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Review of Protocols Used in Ultrasound Thrombolysis
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Christakis Damianou, PhD†

Objectives: This paper focuses on the review of protocols used in thrombolysis
studies with ultrasound. Materials and methods: Data from peer-review articles
were acquired. Results: The protocols of several published reports are summa-
rized in 3 tables (in vitro, in vivo, and clinical), providing detailed information
concerning clot model, thrombolytic drug, treatment mode, sonication param-
eters, evaluation method, thrombolysis outcome, side effects, and conclusions.
Conclusions: The aim of this review was to give an overview of the different pro-
tocols used so far in the field of sonothrombolysis and investigate the impact of
several aspects involved on sonothrombolysis outcome. Key Words:
Stroke—thrombus—ultrasound—MRI—clot.
© 2017 National Stroke Association. Published by Elsevier Inc. All rights reserved.

Introduction

One of the early investigators who used ultrasound (US)
energy to accelerate the fibrinolytic activity of thrombo-
lytic drugs in vitro was Lauer.1 Later, more in vitro studies
have shown that US applications improved thromboly-
sis induced by thrombolytic agents (sonothrombolysis).
The main goal in these in vitro studies was to deduce
the optimum ultrasonic parameters to enhance
sonothrombolysis (mostly frequency and intensity).2 Another
major goal was to test the best thrombolytic drug that
enhances sonothrombolysis.3,4 The knowledge on
sonothrombolysis gained in the in vitro studies was trans-
lated at a preclinical level by performing experiments in
animals. Because in the in vitro experiments no side effects

can be extracted, experimentation with animals was im-
perative. Still the main goal in the animal experiments
was to extract the optimum ultrasonic parameters that
maximize clot removal.5 Additionally, different clot animal
models were used which could test the various derived
ultrasonic protocols.6,7 Progressively, US bubbles were em-
ployed which can possibly enhance the efficacy of
sonothrombolysis.5 When sufficient data were collected
this research was translated into clinical trials.8-10 The main
goal in the clinical trials was to establish the safety and
efficacy of sonothrombolysis. As was evident from these
studies, the efficacy of this method was not very encour-
aging, therefore its deployment was not that impressive
compared with the preclinical studies. Additionally, some
side effects reported delayed the full deployment of this
method.

This review is divided into 3 categories (in vitro, in
vivo, and clinical) and provides a comprehensive com-
pilation of protocols used during sonothrombolysis studies
with or without thrombolytic drugs and/or microbubbles
(MBs) since 1992. The aim of the review is to provide
information regarding (1) the clot model used (human
or animal for the in vitro studies and type of occlusion
for the animal and clinical studies), (2) the US tech-
nique applied such as external or internal (catheter based)
and focused or unfocused, (3) the use of flow system (only
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in vitro), (4) the temperature (only in vitro), (5) the type
and concentration of thrombolytic drug used, (6) the treat-
ment mode (US alone, drug alone, US + drug and
US + drug + MBs), (7) the sonication parameters applied,
such as frequency, intensity or acoustic power or nega-
tive pressure, pulse repetition frequency (PRF), duty factor
(DF), and treatment time, (8) the evaluation method used
to estimate study’s outcome, (9) the effect of treatment
on clot lysis, and (10) the main conclusions derived.

There is an absence in standardization about the nec-
essary information collected from each study due to
different methods/measuring units used by the investi-
gators. For example, the output of US transducer is
specified in different units (intensity, acoustic power, neg-
ative pressure, etc.), and the treatment’s outcome is
quantified by different evaluation methods such volume
reduction, fibrin degradation products, lytic rate, recana-
lization rate, etc. Furthermore, in some cases experimental
parameters like temperature, PRF and DF are not speci-
fied. This lack of standardization makes the comparison
among various studies impossible. Additionally, al-
though some impressive results were reported in the in
vitro and in the animal studies, the outcomes of the clin-
ical results were not that impressive. This could be
attributed to the fact that in some studies, thermal effects
were possibly reached, causing acceleration of
sonothrombolysis, which, however, eventually pro-
duced severe side effects.

