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Background: This study aimed to evaluate the multiple interactions between therapeutic ultrasound (TUS),
microbubbles (MB), and recombinant tissue plasminogen activator (r-tPA) by using three-dimensional
(3D) ultrasound to examine the impact of thrombolysis with r-tPA on epicardial recanalization and
microcirculation in patients with acute ST-segment-elevation myocardial infarction (STEMI).
Methods: Acute thrombotic occlusion of the left anterior descending (LAD) artery was induced in 32 Bama
pigs, who were fed a high-cholesterol diet and randomized into four groups: (I) a 3D-sono-assisted-thrombolysis
(3D/TUS + MB + r-tPA) group; (II) a 3D/TUS + MB group; (III) a full-dose r-tPA group; and (IV) a 3D/TUS
alone group. Epicardial angiographic recanalization rate, microcirculation in the at-risk myocardium, STsegment elevation on electrocardiogram, and changes in the at-risk myocardium and the myocardial infarct
area were compared between the groups.
Results: After treatment, distal LAD recanalization was observed in 87.5% (7/8) of pigs in the 3D/TUS +
MB + r-tPA group, which was significantly higher than the rates observed in the 3D/TUS + MB (37.5%) and
the full-dose r-tPA (50.0%) groups (all P<0.05). The average acoustic intensity in the 3D/TUS + MB + r-tPA
group (193.78±10.15 dB) was also significantly higher than that in the 3D/TUS + MB (154.29±31.94 dB) and
the r-tPA (141.42±28.31 dB) groups (all P<0.05). The decrease in ST-segment elevation in the 3D/TUS +
MB + r-tPA group (1.31±1.22 mm) was significantly higher than that in the 3D/TUS + MB (5.38±1.77 mm)
and the r-tPA (4.30±2.08 mm) groups (all P<0.05). Furthermore, the ratio of the infarcted myocardial area
divided by the at-risk myocardial area was markedly lower in the 3D/TUS + MB + r-tPA group (0.51±0.14)
than in the 3D/TUS + MB (0.69±0.28) and r-tPA (0.75±0.23) groups (all P<0.05).
Conclusions: Three-dimensional sono-assisted-thrombolysis directly improves infarct-related
recanalization rates, enhances microcirculation, reduces r-tPA dosage, and ameliorates the thrombolytic
effect of r-tPA in acute STEMI.
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Introduction
Thrombolysis and percutaneous coronary intervention
(PCI) have been used to enhance the prognosis of patients
with ST-segment elevation myocardial infarction (STEMI).
However, two important clinical difficulties posed by this
treatment need to be addressed. First, patient-side factors,
such as delays to their transfer to a PCI-capable center
and the initiation of PCI, can make it difficult to achieve
early reperfusion (1). The size and span of the infarct zone
are proportional to the time it is in an ischemic state (2,3).
Several measures have been taken to reduce the ischemic
time, such as promoting early recognition of STEMI and
pre-hospital cardiac catheterization laboratory initiation.
However, the overall ischemic time for patients with
STEMI is still very long (4). Second, even with adequate
epicardial revascularization, up to 50% of patients develop
a microvascular injury, which leads to a larger infarct
size, negative left ventricular remodeling, and a poorer
prognosis (5).
Owing to the lower recanalization rate and a higher rate
of hemorrhagic complications with thrombolysis compared
to PCI, efforts have been made to develop a simple, noninvasive treatment technique that would allow for higher
recanalization rates with lower complication rates. The
combination of ultrasound (US) with microbubbles (MBs),
which is known as sonothrombolysis, has been used to
improve thrombus breakdown, and more selective targeting
tactics are currently under development (6). However,
sonothrombolysis mostly improves microvascular blood
flow without epicardial recanalization (7), and its feasibility
and safety still require further study. Conventional twodimensional (2D) US also has drawbacks such as low spatial
resolution, limited coverage, and continuous sliding of the
probe during operation.
