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Sonothrombolysis in Patients With Acute 
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An Individual Patient Data Meta-Analysis

Georgios Tsivgoulis , MD; Aristeidis H. Katsanos, MD; Jürgen Eggers, MD; Vincent Larrue , MD; Lars Thomassen, MD;  
James C. Grotta, MD; Georgios Seitidis , MSc; Peter D. Schellinger , MD; Dimitris Mavridis, PhD; Andrew Demchuk, MD;  
Vojtech Novotny, MD; Carlos A. Molina, MD, PhD; Areti Angeliki  Veroniki , PhD; Martin Köhrmann, MD; Lauri Soinne , MD, PhD; 
Andrej Netland  Khanevski , MD; Andrew D. Barreto, MD; Maher Saqqur , MD, MPH; Theodora Psaltopoulou , MD, PhD;  
Keith W. Muir, MD; Jochen B. Fiebach, MD, PhD; Travis Rothlisberger , BSc; Thomas A. Kent, MD; Pitchaiah Mandava, MD, PhD; 
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BACKGROUND AND PURPOSE: Evidence about the utility of ultrasound-enhanced thrombolysis (sonothrombolysis) in patients with 
acute ischemic stroke (AIS) is conflicting. We aimed to evaluate the safety and efficacy of sonothrombolysis in patients with 
AIS with large vessel occlusion, by analyzing individual patient data of available randomized-controlled clinical trials.

METHODS: We included all available randomized-controlled clinical trials comparing sonothrombolysis with or without addition 
of microspheres (treatment group) to intravenous thrombolysis alone (control group) in patients with AIS with large vessel 
occlusion. The primary outcome measure was the rate of complete recanalization at 1 to 36 hours following intravenous 
thrombolysis initiation. We present crude odds ratios (ORs) and ORs adjusted for the predefined variables of age, sex, 
baseline stroke severity, systolic blood pressure, and onset-to-treatment time.

RESULTS: We included 7 randomized controlled clinical trials that enrolled 1102 patients with AIS. A total of 138 and 134 
confirmed large vessel occlusion patients were randomized to treatment and control groups respectively. Patients randomized 
to sonothrombolysis had increased odds of complete recanalization compared with patients receiving intravenous thrombolysis 
alone (40.3% versus 22.4%; OR, 2.17 [95% CI, 1.03–4.54]; adjusted OR, 2.33 [95% CI, 1.02–5.34]). The likelihood of 
symptomatic intracranial hemorrhage was not significantly different between the 2 groups (7.3% versus 3.7%; OR, 2.03 
[95% CI, 0.68–6.11]; adjusted OR, 2.55 [95% CI, 0.76–8.52]). No differences in the likelihood of asymptomatic intracranial 
hemorrhage, 3-month favorable functional and 3-month functional independence were documented.

CONCLUSIONS: Sonothrombolysis was associated with a nearly 2-fold increase in the odds of complete recanalization compared 
with intravenous thrombolysis alone in patients with AIS with large vessel occlusions. Further study of the safety and efficacy 
of sonothrombolysis is warranted.

GRAPHIC ABSTRACT: An online graphic abstract is available for this article.
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Preliminary evidence has indicated that the addi-
tion of pulsed-wave ultrasound to tPA (tissue-type 
plasminogen activator) may increase the odds of 

recanalization and favorable functional outcomes in 
patients with acute ischemic stroke (AIS) with proximal 
intracranial large vessel occlusions (LVOs).1–3 These 
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findings have been further corroborated by 2 indepen-
dent aggregated data meta-analyses suggesting the 
potential utility of ultrasound-enhanced thrombolysis 
(sonothrombolysis) as an investigational reperfusion 
therapy for AIS.4,5

