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Abstract
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Pulmonary embolism (PE) is one of the leading causes of cardiovascular mortality, with a high 30-day mortality rate. Despite clear

treatment guidelines based on patient risk profiles, evidence suggests a discrepancy between clinical practice worldwide and the recom-

mendations outlined in these guidelines. This deviation is often due to the comorbidities present in patients with PE, which complicate

management decisions. As a result, alongside traditional standard-of-care treatments, novel emerging therapies are being explored to ad-

dress these challenges. This review aims to provide an overview of the current epidemiology, initial assessment strategies, conventional

treatment options, and emerging therapeutic approaches for PE.
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1. Introduction

Pulmonary embolism (PE) is currently the third lead-
ing cause of cardiovascular death [1-3]. Over the last sev-
eral decades, despite the rising incidence of PE, mainly
driven by the aging population and the increasing preva-
lence of cancer, the overall 30-day mortality has remained
stable at around 16%, ranging from 9% to 44% [1,4,5]. Be-
yond the commonly acknowledged risk factors of aging and
cancer, epidemiological studies have highlighted several
additional contributors to the rising incidence of PE, includ-
ing an increasing proportion of postoperative patients, pro-
longed immobilization, obesity, and long-distance travel.
Indeed, approximately one-third of PE patients have a his-
tory of recent surgery, with particularly higher incidence
following major interventions (e.g., 0.7-30% after ortho-
pedic surgery), and the risk remains elevated for at least
12 weeks postoperatively across all types of surgery [6,7].
Consequently, improved postoperative survival contributes
to the rising incidence of PE. Moreover, the increasing
prevalence of obesity—a well-established risk factor for ve-
nous thromboembolism (VTE)—further contributes to the
growing incidence of PE [8]. Age-standardized prevalence
of overweight and obesity is projected to increase by 30.7%
globally over the next 30 years, highlighting the potential
for a further rise in PE incidence in the coming decades [9].

According to current guidelines, the most strongly rec-
ommended therapeutic strategies range from anticoagula-

tion to thrombolysis, depending on hemodynamic status
and individual risk profile [10]. Nevertheless, a substan-
tial proportion of patients with PE either have contraindi-
cations to these therapies or present high-risk clinical fea-
tures, thereby warranting consideration of more intensive
treatment approaches. Indeed, despite two meta-analyses of
randomized controlled trials (RCTs) showing a significant
reduction in early mortality in high-risk PE patients who
underwent thrombolytic therapy, only 12-20% of these pa-
tients received the treatment, primarily due to contraindi-
cations [2,11-14]. This, together with the expected rise
in PE incidence in the coming years, underscores the ur-
gency of advancing therapeutic strategies. Therefore, this
review aims to provide an overview of the current epidemi-
ology, initial assessment strategies, and conventional treat-
ment options, while also presenting the most recent thera-
peutic approaches supported by contemporary evidence, to
outline a more up-to-date framework for the management
of PE.

2. Epidemiology and Risk Factors

The annual incidence of PE ranges from 39 to 120
cases per 100,000 population [10,13,15-17]. Epidemio-
logical studies have reported a rising incidence of PE over
the past two decades [13,15], primarily driven by an ag-
ing western population, the increasing prevalence of cancer,
a growing proportion of postoperative patients, prolonged
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immobilization, obesity, and long-distance travel, as well
as by improvements in the sensitivity of imaging techniques
[2]. Instead, particularly after the fourth decade of life, the
absolute incidence of PE increases, reaching 1 in 100 cases
in older individuals [13,18].

Ninety-six percent of patients treated for VTE, in-
cluding deep vein thrombosis (DVT) and PE, have at least
one recognized predisposing risk factor, and 76% have two
or more [19]. These triggers may be transient or perma-
nent, and distinguishing between them is of primary im-
portance for the long-term management of anticoagulation.
Strong provoking factors for VTE include lower-limb frac-
tures, recent hospitalization for heart failure (HF), joint re-
placements, major trauma, recent myocardial infarction,
previous VTE, and spinal cord injury [19,20]. There are
also other predisposing factors (e.g., cancer, infection, hor-
mone replacement therapy, pregnancy, oral contraceptives,
thrombophilia, high-altitude travel, prolonged immobility,
obesity, or increasing age) that confer a moderate risk of
VTE [19,20]. Knowledge of predisposing conditions is cru-
cial for assessing the clinical probability of PE, which is
essential for timely recognition and early treatment [10].
However, in 40% of patients with PE, no predisposing fac-
tors are identified [21].

3. Clinical Presentation and Diagnosis

The clinical presentation of PE encompasses a wide
range of non-specific symptoms and signs, including dysp-
nea (either abrupt in onset or worsening), chest pain (due
to pleural irritation or right ventricular (RV) ischemia),
syncope (associated with RV dysfunction), hemoptysis,
and hemodynamic instability [22-25]. Hypoxemia and
hypocapnia are also frequent findings in PE patients [26].
Furthermore, electrocardiographic findings indicative of
right ventricular overload, along with radiographic signs
such as oligemia, truncation of the hilar artery, and pul-
monary consolidations, can strengthen the suspicion of PE
[23]. Additionally, these two diagnostic methods can help
promptly rule out other potential causes of dyspnea and
chest pain. Finally, the identification of predisposing fac-
tors is of critical importance. In fact, the combination of
symptoms, clinical findings, and predisposing factors for
VTE allows for the assessment of the pre-test probability of
PE, based on clinical judgment or by applying established
prediction rules, such as the revised Geneva score and the
Wells score [24,27].

Assessing the clinical probability of PE is essential
for the timely and appropriate initiation of anticoagulation,
as recommended by current guidelines. Anticoagulation is
recommended to be initiated without delay in patients with
a high or intermediate clinical probability of PE who are not
hemodynamically unstable, and with unfractionated hep-
arin (UFH) in patients with suspected high-risk PE, while
diagnostic workup is ongoing [10]. It is important to em-
phasize that the initiation of anticoagulant therapy is based

solely on the pre-test clinical probability of pulmonary em-
bolism, not on the diagnosis confirmed by subsequent diag-
nostic investigations.

