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Abstract 

Background: High‑risk acute pulmonary embolism (PE) is a life‑threatening condition necessitating hemody‑
namic stabilization and rapid restoration of pulmonary perfusion. In this context, evidence regarding the benefit of 
advanced circulatory support and pulmonary recanalization strategies is still limited.

Methods: In this observational study, we assessed data of 1060 patients treated for high‑risk acute PE with 991 being 
included in a target trial emulation to investigate all‑cause in‑hospital mortality estimates with different advanced treat‑
ment strategies. The four treatment groups consisted of patients undergoing (I) veno‑arterial extracorporeal membrane 
oxygenation (VA‑ECMO) alone (n = 126), (II) intrahospital systemic thrombolysis (SYS) (n = 643), (III) surgical thrombectomy 

*Correspondence:  Daniele.Camboni@klinik.uni‑regensburg.de;  
enzo.luesebrink@gmx.de 
1 Department of Cardiothoracic Surgery, Klinik Für Herz‑, Thorax‑ Und 
Herznahe Gefäßchirurgie, University Medical Center Regensburg, 
Universitätsklinik Regensburg, Regensburg, Germany
22 Medizinische Klinik Und Poliklinik II, Universitätsklinikum Bonn, Bonn, 
Germany
Full author information is available at the end of the article

Andrea Stadlbauer and Tom Verbelen have contributed equally to 
the manuscript as first authors.Holger Thiele and Enzo Lüsebrink have 
contributed equally to the manuscript as senior authors.

The members for the High‑risk P. E. investigators Group are listed in the 
Acknowledgements section.

http://crossmark.crossref.org/dialog/?doi=10.1007/s00134-025-07805-4&domain=pdf
http://orcid.org/0000-0002-3214-5672


491

(ST) (n = 49), and (IV) percutaneous catheter‑directed treatment (PCDT) (n = 173). VA‑ECMO was allowed as bridging 
to pulmonary recanalization in groups II, III, and IV. Marginal causal contrasts were estimated using the g‑formula with 
logistic regression models as the primary approach. Sensitivity analyses included targeted maximum likelihood estima‑
tion (TMLE) with machine learning, inverse probability of treatment weighting (IPTW), as well as variations of estimands, 
handling of missing values, and a complete target trial emulation excluding the VA‑ECMO alone group.

Results: In the overall target trial population, the median age was 62.0 years, and 53.3% of patients were male. The 
estimated probability of in‑hospital mortality from the primary target trial intention‑to‑treat analysis for VA‑ECMO 
alone was 57% (95% confidence interval [CI] 47%; 67%), compared to 48% (95% CI 44%; 53%) for intrahospital SYS, 
34% (95%CI 18%; 50%) for ST, and 43% (95% CI 35%; 51%) for PCDT. The mortality risk ratios were largely in favor of 
any advanced recanalization strategy over VA‑ECMO alone. The robustness of these findings was supported by all 
sensitivity analyses. In the crude outcome analysis, patients surviving to discharge had a high probability of favorable 
neurologic outcome in all treatment groups.

Conclusion: Advanced recanalization by means of SYS, ST, and several promising catheter‑directed systems may 
have a positive impact on short‑term survival of patients presenting with high‑risk PE compared to the use of VA‑
ECMO alone as a bridge to recovery.

Keywords: High‑risk pulmonary embolism, Systemic thrombolysis, Surgical thrombectomy, Percutaneous catheter‑
directed treatment, Mechanical circulatory support

Introduction

Pulmonary embolism (PE) constitutes a major car-
diovascular disease entity affecting more than 35 per 
100,000 persons annually [1–5]. Approximately 5% of 
all PE patients present with persistent hypotension, 
cardiogenic shock, or cardiac arrest as a result of acute 
right ventricular (RV) failure [6–9]. The presence of 
hemodynamic instability defines high-risk PE which 
is associated with an exceptionally high mortality rate 
[6, 8–13]. In severe cases, progressive RV distension 
and loss of contractility may lead to obstruction of left 
ventricular (LV) diastolic filling and systemic hypoper-
fusion, aggravated by hypoxemia. Thus, the principal 
objectives of emergency care in patients experiencing 
high-risk PE are hemodynamic stabilization, restora-
tion of adequate gas exchange, and alleviation of pul-
monary vascular obstruction.

In patients with PE and refractory circulatory failure 
or cardiac arrest, veno-arterial extracorporeal membrane 
oxygenation (VA-ECMO) represents the current first-
line mechanical circulatory support device in clinical 
practice [5, 9, 13]. VA-ECMO is capable of restoring sys-
temic perfusion and oxygenation, but also of decreasing 
RV preload, thereby reducing wall stress and myocardial 
oxygen consumption [14]. In conjunction with advanced 
circulatory support, novel catheter-based systems have 
diversified the therapeutic armamentarium for pulmo-
nary recanalization, complementing established treat-
ment options, such as systemic thrombolysis (SYS) and 

surgical thrombectomy (ST) [5, 10, 13, 15–19]. However, 
evidence regarding the efficacy of VA-ECMO as a bridge 
to recovery or reperfusion, as well as the optimal selec-
tion of an advanced recanalization strategy, is sparse, 
and data from randomized controlled trials in high-risk 
populations are not available at present and difficult to 
obtain.

In order to address the remaining uncertainties regard-
ing emergency management of high-risk acute PE, we 
emulated a target trial from one of the largest retrospec-
tive datasets compiled to date. The purpose of this study 
was to estimate the treatment effect of VA-ECMO alone, 
SYS, ST, and percutaneous catheter-directed treatment 
(PCDT) on in-hospital mortality. Results of the primary 
target trial analysis along with a series of sensitivity anal-
yses aim to further develop treatment algorithms for this 
life-threatening condition.

Take‑home message 

Advanced recanalization may have a positive impact on short‑term 
survival of patients presenting with high‑risk pulmonary embolism 
compared to the use of VA‑ECMO alone as a bridge to recovery.

The role of surgical thrombectomy in managing high‑risk PE may be 
underestimated in current clinical practice and this approach, but 
also the use of novel promising catheter‑directed systems, could 
have a positive impact on outcomes.

Further prospective investigation of risk prediction models and 
efficacy of specific treatment approaches are urgently needed to 
improve multidisciplinary management and outcomes of patients 
experiencing high‑risk pulmonary embolism.
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Methods
Ethics approval
This study was conducted in accordance with the Decla-
ration of Helsinki and approved by the ethics committee 
at Ludwig-Maximilians-Universität (LMU) Munich (IRB 
22-0193).

