkomt.

aangezien bloedingscomplicaties het grootste nadeel van trombolyse vormen, zijn er verschil-

lende technieken onderzocht om de behandelingsduur te verkorten en daarmee de totale dose-

ring trombolytica te verkleinen. eén van deze technieken is het toevoegen van echogeluid aan 

trombolyse. daarbij zijn twee verschillende concepten te onderscheiden: bij het eerste concept 

wordt hoge-intensiteit echogeluid gebruikt om een trombus mechanisch te fragmenteren. bij 

het tweede concept wordt lage-intensiteit echogeluid gebruikt om de enzymatische activiteit 

van trombolytica te vergroten, waardoor de trombus sneller en makkelijker oplost. in de klinische 

studies in dit proefschrift is onderzoek gedaan naar de toevoeging van lage-intensiteit echo-

geluid aan catheter-geleide trombolyse. hierbij is gebruikt gemaakt van het eKos endoWave 

system (eKos Corporation, bothell, Wa, usa). dit systeem bestaat uit een trombolysecatheter 

met meerdere openingen over de gehele lengte, waarin een catheter met corresponderende 

echo-apparaatjes wordt geplaatst. hierdoor kan lage-intensiteit echogeluid in combinatie met 

trombolytica over de gehele lengte van de trombus worden toegediend.

in de review, beschreven in hoofdstuk 5, zijn in totaal 340 patiënten met verschillende trombo-

embolische aandoeningen behandeld met echogeluid-versterkte trombolyse. bij ongeveer 90% 

van de patiënten kon de trombus in zijn geheel of gedeeltelijk worden opgelost, met een laag 

aantal (bloedings-)complicaties.

ter voorbereiding op de gerandomiseerde studie in dit proefschrift, worden in hoofdstuk 6 de 

resultaten beschreven van een prospectieve cohortstudie van 21 patiënten die behandeld zijn 

met echogeluid-versterkte trombolyse vanwege een acute arteriële trombose van de onderste 

extremiteit. bij 20 van de 21 patiënten werd volledige lysis (oplossen) van de trombus bereikt. 

de mediane behandelingsduur tot complete lysis bedroeg 26.5 (range 8.5–72) uur. er traden 

geen bloedingscomplicaties of overlijden op. bij één patiënt was een amputatie nodig vanwege 

voortschrijdende ischemie, ondanks complete lysis.

in hoofdstuk 7 worden de opzet en de rationale van de duet (dutch randomized trial com-

paring standard catheter-directed thrombolysis versus ultrasound-accelerated thrombolysis for 

thromboembolic infrainguinal disease) studie beschreven. deze studie is ontworpen om vast 

te stellen of echogeluid-versterkte trombolyse de behandelingsduur significant verkort ten op-

zichte van standaard trombolyse. de primaire uitkomst van deze studie was de trombolyseduur 
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tot volledige (>95%) doorgankelijkheid van het getromboseerde segment, met uitstroom via 

tenminste één onderbeenarterie.

de resultaten van duet worden beschreven in hoofdstuk 8. dit was een multicenter gerando-

miseerde studie in vier vasculaire opleidingsziekenhuizen in Nederland. Zestig patiënten met re-

cent getromboseerde arteriën of bypasses van de onderste extremiteit werden gerandomiseerd 

tussen echogeluid-versterkte trombolyse en standaard trombolyse. de trombolyseduur was met 

12 uur significant gereduceerd in de echogeluid-versterkte trombolysegroep vergeleken met de 

standaard trombolysegroep. het technische succes en de doorgankelijkheid van het behandelde 

segment na 30 dagen verschilde niet tussen de behandelgroepen. er was een trend zichtbaar 

van een hoger aantal (bloedings-)complicaties in de echogeluid-versterkte trombolysegroep. 

een verklaring voor dit fenomeen is dat er mogelijk sprake is van een synergistisch effect tussen 

echogeluid en trombolytica, hetgeen de bloedingsneiging verhoogt. om te onderzoeken of het 

aantal bloedingscomplicaties kan worden gereduceerd, zijn er plannen om de duet ii studie 

te starten, een niet-gerandomiseerde studie waarbij een behandeling met een gehalveerde 

dosering trombolytica in combinatie met echogeluid wordt onderzocht bij patiënten met een 

acute arteriële trombose van de onderste extremiteit.
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