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Abstract

Background: Pulmonary embolism (PE) is a major global health concern and
the third leading cause of cardiovascular mortality in the U.S. There are various
treatment options available for the treatment of intermediate-to-high risk acute
PE, including catheter-based treatments, surgical embolectomy, and systemic
thrombolysis. Objective: To perform a systematic review and Bayesian network
meta-analysis (NMA) comparing the safety and efficacy of advanced therapies in
patients with intermediate-to-high risk acute PE. Methods: We searched PubMed/
Medline, Embase, and Scopus for relevant studies published until August 30, 2024,
and performed a Bayesian NMA to synthesize direct and indirect evidence using
the Bayesian inference Using Gibbs Sampling to conduct a Network meta-analysis
package in R. Results: Of 1,586 studies, 47 met the inclusion criteria, of which
45 were non-randomized. A total of 267,695 acute intermediate-to-high risk PE
patients were included in the analysis, receiving one of five advanced interventions:
ultrasound-assisted thrombolysis (USAT), standard catheter-directed thrombolysis
(sCDT), catheter-based embolectomy, surgical pulmonary embolectomy (SE), or
systemic thrombolysis. USAT had the lowest risk of short-term (94.11), long-term
mortality (94.67), major bleeding (90.38), and risk of blood transfusions (91); sCDT
had the lowest risk of intracranial hemorrhage (86.2), and SE had the lowest risk of
any bleeding (99.37) and gastrointestinal bleeding (87.46) based on Surface Under
the Cumulative Ranking values. Conclusion: In our study, USAT offers significant
short- and long-term mortality benefits with the lowest risk of major bleeding and
transfusion requirements, while sCDT is ideal for patients at high-risk for intracranial
hemorrhage. Relevance for patients: Among catheter-based therapies for acute
intermediate-to-high-risk PE, USAT offered the best clinical and safety outcomes.
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1. Introduction

Pulmonary embolism (PE) causes significant morbidity
and mortality across the globe' and is the third leading
cause of cardiovascular mortality in the USA.> Across
the globe, the annual incidence of PE is approximately
1 in 1000 persons, and approximately 20% of patients
die within 90 days despite treatment, making PE one
of the fatal cardiovascular diseases.’> PE accounts for
seven million disability-adjusted life years worldwide,
underscoring its significant health and financial burden.*
In the USA, the annual incidence rate was 1.15 per 1000
people, with more than 300,000 cases yearly.!” Despite
efforts to reduce its fatality, PE-related mortality remains
high, ranging from 19.4 to 32.3 per 100,000 across the
USA. For all PE patients, in-hospital mortality may reach
up to 7%, rising to 33% among patients with hemodynamic
instability, underscoring the need for risk stratification
to guide management. Acute PE patients primarily face
mortality due to right heart failure from right ventricular
(RV) dysfunction or hemodynamic instability, categorizing
them as intermediate-risk or high-risk.®

For all acute PE patients, both the American Heart
Association (AHA) 20117 and the European Society
of Cardiology (ESC) 2019® recommend therapeutic
anticoagulation unless contraindicated. According to AHA
2011, systemic thrombolysis (ST) is reasonable or may be
considered for massive or submassive acute PE ([Class
IIa; Level of Evidence B] [Class IIb; Level of Evidence CJ),
while catheter embolectomy, fragmentation, or surgical
embolectomy should be considered if patients cannot
receive thrombolysis.” ESC 2019 recommends ST for high-
risk acute PE (Class I; Level of Evidence B) and surgical
pulmonary embolectomy only if ST is contraindicated or
has failed (Class I; Level of Evidence C), while percutaneous
catheter-directed treatment may be considered as an
alternative (Class IIa; Level of Evidence C).8

Although ST is recommended for the management
of intermediate and high-risk acute PE, its utilization
is limited due to its potential complications, mainly
bleeding complications, including major bleeding (MB)
and intracranial hemorrhage.’ This has prompted a search
for alternative options, including catheter-based therapies
(CDT) such as ultrasound-assisted thrombolysis (USAT),
standard catheter-directed thrombolysis (sCDT), catheter-
based embolectomy (CBE), and surgical pulmonary
embolectomy (SE) to overcome the shortcomings

associated with ST. In recent years, there has been a leap
forward in biomedical engineering, including the use
of nanomaterials to manage various diseases, such as
pulmonary embolism. Magnetic nanoparticles provide a
platform for targeted delivery of the active thrombolytic
agent to specific blood clots, enabling more precise
targeting and minimizing the risk of off-target effects and
damage to healthy tissue. However, this technology has
not been tested in humans and was therefore excluded
from our analysis.'” Each of these advanced therapies has a
distinct mode of action, resulting in differences in clinical
efficacy and safety profiles. A previous network meta-
analysis (NMA) comparing systemic anticoagulation (AC),
ST, and CDT showed that CDT was superior to AC alone
and ST in reducing death and MB, including intracranial
hemorrhage.!! However, no updated meta-analysis or
network meta-analysis has compared the safety and
efficacy of different CDTs and SE with ST, despite recent
advances. Thus, we conducted this systematic review and
Bayesian network meta-analysis to compare the safety and
efficacy of different advanced therapies in patients with
intermediate/high-risk or submassive/massive acute PE.