To complete the diagnostic work-up, plasma D-dimer
measurement is indicated to rule out PE in patients with
low or intermediate clinical probability, due to its high
negative predictive value [28]. However, it is not recom-
mended in patients with high clinical probability, as nor-
mal results cannot reliably exclude PE [10,29]. In pa-
tients with high clinical probability or a positive D-dimer
test (using an age-adjusted cut-off: age x 10 mg/L for pa-
tients aged >50 years), computed tomography pulmonary
angiography (CTPA) is indicated to confirm the diagnosis
[10]. However, lower-limb compression ultrasonography
(CUS) showing a positive result for proximal DVT is also
sufficient to diagnose VTE (and PE) in patients with a clin-
ical suspicion of PE [30]. In patients with suspected PE
and hemodynamic instability, a transthoracic echocardio-
gram (TTE) is indicated to detect signs of RV dysfunction
and/or overload [10]. This justifies emergency reperfusion
treatment in patients with a high clinical probability of PE,
when no other obvious causes for RV overload are identi-
fied, and immediate CTPA is not feasible [10,31].

4. Risk Stratification and Guideline-Directed
Treatments

Risk stratification of PE patients is a fundamental step
in guiding appropriate treatment and identifying those who
require advanced therapy. Initial stratification is based on
the identification of symptoms and signs of hemodynamic
instability, such as (a) cardiac arrest, (b) cardiogenic shock
(systolic blood pressure (BP) <90 mmHg, or vasopressors
required to achieve a BP >90 mmHg despite an adequate
filling status, in combination with end-organ hypoperfu-
sion), or (c) persistent hypotension (systolic BP <90 mmHg
or a systolic BP drop >40 mmHg for >15 min, not caused
by other causes) [10]. Patients with hemodynamic instabil-
ity and confirmed PE by CTPA, or evidence of RV dysfunc-
tion/overload on TTE, are classified as high-risk for early
mortality (=12% of PE cases; in-hospital mortality 40—
76.6%) [1,13,14,32,33]. According to guidelines, systemic
thrombolysis (e.g., alteplase, streptokinase, and urokinase)
is the recommended therapy in PE high-risk patients with-
out contraindications, and anticoagulation with UFH must
be initiated without delay (UFH administration is allowed
during infusion of alteplase, but should be discontinued dur-
ing infusion of streptokinase or urokinase) whilst the diag-
nostic workup is ongoing [10]. In patients with contraindi-
cations to thrombolysis or in those for whom thromboly-
sis fails, surgical pulmonary embolectomy is the first-line
treatment indicated [10].

To stratify the risk of hemodynamically stable pa-
tients, further investigation is required based on clinical
parameters according to the original Pulmonary Embolism
Severity Index (PESI) or its simplified version (sPESI)
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(e.g., age, sex, cancer, chronic heart failure, chronic pul-
monary disease, pulse rate, systolic blood pressure, res-
piratory rate, temperature, altered mental status, and arte-
rial oxyhemoglobin saturation, RV dysfunction, and car-
diac troponin levels) [10]. Indeed, RV dysfunction and el-
evated cardiac biomarkers have been shown to be strong
predictors of early mortality in PE [34-36]. Combin-
ing PESI/sPESI, the presence of RV dysfunction, and el-
evated cardiac troponin allows classification of hemody-
namically stable patients as follows: (a) intermediate-high
risk (PESI >3/sPESI >1, RV dysfunction, and elevated tro-
ponin; ~35% of PE cases); (b) intermediate-low risk (PESI
>3/sPESI >1, or RV dysfunction, or elevated troponin;
~34% of PE cases); and (c) low-risk (PESI <3/sPESI =
0, no RV dysfunction, and negative troponin; ~19% of PE
cases) [10].

For patients with intermediate- and low-risk PE, anti-
coagulation is recommended without delay. If initiated par-
enterally, low-molecular-weight heparin (LMWH) or fon-
daparinux is preferred over UFH. If initiated orally, a novel
oral anticoagulant (NOAC) is recommended over vitamin
K antagonists (VKAs) in the absence of contraindications
[10].

5. Gaps in Real-World Practice

Although guideline-recommended classifications and
corresponding treatment approaches exist, there are several
grey areas when applying guidelines to real-world popula-
tions. First, even though systemic thrombolysis is the rec-
ommended treatment for high-risk patients, it is used in only
12-20% of high-risk PE patients [2,13,14]. This is due to
contraindications found in nearly 40% of cases or the per-
ceived too-high risk of bleeding based on clinical judgment
[32]. In these patients, and in those for whom thromboly-
sis fails, surgical pulmonary embolectomy is the first-line
treatment indicated. However, this procedure is associ-
ated with an in-hospital mortality rate ranging from 9.1% to
23.2%1[32,37]. Secondly, as shown in a post hoc analysis of
the Pulmonary Embolism Thrombolysis (PEITHO) trial in
patients with intermediate-high risk of PE, several clinical
parameters—such as systolic blood pressure <110 mmHg,
a respiratory rate >20/min, cancer, and chronic HF—are
associated with worse prognosis [38]. Patients with these
factors appear to benefit more from systemic thrombolysis
than from anticoagulation, although thrombolysis is not in-
dicated as first-line therapy according to current guidelines
due to the elevated bleeding risk. Identifying other risk fac-
tors for higher mortality in patients with intermediate-high
risk PE could help pinpoint those who may benefit from ad-
vanced therapies, such as new-emerging catheter-directed
therapies (CDTs). Currently, these therapies should be con-
sidered for high-risk patients with contraindications to or
failure of thrombolysis, and in other patients only after
hemodynamic deterioration, which implies treating them at
a more advanced stage of disease [10].
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Although there is no formal recommendation for any
specific scoring system to detect early decompensation in
initially hemodynamically stable patients, some expert PE
centers have started using the National Early Warning Score
(NEWS) 2, which is based on respiratory rate, oxygen satu-
ration, supplemental oxygen, systolic BP, heart rate, and
level of consciousness [39]. In fact, this score has been
shown to reliably predict 7-day intensive care unit admis-
sion and 30-day mortality in hemodynamically stable pa-
tients with confirmed PE [40]. Moreover, the NEWS 2 was
also found to predict the composite endpoint of 30-day all-
cause mortality and the need for advanced therapy, defined
as systemic thrombolysis or CDTs. A NEWS >7 may iden-
tify patients who could benefit from advanced therapy [41].
In this subgroup, the 30-day all-cause mortality was 39%
among those who did not receive advanced treatment, com-
pared with 18% among those who did [41].