Therefore, there is an urgent need to develop innovative
and more effective treatment strategies for STEMI that
promote myocardial microcirculation and epicardial
coronary artery recanalization as soon as possible following
diagnosis. Furthermore, treatment should be applied
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immediately if microvascular injury can be prevented or
treated. Depending on feasibility, microvascular damage
should be addressed or avoided altogether.
This study aimed to investigate the various interactions
that may occur between therapeutic US (TUS), MBs, and
thrombolytic drugs. This study explored these interactions
by using three-dimensional (3D) ultrasonography to assess
the effects of thrombolysis with half-dose recombinant
tissue plasminogen activator (r-tPA) on epicardial
recanalization and microcirculation in patients with acute
STEMI. We present the following article in accordance with
the ARRIVE reporting checklist (available at https://qims.
amegroups.com/article/view/10.21037/qims-21-1247/rc).
Methods
Preparation of MBs
Perfluoropropane (C3F8, purity 99.9%, purchased
from Guangdong Foshan Gas Chemical Co., Ltd.,
China), glycerol, propylene glycol, sodium chloride,
a n d g l y c e r o l w e r e d i s s o l v e d i n d i s t i l l e d w a t e r.
Then, dipalmitoylphosphatidylcholine (DPPC),
dipalmitoylphosphatidic acid (DPPA), and dipalmitoylpho
sphatidylethanolamine-polyethylene glycol 5000 (DPPEPEG5000), which were all obtained from Avanti PolarLipids (Alabaster, AL, USA), were added at a ratio of 10:8:82
and dissolved together in distilled water as previously
reported (8,9). To create an MB suspension, 10 mL of
MBs were mixed with 100 mL of 0.9% sodium chloride.
According to results obtained with a Coulter counter,
the final MB concentration was 3.89×10 9 bubbles/mL
and the mean MB diameter was 2.68±0.37 μm (Multisizer
III, Beckman Coulter, Pasadena, CA, USA).
Ultrasound parameters and protocol
An EPIQ 7C US probe with an X5-1 3D transducer
(Philips Medical Systems, Best, Netherlands) was used
for ultrasound imaging and ultrasound therapy. Two
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imaging modes are available: (I) a TUS mode in which
the predefined therapeutic region (similar to the box in
color Doppler imaging) is superimposed on the anatomical
imaging (B mode); and (II) a real-time low mechanical index
(MI) contrast-only imaging mode (MI <0.3) for monitoring
the presence (and replenishment) of MBs within individual
heart segments. Depending on the image quality, three or
four apical windows were employed in the TUS mode to
guide intermittent high MI 3D US pulses (frequency 1.6 to
2.1 MHz, MI =1.19, with a 2-s duration and 5-s intervals)
in the thoracic region. During the high MI pulse treatment
interval, low MI imaging was used to identify MBs in the atrisk area at the same frame rate as in the high MI treatment
period. The total duration of the US procedure was 30 min.
As indicated by the risk zone during the contrast
supplementation period, the area that revealed contrast
deficiencies following TUS was considered at risk.
Animal preparation
Animal experiments were performed under a project license
(No. AAS161203P) granted by the institutional board
of the Ethics Committee of Shenzhen Advanced Animal
Study Service Center. All experiments compliance with the
National Institutes of Health guidelines for the care and
use of animals (NIH Publication No. 85-23, as updated in
2011) guidelines for the care and use of animals.
Thirty-three Bama pigs (17 males and 16 females)
were procured from Guangzhou Feed Research Institute.
The pigs had an average age of 56 weeks and an average
weight of 43 kg. They were fed an acclimation diet with
15% fat and 2% cholesterol before starting on a 4-week
high-cholesterol diet. The experimental pigs were given
unlimited access to food and water, and were fed from a
single compartment. They were housed in a high-humidity
(60–75%) chamber that had a suitable temperature
(15–23 ℃) and sufficient air circulation.