2. Methods
2.1. Study design

The NMA was conducted and reported in accordance
with the NMA extension of Preferred Reporting Items
for Systematic Review and Meta-Analysis Protocols
(PRISMA-P)."> Literature search was performed using
the PICO framework: population (patients with
intermediate- to high-risk or submassive/massive acute
pulmonary embolism), interventions (sCDT, USAT, CBE,
SE), comparison (ST), and outcomes (short-term mortality,
long-term mortality, any bleeding, MB, gastrointestinal
[GI] bleeding, intracranial hemorrhage [ICH], and
blood transfusion [BT]). This study was registered in the
International Prospective Register of Systematic Reviews
with registration number CRD42024548182."

2.2. Literature search and study selection

We conducted an initial database search in PubMed/
Medline, Embase, and Scopus for relevant studies from
inception to August 30, 2024, using predefined keywords.
Citation lists within each study were also screened to
identify additional studies. The search was updated on
October 30, 2024, to identify any additional publications;

Volume 12 Issue 2 (2026)

doi: 10.36922/JCTR025340056


https://doi.org/10.36922/JCTR025340056

Journal of Clinical and
Translational Research

Advanced therapies in acute PE

however, no new relevant studies meeting the inclusion
criteria were found. The detailed search strategy is provided
in the supplementary file.

For this NMA, eligible studies included all randomized
clinical trials (RCTs), quasi-RCTs, and non-randomized
studies comparing the sCDT, USAT, CBE, ST, and SE
strategies for treating intermediate- to high-risk/high-risk
or submassive/massive acute PE. Intermediate-high risk/
high-risk or submassive/massive acute PE were defined
according to ESC 2019* and AHA 20117 PE guidelines. No
restrictions were applied regarding date, publication status,
or year of publication. The inclusion criteria were: (i) studies
comparing sCDT, USAT, CBE, ST, and SE interventions
in acute PE patients, (ii) studies meeting good study
criteria according to the Grading of Recommendations
Assessment, Development and Evaluation Working
Group, and (iii) studies reporting clinical efficacy and
safety outcomes of interest. The exclusion criteria were:
(i) study conducted in non-human participants, (ii) study
not reporting outcomes of interest, (iii) studies including
patients with low-risk acute PE, and (iv) study without
clear differentiation of catheter-directed intervention types
(sCDT, USAT, and CBE).

2.3. Primary and secondary outcomes

The primary outcome was short-term mortality. Secondary
outcomes included long-term mortality, any bleeding,
MB, GI bleeding, ICH, and BT. Short-term mortality was
defined as an in-hospital or 30-day all-cause mortality.
Long-term mortality was defined as death from any cause
at the longest follow-up of participants in the study. MB
was defined as overt bleeding associated with a fall in
hemoglobin level of at least 2.0 g/dL, transfusion of >2
units of packed red blood cells, involvement of a critical
site (intracranial, intraspinal, intraocular, retroperitoneal,
intra-articular or pericardial, or intramuscular with
compartment syndrome), or requiring operating room
intervention."”

2.4. Data collection

Covidence was used for data screening. Two reviewers
(PRO and SD) independently screened the titles and
abstracts, with conflicts resolved by a third reviewer (DS).
A full-text review was also performed independently by
two reviewers, PRO and SD, with DS resolving the conflicts.

Data were extracted using a standardized electronic
form in Microsoft Excel, including study and patient
demographics, Dbaseline comorbidities, predisposing
factors, clinical presentation, Pulmonary Embolism
Severity Index score on admission, echocardiographic
findings, cardiac biomarkers (Tables S1-S4), and clinical

outcomes (Table 1). Two reviewers independently extracted
data from the included studies to reduce bias from missing
data, and a third reviewer verified the extracted data to
minimize extraction errors and avoid duplicate study
inclusion. Any discrepancies in study inclusion or data
collection were carefully examined and resolved through
discussion with PRO and DS.

2.5. Quality assessment: Risk of bias and grading the
certainty of evidence

Randomized studies were assessed for bias using the
Cochrane risk of bias tool'®, whereas the quality of non-
randomized studies was evaluated using the Risk Of Bias
In Non-randomized Studies of Interventions tools for non-
randomized studies.'” RevMan 5.4'® was used to create the
graph and summary for the included studies (Figure S1).

We used the Confidence in Network Meta-Analysis
web application® to examine the confidence in the findings
from the NMA for the primary outcome, short-term
mortality, as shown in Figure S2.