6. Supporting Therapies

Along with reperfusion therapy, in some cases, sup-
portive therapies for respiration and/or hemodynamic are
required.

Hypoxemia, due to the mismatch between ventilation
and perfusion, is a common finding in severe PE. Oxy-
gen supplementation is indicated when oxygen saturation
is below 90%, and non-invasive ventilation (NIV) is pre-
ferred over intubation to avoid sedation and hypotensive
drugs, when feasible [10]. Furthermore, invasive ventila-
tion with positive-pressure ventilation, by reducing preload
and increasing pulmonary vascular resistance, can worsen
RV dysfunction and decrease cardiac output. In contrast,
NIV provides a non-invasive approach that can improve
oxygenation without the adverse hemodynamic effects as-
sociated with invasive positive-pressure ventilation, mak-
ing it a preferred option for managing PE patients with RV
dysfunction. Therefore, intubation should be performed
only if the patient is unable to tolerate, cope with, or is non-
responsive to NIV, or in cases of extreme instability (e.g.,
cardiac arrest). If intubation is required, anesthetic agents
prone to causing hypotension should be avoided, and posi-
tive end-expiratory pressure (PEEP) should be applied with
caution to minimize further RV compromise [10].

On the other hand, to support hemodynamics in cases
of RV failure, a cautious fluid challenge (<500 mL) can be
used as an initial attempt to increase cardiac output, while
closely monitoring central venous pressure to avoid volume
overload [10].

Additionally, in patients with hemodynamic instabil-
ity, the use of vasopressors and/or positive inotropes is of-
ten necessary. The drugs of choice are noradrenaline for
vasopressor support and dobutamine for inotropic support
[10].

In patients with high-risk PE presenting with circu-
latory collapse or cardiac arrest, temporary mechanical
cardiopulmonary support, such as veno-arterial extracor-
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poreal membrane oxygenation (VA-ECMO), has demon-
strated clinical utility in maintaining systemic perfusion and
oxygenation, thereby reducing the risk of irreversible neu-
rological injury. VA-ECMO effectively unloads the acutely
strained right atrium and ventricle, restores adequate end-
organ perfusion pressure, and ensures sufficient gas ex-
change through oxygenation and carbon dioxide removal
[42,43].

In this context, VA-ECMO serves not only as a bridge
to reperfusion—facilitating right ventricular recovery while
thrombus burden is reduced via systemic or catheter-
directed thrombolysis—but may also act as a stand-alone
therapy in selected cases, functioning as a bridge to recov-
ery when thrombolysis or thrombectomy is contraindicated
or deemed unnecessary [44—46]. Moreover, ECMO is fully
compatible with reperfusion strategies such as CDTs or sur-
gical embolectomy and enables these interventions to be
performed under hemodynamically stable conditions, fur-
ther improving procedural safety and outcomes [47].

Furthermore, veno-venous ECMO (VV-ECMO) has
also demonstrated its efficacy in patients with restored
hemodynamics but persistent severe hypoxemia. Indeed,
even after reperfusion, injury to the microcirculation can
result in a reduction of the pulmonary vascular bed and an
increase in RV afterload. VV-ECMO, by improving oxy-
genation and CO9 removal, has been shown to enhance RV
function and reduce pulmonary artery resistance [48].

7. Anticoagulation

For patients with intermediate- and low-risk PE, an-
ticoagulation is the first-line treatment and must be initi-
ated without delay in those with high or intermediate clin-
ical probability of PE, while the diagnostic workup is on-
going [10]. If initiated parenterally, LMWH or fonda-
parinux is preferred over UFH. If initiated orally, a NOAC
is recommended over VKAs in the absence of contraindi-
cations such as severe renal impairment, during pregnancy
and lactation, and in patients with antiphospholipid anti-
body syndrome [10]. Use of higher doses of apixaban
for 7 days or rivaroxaban for 3 weeks has been demon-
strated to provide non-inferior efficacy and a potentially im-
proved benefit-risk profile compared with LMWH or VKA
[49,50]. A meta-analysis comparing VKA-treated versus
NOAC-treated PE patients showed a significant reduction
in the incidence of major bleeding, particularly at critical
sites, with NOACs, while maintaining efficacy comparable
to VKAs [51]. Regarding the recommended dosing regi-
mens, apixaban and rivaroxaban allow treatment initiation
with an initial higher dose (e.g., rivaroxaban 15 mg twice
daily for 3 weeks followed by 20 mg once daily; apixaban
10 mg twice daily for 7 days followed by 5 mg twice daily).
In contrast, edoxaban and dabigatran require at least 5 days
of parenteral anticoagulation before switching to edoxaban
(60 mg once daily or dabigatran 150 mg twice daily). With
respect to dose adjustment in renal insufficiency, edoxaban

requires a reduction to 30 mg once daily in patients with
mild to moderate renal dysfunction (Creatinine Clearance
(CrCl) 30-60 mL/min), as well as in those with a body
weight <60 kg. Conversely, the dosages of dabigatran, ri-
varoxaban, and apixaban are not reduced within this range
of CrCl. Use of apixaban in patients with CrCl <25 mL/min
and of rivaroxaban, edoxaban, and dabigatran in patients
with CrCl <30 mL/min is not recommended. There are
fewer interactions when NOACs are given concomitantly
with other drugs [10]. A special mention should be made re-
garding the choice of the appropriate anticoagulant regimen
in patients with active cancer. In these patients, treatment
with LMWH for 6 months should be considered over VKA,
or alternatively, in patients without gastrointestinal cancer,
edoxaban or rivaroxaban may be used [10]. The minimum
duration of anticoagulation is 3 months for all patients, and
at least 6 months for those with cancer. Extended anticoag-
ulation is required in patients with recurrent VTE without
transient/reversible risk factors, as well as in those with-
out identifiable risk factors, with irreversible risk factors,
or with ongoing active cancer [10].

