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BACKGROUND Preclinical studies have demonstrated that high mechanical index (MI) impulses from a diagnostic

ultrasound transducer during an intravenous microbubble infusion (sonothrombolysis) can restore epicardial and

microvascular flow in acute ST-segment elevation myocardial infarction (STEMI).

OBJECTIVES This study tested the clinical effectiveness of sonothrombolysis in patients with STEMI.

METHODS Patients with their first STEMI were prospectively randomized to either diagnostic ultrasound–guided high MI

impulses during an intravenous Definity (Lantheus Medical Imaging, North Billerica, Massachusetts) infusion before, and

following, emergent percutaneous coronary intervention (PCI), or to a control group that received PCI only (n ¼ 50 in

each group). A reference first STEMI group (n ¼ 203) who arrived outside the randomization window was also analyzed.

Angiographic recanalization before PCI, ST-segment resolution, infarct size by magnetic resonance imaging, and systolic

function (LVEF) at 6 months were compared.

RESULTS ST-segment resolution occurred in 16 (32%) high MI PCI versus 2 (4%) PCI-only patients before PCI, and

angiographic recanalization was 48% in high MI/PCI versus 20% in PCI only and 21% in the reference group (p < 0.001).

Infarct size was reduced (29 � 22 g high MI/PCI vs. 40 � 20 g PCI only; p ¼ 0.026). LVEF was not different between

groups before treatment (44 � 11% vs. 43 � 10%), but increased immediately after PCI in the high MI/PCI group

(p ¼ 0.03), and remained higher at 6 months (p ¼ 0.015). Need for implantable defibrillator (LVEF #30%) was reduced

in the high MI/PCI group (5% vs. 18% PCI only; p ¼ 0.045).

CONCLUSIONS Sonothrombolysis added to PCI improves recanalization rates and reduces infarct size, resulting in

sustained improvements in systolic function after STEMI. (Therapeutic Use of Ultrasound in Acute Coronary Artery Disease;

NCT02410330). (J Am Coll Cardiol 2019;73:2832–42) © 2019 by the American College of Cardiology Foundation.
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AB BR E V I A T I O N S

AND ACRONYM S

CMR = cardiac magnetic

resonance imaging

CST = cardiac-specific troponin

DUS = diagnostic ultrasound

ECG = electrocardiogram/

electrocardiographic

IS = infarct size

LVEF = left ventricular

ejection fraction

MI = mechanical index

MVO = microvascular

obstruction

PCI = percutaneous coronary

J A C C V O L . 7 3 , N O . 2 2 , 2 0 1 9 Mathias Jr. et al.
J U N E 1 1 , 2 0 1 9 : 2 8 3 2 – 4 2 Sonothrombolysis in Acute Myocardial Infarction

2833
T hrombolysis and emergent percutaneous
coronary interventions (PCIs) have improved
the prognosis of patients with acute ST-

segment elevation myocardial infarction (STEMI)
(1,2). Despite these advances, 2 major clinical prob-
lems remain. First, the ability of patients to achieve
early PCI is hampered by patient factors and delays
in transport to appropriate hospitals, especially in
developing countries (3). Secondly, even with timely
epicardial revascularization, significant microvas-
cular obstruction (MVO) may still exist in over 50%
of patients after successful early epicardial recanali-
zation, resulting in higher necrotic areas, adverse
left ventricular remodeling, and a worse prognosis
(4–6).
SEE PAGE 2843
intervention

STEMI = ST-segment elevation

myocardial infarction

TIMI = Thrombolysis In

Myocardial Infarction
Transthoracic high mechanical index (MI) impulses
from a diagnostic ultrasound (DUS) transducer are
currently used to analyze regional wall motion, left
ventricular systolic function, and myocardial perfu-
sion during a continuous microbubble infusion or
small bolus injection of microbubbles (7–9). The
microbubble cavitation induced by the high MI im-
pulses also creates shear forces (10), which are
capable of dissolving coronary artery and microvas-
cular thrombi (11–14). The cavitation-induced shear
also induces endothelial and red blood cell nitric ox-
ide release in small animal models of acute limb
ischemia (15,16), which may further augment micro-
vascular flow. Initial safety and feasibility studies
suggested that intermittent high MI impulses, aimed
at the myocardial microcirculation could improve
capillary blood flow within the risk area and epicar-
dial recanalization rates (14). Although a beneficial
effect of DUS-guided high MI impulses on microvas-
cular function has been suggested in small studies, a
prospective randomized human study examining the
utility of high MI impulses during a microbubble
infusion has never been performed. We hypothesized
that such an approach, when applied to the contem-
porary management of STEMI, would improve
angiographic and microvascular reflow, leading to a
reduction in infarct size and improved systolic func-
tion at follow-up. We tested this in patients present-
ing with their first STEMI.

METHODS

STUDY PROTOCOL. The MRUSMI (Microvascular Re-
covery with Ultrasound in Acute Myocardial Infarc-
tion) trial was designed to investigate whether
applying high MI impulses from a DUS transducer
during a commercially available microbubble infusion
in patients with their first STEMI would
improve early epicardial coronary patency
rates, reduce myocardial infarct size, improve
microvascular flow, and improve long-term
left ventricular systolic function (15). This
study was a single-center study approved by
the Clinics Hospital of the University of Sao
Paulo Medical School Ethics Committee
(CAPPesq) and the Brazilian Government
Agency CONEP (National Committee on
Research Ethics, National Council of Health).
Exclusion criteria were history of prior
myocardial infarction, known cardiomyopa-
thy, severe valvular heart disease, fibrinolytic
therapy before arrival in the emergency
department, allergy to perflutren, chest pain
onset >12 h from arrival, or reduced life ex-
pectancy (<6 months) from any
other comorbidity.