2.6. Network meta-analysis

For each outcome of interest, a Bayesian NMA was
performed using a generalized linear model with a logit
link and binomial likelihood. The analysis utilized the
Bayesian inference Using Gibbs Sampling to conduct
a Network meta-analysis (BUGSnet) package® in R
and RStudio (version 2023.12.1 build 402).' Bayesian
analysis employed Markov Chain Monte Carlo with four
concurrent chains and a random-effect model to account
for study-level variance. Following NICE-DSU guidelines,
we ran 50,000 burn-in iterations and 100,000 further
iterations with 10,000 adaptations. Network diagrams
showed patient counts by node size and the number of
studies by line width.*

Effect sizes were reported using posterior medians of
odds ratios (OR) and 95% credible intervals (CrI). NMA
forest plots and league tables illustrated the network
estimates. Surface under the cumulative ranking (SUCRA)
values and mean ranks indicated treatment ranking
probabilities, with higher SUCRA reflecting greater
effectiveness.” A league table displayed relative odds ratios
among comparisons via a heatmap.

Inconsistency refers to differences between direct and
indirect evidence. We used an NMA model, comparing
Deviance Information Criterion (DIC) values and
inspecting leverage plots to detect inconsistencies.
Consistency was defined as DIC values within 5 points
and a 3-point difference on visual inspection. We also
plotted the contributions to the posterior mean deviation
for each data point to systematically assess the degree of
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inconsistency.

Bayesian NMA was performed using a random-effects
framework to account for heterogeneity among studies.
Single-arm zero-event studies were included in the analysis
for each outcome of interest, with appropriate continuity
corrections. In contrast, both-armed zero-event studies
were excluded from the analysis because the outcomes of
interest were not rare. Two models were used: random-effect
consistency and inconsistency. Model fit was assessed with
the DIC (lower values are better), while convergence was
evaluated using the potential scale reduction factor (PSRF)
(acceptable range: 1.00 and 1.05). If PSRF exceeded this
range, larger parameters were applied until convergence
was satisfactory. Weakly informative priors were chosen
for treatment effects and heterogeneity to avoid bias
and ensure model convergence. Non-informative priors
were used for relative treatment effects, and vague priors
were set for between-study variance, following standard
Bayesian NMA methods.

We assessed homogeneity of direct evidence using
Higgins & Thompson’s I* statistic from pairwise
comparisons of intervention pairs across multiple studies.
Pvalues of <25%, <50%, and 275% indicate low, moderate,
and high, respectively.* Network meta-regression was
performed using the Metalnsight: Interactive Network
Meta-Analysis and Visualization tool to assess potential
between-study heterogeneity and inconsistency, while

incorporating study-level covariates.”® Additionally, this
study focused on estimating the relative treatment effect
using a Bayesian NMA, and heterogeneity was addressed
through standard random-effects assumptions.

3. Results

An initial database search identified 1,586 studies. After
removing 640 duplicates, 946 studies remained for title and
abstract screening. Subsequently, 150 studies were selected
for full-text review, of which 47 were chosen for data
extraction. Of these, two were RCTs'*%, and the remaining
45 studies'>****7' were non-randomized studies. The
PRISMA flow diagram illustrating this review is presented
in Figure 1.

3.1. Qualitative summary

Atotal of forty-seven studies encompassing 267,695 patients
with intermediate-high risk/high risk or submassive/
massive acute PE were included in this Bayesian NMA.
Of these, two randomized controlled trials included 131
(0.049%) acute PE patients, while 45 observational studies
accounted for 267,564 (99.951%) cases. Among 196,410
patients with gender identification, 96,482 (49.12%)
patients were female. The mean age of participants was
61.26 + 17.48 years. Patients were assigned to one of five
advanced management strategies for acute PE: 135,129 ST
(50.48%), 106,001 SCDT (39.60%), 11,431 USAT (4.27%),

Figure 1. Preferred Reporting Items for Systematic Reviews and Meta-Analyses flow diagram for relevant study search and screening
Abbreviations: NMA: Network meta-analysis; RCT: Randomized controlled trials.
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9,139 CBE (3.41%), 5,995 SE (2.24%).

3.2. Quantitative summary

Short-term mortality, long-term mortality, any bleeding,
MB, GI bleeding, ICH, and BTs showed good convergence.

3.2.1. Short-term mortality

A total of 44 studies evaluated short-term mortality among
267,471 patients with acute PE across five interventions.
All ten pairwise treatment comparisons are supported by
direct data. Of the 44 studies, 37 were two-arm, and seven
were multi-arm. There were 41,187 short-term mortality
events, and 10 studies included at least one arm with zero
events. The network plot is presented in Figure 2A.

Analysis of NMA forest plot demonstrated that USAT
(OR: —1.34; 95% Crl: —1.94 to —-0.77), sCDT (OR: —0.89;
95% Crl: —1.37 to —0.48), CBE (OR: —0.89; 95% Crl: —1.74
to —0.04), and SE (OR: —0.60; 95% Crl: —1.28 to —0.005)
were associated with significant reductions in short-term
mortality relative to ST, as illustrated in Figure S4A.