Materials and Methods

Published reports on sonothrombolysis that are avail-
able in PubMed (www.ncbi.nlm.nih.gov/pubmed) were
collected. Information in several aspects of the proto-
cols used in the studies examined were also extracted.
In animal studies as well as in clinical trials, the follow-
ing information was needed: clot model, thrombolytic drug
and concentration, treatment mode, MBs administra-
tion, frequency, intensity or acoustic power or negative
pressure, PRF, DF, treatment time, evaluation method, treat-
ment’s outcome, side effects, and main conclusions. In
the in vitro compilation, the additional information needed
was temperature.

Results

Table 1 lists the in vitro studies, Table 2 lists the in
vivo studies, and Table 3 lists the clinical studies. The 3
tables include a comprehensive summary of all the issues
involved in sonothrombolysis. These main issues are (1)
the clot model used (human, animal, or in vitro), (2) type
of occlusion (for animal and clinical models), (3) the cou-
pling technique used (external or internal), (4) US modality
(focused or unfocused), (5) the use of flow system (only
for the in vitro studies), (6) indication of temperature (only
for the in vitro studies), (7) the type of thrombolytic drug

used, (8) concentration of thrombolytic drug used, (9) treat-
ment mode (US alone, drug alone, US + drug and
US + drug + MBs), (10) the applied frequency, (11) the
applied intensity or acoustic power or negative
pressure, (12) the applied PRF, (13) the applied DF, (14)
the treatment time, (15) the evaluation method used to
estimate the efficacy of sonothrombolysis, (16) the effect
of treatment on clot lysis, and (17) the main conclusions
derived.

In the in vitro studies the most common clot model
used was the human model (e.g., References 1-3, 12, and
13). In some cases the porcine model was used,4,48,54,56-58

the rabbit model,46,53 and the bovine.45,49 The intensity used
ranged from .5 W/cm2 to 193 W/cm2. The frequency used
varied from 20 KHz to 2 MHz, whereas in most experi-
ments the frequency used was about 1 MHz. The most
typical thrombolytic drug used was the recombinant tissue
plasminogen activator (rt-PA). In a few studies the uro-
kinase (UK) was used.21,25,32,36 The concentration of the rt-
PA varied from .1 to 100 µg/mL. In most of the studies
the drug concentration is specified as µg/mL, and in some
studies the IU/mL is specified. The treatment time used
varied from .5 minutes to 720 minutes, whereas the ma-
jority of the studies used treatment time between 30 and
60 minutes. We have observed that in a few studies the
clot temperature was not specified (e.g., References 36,
41, and 45). Based on 1 study,34 it is apparent that tem-
perature plays an important role in sonothrombolysis and
should be specified in all in vitro studies.

In the animal studies the most common clot models
used were the rabbit model5,6,48,64-74,78-80 and the rat
model.1,7,63,75 In the popular rabbit model the most com-
monly used artery was the femoral, followed by the middle
cerebral artery (MCA) and the carotid. The frequency used
varied from 20 kHz to 5.7 MHz, whereas in most experi-
ments the frequency used was about 1 MHz. The most
typical thrombolytic drug used was the rt-PA. In a few
studies the streptokinase was used.66,70,80 The concentra-
tion of the drug varied from .8 to 10 µg/mL. Clearly the
doses used in animals were much lower than those used
in the in vitro models. Most of the studies have evalu-
ated the effect of US alone, thrombolytic drug alone, or
the synergy of the 2 (US and drug). In most of the studies
the intensity is specified, and in some studies the pres-
sure is specified. The treatment time used varied from
2 minutes to 120 minutes, whereas the majority of the
studies used treatment time of 60 minutes. Compared with
the in vitro studies, in the animal studies, the addition-
al parameter used was the inclusion of MBs. Several
studies71-73,78-80 have shown that MBs may enhance the
sonothrombolysis efficiency.

In all the human trials evaluated the clot model used
was the MCA. The frequency used varied from 300 kHz
to 4 MHz. In all the studies the thrombolytic drug used
was the rt-PA. The concentration of the drug was .9 µg/
mL, which seems to be the safe dose used in humans.
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