From May 2014 to July 2018, a total of 1,857

STEMI patients arrived at the Heart Institute Univer-
sity of São Paulo Emergency Department; of these,
303 met inclusion criteria for the study protocol, and
100 arrived within the time window (7 AM to 7 PM

weekdays) for which emergent DUS could be applied
before and after PCI (Figure 1). The remaining 203
patients did not get randomized, but served as a
registry for determining angiographic recanalization
rates immediately before PCI.

All randomized patients received immediate
aspirin (300 mg), clopidogrel (600 mg), heparin,
atorvastatin (40 mg), and emergent PCI protocols as
outlined in the 2013 American College of Cardiology
Foundation/American Heart Association guideline for
the management of STEMI (2). Beta-blockers were
administered during the hospital stay to all patients
unless contraindicated. The patients were random-
ized to 1 of 2 available DUS algorithms: 1) a control
group (PCI only) undergoing low MI (<0.2) imaging
only with limited (no more than 3) diagnostic high MI
impulses to assess regional wall motion and micro-
vascular perfusion before and after PCI; and 2) a DUS
therapeutic group (high MI PCI) that received
frequent image-guided diagnostic high MI (1.8 MHz;
1.1 to 1.3 MI; <5-ms pulse duration) impulses applied
to the myocardial contrast-enhanced areas in the
apical 4-, 2-, and 3-chamber views before and
following PCI. Patients who were randomized to high
MI/PCI or PCI only in the pilot study (14) were also
included in this prospective study.

The probe was rotated between the different views
after each high MI impulse with time to replenish-
ment analyzed (in seconds) in each affected segment
(17-segment model). The catheterization laboratory
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FIGURE 1 Patient Selection

303 patients with STEMI and inclusion criteria

1,857 patients with STEMI

1,622 Non-STEMI excluded

1,554 exclusion criteria:
- Pharmacological fibrinolysis: 728
- >12 h chest pain: 501
- Hemodynamic instability: 161
- Previous myocardial infarction: 114
- Others: 50

3,479 patients with AMI at Emergency Department
from May 2014 to July 2018

Therapy group
(High MI/PCI)

(n = 50)

Control group
(PCI only)
(n = 50)

Reference group
(n = 203)

100 STEMI patients
randomized into 2 groups

203 STEMI patients arrived
at night or weekends

Patients that arrived in the emergency department with STEMI were selected for reference group or randomized between ultrasound-mediated thrombus

dissolution and control groups. AMI ¼ acute myocardial infarction; MI ¼ mechanical index; PCI ¼ percutaneous coronary intervention; STEMI ¼ ST-

segment elevation myocardial infarction.
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was blinded to treatment assignment. There were 2
time periods in the acute setting that the high MI
impulses were applied (Figure 2). A total of 2 vials of
perflutren (3.0 ml) (Definity, Lantheus Medical Im-
aging, North Billerica, Massachusetts) were adminis-
tered as a 5% dilution. The first treatment was for a
variable time period before emergent PCI, which
varied depending on catheterization lab availability.
The second treatment period was immediately post-
PCI and included the remainder of what was left af-
ter the pre-PCI treatment. The infusion ranged from 1
to 2 ml/min and was adjusted to maintain myocardial
opacification without cavity shadowing. During the
continuous infusion of microbubbles, the high MI
impulses were applied for 10 frames repeatedly after
very low MI imaging detected replenishment of
microbubbles within the myocardial segments. Each
apical window received approximately 20 to 30 high
MI impulses (total of 60 to 90 high MI impulses) over
the pre- and post-PCI treatment period.

Therapeutic and diagnostic echocardiographic im-
aging was performed using commercially available
equipment, an IE33 ultrasound (Philips Medical Sys-
tems, Bothell, Washington). Very low MI imaging
during the microbubble infusion was used in both
groups to compute biplane-derived measurements of
left ventricular ejection fraction (LVEF) before ran-
domized treatment and immediately after the second



FIGURE 2 Study Protocol
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Control Group
(PCI only)

N = 50

Door-to-
balloon time

Intravenous microbubbles
+ Low MI images

Reference Group
N = 203

Primary
PCI

• Clinical data • ARR pre-PCI

Primary
PCI

• Clinical data
• Pre-angio Echo
• Biomarkers
• EKG

• ARR pre-PCI
• Post-treatment Echo
• Biomarkers
• EKG

• 48-72 h MRI • 1-month Echo • 6-month Echo
• Follow-up data

Complete protocol at emergency room, interventional lab, imaging lab and follow-up for randomized patients and reference group. ARR ¼ angiographic recanalization

rate; EKG ¼ electrocardiogram; MRI ¼ magnetic resonance imaging; other abbreviations as in Figure 1.
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ultrasound treatment post-PCI. Biplane measure-
ments of LVEF with microbubbles and very low MI
imaging were repeated at 1 and 6 months
post-hospital discharge. The biplane method with
ultrasound contrast has a high reproducibility and
correlates the closest with cardiac magnetic reso-
nance imaging measurements (9). All biplane LVEF
and volume assessments were made by an indepen-
dent experienced echocardiographic reviewer (W.M.)
using American Society of Echocardiography guide-
lines (17), who was blinded to treatment assignment.
The number of segments exhibiting perfusion defects
(a plateau defect persistent at 10 s post-high MI im-
pulse and/or a delay in replenishment at >4 s after
the high MI impulse) was assessed in each group by a
blinded reviewer (W.M.). A score of 1 was given to
normal perfusion, 2 for a >4-s delay in replenish-
ment, and 3 for absent replenishment at up to 10 s
post-high MI impulse. A perfusion defect score using
a 17-segment model was computed as described pre-
viously (14). An intraclass correlation coefficient was
used to compute intraobserver variability in volume
and ejection fraction measurements in 20 randomly
selected patients. The complete study protocol
timetable is displayed in Figure 2.