Regarding short-term mortality reduction, USAT
achieved the highest SUCRA (94.11), whereas ST had
the lowest (1.12). Sequentially lower SUCRA values were
observed for sCDT (59.7), CBE (57.84), and SE (37.23) as
detailed in Figures 3A and S6A.

The heatmap from the league plot of the network
estimates corroborated the results obtained from both the
NMA forest and SUCRA plots. Compared to ST, each of the
four strategies: USAT, sCDT, CBE, and SE, demonstrated
statistically significant reductions in the occurrence of
short-term mortality events, as shown in Figures 4A and
Table S5.

Network meta-regression showed a decreasing trend in
short-term mortality with increasing baseline risk across
interventions, as shown in Figure S7.

3.2.2. Long-term mortality

A total of 10 studies reported long-term mortality outcomes
and included 3,739 patients with acute PE across five
interventions. Of the 10 possible pairwise comparisons,
only five had direct comparative data. All included studies
were two-arm studies. There were 747 long-term mortality
events in total, with at least one zero event in each arm. The
network plot was connected as depicted in Figure 2B.

In the NMA forest plot, compared with ST, both
USAT (OR: -15.27; 95% Crl: —53.67 to —1.87) and CBE
(OR: —14.66; 95% Crl: —=53.13 to —1.49) demonstrated a
statistically significant reduction in long-term mortality
events, but not by sCDT and SE, as shown in Figure S4B.

Regarding reductions in long-term mortality, USAT

had the highest SUCRA (94.67), whereas ST had the lowest
(9.88). Following the USAT, CBE (79.37), sCDT (45.2),
and SE (20.9) were ranked in descending order, as shown
in Figures 3B and S6B.

The heatmap of the league plot further corroborated the
findings from the NMA forest plot and SUCRA rankings.
Compared with ST, treatment of acute PE with USAT
was associated with a significant reduction in long-term
mortality, as shown in Figure 4B and Table S5.

3.2.3. Any bleeding

A total of 25 studies reported any bleeding events, enrolling
117,706 patients with acute PE across 10 interventions.
Of the 10 possible pairwise comparisons, all had direct
comparison data. Of 25 studies, 22 were two-arm, while
the remaining three included multiple arms. There were
12,879 bleeding events, with seven studies reporting at least
one arm with zero events. The network plot was connected
as shown in Figure 2C.

In the NMA forest plot, compared to ST, only SE (OR:
-3.34; 95% Crl: -5.79 to —1.48) showed a significant
reduction in the occurrence of any bleeding events, as
illustrated in Figure S4C.

Regarding reducing bleeding events, SE had the highest
SUCRA (99.37), while ST had the lowest (17.88). Following
SE, sCDT (50.72), CBE (49), and USAT (33.03), ranked in
decreasing order, as illustrated in Figures S5A and S6C.

Additionally, the heatmap of the league plot of the
network estimates corroborated the findings from the
NMA forest plot and SUCRA plot. Treatment of acute PE
with SE is associated with a significantly lower incidence of
any bleeding events compared to USAT, sCDT, and CBE, as
illustrated in Figure S8A and Table S5.

3.2.4. Major bleeding

A total of 33 studies reported MB events and included
115,411 patients with acute PEassigned to fiveinterventions.
Among the 10 possible pairwise comparisons, all had
direct comparison data. Of these 33 studies, 27 were two-
arm, with the remaining being six multi-arm. There were
20,208 MB events, and 11 studies included at least one
zero-event arm. The network plot was connected as shown
in Figure 2D.

In the NMA forest plot, compared to ST, none of the
other interventions: sCDT, USAT, CBE, and SE showed
significant differences in the occurrence of the MB events,
as illustrated in Figure S4D.

Regarding the reduction in MB events, USAT (90.38)
has the highest SUCRA value, whereas SE (11.85) has the
lowest. Following the USAT, sCDT (74.7), ST (38.39),

Volume 12 Issue 2 (2026)

doi: 10.36922/JCTR025340056


https://doi.org/10.36922/JCTR025340056

Journal of Clinical and
Translational Research

Advanced therapies in acute PE

Figure 2. Network plot for included interventions: (A) For short-term mortality, (B) For long-term mortality, (C) For any bleeding, (D) For major bleeding
Abbreviations: CBE: Catheter-based embolectomy; sCDT: Standard catheter-directed thrombolysis; SE: Surgical pulmonary embolectomy; ST: Systemic

thrombolysis; USAT: Ultrasound-assisted thrombolysis.

and CBE (34.67), ranked in decreasing order as shown in
Figure 3C and S6D.

The heatmap of league plots of the network estimates
confirmed the findings of the NMA forest plot and SUCRA
plot. Treatment of acute PE with USAT may significantly
reduce the risk of MB events compared to SE, as shown in
Figure 4D.