The largest to date phase 3 randomized-controlled 
clinical trial (RCT) evaluating the safety and efficacy of 
sonothrombolysis using an operator-independent ultra-
sound device compared with intravenous tPA alone 
reported that delivery of sonothrombolysis was feasible 
and safe but failed to demonstrate additional clinical ben-
efit in patients with AIS.6 The lack of efficacy in this trial 
could partially be explained by the absence of pretreat-
ment imaging documentation of proximal LVO,7 which has 
been a prerequisite for the previous sonothrombolysis tri-
als.8–10 The trial instead included patients based on their 
admission neurological severity (National Institutes of 
Health Stroke Scale score [NIHSS] ≥10 points) and could 
not utilize the imaging documentation of a proximal LVO.7

The aim of the present systematic review and individ-
ual patient data meta-analysis (IPD-MA) is to systemati-
cally assess the safety and efficacy of sonothrombolysis 
with or without the addition of microspheres against 
intravenous thrombolysis alone in patients with AIS 
with LVO by using individual patient data from published 
RCTs. Using individual patient data, we were also able to 
assess the utility of sonothrombolysis in different patient 
subgroups and settings.

METHODS
Our article adheres to the AHA Journals’ implementation of 
the Transparency and Openness Promotion (TOP) Guidelines. 
Data used in the present IPD-MA will be available from the 

corresponding author following reasonable requests. This meta-
analysis followed the instructions from the Cochrane Handbook 
for Systematic Reviews, and used a prespecified study proto-
col that has been published in the International Prospective 
Register of Ongoing Systematic Reviews (PROSPERO num-
ber: CRD42019131848). The results are presented according 
to the Preferred Reporting Items for Systematic Reviews and 
Meta-Analyses for Individual Patient Data guidelines.11

Inclusion Criteria of Eligible Participants
An RCT was eligible for inclusion in the present IPD-MA when 
enrolled patients qualifying the following inclusion criteria:

1.	Age >18 years
2.	Receiving intravenous tPA treatment within a 4.5-hour 

treatment window using the standard dose (0.9 mg/kg) in 
the control treatment arm and intravenous tPA treatment 
within a 4.5-hour treatment window using the standard 
dose (0.9 mg/kg) coupled with low-power ultrasound 
(sonothrombolysis)—with or without the addition of micro-
spheres—in the active treatment arm

3.	Confirmation of intracranial vessel occlusion before 
study enrolment using different available imaging modal-
ities (neurovascular ultrasound, CT or MR angiography 
[MRA])

4.	Premorbid modified Rankin Scale (mRS) score of 0–1
5.	Received no treatment with endovascular procedures (eg, 

direct mechanical thrombectomy or intraarterial throm-
bolysis) immediately before or during sonothromboly-
sis/thrombolysis treatment. Patients receiving treatment 
with endovascular procedures after the administration of 
sonothrombolysis/ thrombolysis were not excluded from 
the analysis.

We requested recanalization rates and noncompulsory 
study characteristics (Table I in the Data Supplement) from the 
corresponding authors of eligible RCTs that were identified by 
the literature search.

Risk of Bias Assessment
Risk of bias assessment was performed by 2 independent 
reviewers (G.T. and A.H.K.) with the Cochrane Risk of Bias 
assessment tool,12 and all emerging conflicts were resolved 
via consensus between the 2 investigators. It was decided that 
publication bias and small study effects would be assessed if 
10 or more studies were included in the present IPD-MA.

Outcome Measures
The primary outcome measure was the rate of complete 
recanalization at 1 to 36 hours following intravenous tPA 
bolus. Complete recanalization could be documented by (1) 
ultrasound, as Thrombolysis in Brain Ischemia scores 4 or 5,13 
(2) computed tomography angiography (CTA), as CTA arterial 
occlusive lesion scoring of 3,14 or (3) MRA suggestive of com-
plete recanalization.7

Secondary outcomes included:

Efficacy
1.	Complete or partial recanalization, according to every 

available definition,
2.	Early clinical recovery, defined as a reduction of 10 

points  or more on the NIHSS score or a total NIHSS 

Nonstandard Abbreviations and Acronyms

AIS	 acute ischemic stroke
CTA	 computed tomography angiography
ICH	 intracranial hemorrhage
IPD-MA	 individual patient data meta-analysis
LVO	 large vessel occlusion
MRA	 magnetic resonance angiography
NIHSS	� National Institutes of Health Stroke 