Despite these recommendations being applicable to
all intermediate-high risk patients indiscriminately, as men-
tioned above, there is evidence suggesting that patients with
intermediate-high risk PE who present additional risk fac-
tors (e.g., systolic blood pressure <110 mmHg, respiratory
rate >20/min, cancer, and chronic HF) could benefit from
more advanced therapies, such as systemic thrombolysis
[38]. Instead, up to 5.6% of intermediate-high risk PE pa-
tients experience hemodynamic decompensation and/or die
within 72 hours of admission [52]. Therefore, careful mon-
itoring of these patients is essential during the first 2—3 days
after admission to promptly detect decompensation and de-
termine eligibility for advanced treatment [10,39]. How-
ever, while systemic thrombolysis may offer potential ben-
efits over anticoagulation in intermediate-risk PE patients
with high-risk features, it is essential to emphasize that fib-
rinolysis in this setting is associated with a significantly in-
creased risk of major bleeding and stroke [38]. Therefore,
systemic thrombolysis is not recommended in intermediate-
risk PE.

Moreover, since almost one third of PE patients
present with recent surgery, with a particularly higher in-
cidence after major interventions (e.g., 0.7-30% following
orthopedic surgery), the management of anticoagulant ther-
apy in the perioperative setting deserves special attention,
both for VTE prevention and PE treatment, given the in-
trinsically higher risk in this patient population [6]. From a
preventive perspective, the first step is to assess both the
patient’s individual VTE risk factors and the procedure-
related risk. Based on this assessment, in the absence of
additional risk factors and with low-risk interventions, an-
ticoagulant therapy is not recommended; instead, only gen-
eral thromboprophylaxis measures such as adequate hydra-
tion and early mobilization should be implemented. Con-
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Table 1. Thrombolytic regimens in pulmonary embolism.

Thrombolytic agent ~ Generation Bolus Regimen Heparin discontinuation
. 90 mg over 2 h
Alteplase Second 10 mg over 1-2 min NO
Total of 1.5 mg/kg over 2 h*
Streptokinase First 250,000 IU over 30 min 100,000 IU/h over 12-24 h YES
Urokinase First 4400 IU/kg over 10 min 4400 TU/kg over 12-24 h YES

*If patient weight <65 kg.
h, hours; IU, international units; min, minutes.

versely, in patients with additional risk factors or undergo-
ing higher-risk surgery, pharmacological thromboprophy-
laxis with LMWH is indicated, provided there are no con-
traindications [53]. On the other side, if the postoperative
course is complicated by low- or intermediate-risk PE, anti-
coagulant therapy should be initiated as soon as possible in
patients with high or intermediate clinical probability of PE,
while the diagnostic workup is still ongoing [10]. The ini-
tiation of anticoagulation must, however, be carefully bal-
anced against the bleeding risk associated with the surgical
procedure. According to current perioperative anticoagula-
tion management guidelines, NOAC or LMWH bridging
may be initiated 24 hours after low-bleeding-risk proce-
dures and 48—72 hours after high-bleeding-risk procedures
[54]. In cases where the bleeding risk remains high, or when
earlier initiation of anticoagulation is required, UFH may be
considered, given its short half-life, ease of monitoring, and
the possibility of immediate reversal [10].

8. Systemic Thrombolysis

According to guidelines, systemic thrombolysis is the
recommended therapy in high-risk PE patients without con-
traindications, associated with UFH infusion that must be
initiated without delay at the time of suspicion of high-risk
PE [10]. Furthermore, it is recommended as a rescue throm-
bolytic therapy in patients with hemodynamic deteriora-
tion on anticoagulation treatment [ 10]. The current regimen
of systemic thrombolysis includes alteplase, streptokinase,
and urokinase (Table 1). Of note, UFH administration is al-
lowed during the infusion of alteplase, but should be discon-
tinued during an infusion of streptokinase or urokinase [10].
This strength of recommendation is primarily based on two
meta-analyses of RCTs that show a significant reduction in
early mortality and PE recurrence compared to anticoagu-
lation alone, despite a higher rate of major bleeding and fa-
tal/intracranial hemorrhage (Table 2) [11,12,52,55,56]. Ta-
ble 2 summarizes major RCTs and meta-analyses compar-
ing thrombolytic therapy with anticoagulation in acute PE.
It presents study design, population, treatment strategies,
follow-up, and main outcomes. It is important to note that
the studies included in the meta-analyses are not focused
solely on high-risk PE, which represents only a small per-
centage of the population included, and that there is only
one RCT, involving 8 patients, specifically addressing car-
diogenic shock [11,12,56]. In hemodynamically unstable
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patients, the major benefits of thrombolysis have been ob-
served when treatment is initiated within 48 hours of symp-
tom onset and before overt hemodynamic collapse necessi-
tating cardiopulmonary resuscitation (CPR) occurs, as pre-
served circulation is required to deliver the drugs effectively
[13].

Among intermediate-high risk patients in the PEITHO
trial, systemic fibrinolysis was associated with a lower risk
of hemodynamic decompensation, despite a higher risk of
major bleeding and stroke, and a similar rate of early and
30-day mortality (Table 2) [52]. Therefore, routine sys-
temic fibrinolysis in intermediate- or low-risk patients is
contraindicated [10]. However, a post hoc analysis of the
same trial has shown that patients with an intermediate-high
risk of PE and presenting systolic BP <110 mmHg, a res-
piratory rate >20/min, cancer, and chronic HF appear to
benefit more from systemic thrombolysis than from antico-
agulation, although this was associated with a significantly
increased risk of major bleeding and stroke [38].

Despite the survival benefit of thrombolysis in high-
risk PE patients, several studies have reported its underuse
in this population, with only 12-20% of high-risk PE pa-
tients receiving the treatment [2,13,14]. This is primarily
due to contraindications encountered in nearly 40% of pa-
tients [2,13,14]. This underscores the need for alternative
advanced treatments to address this high-risk population.

9. Surgical Embolectomy

In high-risk PE patients with contraindications to sys-
temic thrombolysis and in those for whom thromboly-
sis fails, surgical pulmonary embolectomy is the first-line
treatment [10]. It should also be considered an alternative
to rescue thrombolytic therapy in hemodynamically deteri-
orating low- and intermediate-risk PE patients on anticoag-
ulation [10]. However, it has been used in 2.8% of high-
risk PE patients and is associated with a high in-hospital
mortality rate, ranging from 9.1% to 23.2% [14,32,37].
Indeed, centers performing surgical pulmonary embolec-
tomy should possess not only surgical expertise but also
strong capabilities in postoperative management, particu-
larly for complications such as persistent RV dysfunction,
cardiac tamponade, sternal wound infections, and postop-
erative bleeding. The two main risks associated with this
surgical technique are the exacerbation of RV failure and
systemic malperfusion. To mitigate these drawbacks, the
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Table 2. Thrombolysis vs. anticoagulation in acute pulmonary embolism: evidence from key studies.