ANGIOGRAPHIC, ELECTROCARDIOGRAPHIC, AND

BIOMARKER ASSESSMENTS. All coronary angio-
grams were analyzed offline by an independent
interventional cardiologist, blinded to clinical char-
acteristics or randomized treatment. The initial pre-
PCI and post-PCI angiograms were examined for
Thrombolysis In Myocardial Infarction (TIMI) flow
grading within the infarct vessel (18). Angiographic
recanalization was defined as the presence of TIMI
flow grade 2 or 3 in the infarct vessel.

Electrocardiographic (ECG) ST-segment resolution
was computed by another cardiologist (M.O.D.A.)
blinded to treatment assignment in the lead with
maximum ST-segment deviation on the initial ECG.
The % change in this lead immediately before PCI
(after the first ultrasound treatment) and again after



TABLE 1 Demographic Variables Among the 3 Groups

Control Group
(PCI Only)
(n ¼ 50)

Therapy Group
(High MI/PCI)

(n ¼ 50)
Reference Group

(n ¼ 203)
p

Value

Age, yrs 59 � 11 59 � 10 59 � 11 0.96*

Sex 40 (80) 32 (64) 148 (73) 0.20†

Weight, kg 77 � 16 74 � 16 76 � 13 0.65*

BSA, m2 1.86 � 0.22 1.82 � 0.22 1.82 � 0.19 0.41*

Diabetes 11 (22) 21 (42) 67 (33) 0.10†

Hypertension 28 (56) 28 (56) 118 (58) 0.95†

Hyperlipidemia 15 (30) 20 (40) 55 (27) 0.20†

Smoking 20 (40) 24 (48) 70 (34) 0.20†

Medication in use

Statin 14 (28) 19 (38) 21 (10) <0.001†

Beta-blocker 5 (10) 14 (28) 27 (13) 0.019†

Aspirin 50 (100) 48 (96) 202 (99) 0.14‡

Nitrate 25 (50) 27 (54) 95 (47) 0.64†

Calcium-channel blocker 4 (8) 5 (10) 14 (7) 0.72‡

STEMI arterial territory

LAD 26 (52) 26 (52) 90 (44) 0.83†

RCA 14 (28) 17 (34) 84 (41)

LCx 10 (20) 7 (14) 29 (14)

Values are mean � SD or n (%). *Analysis of variance. †Chi-square test. ‡Fisher exact test.

BSA¼ body surface area; LAD¼ left anterior descending coronary artery; LCx¼ left circumflex coronary artery;
MI ¼ mechanical index; PCI ¼ percutaneous coronary intervention; RCA ¼ right coronary artery; STEMI ¼ ST-
segment elevation myocardial infarction.

FIGURE 3 Distribution of Door-to-Balloon Times

Ti
m

e 
(m

in
)

PCI Only
Group

High MI+PCI
Group

220

200

180

160

140

120

100

80

60

40

20

0

p = 0.42
Door to Balloon Time
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times observed in the High MI/PCI group versus PCI only.

TIMI ¼ Thrombolysis In Myocardial Infarction; other

abbreviations as in Figure 1.
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the second ultrasound treatment period following PCI
were compared. Categorical comparisons of patients
who had $50% ST-segment deviation were also
analyzed (19).

Cardiac-specific troponin (CST) and creatine phos-
phokinase MB fraction were drawn every 3 h for 18 h
following randomization. Peak values were compared
between groups; values >50 for CST and 200 for CPK-
MB could not be measured with the assay, and were
assigned a value of 50 and 200, respectively.

CARDIAC MAGNETIC RESONANCE IMAGING. Be-
tween 48 and 72 h post-PCI, cardiac magnetic reso-
nance imaging (CMR) was performed using a 1.5-T
scanner (Philips Achieve, Philips Medical Systems,
Best, the Netherlands). Steady-state free precession
images (TR 3.0 ms, TE �1.5 ms; flip angle 60�) were
used to compute left ventricular volumes, LVEF, and
mass. Early (2 min post-injection) and late (10 min
post-injection) gadolinium enhancement images
were obtained in the same short-axis planes following
injection of 0.2 mmol/kg gadolinium chelate
(Dotarem, Guerbet, Paris, France) to compute micro-
vascular obstruction (MVO) and infarct size (IS), using
offline software (Circle Cardiovascular Imaging, Cal-
gary, Alberta, Canada). Early gadolinium enhance-
ment was performed at 2 min post-injection to
compute the extent of MVO (mass of unenhanced
zone from the same short-axis windows). Late gado-
linium enhancement was performed with an inver-
sion time ranging from 250 to 350 ms and gradient
echo readout parameters (TR 6.0 ms; TE 3.0 ms; flip
angle 25�). All measurements were obtained by a
blinded reviewer outside of the institution (A.M.F.)
who had no knowledge of treatment assignment.

STATISTICAL ANALYSIS PLAN. Two primary out-
comes were tested: rate of ST-segment resolution and
angiographic patency before PCI. Secondary out-
comes were infarct size by delayed enhancement
CMR and microvascular flow as assessed by contrast
perfusion after PCI and CMR at 48 h, as well as LVEF
at 6 months. The proportion of patients who meet
current guidelines for automatic implantable
cardioverter-defibrillator placement at follow-up was
also assessed (20).

On the basis of pilot data (14), we anticipated
randomizing 100 patients to achieve statistical sig-
nificance (p < 0.05 using contingency tables for
dichotomous variables and unpaired 1-tailed t-test for
continuous variables) between treatment groups in
the primary endpoint. Data were analyzed for
possible confounders, including demographics, pa-
tient medications, and disease characteristics. We
expected the high MI/PCI group to have >50%



FIGURE 4 ARR Pre-PCI
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Percentage of patients with TIMI flow grade 0, 1, 2, and 3 by angiography pre-PCI for the

3 studied groups. Abbreviations as in Figures 1, 2, and 3.

