Noninvasive, Transthoracic, Low-Frequency Ultrasound
Augments Thrombolysis in a Canine Model of Acute
Myocardial Infarction
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Background—Limitations of coronary thrombolysis include the time to reperfusion, patency rate, and bleeding. V
evaluated the use of noninvasive transcutaneous ultrasound to augment coronary thrombolysis.

Methods and Results-In 24 dogs, a thrombotic occlusion of the left anterior descending coronary artery was induced &
documented by 12-lead ECG and coronary angiography. Af@0 minutes of occlusion, tissue-type plasminogen
activator (t-PA; 1.42 mg/kg) was given intravenously over 90 minutes. A total of 12 of the 24 dogs had concomit;
transcutaneous application of low-frequency ultrasound (27 kHz) over the chest. At 90 minutes, the mean TIMI gr
flow in the t-PA alone group was 0.921.4 compared with 2.421.9 in the t-PA plus ultrasound group<0.006). TIMI
2 to 3 flow was present in 4 of 12 cases receiving t-PA alone compared with 10 of 12 cases receiving t-PA
ultrasound P=0.003). At 180 minutes, mean TIMI grade flow was 07b4 in the t-PA alone group versus 2:58.9
in the t-PA plus ultrasound group€0.001). Pathological examination confirmed the angiographic patency rate and d
not reveal injury secondary to ultrasound in the skin, soft tissues, heart, or lungs.

Conclusions—In vivo, the noninvasive transthoracic application of low-frequency ultrasound (1) greatly augments t
efficacy of t-PA—mediated thrombolysis, (2) seems safe, and (3) has substantial potential as a noninvasive adjur
improve coronary patency without increasing the risk of bleedi@gculation. 2000;101:2026-2029.)
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Coronary thrombolysis reduces mortality and preserves In Vivo Induction of Canine Thrombotic
ventricular function, but it results in angiographic TIMI  Coronary Occlusion
3 flow in only 40% to 60% of patients. The procedure is Dogs (20 to 30 kg) were anesthetized with thiopental; anesthesia was
further complicated by major bleeding in 5% of patients and Maintained by enflurane inhalation. Thrombotic coronary occlusions
by hemorrhagic stroke in 0.8% to 1.8% of patiehGonse- were induced in the midportion of the left anterior descending

. . . coronary artery (LAD) by electrical injury, as has been described
quent_ly, an enhgncement of thrombolysis without promotlng previouslyz When the ECG showed ST elevatign2 mm in 2
bleeding is desirable. We evaluated the augmentation of contiguous leads, angiography was performed.
coronary thrombolysis with intravenous tissue-type plasmin-
ogen activator (t-PA) and noninvasive, transthoracic, low- Coronary Thrombolysis Protocol

frequency (27 kHz) ultrasound. After LAD occlusion lasting=60 minutes, heparin (1000 U) was
given. Dogs were randomized to receive either t-PA alorel@) or
Methods combined t-PA and transcutaneous 27-kHz ultrasourdl@). The

t-PA infusion (1.42 mg/kg) was given over 90 minutes. After TIMI

Transcutaneous Ultrasound Device 2 to 3 flow was obtained, heparin (1000 U) was given

The ultrasound device consisted of a generator/amplifier and a Subcutaneously.
controller, which provided 33 W to a titanium, transcutaneous o
transducer (Cybersonics Inc). The transducer was coupled to aApplication of Ultrasound

cooling system that maintained a temperate@8°F. The continu- The ultrasound transducer was applied (12 cases) to the left paraster
ous mode, 27-kHz transducer provided 0.9 WAahits surface. nal area. If TIMI 2 to 3 flow occurred, ultrasound was discontinued.
This study was performed in accordance with @Geide for the In 4 dogs in the t-PA plus ultrasound group and in 3 dogs in the t-PA

Care and Use of Laboratory Animats the US National Institutes of alone group, 120 minutes after the t-PA infusion was given,
Health and approved by the Institutional Animal Care and Use ultrasound was applied to the right hemithorax for 30 minutes to
Committee of Cedars-Sinai Medical Center. assess for ultrasound-induced lung damage.
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Coronary Angiographic Results

At 20 Minutes At 90 Minutes At 180 Minutes

t-PA Alone  t-PA+USD  t-PA Alone  t-PA+USD  t-PA Alone  t-PA+USD

TIMI 3 4 8 3 8 3 9
TIMI 2 1 2 1 2 0 2
TIMI 1 0 1 0 1 0 0
TIMI 0 7 1 8 1 9 1

Mean=SD  1.08+1.4 2.42+0.99* 092+14 242*0.99t 0.75*+1.4 2.58+0.99%

USD indicates ultrasound.
*P=0.015; tP=0.006; $P=0.001.