Study design, patient population, and data management
The present study features a target trial emulation that was 
designed to investigate in-hospital all-cause mortality with 
different advanced treatment strategies for patients with 
high-risk acute PE. Retrospective data was collected from 
34 European clinical centers (Appendix A.2). Adult patients 
experiencing high-risk acute PE, defined as the presence of 
cardiogenic shock, cardiac arrest, or persistent hypotension, 
between January 2012 and August 2022 were included in 
the study (Fig. 1). Patients who had undergone prehospital 
SYS before admission were excluded from the analysis. PE 
diagnosis and risk stratification were in accordance with the 
European Society of Cardiology (ESC) guidelines on man-
agement of PE [9]. Standardized definitions of all parameters 
of interest as well as a data dictionary were provided to each 
clinical site. Study data were collected by a senior physician 
at each site following strict anonymization. Validity and 
integrity of the dataset was controlled by one senior mem-
ber of the lead study team and by the independent statisti-
cal team at the Institute for Medical Information Processing, 
Biometry, and Epidemiology (IBE) at LMU Munich. The sta-
tistical analysis plan was pre-registered at IBE before the data 
were received by the statistical team.

Study outcomes
All-cause in-hospital mortality was selected as the pri-
mary outcome variable. Secondary outcomes included 
all-cause 3-month and 1-year mortality, cerebral per-
formance category (CPC) score at hospital discharge 
among survivors, total length of intensive care unit (ICU) 
stay, total length of hospital stay, and major and non-
major bleeding complications according to the Interna-
tional Society on Thrombosis and Haemostasis (ISTH) 
definition.

Target trial emulation
We emulated a target trial [20, 21] using observa-
tional data with the following patient population being 
included: adult patients diagnosed with high-risk acute 
PE who were eligible to undergo intrahospital SYS, ST, 
PCDT, or VA-ECMO. The target trial protocol is pre-
sented in the electronic supplementary material (Appen-
dix A.3).

We considered four treatment arms: (I) VA-ECMO alone, 
(II) intrahospital SYS, (III) ST, and (IV) PCDT. Notably, 
patients were assigned to groups II-IV regardless of prior 

VA-ECMO use, as VA-ECMO was considered a method for 
hemodynamic stabilization when followed by one of these 
advanced recanalization strategies. We considered the time 
of treatment  assignment as time zero. All arms received 
heparin as basic treatment for PE. Individuals were not 
randomly allocated, so we assumed no unmeasured con-
founding at baseline conditional on the following measured 
confounders: severity of disease as measured through pH at 
admission (due to high correlation between pH and lactate, 
only pH was considered), presence of cardiogenic and/or 
obstructive shock, cardiac arrest, and duration of cardiopul-
monary resuscitation (CPR); morbidity at admission: chronic 
heart failure, previous myocardial infarction, diabetes melli-
tus, chronic renal failure, history of stroke or cancer as well 
as age and sex. These potential confounders were selected a 
priori based on clinical knowledge and information from the 
literature which factors may have (I) influenced the treating 
physicians’ decision for choosing one of the four treatment 
options and (II) also potentially affected the respective out-
comes [21]. Similarly, two analysis definitions, i.e., intention-
to-treat (ITT) and non-naïve per-protocol (PP) (see below), 
were pre-registered. Aim of this analysis was to obtain results 
for the most detailed definition, contrasting the above-men-
tioned treatment regimens, as the reference group consisted 
of patients who only received VA-ECMO without further 
treatments.

The causal contrasts of interests were both the mortal-
ity risk differences and risk ratios between the four treat-
ment arms, quantified through both pre-registered ITT 
and (non-naïve, adjusted) PP analyses [22]. That is, for 
ITT, we were interested in the mortality risk under any 
of the four assigned strategies, i.e., intrahospital SYS, 
ST, PCDT, and VA-ECMO, independent of whether the 
treating physician decided to continue with additional 
treatments thereafter. An exception to this was the VA-
ECMO group, to which only patients who were treated 
exclusively with VA-ECMO without further treatments 
were assigned. Note that if VA-ECMO as first treatment 
was followed by either intrahospital SYS, PCDT, or ST, it 
was considered that this initial use of VA-ECMO aimed 
to stabilize patients towards one of the other treatments. 
Consequently, these patients were analyzed as belong-
ing to one of the three aforementioned treatment arms. 
In cases where this applies, SYS, PCDT, or ST are typi-
cally used minutes or hours after the initial stabilizing 
use of VA-ECMO. In the non-naïve PP, we estimate the 
effect of intrahospital SYS, ST, PCDT, and VA-ECMO if 
none of the patients had received additional treatments 
thereafter. We assumed that the above listed confounders 
are appropriate to adjust for “treatment switch” (i.e., sec-
ond or third additional treatments). We followed patients 
from treatment assignment (time zero) until either death 
occurred or for a maximum of one year. More details are 
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Fig. 1 Overview of treatment approaches. Each column includes all patients, who first received the respective treatment approach (VA‑ECMO, 
intrahospital SYS, ST, or PCDT). Number of patients receiving only one treatment approach shown in yellow boxes. Second‑ and third‑line treatment 
approaches shown in green, and orange, respectively. Group I in the intention‑to‑treat analysis corresponds to the “VA‑ECMO alone” group (dark 
yellow box). Group II includes patients who received intrahospital SYS, regardless of prior stabilization with VA‑ECMO (checkered boxes). Group 
III consists of patients undergoing ST, regardless of prior VA‑ECMO stabilization (boxes with straight lines). Group IV includes patients treated with 
PCDT, regardless of prior VA‑ECMO stabilization (boxes with oblique lines). PCDT percutaneous catheter‑directed treatment, ST surgical thrombec‑
tomy, SYS systemic thrombolysis, VA-ECMO veno‑arterial extracorporeal membrane oxygenation
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given in the electronic supplementary material (Appen-
dix A.3).