One day before modeling, a combination of 50 mg of
prednisone, 325 mg of Plavix, and 300 mg of aspirin was
provided in the pigs’ feed. Fasting started 8 hours before
modeling, and at 1 hour before modeling, the pigs were fed
50 mg of prednisone.
A 30 mg/kg injectable mixture of 3% pentobarbital and
10% xylazine was administered pre-intubation to sedate
the animals before the procedure. The oxygen content
in the mixture was kept constant at 24% throughout the
treatment. Two catheters were inserted into the pigs’ femurs
to monitor their hemodynamics and deliver MBs as needed.
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During the procedure, an 8F guide catheter was utilized
for digital angiography and balloon catheter placement
in the coronary artery. The pigs’ heart rates and oxygen
saturation (SpO2) were continually monitored and recorded
throughout the procedure. The pigs were given low doses
of intravenous dobutamine (1 to 3 µg/min) to keep their
systolic blood pressure (SBP) above 80 mmHg. Lidocaine
boluses (40 mg intravenously followed by 20 mg three
times) and continuous lidocaine infusions (2 to 4 mg/min
intravenously) were administered to reduce arrhythmias in
all the animals (7).
An acute left anterior descending (LAD) thrombotic
blockage was created in each of the pigs. One of the pigs
(male) died of unresponsive ventricular fibrillation before
commencing therapy, which reduced the sample size to 32
(16 males and 16 females). All of the pigs were subjected
to the same procedure: replication of the Virchow triad
in their coronary arteries (10). The development of
endothelial damage, staleness, and hypercoagulability was
required to achieve this. Endothelial injury was induced
by inserting a balloon catheter into the LAD coronary
artery after the second diagonal branch and inflating the
balloon to a maximum diameter of 130% of the measured
coronary artery three times, for 30 s each time with 2-min
intervals. Subsequently, the balloon catheter proximal to
the injury site was removed and partially inflated to limit
the blood flow near the wound. Then, a sufficient amount
(0.5–1.0 mL) of coagulated arterial blood was administered
to the injury site through the balloon catheter to establish a
hypercoagulable condition. Ten milliliters of arterial blood
was drawn through the sheath, and then heparin (80 U/kg)
was injected intravenously, followed by another 40 U/kg
intravenously every hour, to form a small thrombus.
Once an occlusion of the LAD had been verified by
angiogram, it needed to be present for at least 20 min
before therapy could be administered. The balloon catheter
was used to repeatedly provide tiny thrombus injections
until a persistent occlusion was detected. If spontaneous
recanalization occurred, the catheter was used to administer
tiny thrombus injections repeatedly until a persistent
occlusion was observed. If no persistent occlusion was
found, the procedure was repeated.
Animal protocol
The pigs were subjected to baseline heart rate, oxygen
saturation, arterial blood pressure (BP), myocardial blood
flow (MBF), and perfusion defect size (final infarct size)
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assessments using contrast-low-MI imaging and STsegment elevation from a 12-lead electrocardiogram (ECG).
The STEMI pigs (n=32) were randomized into four
groups: (I) a 3D-sono-assisted-thrombolysis group (the
3D/TUS + MB + r-tPA group, n=8), with a continuous
intravenous infusion of non-targeted MBs and a half dose of
r-tPA (0.5 mg/kg) and intermittent high MI impulses from
a transthoracic-guided 3D transducer (3D/TUS impulses);
(II) a 3D-sonothrombolysis group (the 3D/TUS + MB
group, n=8), with a continuous intravenous infusion of MBs
with the same 3D/TUS impulses without r-tPA; (III) a fulldose r-tPA group (the r-tPA group, n=8), with full-dose
(1 mg/kg) r-tPA administered over 90 min without US or
MB; and (IV) a 3D/TUS alone group (the 3D/TUS group,
n=8), with the same 3D/TUS impulses but no r-tPA or MB.
For r-tPA-treated pigs, 50% of the total dose was
loaded during the first 30 min and the rest during the next
60 min. The duration of all treatments was 30 min.