TABLE 2 ST-Segment Resolution and Peak Troponin/CPK-MB Values

Control Group
(PCI Only) (n ¼ 50)

Therapy Group
(High MI/PCI) (n ¼ 50)

p
Value

$50% ST-segment resolution before PCI 2 (4) 16 (32) <0.001*

ST-segment resolution post-PCI, % 50 (0–75) 67 (33–100) 0.011*

Peak troponin, ng/ml 47 � 8 40 � 17 0.011†

Peak CPK-MB, ng/ml 204 � 105 165 � 120 0.093†

Values are n (%), median (interquartile range), or mean � SD. *Mann-Whitney test. †Student t-test.

CPK-MB ¼ creatine phosphokinase MB fraction; other abbreviations as in Table 1.
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ST-segment resolution in 80% of cases versus 50% of
cases in the PCI-only group after all interventions
were completed. On the basis of the pilot data, we
also projected an expected early angiographic
patency rate of at least 50% in the high MI/PCI group
versus 20% in the PCI-only group. Secondary out-
comes (IS and MVO by CMR at hospital discharge, and
6-month follow-up measures of LVEF) were not
analyzed for power calculations because pilot data
were not available on these variables.

Although the hypothesis being tested was that
DUS-guided high MI impulses would reduce MVO and
improve systolic function when added to PCI, a
2-sided unpaired t-test was used to compare treat-
ment outcomes to ensure no detrimental effect was
seen with high MI impulses. ST-segment resolution
was compared between treatment groups as both a
continuous variable (% change from maximum
ST-segment elevation) and also as a dichotomous
variable using $50% ST-segment resolution as a cut-
off. Angiographic recanalization rate was defined as
TIMI flow grade 2 or 3 in the infarct vessel and was
analyzed both pre- and post-PCI. Proportional dif-
ferences in primary and secondary outcomes were
compared using contingency tables (chi square
testing 2 � 2 contingency tables or Fisher’s exact
test).

Contingency tables were also used to compare for
differences in any demographic variables, here using
3 � 2 tables that also included the reference group.

RESULTS

Mean age in the randomized patients and reference
groups was 59 years, and there were no differences in
body size or sex (Table 1). There were also no differ-
ences in the proportion of patients with a history of
hypertension, hyperlipidemia, diabetes, or smoking
(Table 1). The high MI/PCI group had more patients
with on beta-blockers at the time of arrival. Total
sonothrombolysis time (pre- and post-PCI) was a
median 50 min. Pre-PCI sonothrombolysis times
ranged from 0 to 66 min (median 18 min). Assuming a
1.5 ml/min infusion rate, the averaged dose of Defi-
nity before PCI was 25 ml of the 5% dilution. A total of
8 patients did not get post-PCI sonothrombolysis
because the entire dose of Definity (2 vials) was given
pre-PCI in 6 patients, or because of death or hemo-
dynamic instability during PCI in 2 patients. Door-to-
balloon times were not different between treatment
groups (78 � 32 min PCI only vs. 77 � 26 min high MI/
PCI; p ¼ 0.42), but were longer in the reference group
getting PCI outside of the 7 AM to 7 PM weekday win-
dow (96 � 49 min; p < 0.001 compared with
treatment groups). The distribution of door-to-
balloon times in the high MI/PCI and PCI-only
groups is displayed in Figure 3.

ANGIOGRAPHIC FINDINGS. Recanalization of the
infarct vessel on the first angiogram before PCI was
seen in 24 of 50 high MI/PCI patients (48%) compared
with 10 of 50 PCI-only patients (20%) (p < 0.001)
(Figure 4). The reference group had a recanalization
rate similar to the PCI-only group (43 of 203; 21%).
Similarly, TIMI flow grade 3 rates were higher in the
high MI/PCI group (32% vs. 14% in the PCI-only and
16% reference group; p ¼ 0.02). Ten patients (10%)
did not get culprit vessel recanalization with a stent
due to either an open infarct vessel without signifi-
cant stenosis at the time of angiography in 3 patients
(2 in PCI only, 1 in high MI/PCI), failed attempt to
open the infarct vessel (4 PCI-only patients), 3-vessel
disease requiring bypass surgery in 1 patient (PCI-
only group), thrombus aspiration without stent in 1
(PCI only), and in 1 patient, the infarct vessel was



TABLE 3 CMRI Parameters at 48 to 72 h Post-PCI

Control Group
(PCI Only)

Therapy Group
(High MI/PCI)

p
Value*

LVEF, % 47 � 10 52 � 11 0.031

IS, g 40 � 20 29 � 22 0.026

MVO, g 8.5 � 11.0 4.4 � 5.6 0.095

MVO, g† 12.1 � 13.3 5.0 � 6.3 0.05

Values are mean � SD. *Mann Whitney test. †MVO in patients with infarctions in
the left anterior descending coronary artery territory.

CMRI ¼ cardiac magnetic resonance imaging; IS ¼ infarct size; LVEF ¼ left
ventricular ejection fraction; MVO ¼ microvascular obstruction; other abbrevia-
tions as in Table 1.
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considered too small to attempt PCI (PCI-only group).
Following emergent PCI, TIMI flow grade 3 in the
infarct vessel was observed in 37 of 50 high MI/PCI
patients (74%) and 30 of 50 PCI-only patients (60%).

ST-SEGMENT AND CST VALUES. ST-segment reso-
lution$50% before angiography occurred in 16 high
MI/PCI patients (32%) versus 2 PCI-only patients (4%)
(p < 0.001). Quantitatively, % ST-segment decrease
was greater in the high MI/PCI group after the first
therapy before PCI, as well as after PCI and the second
therapy period (Table 2). The peak values for CST
were lower in the high MI/PCI group
(p ¼ 0.011) (Table 2).