Coronary Angiographic Protocol from apex to base. The LAD was sectioned at 2-mm intervals. Distal

Right anterior oblique, anteroposterior, and left anterior oblique arterial cross-sections were evaluated for embolization. Representa:

angiograms were made at baseline, after occlusion, and every 30tive sections from the proximal, middle, and distal LAD, as well as

minutes until starting treatment. After beginning t-PA or t-PA plus from the skin, soft tissues, heart, and lung were submitted for

ultrasound treatment, ECGs and angiograms were done at 20, 40, 60microscopic examinatiof.

90, 120, 150, and 180 minutes for monitoring thrombolysis. Angio-

grams were analyzed by an independent angiographic core labora-Statistical Analysis

tory that was blinded to treatment group (Cardiovascular Core paia were expressed as mez8D. The unpaired Studentsest was

Analysis Laboratory, Stanford University, Stanford, Calif). used to compare the mean TIMI grade differences between the 2
roups. Fisher's exact, 2-tailed test was used to compare the

Mea_surement of Ultrasound Power Output gercgntage of TIMI grade flow between the 2 groups:0.05 \F/)vas

In Vivo considered statistically significant.

A hydrophone (Bruel and Kjaer, model 8103), amplifier (Nexus,

model 2692), and oscilloscope (Digital Hewlett Packard, model

54600B) measured the intrathoracic delivery of ultrasound energy in

vivo in 3 additional dogs. The hydrophone was placed on the anterior Angiographic Results

surface or, alternatively, immediately beneath the posterior surface

of the heart. The 27-kHz ultrasound transducer was placed on the The Table shows thg TIM,' grade for both grqups after 20 and
anterior chest wall. The average peak intensity was 0.45 Wérm 90 minutes of t-PA infusion and after 90 minutes of obser-
the anterior surface of the heart. The largest peak intensity on the vation. Ninety minutes after treatment in the t-PA alone group
ahnter:ior surface V\é)aS Oévslidv;ﬁlémnd, on the posterior aspect beneath (180 minutes), 3 cases had TIMI 3 flow (25%), and 9 cases
the heart, it was 0.55 had TIMI O flow with persistent occlusion (75%). The group
Pathological Studies receiving t-PA plus ultrasound had a greater frequency of
Dogs were euthanized; their hearts were then excised and fixed in Feperfusion: 9 dogs had TIMI 3 flow (75%), 2 had TIMI 2
formalin for 24 to 72 hours and cut transversely in 1-cm intervals flow (17%), and 1 had TIMI O flow (8%}=0.003). The

Results
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Figure 1. LAD thrombotic occlusion treated with combination of t-PA and ultrasound and the corresponding 12-lead ECG. A, Baseline
left coronary angiogram and ECG; B, angiogram of thrombotically occluded LAD and acute ECG injury pattern; and C, angiographic
patency and resolution of ECG ST segment elevation after 20 minutes of treatment.
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Figure 2. A, Example of persistent LAD
occlusion after treatment with t-PA alone;
B, patent LAD after treatment with t-PA
and ultrasound. Arrow indicates site of
intimal damage from electric thrombus
induction.