Scale
OR	 odds ratio
PROSPERO	� International Prospective Register of 

Ongoing Systematic Reviews
RCT	 randomized controlled clinical trial
TCD	 transcranial Doppler
tPA	 tissue-type plasminogen activator
TRUST	� Aureva Transcranial Ultrasound 
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score of 3 points or less at 2 hours after intravenous tPA 
bolus,8

3.	Clinical recovery, defined as a reduction of 10 points or 
more on the NIHSS score or a total NIHSS score of 3 
points or less at 24 hours after intravenous tPA bolus,8

4.	Favorable functional outcome at 3 months, defined as 
mRS scores 0 to 1 at 3 months,

5.	Functional independence at 3 months (defined as mRS 
scores of 0–2), and

6.	Cumulative functional improvement at 3-months, where 
we used the whole spectrum of the distribution of 3-month 
mRS scores. Functional improvement was defined as 
1-point decrease in mRS-score across all grades.6

Safety
7.	 Symptomatic intracranial hemorrhage (ICH), according to 

every available definition,
8.	Asymptomatic ICH, and
9.	All-cause mortality at 3 months.
Further information on the identification of eligible studies, 

data transfer and verification process and statistical analysis 
are provided in the Data Supplement.

RESULTS
Study Selection and Study Characteristics
Systematic search of Medline and Scopus databases 
yielded 218 and 161 results respectively. After removing 
duplicates, the titles and abstracts from the remaining 
292 studies were screened and 11 potentially eligible 
studies for the meta-analysis were retained (Figure 1). 
After retrieving the full-text versions of the aforemen-
tioned 11 studies, 4 studies were excluded because they 
were not RCTs15–17 or included patients without the diag-
nosis of AIS.18 There was no conflict or disagreement 
between the reviewers (GT, A.K., A.A.V.) who screened 
the identified studies. The corresponding authors from 
the 7 studies that met the protocol’s inclusion criteria 
were contacted by e-mail.6,8,10,19–22

Risk of bias assessment of included studies dis-
closed a high risk of performance bias, due to the lack 
of blinding of participants and personnel in all except 
for 1 study.6 The risk of reporting bias was unclear in 
4 trials,10,19–21 due to lack of corresponding study pro-
tocols clearly mentioning on all primary and secondary 
outcomes of interest for each trial. Finally, it should be 
noted that one of the included studies was not pub-
lished as a full article at the time of the review,22 and 
thus risk of bias was not feasible for this study (Figures 
I and II in the Data Supplement).

IPD were obtained from all eligible studies. We com-
pared IPD with original publications to assess consis-
tency and applied our predefined inclusion and exclusion 
criteria as presented in Table II in the Data Supplement. 
One of the corresponding authors of 2 small RCTs pro-
vided a single, merged database with nonoverlapping 
patient data from the 2 companion reports.19,20

Seven studies with 272 patients with AIS with LVO 
(median age 68 years, 58% men, median baseline 
NIHSS score 16), 138 in the sonothrombolysis group, 
and 134 in the control group, were included in the 
IPD-MA. Together with standard dose (0.9 mg/kg) tPA 
administration, 3 of the included studies report the use of 
2-MHz transcranial Doppler (TCD),8,20,21 1 study the use 
of a 1.8-MHz TCCS,15 1 study the use of an operator-
independent 2-MHz TCD device,6 and 2 studies the use 
of intravenous microspheres coupled with 2-MHz TCD 
insonation (Table II in the Data Supplement).10,22 The 2 
groups were balanced for all baseline characteristics 
(Table  1), except for the higher male predominance in 
the sonothrombolysis group compared with the control 
group (65.9% versus 50.7%, P=0.011). All baseline 
characteristics, except for sex, were also well distributed 
within studies (Figure III in the Data Supplement).