Measurement of MBF
Assessment of epicardial coronary recanalization
Coronary angiography was performed at three time points:
baseline, post occlusion, and post treatment. The flow in
the distal segment of the LAD was then observed to assess
the occurrence of recanalization of the epicardial coronary
artery. The flow in the LAD was estimated visually using
the thrombolysis in myocardial infarction (TIMI) criteria
by experienced reviewers who were blinded to treatment
protocol (11). To calculate the recanalization rate, a TIMI
flow grade ≥2 was defined as revascularization.
Microcirculatory changes in the at-risk myocardium
Myocardial contrast echocardiography was performed
at three different time points: baseline, post occlusion,
and post treatment. All images were stored on a CDROM drive and analyzed offline using myocardial contrast
echocardiography software (MCE 2.9, Oregon Health and
Science University, Portland, OR, USA) (12).
The high-risk myocardial perfusion region was identified
as the area of interest. The following function was fitted
to time-versus-background-subtracted video intensity data
(background-subtracted color-coded images) from the
skeletal muscle:
MBF
= MBV × 1 − e ( − β × t ) 

[1]

where the rate constant β is the microvascular flux rate and
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MBV is the microvascular blood volume. Myocardial blood
flow was calculated as the product of MBV and β, and was
used to measure the microcirculation of patients at risk of
myocardial infarction (13). Acoustic intensity quantitatively
reflects MBF.
Changes in ST-segment elevation on ECG
Standard 12-lead ECGs were obtained at baseline, post
occlusion and at 60 min post treatment, and the maximal
ST-segment elevation in V3 was compared.
Changes in at-risk and infarcted myocardial areas
Evans blue staining
Twenty-four hours after the various treatments, the femoral
arteries of each pig were re-punctured bilaterally to obtain
left and right coronary angiograms. The balloon was
expanded to 130% of the coronary artery diameter to block
blood flow, and then 1% Evans blue (45 mL total; 30 mL
for the left main coronary and 15 mL for the right coronary)
was administered through coronary catheters placed in the
left and right major coronary arteries to identify the highrisk region. The pigs were sacrificed 10 min later, and the
balloon catheters were removed from their bodies.
2,3,5-triphenyltetrazolium chloride (TTC) staining
After rinsing, the excised hearts were evenly cut into five
pieces along the short axis. The myocardium from each pig
was then placed in a foil-covered container with 2% 2,3,5TTC solution. The containers were placed in an incubator
for staining at 37 ℃ for 15–20 min, and the coloration of
the stained myocardium was evaluated.
Assessment of changes in the at-risk myocardium and
infarcted myocardial areas
Since Evans blue can enter various tissues through the
blood, the myocardium will be colored blue where there is
blood flow, while areas of the myocardium without blood
flow will be left uncolored.
In the normal myocardium, TTC, a proton acceptor in
the respiratory chain with a pyridine-nucleoside structural
system, reacts with dehydrogenase and appears red,
whereas in the ischemic myocardium, which has decreased
dehydrogenase activity, it cannot react and thereby appears
white.
Considering the above, after successful staining, the area
without Evans blue staining was the myocardial area at
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risk, and the pale area without Evans blue staining or TTC
staining was the infarcted myocardial area. The ratio of the
infarcted myocardial area divided by the at-risk myocardial
area (IM/RM) was used as an indicator of myocardial
perfusion after treatment; the lower the ratio, the better
the myocardial perfusion recovery. Differences in perfusion
recovery between two groups were examined by comparing
the IM/RM.

baseline (P=0.005). After treatment, there was a marked
difference in the recanalization rate between the 3D/TUS
+ MB + r-tPA and 3D/TUS groups (P=0.001). However,
for the recanalization rate, the 3D/TUS + MB + r-tPA
group showed no significant differences when compared
to the 3D/TUS + MB and r-tPA groups (both P>0.05); the
3D/TUS + MB and r-tPA groups also failed to exhibit a
statistically significant difference (P>0.05).