3.2.5. Gastrointestinal bleeding

A total of nine studies reported GI bleeding events and
included 91,012 patients with acute PE assigned to four
interventions. Of the six possible pairwise comparisons,
only six had direct comparison data. Of the nine studies,
eight were two-arm while the remaining one was a multi-
arm study. There were a total of 2,493 GI bleeding events,
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Figure 3. Cumulative probability SUCRA ranking chart for included interventions. The SUCRA intuitively displays the sorting probability of each
intervention group in the form of a curve: (A) For short-term mortality, (B) For long-term mortality, (C) For major bleeding, (D) For intracranial
hemorrhage.

Abbreviations: CBE: Catheter-based embolectomy; sSCDT: Standard catheter-directed thrombolysis; SE: Surgical pulmonary embolectomy; ST: Systemic
thrombolysis; SUCRA: Surface under the cumulative ranking curve; USAT: Ultrasound-assisted thrombolysis.

Figure 4. Ranking chart heat maps for included interventions. Data are ORs (95% Crl) of the treatment on the top, compared with the comparator on the
left. OR > 1.0 shows an advantage for the treatment, whereas OR < 1.0 shows an advantage for the comparator. Statistically significant results (p < 0.05)
are marked by double asterisks (**): (A) For short-term mortality, (B) For long-term mortality, (C) For major bleeding, (D) For intracranial hemorrhage.
Abbreviations: CBE: Catheter-based embolectomy; Crl: Credible interval; sCDT: Standard catheter-directed thrombolysis; OR: Odds ratio; SE: Surgical
pulmonary embolectomy; ST: Systemic thrombolysis; USAT: Ultrasound-assisted thrombolysis.
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with one study having at least one zero-event arm. The
network plot was connected as shown in Figure S3A.

In the NMA forest plot, compared to ST, none of
the other interventions: sCDT, USAT, and SE showed
significant differences in the occurrence of the GI bleeding
events, as illustrated in Figure S4E.

Regarding reducing the occurrence of GI bleeding
events, SE (87.46) has the highest SUCRA value, and ST
(11.76) has the lowest. Following the SE, USAT (56.1) and
sCDT (44.69) ranked in decreasing order, as illustrated in
Figures S5B and S6E.

The heatmap of league plots of the network estimates
confirmed the findings of the NMA forest plot and SUCRA
plot. There was no significant difference among USAT,
sCDT, SE, and ST in the occurrence of GI bleeding events,
as illustrated in Figure S8B.

3.2.6. Intracranial hemorrhage

A total of 23 studies reported ICH events and included
259,575 patients with acute PE assigned to five
interventions. Of the 10 possible pairwise comparisons, all
had direct comparison data. Of 23 studies, 19 were two-
arm, while the remaining four were multi-arm. There were
a total of 3,286 ICH events, with 10 studies having at least
one zero-event arm. The network plot was connected as
shown in Figure S3B.

In the NMA forest plot, compared to ST, sCDT (OR:
-0.72; 95% Crl: —1.31 to —0.19) may significantly lower the
occurrence of ICH events, but not with other interventions,
as illustrated in Figure S4F

Regarding the reduction of ICH events, sCDT (86.2)
has the highest SUCRA value, whereas CBE (13.66) has the
lowest. Following the sCDT, SE (61.85), USAT (59.99), and
ST (28.29) ranked in decreasing order as shown in Figures
3D and in S6F.

The heatmap of league plots of the network estimates
confirmed the findings of the NMA forest plot and SUCRA
plot. Treatment of acute PE with sCDT may significantly
reduce the incidence of ICH compared to ST, as shown in
Figure 4D.

3.2.7. Blood transfusion

A total of 21 studies reported the BT events and
included 155,655 patients with acute PE assigned to five
interventions. Of the 10 possible pairwise comparisons, six
had direct comparison data. Of 21 studies, 19 were two-
arm, while the remaining two were multi-arm. There were
a total of 19,830 BT events, with five studies including at
least one zero-event arm. The network plot was connected
as shown in Figure S3C.

In NMA forest plot, compared to ST, sCDT (OR: —-0.43;
95% Crl: —0.76 to —0.11) shown to lower the occurrence
of BT events significantly whereas SE (OR: 0.76; 95% CrI:
0.20 to 1.23) might increase the occurrence of BT events
significantly but not with other interventions, as illustrated
in Figure S4G.

Regarding the need for BT risk, SUCRA values ranked
USAT (91) highest, and SE (6.43) lowest. Following the
USAT, sCDT (82.54), ST (47.72), and CBE (22.29) ranked
in decreasing order, as illustrated in Figures S5C and S6G.

The heatmap of league plots of the network estimates
confirmed the findings of the NMA forest plot and SUCRA
plot. Treatment of acute PE with USAT might significantly
reduce the need for BT compared with CBE and ST.
Similarly, treatment with sCDT might significantly reduce
BT events compared with ST, CBE, and SE, as illustrated in
Figure S8C.