Forest plots of the 2-stage analysis models are pre-
sented in Figures IV through XIII in the Data Supplement. 
In the 1-stage analyses (Table 2), adjusted for the per-
protocol confounders, patients receiving treatment with 
sonothrombolysis had higher likelihood of both complete 
recanalization (40.3% versus 22.4%; OR, 2.17 [95% CI, 
1.03–4.54]; adjusted OR, 2.33 [95% CI, 1.02–5.34]) and 
any (complete or partial) recanalization (66.4% versus 
53.0%; common OR, 1.91 [95% CI, 1.03–3.53]; adjusted 
common OR, 2.01 [95% CI, 1.03–3.92]). No significant 
differences between groups were documented on other 
secondary efficacy outcomes of early clinical recovery 
(13.5% versus 10.8%; OR, 1.29 [95% CI, 0.54–3.09]; 
adjusted OR, 0.67 [95% CI, 0.10–4.39]), clinical recov-
ery (22.4% versus 23.5%; OR, 0.94 [95% CI, 0.53–
1.66]; adjusted OR, 1.00 [95% CI, 0.55–1.84]), 3-month 
favorable functional outcome (35.6% versus 27.8%; OR, 
1.32 [95% CI, 0.72–2.45]; adjusted OR, 1.43 [95% CI, 
0.64–3.19]), 3-month functional independence (48.1% 
versus 40.5%; OR, 1.37 [95% CI, 0.81–2.30]; adjusted 
OR, 1.43 [95% CI, 0.77–2.64]), and 3-month functional 
improvement (common OR, 1.18 [95% CI, 0.68–1.63]; 
adjusted common OR, 1.05 [95% CI, 0.67–1.65]; Fig-
ure 2). About safety outcomes, no significant differences 
were documented on the probability of symptomatic 
ICH (7.3% versus 3.7%; OR, 2.03 [95% CI, 0.68–6.11]; 
adjusted OR, 2.55 [95% CI, 0.76–8.52]), asymptomatic 
ICH (24.0% versus 25.4%; OR, 0.96 [95% CI, 0.35–
2.68]; adjusted OR, 1.30 [95% CI, 0.38–4.39]) or all-
cause mortality at 3 months (14.8% versus 15.1%; OR, 
0.94 [95% CI, 0.34–2.57]; adjusted OR, 1.23 [95% CI, 
0.25–6.05]). Results of the 1-stage IPD-MA adjusting 
only for the statistically significant covariates according 
to the ANOVA results were similar and are summarized 
in Table III in the Data Supplement.

In the subgroup analyses (Figure  3), we detected 
a moderating effect of age on the association of 
sonothrombolysis with complete recanalization (<67 
years: OR, 4.69 [95% CI, 1.87–11.74] versus ≥67 years: 
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OR, 1.25 [95% CI, 0.40–3.87]; P value for interaction: 
0.048). We also detected a moderating effect of systolic 
blood pressure on admission (dichotomized using median 
value) on the association of sonothrombolysis with com-
plete recanalization (<158 mm Hg: OR, 4.78 [95% CI, 
1.77–12.91] versus ≥158 mm Hg: OR, 1.19 [95% CI, 
0.27–5.18]; P value for interaction: 0.07). No interactions 
were detected according to the location of occlusion 
(P value for interaction: 0.25), sex (P value for interac-
tion: 0.15), baseline NIHSS-score (P value for interac-
tion: 0.53), onset-to-tPA bolus (P value for interaction: 
0.62), and the use of microspheres in combination with 
sonothrombolysis (P value for interaction: 0.53). Like-
wise, there was no moderating effect of microspheres on 
the association of sonothrombolysis with 3-month favor-
able functional outcome (P value for interaction: 0.57) or 
functional independence (P value for interaction: 0.60). 
Finally, we documented that onset to treatment time was 
linearly and inversely associated with the likelihood of 
complete recanalization (OR per 10 minute increase: 
0.93 [95% CI, 0.90–0.95]) and 3-month favorable func-
tional outcome (OR per 10 minute increase: 0.93 [95% 
CI, 0.91–0.96]) among patients receiving treatment with 