CARDIAC MAGNETIC RESONANCE IMAGING. Six
patients (12%) in the high MI/PCI and 13 (26%) in the
PCI-only group could not complete the CMR protocol
due to either claustrophobia (n ¼ 11), renal failure
(n ¼ 1), metal clips (n ¼ 2), death before CMR (n ¼ 2),
or hemodynamic instability (n ¼ 3). In the remaining
patients, the IS was smaller (p ¼ 0.026) in the high MI/
PCI group (Table 3), but the extent of MVO was not
significantly different. In the patients with a left
anterior descending coronary artery STEMI, there was
a tendency to lower degrees of MVO in the high MI/
PCI group (p ¼ 0.05). IS was not different between
high MI/PCI patients with angiographic recanalization
(23 � 11%) versus those without recanalization before
PCI (23 � 15%). Despite similar LVEF by biplane
contrast echocardiography before randomized treat-
ment (44 � 11% high MI/PCI and 43 � 10% PCI only;
p ¼ 0.39), LVEF at CMR was significantly higher in the
high MI/PCI group at 72 h (51 � 11% vs. 43 � 10% PCI
only; p ¼ 0.01). The Central Illustration and Figure 5
are examples of ECG, angiographic, and microvas-
cular perfusion changes during the treatment period
when randomized to high MI/PCI versus PCI only.

ECHOCARDIOGRAPHIC AND CLINICAL FOLLOW-UP.

Baseline ejection fraction before randomized therapy
was not different between groups (Table 4), and the
number of segments exhibiting perfusion defects
before randomized treatment (risk area) was not
different (7.4 � 3.2 segments PCI only vs. 7.5 � 3.3
segments high MI/PCI; p ¼ 0.85), and perfusion defect
scores were similar (Table 4). However, there was a
significantly higher LVEF in the high MI–treated
group immediately following the second ultrasound
treatment (p < 0.032 compared with PCI only).
Perfusion defect score after PCI was also significantly
lower in the high MI/PCI group (Table 4). Follow-up
contrast echo measurements at 1 and 6 months were
obtained for 44 patients in each group. The
improvement in LVEF observed immediately after
randomized treatment in the high MI/PCI group
remained significant at 1 month (p ¼ 0.018) and
6 months (p ¼ 0.015) of follow-up. Intraclass corre-
lation coefficients on repeated measurements of
contrast-enhanced end-diastolic volume, end-
systolic volume, and LVEF were 0.95, 0.98, and
0.75, respectively (all p < 0.001).

An indication for defibrillator placement for pri-
mary prevention (LVEF #30% at 6 months follow-up)
was present in 2 of 44 high MI/PCI patients (5%)
compared with 8 of 44 PCI-only patients (18%)
(p ¼ 0.045). At a median follow-up of 17 months, 8
patients (16%) had died in both the high MI/PCI and
PCI-only groups.

DISCUSSION

This is the first prospective randomized human study
to demonstrate a supplemental beneficial effect of
DUS-guided microvascular-targeted cavitation of
intravenously administered commercially available
microbubbles during acute STEMI. Short durations of
high MI impulses (median 18 min) before emergent
PCI had no effect on door-to-dilation times, but
resulted in higher proportions of ST-segment resolu-
tion and angiographic recanalization before PCI.
Furthermore, we observed immediate, but sustained,
improvements in systolic function at follow-up. The
beneficial effects of high MI impulses were evident at
hospital discharge, where a significant reduction in
infarct size was observed by CMR. Systolic function
was similar between groups before randomization,
but sustained improvements in ejection fraction were
observed following treatment with high MI/PCI, and
there appeared to be no alteration in safety or
door-to-dilation times, suggesting that adding this
simple, safe diagnostic-based procedure before and
after PCI may effectively reduce MVO and its
complications.

The high MI impulses used in the current study are
standard features on an ultrasound system and are, in
essence, the same high MI impulses used to evaluate
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An acute anterolateral STEMI treated with high MI impulses during an intravenous microbubble infusion. The top panel shows resting microvascular defect (arrows).

After 12 min of high MI impulses, there is ST-segment elevation resolution and microvascular flow (black arrows, right panels) within the distal septal and apical

segments. Angiography performed before PCI demonstrated TIMI flow grade 3 in the left anterior descending coronary artery (yellow arrow) and 72-h magnetic

resonance imaging (MRI) in the bottom panel demonstrated no microvascular obstruction and reduced infarct size (planimetered areas). MI ¼ mechanical index;

PCI ¼ percutaneous coronary intervention; STEMI ¼ ST-segment elevation myocardial infarction; TIMI ¼ Thrombolysis In Myocardial Infarction.
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regional and global systolic function and perfusion
during a commercially available microbubble infusion
(21–23).

Mechanistically, the high MI impulses have been
shown to elicit asymmetric growth and collapse of the
microbubbles, which then generate shear forces that
can dissolve thrombi in vitro (24,25). Although longer
pulse durations on nondiagnostic systems have been
shown to improve the degree of thrombus dissolution
(26,27), these longer pulse durations are not available
for diagnostic use and could potentially contribute to
unwanted bioeffects such as coronary vascular spasm
(28) or endothelial disruption with capillary hemor-
rhage (29,30). An optimal pulse duration for
thrombus dissolution has not been evaluated, but the
current study confirmed that short diagnostic trans-
thoracic ultrasound pulses (duration <5 ms) at a high
MI are capable of achieving improved epicardial
coronary flow rates and reduced IS in the acute STEMI
setting.

Although we cannot separate the microvascular
versus epicardial effects of the high MI impulse, we
hypothesize that both the effects of improved
microvascular flow and thrombus dissolution in the
coronary artery played a role in the increased
epicardial recanalization rates.