Statistical analysis: (I) Estimation of causal contrasts
We used standardization, by means of the g-formula, 
generalized marginal effects and adjusted predictions, as 
the primary approach to estimate our causal contrasts of 
interest—under the assumption of no unmeasured con-
founding [21, 23]. This means, we modeled in-hospital 
mortality with logistic regression, and then predicted 
the marginal probability of death for every patient under 
each of the four different intervention strategies. The 
g-formula thus standardizes the analysis with respect to 
the confounder distribution, ensuring a fair comparison 
between patients with different confounder (i.e., dis-
ease severity) levels. Marginal effects plots and adjusted 
prediction plots display the expectation function for 
in-hospital mortality, averaged over all non-modifiable 
risk factors according to their joint empirical distribu-
tion after marginalizing out the categorical treatment 
variable. By following this approach, the adjusted predic-
tion plots and marginal effects plots can be interpreted 
as the expected in-hospital mortality had all patients 
received a given treatment (under the no unmeasured 
confounders assumption discussed above and below). 
Additionally, they can also be interpreted as the change 
in predicted in-hospital mortality if the treatment was 
changed from the reference (i.e., VA-ECMO alone) to a 
given treatment, meanwhile adjusting for the measured 
confounders, respectively. Missing data (<5%) were mul-
tiply imputed using the expectation-maximization boot-
strap algorithm [24]. For the results using the g-formula, 
compatibility intervals, which are numerically identical 
to what has been traditionally called confidence inter-
vals [25], were obtained with bootstrapping [26]. E-values 
referring to a bias adjustment that would account for any 
direct effects between a specific unmeasured confounder 
and the outcome variable have been calculated for the 
ITT and adjusted PP analyses. The statistical analysis was 
performed using  R® (version 4.3.2).

(II) Sensitivity analyses
For the sensitivity analyses, statistical approaches were 
varied. First, with respect to missing data, we catego-
rized variables with missing values and added a “miss-
ing data category”. Second, we used targeted maximum 
likelihood estimation (TMLE) as a secondary statistical 
analysis approach [27, 28]. Briefly, TMLE models both 
the outcome and treatment mechanisms, and allows the 
incorporation of machine learning algorithms—while 
still retaining valid inference. TMLE thereby reduces 
the chances of model-misspecification. However, for 

our estimand, the comparisons are not made between 
all four treatment groups separately but always for one 
group compared to the other three. TMLE first standard-
izes the analysis with respect to the confounder distribu-
tion, ensuring a fair comparison between patients with 
different confounder (i.e., disease severity) levels. In the 
second step, initial estimates are corrected—if needed—
using a “clever covariate” that uses the propensity scores. 
More details are given in the electronic supplementary 
material (Appendix A.4). Third, we added an “as-treated” 
analysis definition. The as-treated treatment variable is 
based on the last given treatment of up to three recanali-
zation approaches (i.e., SYS, ST, and PCDT). Fourth, we 
used inverse probability of treatment weighting (IPTW). 
This is another valid estimation approach in which only 
the treatment assignment mechanisms need to be mod-
eled [21]. Propensity scores were estimated using logistic 
regression, and the derived weights were applied to the 
analysis to adjust for confounding. Love plots were used 
to visualize the mean differences for categorical baseline 
covariates and standardized mean differences (SMD) 
for continuous baseline covariates before and after 
weighting.

In addition, a complete target trial emulation was also 
performed excluding the VA-ECMO alone group to 
assess the robustness of the main findings with respect 
to the inclusion of this group of patients, since they may 
present with more severe disease condition than the 
other three groups. To assess the possibility of immor-
tal time bias, treatment switching times were assessed 
in patients who were bridged to advanced recanalization 
with VA-ECMO, and a final sensitivity analysis was con-
ducted excluding VA-ECMO patients who died within 
the first five hours after hospital admission.

Results
Study population
Between January 2012 and August 2022, 1060 patients 
were treated for high-risk acute PE at 34 participating 
study centers, of whom 188 patients received circula-
tory support with VA-ECMO as a primary treatment 
approach, and a total of 803 patients initially underwent 
advanced recanalization by means of intrahospital SYS 
(n = 619), ST (n = 36), or PCDT (n = 148). The remaining 
69 patients received prehospital SYS and were excluded 
from the analysis. Further information regarding sub-
sequent second- and third-line treatment strategies are 
presented in Fig. 1.
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Baseline characteristics
Table  1 and Table  S1 contain baseline characteristics of 
patients who received VA-ECMO alone (group I, n = 126), 
and patients who underwent at least one advanced in-
hospital recanalization approach, regardless of whether 
or not VA-ECMO was used for initial hemodynamic sta-
bilization (intrahospital SYS [group II, n = 643], ST [group 
III, n = 49], and PCDT [group IV, n = 173]). In the overall 
population, the median age was 62.0 years, and 53.3% of 
patients were male. Several baseline variables appeared 
to differ between groups I to IV, including median age, 
pH at admission, the number of patients experienc-
ing cardiac arrest or presenting with cardiogenic shock, 
and the Simplified Acute Physiology Score (SAPS) II at 
admission.

Diagnosis and management of pulmonary embolism
The diagnosis of PE was established by computed tomog-
raphy pulmonary angiography in most cases (Table  2). 
The usage rate of mechanical ventilation, vasoactive/
inotropic medication, and renal replacement therapy 
was lowest in group IV, and highest in groups I and III. 
The percentage of patients receiving mechanical circu-
latory support with VA-ECMO before or after intrahos-
pital SYS, ST, or PCDT was 30.2%, 53.1%, and 24.3% in 
group II, III, and IV, respectively. The least frequently 
used approach for recanalization was ST (78/991 [7.9%]). 
By contrast, a total of 235/991 (23.7%) patients under-
went PCDT. The most commonly utilized techniques 
for PCDT, in descending order, were mechanical suction 
thrombectomy, ultrasound-assisted thrombolysis, and 
catheter-directed local thrombolysis.

Outcomes
Unadjusted in-hospital mortality, 3-month and 1-year 
mortality rates are presented in Table  3. Notably, the 
majority of survivors to hospital discharge in each sub-
group reported favorable neurologic outcome (CPC 1 or 
2), with the highest percentage of survivors classified as 
CPC 1 in group IV (111 of 122 [91%]). Both the median 
length of ICU stay and length of hospital stay were long-
est in group III.

The estimated probability of in-hospital mortality from 
the primary target trial ITT analysis for VA-ECMO alone 
was 57% (95% CI 47%; 67%), compared to 48% (95% CI 
44%; 53%) for intrahospital SYS, 34% (95% CI 18%; 50%) 
for ST, and 43% (95% CI 35%; 51%) for PCDT (Table 4). 
The robustness of these findings was proven by the 
secondary TMLE and IPTW analysis approaches and 
the adjusted prediction plots shown in Fig.  2. Accord-
ingly, the mortality risk ratios between intrahospital 
SYS vs. VA-ECMO alone, ST vs. VA-ECMO alone, and 

PCDT vs. VA-ECMO alone were largely in favor of any 
advanced recanalization strategy over VA-ECMO alone, 
supported also by a mortality risk ratio of 1.34 (95% CI 
1.07; 1.67) between VA-ECMO alone vs. any other treat-
ment approach in the TMLE analysis. The risk differences 
resulting from the g-formula- and TMLE-based statis-
tical approaches similarly suggest, that each advanced 
recanalization technique translates to a lower in-hospital 
mortality compared to VA-ECMO alone, with the great-
est risk reduction associated with ST (Table  S2). The 
generalized marginal effects plots presented in Fig.  S1 
provide estimates for the reduction of in-hospital mor-
tality associated with a hypothetical change of treat-
ment strategy from VA-ECMO alone to one of the three 
advanced reperfusion techniques, also indicating the 
greatest benefit with ST.