sonothrombolysis (Figure XIV in the Data Supplement). 
After excluding patients from 1 study reporting late 
recanalization assessment, sonothrombolysis treatment 
was again associated with a higher probability of com-
plete recanalization compared with intravenous throm-
bolysis alone (OR, 2.31 [95% CI, 1.09–4.91]; adjusted 
OR, 2.46 [95% CI, 1.15–5.28]). When restricting the pri-
mary analysis to studies that assessed the recanalization 
outcome with either CTA and/or MRA including a total of 
74 total patients (27% of the total meta-analysis popula-
tion), the association of sonothrombolysis with complete 
recanalization did not reach statistical significance (OR, 
0.87 [95% CI, 0.31–2.48]; adjusted OR, 0.64 [95% CI, 
0.18–2.24]). The lack of a significant association in the 
aforementioned analysis could be attributed to low sta-
tistical power, as the outcome of complete recanalization 
was not found to be associated with the imaging method 
(TCD/TCCS versus CTA/MRA) used for recanalization 
assessment (OR, 0.65 [95% CI, 0.25–1.70]).

The primary outcome of complete recanalization was 
found to be strongly and inversely associated with subse-
quent endovascular treatment (OR, 0.09 [95% CI, 0.01–
0.71]), as endovascular reperfusion procedures were 

Figure 1. Flow chart on the selection of eligible studies.
AIS indicates acute ischemic stroke; and RCT, randomized controlled clinical trial.
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performed at the time of the conduction of included trials 
only as rescue procedures for patients with unsuccessful 
recanalization following the end of the sonothromboly-
sis or thrombolysis. In other worlds, a limited number of 
patients (8% in the sonothrombolysis group and 9% in 
the control group) with documented unsuccessful recan-
alization on TCD or angiography following the termina-
tion of alteplase infusion or following the end of real-time 
TCD monitoring were transferred to the angio suite to 
undergo endovascular treatment. Consequently, there 
was a selection bias leading to a strong negative corre-
lation between complete recanalization and endovascu-
lar treatment that occurred following the assessment of 
recanalization status.

DISCUSSION
Our IPD-MA showed that sonothrombolysis produced a 
nearly 2-fold increase in the odds of complete recanali-
zation compared with intravenous tPA alone in patients 
with AIS with LVO. This association was independent of 
potential confounders including demographics, location 
of occlusion, baseline stroke severity, onset to treat-
ment time, and baseline blood pressure levels. This rela-
tionship was found to be more pronounced in younger 

patients and in patients presenting with normal or mildly 
elevated systolic blood pressure values. Patients in the 
sonothrombolysis group were found to have higher rates 
of symptomatic intracranial hemorrhage compared with 
the control group; however, the difference between the 
2 groups did not reach statistical significance in either 
unadjusted or adjusted analyses. No association of 
sonothrombolysis with other efficacy or safety outcomes 
was uncovered. There was no interaction of microspheres 
on the association of sonothrombolysis with complete 
recanalization and clinical outcomes.

Our results are in accordance with 2 very recently 
published aggregate-data meta-analyses, also suggest-
ing a 2-fold increase in the likelihood of complete recan-
alization with sonothrombolysis after 60 to 120 minutes 
from tPA bolus and no difference in clinical or safety 
outcomes.23,24 One of the aforementioned meta-analyses 
reported also an almost 2-fold increase in the likelihood 
of complete or partial recanalization (risk ratio, 1.90 
[95% CI, 1.26–2.88]), with no improvement of ≥4 points 
in NIHSS score (risk ratio, 1.43 [95% CI, 0.99–2.07]).24 
Interestingly, both meta-analyses reported a potential 
benefit for patients under 65 years of age randomized to 
treatment with sonothrombolysis (risk ratio, 1.20 [95% 
CI, 0.92–1.57]).23,24 This observation is in line with the 