Statistical analysis

Microcirculatory changes in the at-risk myocardium

The data were displayed as the mean ± standard deviation
(mean ± SD). After Bonferroni correction, Fisher’s exact
probability method was used to compare the results of
count data reported as percentage rates. Student’s t-test
was used to compare data between two groups. Changes
between groups were analyzed by one-way analysis of
variance (ANOVA). When differences between groups
were statistically significant (P<0.05), Fisher’s least
significant difference test was used for post-hoc comparison
of paired (pre versus post occlusion or treatment) or
unpaired (comparisons between the four groups) data. The
correlation coefficient between two independent variables
was calculated using Pearson’s correlation coefficient.
All statistical analyses were performed using IBM SPSS
version 21.0 software (IBM Corp., Armonk, NY, USA). All
analyses were two-tailed, and a P value of less than 0.05 was
considered statistically significant in all cases.

Although all four groups of pigs had notably reduced
microvascular perfusion following LAD blockage (all
P<0.001), there was no statistically significant difference
between them (all P>0.05). A scatterplot showing the
average acoustic intensity of the myocardium in each group
is displayed in Figure S1.
Following treatment, microvascular perfusion was
markedly greater in the 3D/TUS + MB + r-tPA, 3D/
TUS + MB, and r-tPA groups than in the 3D/TUS group
(P<0.001, P=0.047, and P=0.034, respectively). There was
a statistically significant difference between the 3D/TUS
+ MB + r-tPA and 3D/TUS + MB groups (P=0.010) and
between the 3D/TUS + MB + r-tPA and r-tPA groups
(P=0.008). However, the 3D/TUS + MB and r-tPA groups
did not show any statistically significant differences (P>0.05)
(Figure 2).
Changes in ST-segment elevation on ECG

Results
Coronary recanalization of the epicardium
Before treatment, the average amounts of coagulated
arterial blood administered to the pigs in the four groups
were 0.83±0.05, 0.78±0.09, 0.80±0.07, and 0.75±0.11 mL
in the 3D/TUS + MB + r-tPA, 3D/TUS + MB, r-tPA and
3D/TUS groups, respectively, and there was no statistical
difference between the groups (all P>0.05). After treatment,
there were seven cases of recanalization of the distal LAD
in the 3D/TUS + MB + r-tPA group (recanalization rate
=87.5%. The 3D/TUS + MB group and the r-tPA group
had a further 3 (37.5%), and 4 (50.0%) cases, respectively.
However, there were no cases of recanalization in the 3D/
TUS group (0%) (Figure 1).
Except for the 3D/TUS group, the recanalization rate
in the groups was statistically significant compared to
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Post occlusion, the ST-segment on ECG elevated
significantly compared to baseline in all four groups (all
P<0.05), although there were no statistical differences
between the groups (all P>0.05). A scatterplot showing
the ST-segment elevation on ECG in V3 in each group is
shown in Figure S2.
Compared to that post occlusion, the ST-segment
elevation in three groups (the 3D/TUS + MB + r-tPA, 3D/
TUS + MB, and r-tPA groups) decreased considerably after
treatment (P<0.001, P=0.034, and P=0.025, respectively),
but there was no statistically significant post-treatment
difference in ST-segment elevation in the 3D/TUS group
(P>0.05). There was a notable reduction in ST-segment
elevation in the 3D/TUS + MB + r-tPA group compared
to the r-tPA group (P=0.014), but there was no significant
difference between the 3D/TUS + MB + r-tPA and 3D/
TUS + MB groups (P>0.05) or between the 3D/TUS + MB
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Figure 1 Coronary angiograms and the IRA epicardial recanalization rates following different treatments. (A) The blood flow in the
occluded LAD was well restored after 3D-sono-assisted-thrombolysis, as was the perfusion of the collateral circulation. (B) A comparison
of the rates of IRA epicardial recanalization after different treatments. The 3D/TUS + MB + r-tPA group showed a marked difference
compared to the 3D/TUS group (P=0.001), but not the 3D/TUS + MB and r-tPA groups (both P>0.05). IRA, infarct-related artery; LAD,
left anterior descending; 3D, three-dimensional; TUS, therapeutic ultrasound; MB, microbubbles; r-tPA, recombinant tissue plasminogen
activator.