mean TIMI flow grade for the t-PA group alone was 0.75, a canine model that the concomitant use of full-dose heparin
compared with 2.58 for the dogs receiving t-PA plus ultra- was necessary for effective clot lysis with t-PA. The low
sound P<0.001). Figure 1 shows successful reperfusion of a incidence of reocclusion in the ultrasound-treated group may
LAD thrombotic occlusion treated with the combination of reflect more complete thrombolysis and/or the absence of
t-PA plus ultrasound, and the corresponding ECGs. During downstream embolization in this group. Gross and his-
angiographic monitoring, 2 dogs in the t-PA alone group topathologic studies confirmed the angiographic patency of
reoccluded (40%), whereas no dogs in the t-PA plus ultra- vessels after treatment in each group.
sound group had coronary reocclusion. No dogs with TIMI 0 Data from this and previous studies using similar transcu-
flow at 90 minutes improved their TIMI flow grade after 180 taneous, low-frequency ultrasound devicéssuggest that
minutes of observation. No arterial dissection, disruption, or this method is safe and without acute adverse effects. The
side branch occlusion secondary to ultrasound was detectedabsence of damage is consistent with the use of peak intensity
levels =0.6 W/cnt. This peak intensity is below the 1 to 2
Pathological Studies W/cn? value described by Suchkova ef als being poten-
Angiographic findings were confirmed by histopathology tially hazardous.
(Figure 2). Eleven cases treated with t-PA plus ultrasound had  Other authors have shown that low-frequency ultrasound
minimal (occupying<25% of lumen) thrombus or no throm-  accelerates enzymatic thrombolysis at intensities similar to
bus, and one case had an occlusive thrombus. No ultrasoundthose used in our study® Low-frequency ultrasound has
mediated injury to the skin, soft tissue, myocardium, coronary excellent tissue penetration for effective clot lysi§.Ultra-
arteries, cardiac conduction system, or lungs occurred. In thesound enhancement of t-PA fibrinolysis occurs in the absence
t-PA alone group, 9 dogs had occlusive thrombi in the LAD, of heating and with minimal mechanical effect on the €lct.
and 1 had distal embolization on angiography, which was This effect, which is not fibrinolytic-specific, occurs with
confirmed by pathologic examination. Distal embolization t-PA, streptokinase, and urokinase. The multiple mechanisms
was not detected in any dog receiving t-PA and ultrasound. for the ultrasound augmentation of fibrinolysis have been
primarily elucidated by the laboratory run by FrantigOne
Discussion primary effect of ultrasound is an increase in the transport of
This is the first in vivo study to demonstrate that noninvasive the fibrinolytic enzyme into the clot:2°Ultrasound increases
ultrasound can be used to enhance coronary arterialt-PA uptake and its depth of penetration into clots. Ultrasound
thrombolysis. Twice as many dogs receiving adjunctive exposure enhances fluid permeation through fibrin gfels.
transthoracic ultrasound had TIMI 3 flow at 20 minutes Electron microscopy has shown that ultrasound exposure
compared with those receiving t-PA alone (8 versus 4 dogs). reversibly disaggregates fibrin fibetsSuch changes are
On the follow-up angiograms taken 90 minutes after comple- thought to promote an increase in fibrin binding sites for
tion of the t-PA infusion, a 3-fold greater incidence of TIMI  fibrinolytic agents.
3 flow existed in the ultrasound group (9 versus 3 dogs; Prior studies have shown the feasibility of using ultrasound
P=0.039). The low incidence of reperfusion with t-PA alone to facilitate thrombolysis in vitr®7.11.12and in vivo4-6.8.11-13
is consistent with the findings of Cercek ettaljho found in In vivo studies have been primarily performed in thrombosed
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iliofemoral arteries and have shown substantial enhancementeffect is localized to the ultrasound treatment area. (3) The
of chemical thrombolysis, namely, z4-fold increase in addition of ultrasound does not increase the risk of systemic
reperfusiort-812 |nitial studies using high-power ultrasound bleeding. (4) No additional adverse interactions seem to exist,
outputs were complicated by thermal damédgsubsequent  such as those that may occur with adjunctive pharmacother-
studies, however, have shown an elimination of tissue dam- apy for thrombolysis.
age while still achieving reperfusion rates that are greater
than those achieved with the thrombolytic agent alon&ln Acknowledgment
summary, the in vivo studies to date are consistent with the The authors thank Dr Stuart Bunting and Genentech (South San
vitro finding that ultrasound augments chemical Francisco, Calif) for providing the t-PA used in this study.
thrombolysist¢.8.11-13
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