Table 1.  Baseline Characteristics of Included Patients

 
Sonothrombolysis 
group (n=138)

Control group  
(n=134) P value

Age, median (IQR) 68 (58.25–74.75) 67 (59–75.75) 0.433

Males, % 65.94% 50.75% 0.011

Baseline NIHSS, median (IQR) 16 (12–20) 16 (11–19.75) 0.940

Hypertension, % 61.65% 62.79% 0.849

Atrial fibrillation, % 24.09% 23.13% 0.853

Diabetes, % 21.17% 19.23% 0.694

Current smoking, % 22.31% 24.35% 0.712

Myocardial infarction, % 13.43% 17.89% 0.163

Antiplatelet pretreatment, % 35.45% 47.22% 0.078

Anticoagulant pretreatment, % 8.82% 5.38% 0.276

Systolic blood pressure, mm Hg; median (IQR) 158 (137–171.5) 160 (144–172) 0.330

Diastolic blood pressure, mm Hg; median (IQR) 76 (67.5–89.5) 80.5 (70–90) 0.180

Admission glucose, mg/dL; median (IQR) 116 (106–153) 120.5 (100–148.5) 0.840

Onset-to-tPA bolus time, min; median (IQR) 140 (113–163) 134 (110–166) 0.690

Occluded vessel, % 0.586

  M1-MCA 73.91% 72.39%  

  M2-MCA 22.46% 21.64%  

  ICA (intracranial) 2.90% 2.99%  

  other 0.72% 2.99%  

Proximal occlusion, %* 76.81% 75.37% 0.781

ICA stenosis, % 27.41% 28.70% 0.828

EVT, % 7.83% 9.02% 0.742

EVT indicates endovascular treatment; ICA, internal carotid artery; IQR, interquartile range; MCA, middle cerebral artery; and 
NIHSS, National Institutes of Health Stroke Scale.

*Defined as intracranial ICA or M1-MCA occlusion.
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interaction that we had uncovered in the present analy-
ses showing that the beneficial effect of sonothrombol-
ysis on complete recanalization was more pronounced 
(approximately 4-fold higher) in patients aged <67 years.

Similarly, the interaction of higher pretreatment sys-
tolic blood pressure on the association of sonothrom-
bolysis with complete recanalization is also intriguing. 
Our international collaborative group has previously 
reported that increasing admission systolic blood pres-
sure levels were associated with lower odds of com-
plete recanalization in patients with AIS with proximal 
intracranial occlusions treated with intravenous throm-
bolysis.25 This association has been reproduced in a 
recent meta-analysis evaluating the association of pre-
treatment blood pressure levels with different outcomes 
in patients with AIS including tPA-induced recanaliza-
tion.26 The inverse relationship between increased 
pretreatment systolic blood pressure levels and vessel 
patency might be attributed to the potential association 
of elevated pretreatment systolic blood pressure with 
both increased baseline thrombus burden and impaired 
endogenous capacity for fibrinolysis.27 Nevertheless, 
our findings provide rationale in favor of stratifying ran-
domization in future sonothrombolysis trials based on 
age and pretreatment systolic blood pressure levels.

The recanalization rates of the intravenous tPA 
(control) group in the present IPD-MA are 2× higher 
(22%) compared with the successful recanalization 
rates reported after tPA treatment and before endo-
vascular procedures in mechanical thrombectomy 

trials (11%)28 and in the tPA treatment (control) 
group before mechanical thrombectomy (10%) in the 
Tenecteplase versus Alteplase before Thrombectomy 
for Ischemic Stroke (EXTEND-IA TNK) trial.29 The dif-
ference in percentages of tPA-induced recanalization 
in our IPDMA and the previous reports26,27 could be 
attributed to the imaging modality used for the assess-
ment of successful recanalization (ultrasound, CTA, or 
MRA in sonothrombolysis trials as noninterventional 
imaging modalities [Table II in the Data Supplement] 
versus interventional digital subtraction angiography in 
mechanical thrombectomy trials28,29) and the timing of 
recanalization assessment (1–36 hours after tPA bolus 
in sonothrombolysis trials versus immediately after 
the end of tPA administration in the aforementioned 
mechanical thrombectomy trials).