3.2.8. Pairwise meta-analysis comparing sCDT and
USAT

In a pairwise meta-analysis comparing sCDT versus
USAT, the USAT group had significantly more BTs but
no differences in short-term mortality, any bleeding, or
significant bleeding. Heterogeneity was low for MB and
BT, and medium to high for short-term mortality and any
bleeding, as illustrated in Figure S9.

3.2.9. Consistency of direct and indirect evidence

The possibility of global inconsistency was none for
long-term mortality and GI bleeding, and very low for
short-term mortality, any bleeding, MB, ICH, and BT, as
illustrated in Figure S10.

4, Discussion

Our Bayesian NMA of 47 studies involving 267,695
intermediate-to-high risk acute PE patients showed with
moderate certainty that USAT is associated with a lower
risk of short-term (SUCRA 94.11) and long-term all-
cause mortality (SUCRA 94.67), MB (SUCRA 90.38),
and risk of BTs (SUCRA 91) compared to other advanced
PE interventions. Additionally, sCDT has a lower risk of
ICH (SUCRA 86.2) than other interventions, including
USAT. Regarding the risk of any bleeding and GI bleeding,
surgical embolectomy has a lower risk profile than other
interventions, with SUCRA scores of 99.37 and 87.46,
respectively. These findings are primarily based on non-
randomized studies, as randomized studies accounted for
less than 1% of the total patient population. The better BT
risk profile of USAT compared to sCDT in NMA was also
supported by a pairwise comparison between sCDT and
USAT.
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PE management can be categorized into three phases
based on the timing of onset: initial treatment (within the
firstweek), primary treatment (3-6 months), and secondary
prevention (after 3-6 months). Anticoagulation therapy is
the cornerstone of PE management across all phases; it is
essential during the initial and primary treatment periods,
and its continuation during the secondary prevention
stage depends on underlying risk factors. Anticoagulant
options include unfractionated heparin, low-molecular-
weight heparin, vitamin K antagonists, and direct oral
anticoagulants, each targeting a distinct point in the
coagulation cascade by either inhibiting clotting factor
synthesis or directly blocking their action. In patients
with PE, anticoagulants prevent thrombus extension and
recurrence, enabling endogenous fibrinolysis. Achieving
optimal clinical outcomes takes several days, making this
approach suitable for low-risk PE but insufficient for acute
intermediate- or high-risk cases due to the risk of rapid
clinical deterioration and mortality. Advanced therapies
are therefore indicated for acute intermediate- to high-risk
PE. ST employs lytic agents that convert plasminogen
to plasmin, facilitating fibrinolysis.”® This leads to rapid
reversal of hemodynamic compromise, right ventricular
dysfunction, and gas exchange abnormalities associated
with intermediate- and high-risk PE.® However, standard-
dose fibrinolytics carry a significant risk of bleeding
complications, including those involving intracranial and
gastrointestinal bleeding. Efforts to reduce bleeding risk
using low-dose thrombolytics have shown some promise
but do not eliminate this concern.®”> The pulmonary
circulation compensates for hypoxia resulting from
ventilation/perfusion (V/Q) mismatch via the von Euler-
Liljestrand mechanism, redirecting blood flow to better
ventilated regions. Fibrinolytic-induced clot lysis releases
vasoconstrictors such as thromboxane A2 and serotonin,
which can precipitate pulmonary vasoconstriction,
exacerbate V/Q mismatch, and promote intrapulmonary
shunting. While the clinical significance of these effects
in acute PE is still being investigated, they may influence
outcomes associated with fibrinolytic-based therapies.™

To achieve a more favorable bleeding risk profile without
compromising the mortality benefits seen with ST, there
is increasing support for catheter-based interventions,
including standard catheter-directed thrombolysis,
ultrasound-assisted thrombolysis, and catheter-based
embolectomy. In sCDT, fibrinolytics are delivered directly
to the thrombus via a catheter, achieving even higher local
drug concentrations and promoting mechanical disruption
of the embolus, thereby increasing the surface area
susceptible to fibrinolysis. These synergistic mechanisms
lower the overall dose of fibrinolytics required. They may
reduce the risk of hemorrhage, suggesting that sCDT may

be a preferable alternative to ST.* USAT builds upon sCDT
by incorporating ultrasonic waves, which disrupt the fibrin
architecture of the thrombus, expose additional binding
sites for thrombolytics, and further reduce the required
dosage. USAT has demonstrated a superior bleeding risk
profile compared to both ST and sCDT, alongside improved
mortality rates, likely attributable to reduced bleeding
complications.”” CBE and SE address PE pathophysiology
via direct embolus removal; CBE uses large-bore devices to
extract thrombi mechanically, and SE necessitates surgical
access to the pulmonary artery or trunk for thrombus
retrieval.®