and r-tPA groups (P>0.05) (Figure 3). Comparisons of the
ST-segment elevation on 12-lead ECG in each group at
baseline, post occlusion, and post treatment are shown in
Figure S3.
Changes in the at-risk myocardial and infarcted
myocardial areas
After treatment, the risk areas were similar in all four
groups and there were no statistical differences between
them (10.51±0.60 vs. 10.61±0.52 vs. 10.46±0.57 vs.
10.39±0.59 mm2 in the 3D/TUS + MB + r-tPA, 3D/TUS +
MB, r-tPA and 3D/TUS groups, respectively, all P>0.05). A
scatterplot showing the IM, RM, and IM/RM in each group
is displayed in Figure S4.
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There were significant differences in the infarcted
myocardial area between the four groups (all P<0.05), except
for between the 3D/TUS + MB and r-tPA groups (P=0.665).
The IM/RM in three groups (the 3D/TUS + MB + r-tPA,
3D/TUS + MB, and r-tPA groups) was substantially lower
than that in the 3D/TUS group (P<0.001, P=0.044, and
P=0.008, respectively). The IM/RM was considerably lower
in the 3D/TUS + MB + r-tPA group than in the 3D/TUS +
MB and r-tPA groups (P=0.015 and P=0.048, respectively),
but no significant difference was observed between the 3D/
TUS + MB and the r-tPA groups (P>0.05) (Figure 4).
Discussion
According to the findings of this study, US-guided injection
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Figure 2 Myocardial contrast echocardiograms and the average acoustic intensity in each group at three time points. (A) After treatment,
the contrast agent refilled the myocardium, and the filling defect was reduced or restored, indicating that the perfusion of the ischemic
myocardium recovered well after treatment. (B) A comparison of the average acoustic intensities between the groups, with the 3D/TUS
+ MB + r-tPA group showing significantly higher acoustic intensity than the 3D/TUS + MB (P=0.010) and r-tPA (P=0.008) groups. Here,
acoustic intensity is used to quantitatively indicate myocardial blood flow. *, P<0.05 when compared with baseline; †, P<0.05 when compared
with post-occlusion. All arrows in Figure 2A (post-occlusion) show the microbubble filling defect, which indicates the poor perfusion of the
ischemic myocardium. 3D, three-dimensional; TUS, therapeutic ultrasound; MB, microbubbles; r-tPA, recombinant tissue plasminogen
activator.

of non-targeted MBs and half-dose r-tPA administered
by guided high MI impulses from a 3D diagnostic US
probe could improve microvascular flow and function in
the at-risk region following acute LAD embolism in highcholesterol diet pigs. Compared to sonothrombolysis and
thrombolysis, 3D-sono-assisted-thrombolysis can more
effectively treat acute LAD thrombotic occlusions, with
better rates of recanalization of the epicardial coronary
arteries and smaller final infarct sizes.
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Enhancing the microcirculation by using better techniques
To our knowledge, the cardiovascular magnetic resonance
indices of microcirculatory resistance and microvascular
obstruction have been linked to poor long-term outcomes
in patients with reperfused STEMI (14). The magnitude
of myocardial infarction (15), the degree of myocardial
salvages (16), and the degree of microvascular obstruction (17)
have all been associated with poorer outcomes. It has been
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Figure 3 Comparison of the ST-segment elevation on ECG in V3 in each group at baseline, post occlusion, and post treatment, respectively.
Compared to the post occlusion condition, the ST-segment elevation on ECG was significantly reduced after treatment in three groups (3D/
TUS + MB + r-tPA, 3D/TUS + MB, and r-tPA): P<0.001, P=0.034, and P=0.025, respectively. *, P<0.05 compared with post occlusion. ECG,
electrocardiogram; 3D, three-dimensional; TUS, therapeutic ultrasound; MB, microbubbles; r-tPA, recombinant tissue plasminogen activator.