An improvement in systolic function occurred in
the immediate post-PCI measurements of ejection
fraction only in the high MI/PCI group (Table 3).
Although a significant component of this improve-
ment may be related to mechanical thrombus disso-
lution resulting in improved flow at the microvascular
level, nitric oxide release from cavitation may also
play a role. Following coronary artery ligation in
animal models, directly applied low-frequency ultra-
sound applied distal to the obstruction improved



FIGURE 5 Patient With STEMI Treated With PCI Only

72 h MRI

Angiography
Pre-PCI

EKG and Contrast Echo
Post PCI

EKG and Contrast Echo
at presentation

The EKG abnormalities and resting microvascular defect (arrows) are demonstrated at baseline (top) and after primary PCI. There was no

resolution of ST-segment elevation, and perfusion defect remained unchanged (bottom) within the distal septal and apical segments.

Angiography performed before percutaneous coronary intervention demonstrated TIMI flow grade 0 at the left anterior descending coronary

artery (yellow arrow) and 72 h MRI demonstrated microvascular obstruction on first-pass perfusion and subsequent delayed enhancement

images (planimetered areas). Abbreviations as in Figures 1, 2, and 3.

TABLE 4 Echocardiographic Assessments of Left Ventricular Systolic Function and

Microvascular Perfusion

PD Score
Control Group
(PCI Only)

Therapy Group
(High MI/PCI) p Value

LVEF before therapy, % 43 � 10 44 � 11 0.39*

PD score before therapy 1.76 � 0.35 1.74 � 0.39 0.830*

LVEF immediately post-PCI, % 43 � 10 47 � 11 0.032*

PD score immediately post PCI 1.72 � 0.34 1.57 � 0.35 0.032*

LVEF 1 month, % 46 � 11 52 � 10 0.018*

LVEF 6 months, % 47 � 12 53 � 10 0.015*

6 months, %† 48 � 11 53 � 10 0.048*

Values are mean � SD. *Student’s t-test. †After removing the patients who were on beta-blockers at
presentation.

PD ¼ perfusion defect; other abbreviations as in Table 1.
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downstream tissue perfusion and function (31). This
effect was reversed following nitric oxide synthase
inhibition. Following iliac artery occlusion in a rodent
model, diagnostic high MI impulses applied during an
intravenous microbubble infusion have been shown
to improve downstream microvascular flow (15). In
these same animal models, the high MI impulses have
been shown to induce endothelial and red blood cell
release of ATP that result in sustained improvements
in microvascular flow (16). In our study, we did not
observe an overall reduction in MVO, but did
demonstrate a trend toward this in the left anterior
descending coronary artery infarctions. Nonetheless,
there was a reduction in infarct size and an



PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE:

Ultrasonic cavitation of intravenously administered

microbubbles can increase early epicardial patency,

reduce infarct size, and improve systolic function in

patients with STEMI undergoing primary PCI.

COMPETENCY IN MEDICAL KNOWLEDGE:

Further studies are needed to determine the optimal

ultrasonic frequency and pulse duration for coronary

thrombus disruption and understand the relative roles

of microvascular and epicardial effects on clinical

outcomes when this technology is employed.
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immediate improvement in systolic function in the
high MI/PCI group that was still evident before hos-
pital discharge and at 6-month follow-up. Although
this improvement in systolic function may lead
to reductions in the indication for primary
prevention defibrillator placement, larger studies will
be required to determine what effect it will have on
the incidence of congestive heart failure and
mortality.

STUDY LIMITATIONS. There are no generally
accepted methods to quantify risk area noninvasively
in humans. T2-weighted assessments of edema have
been shown to correlate more closely with infarct size
than actual risk area (32) and therefore were not used
for comparing groups in this study. There is a possi-
bility, therefore, that our observations of decreased
infarct size and MVO were due to smaller risk areas.
This seems unlikely, based on our observations of
similar ejection fractions before randomization, and
similar demographics (Table 1).

Patients randomized to high MI/PCI were more
frequently taking beta-blockers on admission than
PCI-only patients (14 vs. 5 patients, respectively),
which may affect risk area and recovery of function
(33). All patients, though, received beta-blockers and
high-intensity statins after study entry, and thus this
difference at study entry should not have affected our
outcome measures. Furthermore, 6-month ejection
fraction was still higher in the high MI/PCI group after
patients on beta-blockers at admission were removed
from the analysis (Table 4).

CONCLUSIONS

Transthoracic high MI DUS impulses targeted to the
myocardium during a commercially available micro-
bubble infusion may play a critical supplemental role
in restoring early epicardial flow and reducing
myocardial IS in patients with acute myocardial
infarction. The effects of sonothrombolysis were
observed early in the treatment period before
emergent PCI, but resulted in sustained improve-
ments in systolic function and reduced need for de-
fibrillators at 6-month follow-up. The limited time
period in which ultrasound could be applied before
PCI may have limited its effectiveness. Therefore,
further study is needed to determine whether
portable ultrasound and commercially available
microbubbles could be provided in an ambulance
setting, at the point of patient contact, to further
reduce infarct size and improve patient outcomes.

ACKNOWLEDGMENTS The authors thank Creusa
Maria Roveri Dal Bó for the biostatistical support for
the study, and Megan Hoesing for her assistance in
manuscript preparation. The authors also thank
Nadia Luana and Erica Prado Viana for their study
coordination and assistance with data collection. The
authors also thank Microvascular Therapeutics LLC
and Lantheus Medical Imaging Inc. for providing the
Definity vials for this study.

ADDRESS FOR CORRESPONDENCE: Dr. Thomas R.
Porter, University of Nebraska Medical Center, Omaha,
Nebraska 68198-2265. E-mail: trporter@unmc.edu.
Twitter: @unmc.
RE F E RENCE S
1. Pollack CV Jr., Braunwald E. 2007 Update to the
ACC/AHA guidelines for the management of pa-
tients with unstable angina and non-ST-segment
elevation myocardial infarction: implications for
emergency department practice. Ann Emerg Med
2008;51:591–606.