The results from the corresponding adjusted PP and 
as-treated analyses are presented in Table S2, Fig. 2, and 
figure S1. In summary, both under the PP and as-treated 
assumptions, the in-hospital mortality estimates, risk 
ratios, and risk differences with respect to the four treat-
ment strategies and the abovementioned group compar-
isons were similar to the results from the ITT analysis. 
The results of the sensitivity analyses which did not use 
multiple imputation to address missing data, led to very 
similar estimates, both for the ITT and PP analyses 
(Table  S3). Another sensitivity analysis was conducted 
with the intrahospital SYS, ST, and PCDT treatment 
approaches only, which demonstrated an estimated in-
hospital mortality of 46%, 30%, and 40%, respectively, 
for these strategies in the ITT analysis (Table  S4). The 
Kaplan–Meier curve for treatment switch probability 
among patients bridged with VA-ECMO to advanced 
recanalization shows that the decision for subsequent 
intrahospital SYS, ST, or PCDT was made within the first 
5 h in over 85% of cases (Figs. S2, S3). Finally, the Love 
plots for the IPTW analysis (Fig.  S4) and the diagnos-
tics for TMLE (Table S5) demonstrate very good covari-
ate balance between the treatment groups. Of note, the 
associations (reported as Odds Ratios (OR) with 95%CI) 
between in-hospital mortality and the selected confound-
ers established by multivariable logistic regression mod-
els (results not to be interpreted as causal contrasts) are 
presented in Table S6.

Adverse events
The overall rate of major bleeding complications was 
28.8% (Table  5). Notably, major bleeding occurred in 
15.0% of patients undergoing PCDT, compared to 47.6% 
in the VA-ECMO alone group, and 28.5% and 32.7% in 
the intrahospital SYS and ST group, respectively. More-
over, patients in group IV less frequently experienced 
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Table 1 Baseline characteristics according to treatment regimen

Group I includes all patients treated with VA-ECMO alone. Group II includes patients who received intrahospital SYS, regardless of prior stabilization with VA-ECMO. 
Group III consists of patients undergoing ST, regardless of prior VA-ECMO stabilization. Group IV includes patients treated with PCDT, regardless of prior VA-ECMO 
stabilization. Groups I–IV correspond to the subgroups analyzed in the intention-to-treat target trial emulation. CPR cardiopulmonary resuscitation, IQR interquartile 
range, PaCO2 arterial partial pressure of carbon dioxide, PaO2 arterial partial pressure of oxygen, PCDT percutaneous catheter-directed treatment, SAPS II simplified 
acute physiology score II, SOFA score sequential organ failure assessment score, ST surgical thrombectomy, SYS systemic thrombolysis, VA-ECMO veno-arterial 
extracorporeal membrane oxygenation. *First value measured at hospital admission

Characteristics Overall (n = 991) VA-ECMO alone 
(n = 126) (group I)

Intrahospital SYS 
(n = 643) (group II)

ST (n = 49) (group III) PCDT (n = 173) (group IV)

Demographics

Age at admission [years], 
median [IQR]

62.00 [52.00, 73.00] 56.35 [47.00, 64.72] 63.00 [52.15, 73.00] 61.00 [52.00, 71.00] 66.00 [56.00, 78.00]

Sex at birth [male], n (%) 528 (53.3) 69 (54.8) 339 (52.7) 26 (53.1) 94 (54.3)

Body mass index [kg/m2], 
median [IQR]

28.11 [25.02, 32.55] 28.10 [25.50, 33.00] 28.05 [25.00, 32.14] 27.80 [24.72, 31.17] 28.70 [26.00, 32.70]

Cardiovascular risk factors

Smoking, n (%) 212 (21.4) 25 (19.8) 141 (21.9) 5 (10.2) 41 (23.7)

Arterial hypertension, n (%) 475 (47.9) 56 (44.4) 294 (45.7) 27 (55.1) 98 (56.6)

Dyslipidemia, n (%) 213 (21.5) 17 (13.5) 136 (21.2) 11 (22.4) 49 (28.3)

Diabetes mellitus, n (%) 211 (21.3) 26 (20.6) 135 (21.0) 9 (18.4) 41 (23.7)

Medical history

History of stroke, n (%) 62 (6.3) 3 (2.4) 34 (5.3) 4 (8.2) 21 (12.1)

History of cancer, n (%) 154 (15.5) 20 (15.9) 94 (14.6) 10 (20.4) 30 (17.3)

Chronic obstructive pulmonary 
disease, n (%)

76 (7.7) 3 (2.4) 50 (7.8) 3 (6.1) 20 (11.6)

Chronic heart failure, n (%) 82 (8.3) 12 (9.5) 53 (8.2) 3 (6.1) 14 (8.1)

Coronary artery disease, n (%) 102 (10.3) 14 (11.1) 72 (11.2) 4 (8.2) 12 (6.9)

Previous myocardial infarction, 
n (%)

70 (7.1) 10 (7.9) 49 (7.6) 2 (4.1) 9 (5.2)

Previous percutaneous coro‑
nary intervention, n (%)

58 (5.9) 9 (7.1) 40 (6.2) 2 (4.1) 7 (4.0)

Previous coronary artery bypass 
grafting, n (%)

16 (1.6) 3 (2.4) 10 (1.6) 2 (4.1) 1 (0.6)

Peripheral artery disease, n (%) 46 (4.6) 7 (5.6) 20 (3.1) 3 (6.1) 16 (9.2)

Chronic renal disease, n (%) 152 (15.3) 9 (7.1) 95 (14.8) 4 (8.2) 44 (25.4)

Deep vein thrombosis, n (%) 369 (37.2) 27 (21.4) 241 (37.5) 18 (36.7) 83 (48.0)

Morbidity at hospital admission

Cardiac arrest, n (%) 544 (54.9) 109 (86.5) 362 (56.3) 23 (46.9) 50 (28.9)

Cardiopulmonary resuscitation, 
n (%)

537 (54.2) 108 (85.7) 357 (55.5) 23 (46.9) 49 (28.3)

CPR duration [min], median 
[IQR]