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shown that 65% of patients with acute STEMI still had
microvascular obstruction following advanced percutaneous
coronary procedures (18). The results of the cardiovascular
magnetic resonance survey showed that microvascular
obstruction was associated with a larger infarct size (19) and
a poorer prognosis (20), confirming the close link between
infarct size and microvascular obstruction.
In rural areas around the world, thrombolytic therapy
is the most frequently used treatment for patients with
STEMI, despite having lower recanalization rates and
higher hemorrhagic complications than PCI. Furthermore,
thrombolytic therapy does not appear to have any
significant effect on enhancing microcirculation (6,21). As
a result, efforts have been made to develop a non-invasive
therapeutic technique that is easily adaptable and can
achieve higher recanalization rates while minimizing the
risk of complications (6).
Ultrasound-guided thrombolysis is one of the most
specific targeted tactics to improve thrombus dissolution.
Previous studies have shown that the addition of
sonothrombolysis before and after emergency PCI for
acute STEMI can immediately improve microvascular
flow (22,23). Microbubble cavitation induced by US has
both catalytic and flow-inducing properties, and this
approach takes advantage of these properties to create
flow. The administration of high MI ultrasonic impulses
causes the compression, expansion, and collapse of contrast
microspheres during the simultaneous infusion of MB
resulting in a localized microflow that breaks up the
thrombus (24,25). The present study used non-targeted
intravenous MBs similar to those that are currently
commercially available and comparable to erythrocytes,
allowing them to quickly reach the microcirculation and
treat patients (26,27). Sonothrombolysis has emerged as
a viable supplementary therapy to treat cardiovascular
ischemic illness in recent years, and can enhance
microvascular blood flow without requiring epicardial
coronary recanalization (7) and may provide more satisfying
outcomes.
In our investigation, 3D-sono-assisted-thrombolysis
outperformed 3D-sonothrombolysis in increasing
microvascular flow and function within the area at risk
following acute LAD thrombotic occlusion and halfdose r-tPA-assisted epicardial coronary recanalization.
Comparing 3D-sono-assisted-thrombolysis to
3D-sonothrombolysis, the IM/RM ratio was 0.51±0.14 vs.
0.69±0.28, P<0.05; the ST-segment elevation decrease was
1.40±1.80 vs. 4.84±2.84 mm (P=0.014).
© Quantitative Imaging in Medicine and Surgery. All rights reserved.

More insights into the underlying mechanics
According to Belcik et al. (28,29), limb perfusion is enhanced
by blocking endothelial nitric oxide synthase (eNOS) and
by adenosine triphosphate (ATP) and purinergic signaling
in mice with chronic ischemia. A previous study performed
by our team also confirmed that sonothrombolysis had
a transient effect on microcirculatory perfusion in acute
ischemic tissues from rats, with the eNOS/nitric oxide
signaling pathway being the primary mediator (30).
However, additional studies are needed to determine the
exact nature of the other underlying mechanisms.
The benefits of 3D US
In this study, the guided 3D high MI impulses came from
a clinical diagnostic US system, which is more accurate,
efficient, and convenient than conventional 2D US. Threedimensional diagnostic probes can scan tissue in 3D without
manual movement because the probes can be moved
mechanically, and the 3D images are then assembled (31).
Therefore, the high MI impulses from the 3D probe can
be administered to the whole at-risk area without probe
manipulation. Compared with 2D US, 3D US overcomes
the drawbacks of low spatial resolution, restricted coverage,
and continuous sliding of the probe during operation.
Furthermore, 3D cavitation exposure has been found
to improve the microcirculation in muscles and the left
ventricular cavity. A significant number of vasodilators in
the right upper coronary arteries can be released during
this exposure to further promote enhanced blood flow and
increase the amount of blood accessible for circulation (32).