2. O’Gara PT, Kushner FG, Ascheim DD, et al.
2013 ACCF/AHA guideline for the management
of ST-elevation myocardial infarction: a report of
the American College of Cardiology Foundation/
American Heart Association Task Force on Prac-
tice Guidelines. J Am Coll Cardiol 2013;61:
e78–140.
3. Bazzino O, Monaco R, Mario B, et al. Manage-
ment of acute coronary syndromes in developing
countries: acute coronary events-a multinational
survey of current management strategies. Am
Heart J 2011;162:852–9.

4. Niccoli G, Burzotta F, Galiuto L, Crea F.
Myocardial no-reflow in humans. J Am Coll Cardiol
2009;54:281–92.

5. Aggarwal S, Xie F, High R, Pavlides G, Porter TR.
Prevalence and predictive value of microvascular
flow abnormalities after successful contemporary
percutaneous coronary intervention in acute
ST-segment elevation myocardial infarction. J Am
Soc Echocardiogr 2018;31:674–82.

6. Nicolau JC, Main LN, Vitola J, et al. ST segment
resolution and late (6 month) left ventricular
remodeling after acute myocardial infarction. Am J
Cardiol 2003;91:451–3.

7. Tsutsui JM, Elhendy A, Anderson JR, Xie F,
McGrain AC, Porter TR. Prognostic value of
dobutamine stress myocardial contrast perfusion
echocardiography. Circulation 2005;112:1444–50.

8. Trindade MLZH, Caldas MA, Tsutsui JM, et al.
Determination of size and transmural extent of

mailto:trporter@unmc.edu
https://twitter.com/unmc
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref1
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref1
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref1
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref1
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref1
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref1
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref2
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref2
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref2
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref2
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref2
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref2
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref2
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref3
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref3
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref3
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref3
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref3
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref4
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref4
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref4
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref5
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref5
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref5
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref5
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref5
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref5
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref6
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref6
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref6
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref6
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref7
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref7
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref7
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref7
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref8
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref8


Mathias Jr. et al. J A C C V O L . 7 3 , N O . 2 2 , 2 0 1 9

Sonothrombolysis in Acute Myocardial Infarction J U N E 1 1 , 2 0 1 9 : 2 8 3 2 – 4 2

2842
acute myocardial infarction by real-time myocar-
dial perfusion echocardiography: a comparison
with magnetic resonance imaging. J Am Soc
Echocardiogr 2007;20:126–35.

9. Hoffman R, von Bardeleben S, Kasprzak JD,
et al. Analysis of regional left ventricular function
by cineventriculography, cardiac magnetic reso-
nance imaging, unenhanced and contrast-
enhanced echocardiography: a multicenter
comparison of methods. J Am Coll Cardiol 2006;
47:121–8.

10. Xie F, Lof J, Everbach C, et al. Treatment of
acute intravascular thrombi with diagnostic ultra-
sound and intravenous microbubbles. J Am Coll
Cardiol Img 2009;2:511–8.

11. Xie F, Lof J, Matsunaga T, et al. Diagnostic
ultrasound combined with glycoprotein IIb/IIa
targeted microbubbles improves microvascular
recovery after acute coronary thrombotic occlu-
sions. Circulation 2009;119:1378–85.

12. Xie F, Slikkerverr J, Gao S, et al. Coronary and
microvascular thrombolysis with guided diagnostic
ultrasound and microbubbles in acute ST segment
elevation myocardial infarction. J Am Soc Echo-
cardiogr 2011;24:1400–8.

13. Xie F, Gao S, Wu J, et al. Diagnostic ultrasound
induced inertial cavitation to non- invasively
restore coronary and microvascular flow in acute
myocardial infarction. PloS One 2013;8:e69780.

14. Mathias W Jr., Tsutsui JM, Porter TR. Diag-
nostic ultrasound impulses improve microvas-
cular flow in patients with STEMI receiving
intravenous microbubbles. J Am Coll Cardiol
2016;68:2031–2.

15. Belcik JT, Mott BH, Xie A, et al. Augmentation
of limb perfusion and reversal of tissue ischemia
produces by ultrasound- mediated microbubble
cavitation. Circ Cardiovasc Imaging 2015;8:
e002979.

16. Belcik JT, Davidson BP, Xie A, et al. Augmen-
tation of muscle blood flow by ultrasound cavi-
tation is mediated by ATP and purinergic signaling.
Circulation 2017;135:1240–52.

17. Lang RM, Badano LP, Mor-Avi V, et al. Rec-
ommendations for cardiac chamber quantification
by echocardiography in adults: an update from the
American Society of Echocardiography and the
European Association of Cardiovascular Imaging.
J Am Soc Echocardiogr 2015;28:1–39.

18. The TIMI Study Group. The Thrombolysis in
Myocardial Infarction (TIMI) trial – phase 1 find-
ings. N Engl J Med 1985;312:932–6.

19. Spitaleri G, Brugaletta S, Scalone G, et al. Role
of ST-segment resolution in patients with ST-
segment elevation myocardial infarction treated
with primary percutaneous coronary intervention
(from the 5-Year Outcomes of the EXAMINATION
[Evaluation of the Xience-V Stent in Acute
Myocardial Infarction] Trial). Am J Cardiol 2018;
121:1039–45.