30.00 [12.00, 55.00] 45.00 [20.00, 60.00] 30.00 [10.00, 50.00] 31.00 [18.75, 56.25] 24.00 [10.00, 45.00]

VA‑ECMO initiation during 
cardiac arrest, n (%)

216 (21.8) 81 (64.3) 98 (15.2) 12 (24.5) 25 (14.5)

Cardiogenic shock, n (%) 696 (70.2) 121 (96.0) 471 (73.3) 34 (69.4) 70 (40.5)

Arterial lactate [mmol/L], 
median [IQR]*

4.70 [1.89, 11.52] 12.95 [5.30, 16.00] 5.00 [2.10, 11.50] 4.35 [1.53, 10.05] 1.85 [1.30, 4.12]

pH, median [IQR]* 7.30 [7.07, 7.41] 7.10 [6.91, 7.27] 7.29 [7.07, 7.40] 7.30 [7.16, 7.40] 7.40 [7.30, 7.44]

PaO2 [mmHg], median [IQR]* 80.00 [61.05, 113.00] 82.00 [64.00, 114.00] 77.00 [59.00, 110.00] 89.30 [65.20, 132.00] 88.35 [66.10, 116.00]

PaCO2 [mmHg], median [IQR]* 42.70 [33.05, 59.00] 53.50 [41.60, 68.25] 42.00 [32.00, 59.80] 40.00 [32.50, 48.00] 42.00 [35.00, 52.00]

SAPS II at admission, median 
[IQR]

48.00 [32.00, 68.00] 55.00 [41.75, 72.25] 51.00 [34.00, 71.00] 38.50 [26.75, 60.00] 33.00 [26.00, 50.00]

SOFA score at admission, 
median [IQR]

10.00 [5.00, 14.00] 12.00 [8.50, 15.00] 10.00 [6.00, 13.00] 12.00 [6.00, 14.00] 5.00 [2.00, 10.00]
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Table 2 Diagnosis and management of high‑risk acute pulmonary embolism

Characteristics Overall (n = 991) VA-ECMO alone 
(n = 126) (group I)

Intrahospital SYS 
(n = 643) (group II)

ST (n = 49) (group III) PCDT (n = 173) (group IV)

Diagnosis modality

PE diagnosis made on CT 
scan, n (%)

813 (82.0) 99 (78.6) 519 (80.7) 38 (77.6) 157 (90.8)

PE diagnosis made on 
pulmonary angiography, 
n (%)

30 (3.0) 5 (4.0) 13 (2.0) 1 (2.0) 11 (6.4)

PE diagnosis based on 
high clinical probability, 
acute RV dysfunction, 
and the absence of 
other plausible causes, in 
accordance with the ESC 
guidelines, n (%)

149 (15.0) 22 (17.5) 111 (17.3) 11 (22.4) 5 (2.9)

Systemic Anticoagulation

Heparin, n (%) 915 (92.3) 114 (90.5) 589 (91.6) 42 (85.7) 170 (98.3)

Argatroban, n (%) 32 (3.2) 5 (4.0) 19 (3.0) 2 (4.1) 6 (3.5)

Management of organ 
dysfunction

Mechanical ventilation, 
n (%)

696 (70.2) 125 (99.2) 451 (70.1) 41 (83.7) 79 (45.7)

PaO2/FiO2 ratio, median 
[IQR]*

184.29 [92.00, 280.00] 105.00 [70.00, 265.00] 193.00 [97.00, 280.00] 217.00 [116.00, 347.00] 203.00 [101.25, 271.75]

Vasopressors/Inotropes

Epinephrine, n (%) 362 (36.5) 64 (50.8) 241 (37.5) 29 (59.2) 28 (16.2)

Norepinephrine, n (%) 728 (73.5) 107 (84.9) 493 (76.7) 43 (87.8) 85 (49.1)

Dobutamine, n (%) 195 (19.7) 22 (17.5) 141 (21.9) 8 (16.3) 24 (13.9)

Vasopressin, n (%) 85 (8.6) 10 (7.9) 62 (9.6) 5 (10.2) 8 (4.6)

Any vasoactive/inotropic 
medication, n (%)

766 (77.3) 110 (87.3) 521 (81.0) 44 (89.9) 91 (52.6)

Renal replacement 
therapy, n (%)

211 (21.3) 50 (39.7) 130 (20.2) 19 (38.8) 12 (6.9)

Mechanical circulatory 
support

Venoarterial extracorporeal 
membrane oxygenation, 
n (%)

388 (39.2) 126 (100.0) 194 (30.2) 26 (53.1) 42 (24.3)

Peripheral cannulation, 
n (%)

375 (37.8) 123 (97.6) 189 (29.4) 21 (42.9) 42 (24.3)

Combined with Intra‑aortic 
balloon pump, n (%)

2 (0.2) 0 (0.0) 1 (0.2) 0 (0.0) 1 (0.6)

Combined with Impella, 
n (%)

11 (1.1) 9 (7.1) 1 (0.2) 1 (2.0) 0 (0.0)

Total duration of VA‑ECMO 
treatment [h], median 
[IQR]

70.00 [24.00, 139.75] 57.00 [24.00, 133.50] 58.00 [24.00, 120.00] 81.00 [47.75, 144.00] 93.00 [48.00, 151.50]

Systemic thrombolysis

Treated with systemic 
thrombolysis, n (%)

649 (65.5) 0 (0.0) 643 (100.0) 0 (0.0) 6 (3.5)

Systemic thrombolytic agent

Alteplase, n (%) 621 (62.7) 0 (0.0) 615 (95.6) 0 (0.0) 6 (3.5)

Tenecteplase, n (%) 26 (2.6) 0 (0.0) 26 (4.0) 0 (0.0) 6 (3.5)

Urokinase, n (%) 2 (0.2) 0 (0.0) 2 (0.3) 0 (0.0) 0 (0.0)

Intrahospital thrombolysis, 
n (%)

649 (65.5) 0 (0.0) 643 (100.0) 0 (0.0) 6 (3.5)

Surgical thrombectomy
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Group I includes all patients treated with VA-ECMO alone. Group II includes patients who received intrahospital SYS, regardless of prior stabilization with VA-ECMO. 
Group III consists of patients undergoing ST, regardless of prior VA-ECMO stabilization. Group IV includes patients treated with PCDT, regardless of prior VA-ECMO 
stabilization. Groups I–IV correspond to the subgroups analyzed in the intention-to-treat target trial emulation. CT computed tomography, ESC European Society of 
Cardiology, ICU intensive care unit, IQR interquartile range, PaO2/FiO2 arterial partial pressure of oxygen to fractional inspired oxygen, PCDT percutaneous catheter-
directed treatment, PE pulmonary embolism, RV right ventricle, ST surgical thrombectomy, SYS systemic thrombolysis, VA-ECMO veno-arterial extracorporeal 
membrane oxygenation. *First value measured at ICU admission