Authors Study design Total Main inclusion criteria Treatment Control Follow-up Clinical endpoints

Year of publication population

Marti et al. Meta-analysis 2057 Acute PE (HR PE included Thrombolysis + Heparin Heparin Alone In-hospital — 30 days | early mortality (OR = 0.59, p = 0.034)
2015 [11] of 15 RCTs in only 3 studies) (N=1033) (N=1024) and PE recurrence (OR =0.50, p = 0.031)

1 major bleeding (OR =2.91, p < 0.001)

and fatal/intracranial haemorrhage (OR =

3.18, p=0.008)
Chatterjee et al. Meta-analysis 2115 Acute PE (HR PE 1.5%)  Thrombolysis + Heparin LMWH, VKA, fondaparinux, UFH In-hospital —30 days | early mortality (OR = 0.53, p =0.01)
2014 [12] of 16 RCTs (including UACDT) (N =1054) 1 major bleeding (OR =2.71, p < 0.01)
(N=1061)

Jerjes-Sanchez et al. RCT 8 Cardiogenic shock PE related Thrombolysis Heparin Alone 2 years } early mortality (0% vs 100%, p = 0.02)
1995 [56] N=4) N=4)
Meyer et al. RCT 1005 Acute PE intermediate Thrombolysis + Heparin Heparin Alone 30 days after ~early mortality (OR = 0.65, p = 0.42) and
2014 [52] high-risk (N =506) (N =499) randomization PE recurrence (OR = 0.20, p =0.12)
(PEITHO trial) ~30-days mortality (OR = 0.73, p = 0.42)

1 major extracranial bleeding (OR = 5.55,

p <0.001)

1 stroke (OR =12.1, p = 0.003)

HR, high-risk; IR, intermediate risk; LMWH, low-molecular-weight heparin; LR, low-risk; OR, odds ratio; PE, pulmonary embolism; RCT, randomized controlled trials; UACDT, ultrasound-assisted catheter-

directed therapy; UFH, unfractionated heparin; VKA, vitamin K antagonist; PEITHO, Pulmonary Embolism Thrombolysis; |, reduction in; 1, increase in; ~, similar rate of.
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Fig. 1. Catheter-based treatments currently used for pulmonary embolism. Overview of catheter-directed therapies grouped by

mechanism of action: thrombolysis (orange), ultrasound-assisted thrombolysis (green), and mechanical thrombectomy (blue). Devices

are shown with required venous access size (©), key structural features, and the possibility of adjunctive thrombolytic infusion [39,59,

61,62,64,65]. CDT, catheter-directed therapy; Fr, French.

use of cardiopulmonary bypass (CPB) during surgery has
been shown to facilitate RV recovery by decompressing
the dilated and dysfunctional RV through diversion of the
cardiac output to a pump and oxygenator [32]. This re-
duces both preload and afterload, allowing RV contraction
in a fully decompressed state, while CPB simultaneously
supports systemic perfusion. Furthermore, avoiding aortic
cross-clamping promotes RV recovery by preventing asso-
ciated myocardial edema and dysfunction [32]. Further-
more, studies have shown a high risk of recurrent PE fol-
lowing surgery, which can be especially detrimental in pa-
tients with preexisting RV failure [57].

10. Catheter-Directed Therapy

In current guidelines, CDT should be considered for
high-risk PE patients with contraindications to systemic
thrombolysis, in those for whom thrombolysis fails, or as an
alternative to rescue thrombolytic therapy in hemodynam-
ically deteriorating low- and intermediate-risk PE patients
on anticoagulation [10]. Despite the lack of strong recom-
mendations in the guidelines due to the absence of large-
scale randomized studies, CDT has been used in 25% of
intermediate-risk patients and in 26% of high-risk patients
[14]. CDT has shown a good safety profile, with a 30-day
mortality rate of 0.9-2.7% and demonstrated favourable
hemodynamic effects, including a reduction in the RV/left
ventricle (LV) ratio and a decrease in systolic pulmonary
artery pressure (sPAP) [58—62]. However, CDT may be as-
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sociated with several adverse events, ranging from haemo-
dynamic instability and respiratory failure to alveolar bleed-
ing or even pulmonary artery perforation. Other reported
complications include contrast-induced acute kidney injury
with haemolysis, as well as haematomas at the vascular
access site [39,63]. The type and frequency of these ad-
verse events largely depend on the specific technique and
device employed. Nevertheless, these techniques have a
rapid learning curve, and implementing measures such as
echo-guided vascular access may help minimize the inci-
dence of adverse events. CDT includes different systems,
such as catheter-directed thrombolysis (CDTL), ultrasound-
assisted CDT (UACDT), and mechanical thrombectomy
(Fig. 1, Ref. [39,59,61,62,64,65]). The main features of
the current catheter-direct therapies for PE are described in
Table 3 (Ref. [66]).

10.1 Catheter-Directed Thrombolysis

The rationale for CDTL is based on the local deliv-
ery of thrombolytic agents inside the thrombus, maximiz-
ing the effect while lowering the total dose to reduce bleed-
ing side effects. The Cragg-McNamara (Medtronic) and
Uni-Fuse (AngioDynamics) catheters are the main devices
available. The Cragg-McNamara catheter consists of two 4
French (Fr) catheters placed in the right and left interlobar
pulmonary arteries via a single 8 Fr dual-lumen introducer,
featuring a 10 cm infusion zone (Fig. 1, orange box) [66].
The Uni-Fuse catheter consists of a multi-hole catheter with
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Table 3. Main current catheter-direct therapies for pulmonary embolism (PE).