20. Russo AM, Stainback RF, Bailey SR, et al.
ACCF/HRS/AHA/ASE/HFSA/SCAI/SCCT/SCMR 2013
appropriate use criteria for implantable
cardioverter-defibrillators and cardiac resynchro-
nization therapy: a report of the American College
of Cardiology Foundation Appropriate Use Criteria
Task Force, Heart Rhythm Society, American Heart
Association, American Society of Echocardiogra-
phy, Heart Failure Society of America, Society for
Cardiovascular Angiography and Interventions,
Society of Cardiovascular Computed Tomography,
and Society for Cardiovascular Magnetic Reso-
nance. J Am Coll Cardiol 2013;61:1318–68.

21. Caldas MA, Tsutsui JM, Kowatsch I, et al. Value
of myocardial contrast echocardiography for pre-
dicting left ventricular remodeling and segmental
functional recovery after left anterior wall acute
myocardial infarction. J Am Soc Echocardiogr
2004;17:923–32.

22. Porter TR, Adolphson M, High RR, et al. Rapid
detection of coronary artery stenoses with real-
time perfusion echocardiography during regade-
noson stress. Circ Cardiovasc imaging 2011;4:
628–35.

23. Leong-Poi H, Le E, Rim SJ, Sakuma T, Kaul S,
Wei K. Quantification of myocardial perfusion and
determination of coronary stenosis severity during
hyperemia using real-time myocardial contrast
echocardiography. J Am Soc Echocardiogr 2001;
14:1173–82.

24. Miller DL. Particle gathering and micro-
streaming near ultrasonically activated
gas-filled micropores. J Acoust Soc Am 1988;84:
1378–87.

25. Chen X, Leeman JE, Wang J, Pacella JJ,
Villanueva FS. New insights into mechanisms of
sonothrombolysis using ultra-high-speed imaging.
Ultrasound Med Biol 2014;40:258–62.

26. Wu J, Xie F, Kumar, et al. Improved sono-
thrombolysis from a modified diagnostic trans-
ducer delivering impulses containing a longer
pulse duration. Ultrasound Med Biol 2014;40:
1545–53.

27. Leeman JE, Kim JS, Yu FT, et al. Effect of
acoustic conditions on microbubble-mediated
microvascular sonothrombolysis. Ultrasound Med
Biol 2012;38:1589–98.

28. Roos ST, Juffermans LJ, van Royen N, et al.
Unexpected high incidence of coronary vasocon-
striction in the Reduction of Microvascular Injury
Using Sonolysis (ROMIUS) trial. Ultrasound Med
Biol 2016;42:1919–28.

29. Miller DL, Driscoll EM, Dou C, Armstrong WF,
Lucchesi BR. Microvascular permeabilization and
cardiomyocyte injury provoked by myocardial
contrast echocardiography in a canine model. J Am
Coll Cardiol 2006;47:1464–8.

30. Ay T, Havaux X, Van Camp G, et al. Destruction
of contrast microbubbles by ultrasound. Effects on
myocardial perfusion, coronary perfusion pressure,
and microvascular integrity. Circulation 2001;104:
461–6.

31. Siegel RJ, Suchkova VN, Miyamoto T, et al.
Ultrasound energy improves myocardial perfusion
in the presence of coronary occlusion. J Am Coll
Cardiol 2004;44:1454–8.

32. Kim HW, Assche LV, Jennings RB, Wince WB.
Relationship of T2-weighted MRI myocardial
hyperintensity and the ischemic area at risk. Cir-
culation Res 2015;117:254–65.

33. Niccoli G, Scalone G, Lerman A, Crea F.
Coronary microvascular obstruction in acute
myocardial infarction. Eur Heart J 2016;37:
1024–33.

KEY WORDS acute myocardial infarction,
microbubbles, ultrasound

http://refhub.elsevier.com/S0735-1097(19)33870-7/sref8
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref8
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref8
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref8
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref9
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref9
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref9
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref9
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref9
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref9
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref9
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref10
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref10
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref10
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref10
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref11
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref11
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref11
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref11
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref11
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref12
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref12
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref12
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref12
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref12
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref13
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref13
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref13
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref13
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref14
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref14
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref14
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref14
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref14
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref15
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref15
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref15
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref15
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref15
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref16
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref16
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref16
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref16
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref17
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref17
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref17
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref17
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref17
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref17
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref18
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref18
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref18
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref19
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref19
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref19
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref19
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref19
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref19
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref19
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref19
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref20
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref20
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref20
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref20
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref20
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref20
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref20
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref20
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref20
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref20
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref20
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref20
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref20
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref21
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref21
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref21
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref21
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref21
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref21
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref22
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref22
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref22
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref22
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref22
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref23
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref23
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref23
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref23
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref23
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref23
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref24
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref24
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref24
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref24
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref25
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref25
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref25
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref25
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref26
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref26
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref26
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref26
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref26
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref27
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref27
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref27
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref27
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref28
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref28
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref28
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref28
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref28
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref29
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref29
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref29
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref29
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref29
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref30
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref30
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref30
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref30
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref30
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref31
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref31
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref31
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref31
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref32
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref32
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref32
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref32
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref33
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref33
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref33
http://refhub.elsevier.com/S0735-1097(19)33870-7/sref33

	Sonothrombolysis in ST-Segment Elevation Myocardial Infarction Treated With Primary Percutaneous Coronary Intervention
	Methods
	Study protocol
	Angiographic, electrocardiographic, and biomarker assessments
	Cardiac magnetic resonance imaging
	Statistical analysis plan

	Results
	Angiographic findings
	ST-segment and CST values
	Cardiac magnetic resonance imaging
	Echocardiographic and clinical follow-up

	Discussion
	Study limitations

	Conclusions
	Acknowledgments
	References