Table 2 (continued)

Characteristics Overall (n = 991) VA-ECMO alone 
(n = 126) (group I)

Intrahospital SYS 
(n = 643) (group II)

ST (n = 49) (group III) PCDT (n = 173) (group IV)

Treated with surgical 
thrombectomy, n (%)

78 (7.9) 0 (0.0) 22 (3.4) 49 (100.0) 7 (4.0)

Percutaneous catheter-
directed treatment

Treated with percutaneous 
catheter‑directed treat‑
ment, n (%)

235 (23.7) 0 (0.0) 61 (9.5) 1 (2.0) 173 (100.0)

Ultrasound-assisted throm-
bolysis

EKOS 93 (9.4) 0 (0.0) 16 (2.5) 0 (0.0) 77 (44.5)

Mechanical suction 
thrombectomy

AngioJet 20 (2.0) 0 (0.0) 8 (1.2) 0 (0.0) 12 (6.9)

Inari 50 (5.0) 0 (0.0) 12 (1.9) 0 (0.0) 38 (22.0)

Indigo 33 (3.3) 0 (0.0) 6 (0.9) 0 (0.0) 27 (15.6)

AngioVac 18 (1.8) 0 (0.0) 7 (1.1) 1 (2.0) 10 (5.8)

Aspirex 4 (0.4) 0 (0.0) 1 (0.2) 0 (0.0) 3 (1.7)

Catheter-directed local 
thrombolysis

Pigtail catheter 12 (1.2) 0 (0.0) 8 (1.2) 0 (0.0) 4 (2.3)

Multipurpose 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)

Swan‑Ganz catheter 2 (0.2) 0 (0.0) 1 (0.2) 0 (0.0) 1 (0.6)

Table 3 Clinical outcomes according to treatment regimen

Group I includes all patients treated with VA-ECMO alone. Group II includes patients who received intrahospital SYS, regardless of prior stabilization with VA-ECMO. 
Group III consists of patients undergoing ST, regardless of prior VA-ECMO stabilization. Group IV includes patients treated with PCDT, regardless of prior VA-ECMO 
stabilization. Groups I–IV correspond to the subgroups analyzed in the intention-to-treat target trial emulation. CPC cerebral performance category, d days, IQR 
interquartile range, PCDT percutaneous catheter-directed treatment, ST surgical thrombectomy, SYS systemic thrombolysis, VA-ECMO veno-arterial extracorporeal 
membrane oxygenation

Characteristics Overall (n = 991) VA-ECMO alone 
(n = 126) (group 
I)

Intrahospital SYS 
(n = 643) (group 
II)

ST (n = 49) (group III) PCDT (n = 173) (group IV)

In‑hospital all‑cause mortality, n (%) 475 (47.9) 92 (73.0) 317 (49.3) 15 (30.6) 51 (29.5)

1‑Month all‑cause mortality, n (%) 450 (45.4) 84 (66.7) 305 (47.4) 14 (28.6) 47 (27.2)

3‑Month all‑cause mortality, n (%) 482 (48.6) 94 (74.6) 322 (50.1) 15 (30.6) 51 (29.5)

1‑Year all‑cause mortality, n (%) 489 (49.3) 94 (74.6) 328 (51.0) 15 (30.6) 52 (30.1)

CPC 1 at hospital discharge 402 (40.6) 14 (11.1) 254 (39.5) 23 (46.9) 111 (64.2)

CPC 2 at hospital discharge 71 (7.2) 12 (9.5) 42 (6.5) 8 (16.3) 9 (5.2)

CPC 3 at hospital discharge 24 (2.4) 3 (2.4) 17 (2.6) 2 (4.1) 2 (1.2)

CPC 4 at hospital discharge 9 (0.9) 2 (1.6) 6 (0.9) 1 (2.0) 0 (0.0)

Total length of ICU stay [d], median 
[IQR]

4.00 [1.77, 11.00] 5.50 [2.00, 14.00] 4.00 [2.00, 10.00] 9.00 [4.00, 24.00] 3.00 [1.18, 7.00]

Total length of hospital stay [d], 
median [IQR]

11.00 [3.00, 21.00] 8.00 [2.00, 22.00] 10.00 [3.00, 20.00] 19.00 [15.00, 45.00] 10.85 [6.00, 18.00]
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multiorgan failure, acute kidney injury, or lower limb 
ischemia, and less often required transfusion of blood 
products compared to groups I-III, although these differ-
ences are subject to various biases considering, e.g., the 
usage rate of VA-ECMO.

Discussion
In the present retrospective analysis of one of the larg-
est cohorts including patients suffering high-risk acute 
PE, potential causal relation between a VA-ECMO-only 
approach and three advanced recanalization strategies, 
i.e., intrahospital SYS, ST, and PCDT, and all-cause in-
hospital mortality was investigated in an emulated target 
trial. The primary analysis suggests that managing high-
risk PE with VA-ECMO alone, without subsequent reca-
nalization, results in the highest estimated in-hospital 
mortality. Our data also indicates that the greatest sur-
vival benefit may be achievable with ST, while the advan-
tage of intrahospital SYS and PCDT over VA-ECMO 
alone was less pronounced. Despite all methodological 
efforts to minimize sources of bias and confounding, our 

findings are hypothesis generating and will ultimately 
have to be confirmed in adequately powered randomized 
controlled trials (RCT). However, it has to be noted that 
the interpretation of the results from RCTs in such high-
risk settings involves similar challenges with respect to 
treatment switches and combined strategies given that 
from an ethical perspective the trial design may have to 
allow for bail-out options if the initially assigned treat-
ment approach proves ineffective for example.