Device Mechanism Vascular access CE approval Evidence in PE Futures prospectives
size (Fr) for PE

Cragg-McNamara Thrombolytic infusion 4-5 No Kroupa et al. 2022 [66] PE-TRACT Trial
(Medtronic) CANARY Trial, SUNSET sPE Trial

PEERLESS
Uni-Fuse Thrombolytic infusion 4-5 No SUNSET sPE Trial PE-TRACT Trial
(Angiodynamics) PEERLESS BETULA
EkoSonic Thrombolytic infusion + 5 Yes SEATTLE II Study ULTIMA Trial HI-PEITHO
(Boston Scientific) Ultrasound dispersion OPTALYSE PE Trial

SUNSET sPE Trial

PEERLESS

Pigtail catheters Fragmentation + 6-8 Not Case series -
Thrombolytic infusion applicable

BASHIR endovas- Mechanical fragmentation + 7 No RESCUE Study HI-PEITHO

cular catheter Aspiration + Thrombolytic

(Thrombolex) infusion
Indigo system Mechanical fragmentation + 8-12 Yes EXTRACT-PE Trial STRIKE-PE Study
(Penumbra) Aspiration STRIKE-PE Study interim analysis STORM-PE
FlowTriever Aspiration + Mechanical 1624 Yes FLARE Study -
(Inari) fragmentation FLASH Study

FLAME Study

PEERLESS

Cleaner Mechanical fragmentation + 67 No Case series CLEAN-PE
(Argon Medical) Aspiration
Angjolet Rheolytic thrombectomy + 6-8 No Case series -

(Boston Scientific) Aspiration = Thrombolytic

infusion

BETULA, better efficacy and tolerability with ultrasound-assisted thrombolysis in acute pulmonary embolism; CANARY, catheter-directed
thrombolysis in acute intermediate-risk pulmonary embolism study; CLEAN-PE, catheter-directed low-dose thrombolysis for acute pulmonary
embolism; EXTRACT-PE, evaluating the penumbra indigo system for the treatment of pulmonary embolism; FLAME, flowtriever for acute
massive pulmonary embolism; FLARE, flowtriever pulmonary embolectomy clinical study; FLASH, flowtriever all-comer safety and hemody-
namics registry; HI-PEITHO, hybrid imaging and pulmonary embolism international thrombolysis study; OPTALY SE-PE, optimum duration of
acoustic pulse thrombolysis procedure in acute pulmonary embolism; PEERLESS, pulmonary embolism evaluating the relative late effects of
suction systems; PE-TRACT, pulmonary embolism thrombus removal with catheter-directed therapy; RESCUE, registry of the indigo aspiration
system in acute pulmonary embolism; SEATTLE II, submassive and massive pulmonary thrombolysis therapy with ultrasound acceration II;
STORM-PE, short-term outcomes after mechanical thrombectomy for pulmonary embolism; STRIKE-PE, study of rapid induction of kinetic
energy for pulmonary embolism; SUNSET sPE, standard vs ultrasound-assisted catheter-directed thrombolysis in submassive pulmonary em-
bolism; ULTIMA, ultrasound accelerated thrombolysis of pulmonary embolism; CE, European conformity; Fr, French.

an end hole and side hole placed in the clot for optimal intra-
thrombus drug delivery (Fig. 1, orange box) [67]. The main
characteristics of the principal studies concerning CDTL
are described in Table 4 (Ref. [58-62,64—66,68—73]).

RCTs conducted on intermediate-high risk popula-
tions have demonstrated a benefit of CDTL, using a Cragg-
McNamara catheter, over anticoagulation alone in reduc-
ing the RV/LV ratio, with this effect even sustained over 3
months [64,66]. A significant reduction in sPAP was also
observed in CDTL-treated patients compared to the anti-
coagulation arm [66]. However, the clinical relevance of
this hemodynamic improvement remains unclear, as these
studies lacked sufficient power to evaluate potential effects
on clinical endpoints such as all-cause mortality and bleed-

ing. Interestingly, a network meta-analysis of 44 studies
involving 20,006 intermediate-/high-risk patients showed
that CDTL (also including ultrasound-assisted CDT) is as-
sociated with a reduced risk of death compared to both sys-
temic thrombolysis (odds ratio (OR) = 0.43, p < 0.001)
and anticoagulation (OR = 0.36, p < 0.001), as well as a
decreased risk of major bleeding (OR = 0.61, p < 0.001)
compared to systemic thrombolysis. Furthermore, no sig-
nificant differences in major bleeding were found between
CDTL and anticoagulation (OR = 1.24, p = 0.8) [74]. More
definitive answers could be provided by two ongoing RCTs
involving CDTL. The BETULA RCT (NCT03854266) in-
cludes intermediate-high risk PE patients treated with the
Uni-Fuse system or heparin alone. Meanwhile, the Pulmo-
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Table 4. Characteristics of the principal studies concerning catheter-directed therapies.

Authors Study Total ~ Main Inclusion Treatment Comparison Follow-up Clinical endpoints RV PAP
Year of publication design population criteria
Catheter-directed thrombolysis
Kroupa et al. RCT 23 Intermediate- Cragg-McNamara with  LMWH/Heparin 30-days -0% mortality at 30 days 1 RV/LV ratio reduction of at 1 sPAP reduction of at
2022 [66] high risk PE alteplase infusion + N=11) in both groups least 25% (p = 0.03) in least 30% (p = 0.001)

Heparin -No life-threatening CDTL in CDTL

N=12) bleeding reported in both

groups

Sadeghipour ef al. RCT 85 Intermediate- Cragg-McNamara with  LMWH/Heparin 3-month -No differences in J} median RV/LV at 72 hours ~ ~30-months sPAP
2022 [64] high risk PE alteplase infusion + (N=139) 3-month mortality (»p =0.01) and at 3-months
(CANARY Trial) Heparin -No differences in (»p=0.001) in CDTL

(N =46) bleeding
Ultrasound-assisted CDT
Piazza et al. Single-arm, 150 Intermediate  Ekos system and tPA + - 30-days  30-day mortality = 2.7% RV/LV diameter ratio sPAP reduction from
2015 [68] prospective, risk PE Heparin SAE related to device = reduction from 1.55to 1.13 51 mmHg to 37 at48 h
(SEATTLE II Study) multicenter study (N =150) 2% at48 h (p <0.0001) (» <0.0001)

30-day major bleeding =
10%

Kucher et al. RCT 59 Intermediate  Ekos system and tPA + UFH 90-days No differences in 1 RV/LV ratio reduction (p < 1 RV/RA gradient
2014 [65] risk PE UFH (N=29) 90-days mortality (p =1)  0.001) in CDTL at 24 h,  reduction (p = 0.03) in
(ULTIMA Trial) (N=30) and bleeding (p = 0.61) with no differences at CDTL at 24 h, with no

90-days (p = 0.07) differences at 90-days

(p=091)
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Table 4. Continued.