Certain strengths of the present report need to be 
acknowledged. To the best of our knowledge, this is the 
first to date IPD-MA evaluating the safety and efficacy of 
sonothrombolysis in AIS with LVO compared with intra-
venous thrombolysis alone. The present dataset included 
previously unpublished data from 3 RCTs,6,21,22 while our 
statistical analysis plan was prespecified and published 
in the PROSPERO database. Finally, all analyses were 
conducted by an independent group of statisticians 
(D.M., G.S., A.A.V.) that were not involved in any of the 
sonothrombolysis RCTs.

Nevertheless, several methodological shortcom-
ings need to be taken into account when interpreting 
our results. First, it should be noted that despite the 

Table 2.  Overview of the One-Step Approach Analyses on Efficacy and Safety Outcomes

Outcomes
Intervention 
population

Control 
population

Absolute risk 
difference (%)

Risk ratio 
(95% CI)

Odds ratio 
(95% CI)

Adjusted risk 
ratio (95% CI)

Adjusted odds 
ratio (95% CI)

Efficacy outcomes

  Complete recanalization 40.3%  
(54/134)

22.4% 
(30/134)

17.9 1.59 
(1.02–2.15)

2.17 
(1.03–4.54)

1.67 
(1.13–2.20)

2.33 
(1.02–5.34)

  Any recanalization 66.4% 
(91/137)

53% 
(71/134)

13.4 … 1.91 
(1.03–3.53)

… 2.01 
(1.03–3.92)*

  Early clinical recovery 13.5% 
(12/89)

10.8% 
(11/102)

2.7 1.25 
(0.57–2.47)

1.29 
(0.54–3.09)

0.70 
(0.12–3.06)

0.67 
(0.10–4.39)

  Clinical recovery 22.4% 
(30/134)

23.5% 
(31/132)

1.1 0.95 
(0.59–1.44)

0.94 
(0.53–1.66)

1.00 
(0.61–1.54)

1.00 
(0.55–1.84)

  Favorable functional outcome at 3 mo 35.6% 
(48/135)

27.8% 
(35/126)

7.8 1.20 
(0.79–1.68)

1.32 
(0.72–2.45)

1.21 
(0.72–1.78)

1.43 
(0.64–3.19)

  Functional independence at 3 mo 48.1% 
(65/135)

40.5 
(51/126)

7.6 1.18 
(0.89–1.46)

1.37 
(0.81–2.30)

1.20 
(0.86–1.52)

1.43 
(0.77–2.64)

  Functional improvement at 3 mo … … … … 1.18 
(0.68–1.63)*

… 1.05 
(0.67–1.65)*

Safety outcomes

  Symptomatic intracranial hemorrhage 7.3% 
(10/137)

3.7% 
(5/134)

3.6 1.92 
(0.69–4.76)

2.03 
(0.68–6.11)

2.29 
(0.76–5.76)

2.55 
(0.76–8.52)

  Asymptomatic intracranial hemorrhage 24% 
(18/75)

25.4% 
(18/71)

1.4 0.97 
(0.41–1.89)

0.96 
(0.35–2.68)

1.14 
(0.41–2.37)

1.30 
(0.38–4.39)

  Mortality at 3 mo 14.8% 
(20/135)

15.1% 
(19/126)

0.3 0.98 
(0.54–1.70)

0.94 
(0.34–2.57)

1.17 
(0.28–3.40)

1.23 
(0.25–6.05)