The 2019 ESC guidelines for the diagnosis and man-
agement of acute PE recommend the use of VA-ECMO 
in combination with surgical thrombectomy or percu-
taneous catheter-based treatment options for high-risk 
patients presenting with refractory circulatory collapse or 
cardiac arrest (Class IIb, Level of evidence C) [9, 29–32]. 
In one of the largest case series informing this recom-
mendation, Meneveau and colleagues reported an unad-
justed 30-day all-cause mortality rate of 77.7% in patients 
receiving VA-ECMO alone (n = 18), compared to 76.5% 
among those who underwent VA-ECMO and systemic 
thrombolysis (n = 17), and 29.4% among those treated 

Table 4 Target trial emulation with multiple imputation for missing data (intention‑to‑treat analysis): in‑hospital mortal‑
ity

IPTW inverse probability of treatment weighting, TMLE targeted maximum likelihood estimation, VA-ECMO veno-arterial extracorporeal membrane oxygenation

In-hospital mortality 
(G-formula)

In-hospital mortality 
(TMLE)

In-hospital 
mortality 
(IPTW)

VA‑ECMO alone 0.57 (0.47; 0.67) 0.63 (0.49; 0.76) 0.67 (0.55; 0.79)

Intrahospital systemic thrombolysis 0.48 (0.44; 0.53) 0.48 (0.45; 0.52) 0.49 (0.45; 0.52)

Surgical thrombectomy 0.34 (0.18; 0.50) 0.36 (0.23; 0.48) 0.31 (0.18; 0.44)

Catheter‑directed treatment 0.43 (0.35; 0.51) 0.53 (0.45; 0.61) 0.49 (0.41; 0.58)

Risk ratio (G‑formula) Risk ratio (TMLE) Risk ratio 
(IPTW)

Intrahospital systemic thrombolysis vs. VA‑ECMO alone 0.85 (0.70; 1.03)

Intrahospital systemic thrombolysis vs. surgical thrombectomy 1.42 (0.87; 2.32)

Intrahospital systemic thrombolysis vs. any other treatment 1.02 (0.90; 1.16) 1.05 (0.90; 1.22)

Catheter‑directed treatment vs. VA‑ECMO alone 0.75 (0.58; 0.97)

Catheter‑directed treatment vs. Intrahospital systemic thrombolysis 0.89 (0.73; 1.08)

Catheter‑directed treatment vs. surgical thrombectomy 1.26 (0.75; 2.12)

Catheter‑directed treatment vs. any other treatment 1.08 (0.92; 1.27) 1.00 (0.83; 1.20)

Surgical thrombectomy vs. VA‑ECMO alone 0.60 (0.36; 0.99)

Surgical thrombectomy vs. any other treatment 0.73 (0.51; 1.05) 0.63 (0.42; 0.96)

VA‑ECMO alone vs. any other treatment 1.34 (1.07; 1.67) 1.42 (1.17; 1.73)

Fig. 2 In‑hospital mortality prediction plots adjusted for all non‑modifiable risk factors according to treatment strategy. Adjusted prediction plots 
providing the expected probability of in‑hospital death for a given treatment strategy adjusted for non‑modifiable risk factors with point estimates 
as points and 66.66% and 95% confidence intervals given through thick and thin bars, respectively. A intention‑to‑treat analysis, B adjusted per‑
protocol analysis and C as‑treated analysis

(See figure on next page.)
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Fig. 2 (See legend on previous page.)
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with VA-ECMO and surgical thrombectomy (n = 17) [31]. 
In the present study, baseline variables including SAPS 
II, cardiogenic shock, and resuscitated cardiac arrest at 
admission suggest that VA-ECMO alone is used for the 
sickest patients within this high-risk population. Keep-
ing in mind the risk of undetected confounding, the esti-
mated in-hospital mortality after adjustment for several 
markers of disease severity and patient-related variables 
in the target trial analysis was highest in the VA-ECMO 
alone group compared to all other primary treatment 
approaches including combined strategies with VA-
ECMO as a bridge to reperfusion. While the sequence, 
timing, and optimal complication management with 
such combined treatment approaches should be inves-
tigated further, our data suggests, that VA-ECMO as a 
bridge to recovery without subsequent recanalization 
may not be the most beneficial treatment strategy, unless 
advanced reperfusion is unavailable, contraindicated, or 
unsuccessful.

Systemic thrombolysis was by far the most frequently 
utilized first-line recanalization modality in our study 
population in accordance with the 2019 guideline rec-
ommendations [9]. The current class I recommendation 
in favor of systemic thrombolysis is mainly derived from 
studies that excluded high-risk patients and used heparin 
only for control groups [9, 17, 33, 34]. Our results suggest 

that intrahospital SYS regardless of other advanced thera-
pies may translate to a reduction of in-hospital mortality 
in patients with high-risk PE, compared to VA-ECMO 
support without recanalization. The rationale for choos-
ing this strategy over surgical or interventional recanaliza-
tion was not assessed directly but could at least partially 
be explained by the relatively poor clinical state at base-
line compared to patients managed primarily with ST or 
PCDT. Also, there is limited information on outcomes 
with respect to the combination of systemic thromboly-
sis with VA-ECMO, ST, or PCDT [18, 31, 35–38]. In a 
recent retrospective analysis of 72 high-risk PE patients 
supported by VA-ECMO (excluding patients who under-
went prior ST or PCDT), systemic thrombolysis before 
VA-ECMO initiation was not associated with higher 
moderate-to-severe bleeding rates or mortality [38]. 
In the present high-risk cohort, approximately 30% of 
patients receiving intrahospital SYS were stabilized with 
VA-ECMO, and 9.5% and 3.4% underwent PCDT and ST, 
respectively. Although more evidence is needed to opti-
mize such complex treatment pathways, this reflection 
of current clinical practice emphasizes the importance 
of multidisciplinary teams and tertiary centers to provide 
the full spectrum of advanced hemodynamic support for 
recanalization.

Table 5 Adverse events according to treatment regimen

IQR interquartile range, ISTH International Society of Thombosis and Haemostasis, PCDT percutaneous catheter-directed treatment, PE pulmonary embolism, ST 
surgical thrombectomy, SYS systemic thrombolysis, VA-ECMO veno-arterial extracorporeal membrane oxygenation

Characteristics Overall (n = 991) VA-ECMO alone 
(n = 126 (group 
I)

Intrahospital SYS 
(n = 643) (group 
II)

ST (n = 49) (group III) PCDT (n = 173) (group IV)

ISTH major bleeding, n (%) 285 (28.8) 60 (47.6) 183 (28.5) 16 (32.7) 26 (15.0)

ISTH non‑major bleeding, n (%) 149 (15.0) 20 (15.9) 90 (14.0) 7 (14.3) 32 (18.5)

Stroke, n (%) 51 (5.1) 4 (3.2) 36 (5.6) 3 (6.1) 8 (4.6)

Recurrent PE, n (%) 45 (4.5) 6 (4.8) 26 (4.0) 2 (4.1) 11 (6.4)

Ventilator‑associated pneumonia, 
n (%)

186 (18.8) 30 (23.8) 123 (19.1) 15 (30.6) 18 (10.4)

Multi‑organ failure, n (%) 276 (27.9) 55 (43.7) 179 (27.8) 15 (30.6) 27 (15.6)

Septicemia, n (%) 198 (20.0) 30 (23.8) 109 (17.0) 10 (20.4) 49 (28.3)