Authors Study design Total Main Inclusion Treatment Comparison Follow-  Clinical endpoints RV PAP
Year of publication population criteria up
Tapson et al. RCT 101 Intermediate Ekos system and  Ekos system and tPA at  1-year All-cause RV/LV diameter ratio The refined modified Miller
2018 [69] risk PE tPA at 4 mg/lung/2 h 4 mg/lung/4 h + mortality = 2% reduction by 25% in all score, representing clot
(OPTALYSE + Heparin Heparin groups at 72 h (p <0.01)  burden, improved as the dose
PE Trial) (N=28) N=27) Major bleeding increased and the infusion
Ekos system and tPA at rate 3.6% at 72 h duration increased
6 mg/lung/6 + Heparin
(N=28)
Ekos system and tPA at
12 mg/lung/6 h +
Heparin
(N=18)
Sterling et al. Single-arm, 489 Intermediate- Ekos system and - 12-month 30-day mortality = RV/LV diameter ratio Mean relative reduction of
2024 [70] prospective, high/high-risk tPA + Heparin 1.6% reduction by 24.6% RV systolic pressure of
(KNOCOUT PE) multicenter study PE (N =489) post-procedural (p < 0.0001) 28.55% at 2448 h (p <
30-day major RV/LV diameter ratio 0.001)
bleeding = 1% reduction by 37.8% at
3-month (p <0.0001)
Mechanical CDT
Bashir et al. Single-arm, 109 Intermediate- BASHIR - 30-day 72-h major RV/LV diameter ratio The refined modified Miller
2022 [59] prospective, risk PE endovascular device-related AEs reduction by 33.3% at 48 h  index reduction by 35.9% at
(RESCUE Study) multicenter study catheter =0.92% (p» <0.0001) 48 h (p <0.0001)
(N=109) 72-h major

bleeding = 0.92%
30-day mortality =
0.92%
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Table 4. Continued.

Authors Study design Total Main Inclusion Treatment Comparison Follow-up Clinical endpoints RV PAP

Year of publication population criteria

Sista et al. Single-arm, 119 Intermediate- Indigo system - 30-day  48-h major device-related AEs=  RV/LV diameter ratio ~ sPAP reduction
2021 [61] prospective, risk PE N=119) 0.8% reduction by 27.3% at 48 of 7.9%
(EXTRACT-PE Trial) multicenter study 48-h major AEs =1.7% h (»p <0.0001)

48-h major bleeding = 1.7%
30-day mortality = 2.5%

Moriarty et al. Single-arm, 150 Intermediate/high- Indigo system - 90-day  Major device-related AEs=1.3% RV/LV diameter ratio  sPAP reduction
2024 [60] prospective, risk PE (N =150) reduction by 25.7% at 48 0of 16.3% (p <
(STRIKE-PE Study, multicenter study 48-h major AEs =2.7% h (p <0.001) 0.001)
interim analysis) 48-h major bleeding = 2.7%
30-day mortality = 2.0%
Tuet al. Single-arm, 109 Intermediate- FlowTriever - 48-h Major device-related AEs =0%  RV/LV diameter ratio  sPAP reduction
2019 [62] prospective, risk PE (N =109) 48-h major AEs =3.8% reduction by 25.1% (p < (» <0.001)
(FLARE Study) multicenter study 48-h major bleeding = 0.9% 0.0001)
Toma et al. Single-arm, 250 Intermediate- FlowTriever - 30-day 48-h major AEs =1.2% RV/LV diameter ratio ~ sPAP reduction
2023 [58] prospective, /high-risk PE (N =250) 30-day mortality = 0.4% reduction by 28.3% (p < 0f22.2% (p <
(FLASH Registry) multicenter study 0.001) 0.001)
Silver et al. Comparative, 115 High-risk PE FlowTriever Other contemporary  In-hospital In-hospital mortality 1.9% - -
2023 [71] prospective, (N=53) therapies: systemic vs 29.5%
(FLAME Study) multicenter study thrombolysis (68.9%), Major bleeding 11.3% vs 24.6%
anticoagulation (23%) Bailout 3.8% vs 26.2%
(N=61)
CDT comparisons
Avgerinos et al. RCT 81 Intermediate- Ekos system and ~ Cragg-McNamara or  12-months In-hospital death 1 in USAT vs 0 1 RV/LV ratio reduction  No differences
2021 [72] risk PE tPA + Heparin Uni-Fuse with tPA + in CDTL (»p=0.01) in CDTL at in thrombus
(SUNSET sPE Trial) Heparin 48-h burden reduction
(N =40) (N=41) Major bleeding 2 in USAT vs 0 between the
in CDTL groups at
48-h
Jaber et al. RCT 550 Intermediate- FlowTriever Cragg-McNamara or 30-day In-hospital mortality = 0% vs - -
2025 [73] risk PE Uni-Fuse or BASHIR 0.4%,p=1
(PEERLESS) (N=274) endovascular catheter or Major bleeding = 6.9% vs 6.9%,
Fountain p=1
(N=276) Clinical deterioration and/or

bailout = 1.8% vs 5.4%, p = 0.04
30-day mortality 0.4% vs 0.8%,
p=0.62

CDTL, Catheter-Directed Thrombolysis; SAE, Serious Adverse Event; AE, adverse event; LV, left ventricle; RV, right ventricle; sPAP, systolic pulmonary artery pressure; tPA, tissue plasminogen activator; USAT,

ultrasound-assisted technology; |, reduction in; 1, increase in; ~, similar rate of.
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nary Embolism Thrombus Removal With Catheter Di-
rected Therapy (PE-TRACT) trial (NCT05591118) com-
pares CDTL or mechanical thrombectomy plus anticoag-
ulation versus anticoagulation alone in intermediate-high
risk PE.