*Common odds ratio.
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lack of important heterogeneity between studies in the 
analyses of all outcomes (Figures IV through XIII in the 
Data Supplement), there were significant differences 
in some of the outcome definitions (complete recana-
lization, complete or partial recanalization, symptomatic 
ICH) between trials. All these outcomes have been 
dichotomised within the trials and this can also lead to 
loss of power and important information. Specifically, it 
should be highlighted that data on the time of recanaliza-
tion assessment varied across the protocols of included 
studies ranging between 1 hour from tPA-bolus in the 
German study19,20 and 22 to 36 hours following symp-
tom onset in the Norwegian study22 (Table II in the Data 
Supplement). In addition, it should be noted that we did 
not include the exact time of recanalization assessment 
from individual patients in our individual patient data 
meta-analysis protocol. Thus, we cannot assess whether 
delayed recanalization was a reason for the lack of clini-
cal improvement despite the significantly higher recan-
alization rates of patients receiving sonothrombolysis 
treatment. Nevertheless, it should be kept in mind that 
the timing of recanalization was identical in the active 
and control groups of the individual studies (Table II in 
the Data Supplement).

Second, no central adjudication of the imaging out-
comes of successful recanalization and ICH were 

performed, while these outcomes were prospectively 
documented by local investigators and were extracted as 
provided by authors of the corresponding RCTs. More-
over, it should be noted that different imaging modalities 
both within and across studies were used to detect the 
presence of an LVO at baseline assessment (Table II in 
the Data Supplement). Third, it should be highlighted that 
the subgroup analyses were neither expected to have 
significant power, nor to be free of residual confounding. 
Therefore, the reported findings on the potential modi-
fying role of age and admission blood pressure on the 
effect of sonothrombolysis on recanalization should be 
interpreted with caution and as hypothesis generating 
only. Likewise, the lack of significant difference in the 
likelihood of recanalization translating into clinical out-
comes could potentially be attributed to the lack of power 
rather than the absence of a true association. A notable 
characteristic in all forest plots (Figures IV through XIII in 
the Data Supplement) is that the prediction intervals are 
quite wide, suggesting that results are far from conclusive 
and the summary estimates are likely to change consid-
erably when future trials are added. Additionally, it should 
be noted that there is a high risk of performance bias and 
effect overestimation due to the lack of blinding of partic-
ipants and personnel in all except for 1 study.6 Finally, we 
should highlight that the vast majority of patients in the 

Figure 2. Distribution of 3-mo modified Rankin Scale (mRS) scores in patients with acute ischemic stroke with large vessel 
occlusion receiving treatment with sonothrombolysis or intravenous thrombolysis alone.
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present IPD-MA had distal internal carotid artery and/or 
middle cerebral artery occlusions (Table 1) and therefore 
our findings cannot be extrapolated to patients present-
ing with acute occlusions in other intracranial vessels.

In conclusion, the present IPD-MA provides prelimi-
nary evidence that sonothrombolysis nearly doubles the 
odds of complete recanalization when compared with 
intravenous thrombolysis alone in patients with AIS with 
LVO. Contrary to the results of mechanical thrombectomy 
RCTs and in spite of the higher recanalization rates no 
difference in clinical outcomes was uncovered.30 These 
findings may serve for sample size estimation in the 
TRUST trial (Aureva Transcranial Ultrasound Device With 
tPA in Patients With Acute Ischemic Stroke; REGISTRA-
TION: URL: https://www.clinicaltrials.gov; Unique iden-
tifier: NCT 03519737) that aims to randomize patients 
with LVO who meet standard tPA criteria and are being 
transferred from primary to comprehensive stroke centres 
(“drip-and-ship”) to pulsed-wave ultrasound exposure or 
no ultrasound.31 TRUST will introduce a new transcranial 
ultrasound therapeutic device with 2 possible insonation 
positions (right temporal or left temporal), with the aim 
to target LVO occlusions identified by CTA. Complete 
recanalization at receiving hospitals on digital subtraction 
angiography before mechanical thrombectomy will be the 

primary end point of this trial.31 The results of the TRUST 
trial will provide a critical additional datapoint about the 
efficacy of sonothrombolysis for improving tPA-induced 
recanalization rates in patients with AIS with LVO.
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