Studies have also shown that the increase in blood lipid
levels in patients with STEMI is associated with increased
levels of endogenous fibrinolytic activator (33,34). The
effect of 3D US combined with MB-guided inertial
cavitation to dissolve the thrombus may increase the
adhesion of the plasminogen activator to the thrombus.
Thus, 3D diagnostic US combined with inertial
cavitation guided by intravenous drip MBs can directly
improve the infarct-related recanalization rate and
enhance microcirculation in pigs with acute STEMI.
Three-dimensional sono-assisted-thrombolysis is a novel,
safe, and effective technique for treating cardiovascular
thromboembolic disease.
Limitations of the study
Firstly, due to the small sample size, the recanalization rate
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was higher in the 3D-sono-assisted-thrombolysis group
than in the 3D/TUS + MB and r-tPA groups but did not
reach statistical significance. Therefore, future studies with
larger sample sizes are needed. Also, further exploration
of the optimal pulsing interval and the optimal overall
dimensions of the 3D transducer is needed to achieve
optimal 3D exposure regardless of whether cavitation is
used to increase flow or to enhance thrombolysis (32).
Finally, when sonothrombolysis is applied, the optimal
strategy (2D or 3D) will depend on additional mechanistic
insights, such as whether thrombolysis should target
coronary or distal microcirculatory recanalization (35,36).
Prognosis and future directions
Over the long term, research has found that using 3D
high MI impulses and injectable MB effectively decreases
microvascular obstruction, lowers the IM/RM, improves
microcirculation, and delays the unfavorable remodeling
that leads to reduced left ventricular ejection fraction and
the development of congestive heart failure (22). Therefore,
this safe and efficient therapy may prevent severe problems
in patients with STEMI and reduce the enormous longterm expense related to these complications (7).
It is possible to deliver contrast US to patients with
STEMI at the point of care because it is portable, widely
accessible, and non-invasive. Sonothrombolysis is more
likely to succeed if it is delivered immediately rather than
later. It is therefore essential to apply unique treatment
options for STEMI and to treat or prevent microvascular
damage as soon as feasible after diagnosis. Patients may
benefit from more successful treatment when 3D-sonoassisted-thrombolysis is performed at the initial point of
interaction between the physician and patient.
Intra-ambulance sonothrombolysis for STEMI has
shown promising results in the first clinical trial (23),
and the delivery of 3D-sono-assisted-thrombolysis in the
ambulance may provide a convenient means of achieving
rapid reperfusion while also treating microvascular injury
and preventing systemic delays in the event of STEMI.
The clinical feasibility and efficacy of 3D-sono-assistedthrombolysis in the treatment of STEMI in the clinical
context need to be studied further. In the future, with the
help of image software such as ImageJ image software
(version 1.51, open source, Bethesda, Maryland, USA), the
efficacy of 3D-sono-assisted-thrombolysis can be better
quantitatively assessed (37).
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Conclusions
Three-dimensional diagnostic US combined with inertial
cavitation guided by intravenous drip MB can directly
improve the infarct-related recanalization rate and
improve microcirculation in acute porcine STEMI. In
addition, 3D-assisted sono-thrombolysis can improve the
thrombolytic effect of r-tPA on acute STEMI in pigs,
enhance the improvement of microcirculation by r-tPA, and
reduce the r-tPA dosage.
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Supplementary

Figure S1 The dot plot of average acoustic intensity of myocardium in each group.

Figure S2 The dot plot of the ST-segment elevation of the ECG in V3 in each group. ECG, electrocardiogram.
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Figure S3 Comparison of the ST-segment elevation of the 12-lead ECG in each group at baseline, post-occlusion, and post-treatment,
respectively. ECG, electrocardiogram.
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Figure S4 The dot plot of the IM, RM and IM/RM in each group. IM, infarcted myocardial area; RM, at-risk myocardial area; IM/RM,
infarcted myocardial area divided by the at-risk myocardial area.
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