Acute kidney injury, n (%) 429 (43.3) 73 (57.9) 278 (43.2) 27 (55.1) 51 (29.5)

Wound infection, n (%) 27 (2.7) 8 (6.3) 15 (2.3) 0 (0.0) 4 (2.3)

Lower limb ischemia, n (%) 55 (5.5) 17 (13.5) 29 (4.5) 3 (6.1) 6 (3.5)

Red blood cell transfusion, n (%) 487 (49.1) 104 (82.5) 292 (45.4) 38 (77.6) 53 (30.6)

Red blood cell transfusion [units], 
median [IQR]

6.00 [2.00, 12.00] 7.50 [2.00, 15.00] 6.00 [2.50, 12.00] 8.50 [3.25, 22.25] 4.00 [2.00, 8.00]

Platelet transfusions, n (%) 202 (20.4) 49 (38.9) 109 (17.0) 25 (51.0) 19 (11.0)

Platelet transfusions [units], median 
[IQR]

3.00 [2.00, 5.00] 3.00 [2.00, 5.00] 2.50 [2.00, 5.00] 3.00 [2.00, 6.00] 2.00 [2.00, 4.00]

Plasma transfusions, n (%) 258 (26.0) 59 (46.8) 153 (23.8) 24 (49.0) 22 (12.7)

Plasma transfusions [units], median 
[IQR]

5.00 [2.00, 10.00] 6.00 [4.00, 15.00] 4.00 [2.00, 9.00] 6.50 [4.00, 11.25] 4.00 [2.00, 6.00]
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Basic prerequisites for surgical thrombectomy in the 
context of high-risk acute PE include availability of 
experienced surgical teams, general operability, absence 
of specific contraindications (e.g., to cardiopulmonary 
bypass), and hemodynamic stability [39–41]. Although 
surgical embolectomy was, in principle, an option at 
all clinical sites participating in this study, less than 5% 
underwent surgery as a first-line treatment strategy. 
This finding contrasts with the estimated survival ben-
efit of ST over VA-ECMO alone, intrahospital SYS, and 
PCDT, which was one of the most consistent findings of 
our analyses. Patient-related factors likely influenced the 
infrequent decision for ST in favor of a non-invasive or 
a minimal-invasive primary treatment strategy. How-
ever, baseline indicators of disease severity were largely 
comparable between those undergoing PCDT and ST as 
a first-line approach. Compared to the estimated in-hos-
pital mortality of 34% in our primary analysis, multiple 
previous studies focusing on ST in high-risk PE reported 
much lower mortality rates, although comparability 
between these studies is limited by differences in inclu-
sion criteria and methodology [18, 42–44]. Nonetheless, 
our analysis in accordance with the 2023 AHA scientific 
statement on surgical management in high-risk PE sug-
gests, that the role of ST in the management of high-risk 
PE is possibly underestimated in current clinical practice, 
and that this approach could contribute to improved sur-
vival [18, 40–43, 45].

Various percutaneous catheter-directed systems 
achieved market approval for PE and have been proposed 
for management of high-risk PE, primarily relying on data 
from low-risk/intermediate-risk/submassive PE popula-
tions and limited evidence in patients with hemodynamic 
compromise [8–10, 15, 16, 46–52]. A survival advantage 
attributed to minimal-invasive recanalization compared 
to treatment with VA-ECMO alone seems plausible, but 
the reasons for a potential mortality difference between 
a primary surgical and catheter-directed strategy remain 
unclear. Possible influencing factors may be the lack of 
experience, but also the differences in efficacy of this 
heterogenous group of devices. On the other hand, there 
are a number of potential advantages associated with 
catheter-directed recanalization: (I) An interventional 
approach offers the unique advantage of combining the 
diagnosis (i.e., pulmonary angiography) and treatment 
of PE within a single procedure. (II) Potential mobility of 
both PCDT devices and cardiac interventionalists may 
allow for rapid treatment of hemodynamically unstable 
patients admitted to centers without on-site availability 
of surgical or catheter-directed recanalization options. 
(III) PCDT may be associated with a lower risk of major 
bleeding complications, multi-organ failure, requirement 
of blood transfusions, and higher probability of excellent 

neurological outcome, although various biases may have 
contributed to these differences in our study [51].

Investigating these aspects further is essential to inte-
grate catheter-directed systems together with established 
options of circulatory support and recanalization into 
adaptable treatment algorithms for high-risk patients. 
Given the vulnerability of this patient population and 
diversity of recanalization options, selecting the most 
promising treatment concept remains a challenging task. 
In fact, on-site multidisciplinary PE response teams have 
already been formed in many centers in the United States 
and Europe, with the central goal of streamlining emer-
gency care and advanced management in these complex 
cases [53–55]. Further prospective investigation regard-
ing the efficacy of specific treatment approaches and risk 
prediction models are urgently needed to optimize man-
agement and improve long-term outcomes of patients 
experiencing high-risk PE.

Limitations
Important limitations of this retrospective study are 
related to possible unmeasured confounding and viola-
tions of assumptions made in the statistical analyses, all 
of which may have influenced the results of the main tar-
get trial and secondary analyses. Uncertainty related to 
relatively large differences in group sizes remains, and 
preferences for certain treatments related to personal 
skills or institutional factors could have introduced addi-
tional biases. In addition, indication bias may have per-
sisted despite adjustment for confounders by the best 
statistical models available and baseline variables may 
have been influenced by early therapeutic interventions. 
In order to address potential violations of statistical 
assumptions, we applied multiple approaches to account 
for missing data and varied model specifications. Over-
all, only few data points were missing and there were no 
obvious reasons as to why specific data were not captured 
by the centers. Therefore, we believe that the missing at 
random assumption required for a multiple imputation 
analysis was likely met. Furthermore, given the 10-year 
study period, it is not possible to retrospectively ensure 
that all treatment options were accessible without restric-
tion for each patient at each center at all times. This is an 
inherent limitation of such a retrospective study. Finally, 
the lack of precise treatment protocols may limit the gen-
eralizability of our results, although the multicenter setup 
of this study should have limited center-specific biases.

Conclusion
The key findings from the presented target trial emula-
tion suggest that advanced recanalization may improve 
short-term survival in patients presenting with high-risk 
PE compared to the use of VA-ECMO alone as a bridge 
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to recovery. While our findings should be interpreted as 
hypothesis generating, the data indicate that the role of 
ST in managing high-risk PE may be underestimated in 
current clinical practice and that this approach but also 
the use of novel promising catheter-directed systems 
could have a positive impact on outcomes.
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