Systemic thrombolysis is considered a recommended
or reasonable therapeutic option for intermediate- or high-
risk acute PE, as outlined by both the ESC 2019% and AHA
20117 guidelines, due to its potential mortality benefit and
acceptable bleeding risk. In a meta-analysis of 15 RCTs
involving 2,057 acute PE patients, Marti et al. compared
systemic thrombolytic therapy with anticoagulation versus
anticoagulation alone and found that systemic thrombolytic
therapy combined with anticoagulation was associated with
a statistically significant reduction in early all-cause and
PE-related mortality, death or treatment escalation, and PE
recurrence compared to anticoagulation alone. However,
these benefits were not observed after stratification by
PE severity, and there was a notable increase in MB,
including intracranial or fatal hemorrhage, irrespective of
PE severity.’® Similarly, Mathew et al., in a meta-analysis
of nine RCTs that included intermediate-risk PE, found
no significant differences between ST and anticoagulation
for in-hospital mortality and MB. However, ST was
associated with a higher risk of intracranial hemorrhage.””
Furthermore, in a meta-analysis of seven RCTs by Xu et
al., ST was effective in preventing clinical deterioration
and PE recurrence but was associated with an increased
risk of any bleeding without a significant improvement in
mortality.”® Consequently, there is an ongoing search for
alternate treatment options that offer a more favorable
bleeding risk profile while maintaining comparable or
superior mortality outcomes relative to ST.

A meta-analysis of 12 observational studies by Su et
al. compared standard CDT plus anticoagulation with
anticoagulation only. The authors found sCDT with AC
was associated with a significant reduction in in-hospital,
30-day, and one-year mortality; however, it was linked to an
increased risk of MB, with no significant difference in minor
bleeding risk. Additionally, ST compared to AC alone did
not demonstrate any bleeding risk benefits.” In a Catheter-
Directed Thrombolysis for Acute Intermediate-Risk
Pulmonary Embolism trial, sCDT showed a significantly
lower risk of all-cause mortality or RV/left ventricular
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ratio > 0.9 at 3 months compared with AC alone, while
MB risk remained similar between groups.* The ULTIMA
trial evaluated USAT versus AC alone in 59 patients with
intermediate risk PE; USAT was superior to AC alone in
reversing RV dilatation at 24 h without increasing bleeding
complications, although intervention-related mortality
was not assessed.®! In the Standard vs Ultrasound- Assisted
Catheter Thrombolysis for Submassive Pulmonary
Embolism trial, USAT was compared with sCDT in 81
patients with acute intermediate-risk (submassive) PE and
demonstrated no additional benefit in mortality, bleeding
risk, or pulmonary obstruction compared with sCDT."”
Recent non-randomized and randomized studies continue
to report variable CDT.

Consistent with our findings, Ishisaka et al. in their
NMA of 157,454 intermediate-to-high risk PE patients
demonstrated that CDT was associated with significantly
lower in-hospital mortality than AC, SE, and ST, and with
significantly lower long-term mortality than AC only, but
not compared to SE or ST. Additionally, CDT showed
a lower long-term mortality risk than AC alone, but not
when compared to both AC and CDT. Regarding the risk
of MB, ST had a notably higher risk relative to both AC and
CDT. Minor bleeding was lowest with AC, and highest with
ST. The same NMA reported that ST was also associated
with an increased risk of ICH compared with AC alone and
CDT. A notable distinction between NMA by Ishisaka et
al. and our Bayesian NMA is our inclusion of specific CDT
subtypes—USAT, sCDT, CBE—which were not examined
in Ishisaka et al’s analysis. Conversely, we did not include
the AC-alone arm, unlike Ishisaka et al., because our focus
was on patients requiring advanced PE therapies in addition
to acute intermediate-to-high-risk PE management, where
maximal clinical benefits are observed.®> Another NMA
evaluating 45 studies with a total of 81,705 acute PE
patients compared CDT, ST, and AC alone, and found that
AC alone ranked best at minimizing MB and intracranial
bleeding risks. In contrast, CDT offered the most favorable
short-term mortality outcomes.® Similarly, Planer et al
performed an NMA of 44 studies involving 20,006 patients.
They showed that CDT was associated with reduced all-
cause mortality compared to ST (OR 0.43; 95% CI 0.32-
0.57) and AC alone (OR 0.36; 95% CI: 0.25-0.52), and had
superior outcomes to ST regarding MB (OR 0.61; 95% CI:
0.53-0.70) and ICH (OR 0.44; 95% CI: 0.29-0.64), which
aligns with our findings.!" Furthermore, Mathew et al.
conducted a Bayesian NMA of 14 RCTs comprising 2,132
submassive PE patients to compare USAT, AC, full-dose
ST, low-dose thrombolytics, and sCDT. Their findings,
in agreement with ours, indicated that USAT conferred
the lowest in-hospital mortality risk (SUCRA 85.15) and
recurrent PE risk (SUCRA 82.6). CDT was associated

with the lowest MB risk (SUCRA 80.04); however, this
intervention was excluded from our analysis.*

In addition to conducting Bayesian NMA, we
performed pairwise meta-analyses comparing USAT and
sCDT for short-term mortality, any bleeding, MB, and BT
requirements. No significant differences were observed
between these interventions across all outcomes except
BT requirements, where sCDT was associated with a
higher risk than USAT (OR 1.39; CI:1.19-1.62; = 0). The
increased transfusion risk linked to sCDT in a pairwise
meta-analysis may differ from that in an NMA, as the latter
combines direct and indirect evidence, addresses between-
study heterogeneity, and pools data across studies, thereby
reducing differences observed in individual comparisons.
Consistent with our findings, Bruno et al. did not observe
differences between USAT and sCDT for major or minor
bleeding risk, intensive care unit stay, or hospital length
of stay in their meta-analysis of 543 patients with acute
PE across eight studies.* Our analysis also revealed no
superiority of catheter-based embolectomy for any outcome
of interest. Similarly, the recently published Pulmonary
Embolism Endovascular Removal With Large-Bore
Mechanical Thrombectomy Compared With Catheter-
Directed Thrombolysis (PEERLESS) trial reported no
significant difference between CBE (large-bore mechanical
thrombectomy) and other CDTs (USAT, sCDTs) regarding
MB, ICH risk, and 30-day all-cause mortality.* In our
study, surgical embolectomy for acute PE demonstrated
favorable outcomes only for any bleeding and GI bleeding.
Furthermore, an observational study by Winters et al.
comparing surgical pulmonary embolectomy with CDT in
patients with acute PE found no significant differences in
mortality or bleeding profiles.”

We acknowledge that our NMA had several limitations.
First, almost all included studies are non-randomized,
which, while offering real-world insights, are inherently
prone to confounding by indication and selection bias,
as treatment selection is influenced by patient condition,
underlying comorbidities, bleeding risk, and institutional
protocols or available experts; these factors may not
be fully adjusted for in observational study designs.
Furthermore, between-study variations in the definitions
of outcomes, mainly for long-term outcome/any bleeding/
others, follow-up duration, and adjustment methods across
studies, also further hamper the direct comparability
within them. Additionally, several studies relied on
administrative databases, which are retrospective and can
introduce coding errors, misclassification, and a lack of
comprehensive clinical information, thereby decreasing
certainty. Thus, observed differences in mortality and
bleeding outcomes may reflect these underlying patient
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characteristics rather than being genuine. Second,
SUCRA values used to summarize cumulative ranking
probabilities rather than treatment effects should be
interpreted cautiously. Due to limitations in observational
data, potential confounding, and overlapping credible
intervals, it may not provide a definitive ranking of
treatments. Instead, it might supplement effect estimates
and clinical judgment, especially when differences are
smaller and uncertainty is high. Third, the included studies
had substantial differences in patient numbers, raising the
possibility that different studies may have different effects
on the outcome of interest. Fourth, there were significant
differences in the numbers and types of underlying
comorbidities, predisposing factors, and acute PE types
among patients included in the studies, creating substantial
heterogeneity; thus, interpreting results from the NMA
may require caution. Lastly, most of the included studies
are from North American and European countries; they
may have limited generalizability to patient populations
from other geographic regions. Nevertheless, despite these
constraints, our Bayesian NMA remains robust. Despite
these limitations, our Bayesian NMA is the first NMA to
our knowledge that has compared different types of CDT:
sCDT, USAT, and CBE; ST and SE for acute intermediate-
to-high risk PE management along with anticoagulation
therapy. Also, our study is strengthened by a large number
of included studies.

We hope that the ongoing randomized clinical trials:
PEITHO-3 trial (NCT04430569)%, HI-PEITHO trial
(NCT04790370)%, PEERLESS II trial (NCT06055920),
PE-TRACT trial (NCT05591118)", STRATIFY trial
(NCT04088292)”, STORM-PE trial (NCT05684796)%
will provide us with more insight into the management
of acute, intermediate-to-high-risk PE patients. Results of
these trials may solidify evidence supporting the aggressive
management of intermediate to high-risk PE, compare
different available strategies, and provide further insight
into the evidence on USAT and sCDT in PE management
compared with other strategies.

5. Conclusion

This Bayesian NMA addresses an important question in
acute intermediate-to-high-risk PE management: which
advanced PE therapy offers the greatest mortality benefit
with the least bleeding risk when used as an adjunct to
anticoagulation therapy. For the management of acute
intermediate-to-high risk PE patients, when expertise and
resources are available, and there are no contraindications
to fibrinolysis, USAT should be utilized to achieve
maximal mortality benefit in the short- and long-term,
with the lowest MB risk and thus BT risk. sCDT should
be considered for those patients who are at high risk for

intracranial hemorrhage. ST should be pursued if no
alternative advanced PE therapies are available for acute,
intermediate-to-high-risk PE patients. Thus, the findings
of this NMA will encourage more studies focused on USAT
and sCDT strategies and their comparison with other
approaches for the acute management of intermediate-to-
high risk PE in the near future, providing more definitive
answers to this debated topic.
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