10.2 Ultrasound-Assisted CDT

Ultrasound-assisted technology works by generating
an acoustic field that disperses the fibrinolytic agent into
the clot and disaggregates the thrombus, separating the fib-
rin strands. This process aims to maximize the thrombus
surface area and accelerate clot lysis [67]. The Ekos sys-
tem (Boston Scientific) is the UACDT utilized in PE and
consists of a 5-Fr infusion catheter and an ultrasound core
transducer (Fig. 1, green box) [67]. The main character-
istics of the principal studies concerning UACDT are de-
scribed in Table 4.

This technology has shown excellent hemodynamic
improvement in PE patients, demonstrating a reduction in
the RV/LV ratio and sPAP, along with a good safety pro-
file, as seen in the SEATTLE II trial reporting a 30-day
mortality of 2.7% and a major bleeding rate of 10% in
an intermediate-risk PE population [68]. These hemody-
namic improvements have also been confirmed in a larger
prospective registry, the KNOCOUT PE study, as well
as in two RCTs [65,70,72]. The ULTIMA RCT, which
enrolled 59 intermediate-risk patients randomly assigned
to UACDT with recombinant tissue plasminogen activator
(rtPA) plus UFH or UFH alone, demonstrated significantly
greater early hemodynamic improvement in the UACDT
group, in terms of reduction of the RV/LV ratio and right
atrium (RA)/RV ratio (a surrogate for sPAP). However, at
90 days, both groups showed similar hemodynamic im-
provements. No significant differences were observed in
terms of mortality and bleeding, although the small sam-
ple size limits the power to assess hard clinical endpoints
[65]. Compared to standard CDTL, as analyzed in the
SUNSET sPE RCT enrolling 81 intermediate-risk patients,
UACDT showed a greater reduction in the RV/LV ratio.
Both treatments demonstrated a reduction in thrombus bur-
den; however, UACDT did not show a significantly greater
improvement in thrombus load reduction compared to stan-
dard CDTL [72]. Regarding the dose of tPA infused via
UACDT, there is no standard regimen. However, even a
low dose has been shown to be effective in early RV/LV
ratio reduction [69]. That said, improvements in clot bur-
den appear to benefit from higher doses and longer infusion
durations [69].

Future evidence may come from another currently en-
rolling RCT, HI-PEITHO (NCT04790370), which is com-
paring UACDT and anticoagulation in intermediate-high-
risk PE [75].

12

10.3 Mechanical CDT

Mechanical CDTs for PE are based on thrombus frag-
mentation, fragmentation with aspiration, and rheolytic
thrombectomy. Furthermore, mechanical approaches could
be combined with the thrombolytic infusion into the resid-
ual clot. The main characteristics of the principal studies
concerning mechanical CDT are described in Table 4.

10.3.1 Pigtail Catheter

The simplest mechanical approach is represented by
the rotatable pigtail catheter, which also allows throm-
bolytic infusion. This type of pigtail has an oval side hole
on the outer curvature of the pigtail loop, allowing the pas-
sage of a guidewire, which facilitates manual rotation of the
pigtail (Fig. 1, blue box) [76]. However, despite the lack of
strong evidence, which is limited to case series, it surpris-
ingly remains the most commonly used CDT for acute PE
across Europe [39].

10.3.2 BASHIR Endovascular Catheter

The BASHIR™ Endovascular Catheter (Thrombolex,
Inc., New Britain, PA 18901, USA) features a spiral-cut in-
fusion basket that can be collapsed and expanded repeatedly
to create fissures in the clot, enabling both thrombolytic
delivery and mechanical fragmentation of the thrombus
(Fig. 1, blue box) [77]. This technology has demonstrated,
in a prospective, multicenter study on intermediate-risk PE,
a significant reduction of the RV/LV ratio by 33.3% at 48
hours and a 35.9% reduction in arterial obstruction, with
minimal bleeding complications and device-related adverse
events, showing a comparable hemodynamic benefit com-
pared to other CDTs [59,69,70].

10.3.3 Indigo System

The Indigo™ system (Penumbra, Inc., Alameda, Cal-
ifornia 94502, USA) consists of an 8-French aspiration
catheter connected to a continuous suction vacuum system
(Fig. 1, blue box). A wire separator within the catheter lu-
men aids in the retrieval of the clot. The catheter can be
advanced through the thrombus multiple times to facilitate
further clot removal. To minimize blood loss, it is essential
to turn off the suction pump when the catheter is outside
the thrombus [1,67]. The newer generation of the Indigo
system is equipped with a microprocessor to regulate aspi-
ration, thereby minimizing blood loss [60]. The main ad-
vantage of this technology is the ability to avoid the use of
thrombolytic agents.

The EXTRACT-PE trial, which enrolled 119
intermediate-risk PE patients treated with the Indigo sys-
tem, demonstrated a good safety profile with a low rate of
major adverse events (MAEs) (1.7%), a low bleeding rate
at 48 hours (1.7%), and a low 30-day mortality rate (2.5%).
Additionally, the trial showed a significant reduction in
the RV/LV ratio by 27.3% at 48 hours and a reduction of
SPAP by 7.9%. Furthermore, thrombolysis was avoided in
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98.3% of procedures [61]. These results are supported by
the interim analysis of the STRIKE-PE study, which shows
a 25.7% reduction in RV/LV ratio at 48 hours and a 16.3%
reduction in sPAP [60].

The ongoing prospective STORM-PE trial
(NCT05684796), which compares anticoagulants alone
versus anticoagulants plus the new-generation Indigo
system, could help address the lack of data regarding the
comparison with the current standard of care.

10.3.4 FlowTriever

The FlowTriever™ system (Inari Medical, Inc.,

Irvine, California 92618, USA) consists of a large-lumen
aspiration catheter connected to a retraction aspirator
(Fig. 1, blue box). The aspiration catheter is advanced into
the thrombus to allow thrombus suction. If aspiration alone
is insufficient, a flow restoration catheter can be introduced
into the aspiration catheter. This flow restoration catheter
consists of three self-expanding nitinol wire discs, which
capture the thrombus and allow aspiration through the re-
traction of the catheter [67]. This technology also allows
for the avoidance of thrombolytic agents.

As demonstrated in the prospective studies FLARE
(intermediate-risk PE) and FLASH (intermediate-/high-risk
PE), the FlowTriever system has shown a significant im-
pact on hemodynamics, reducing the RV/LV ratio by 25—
28% and sPAP by 22.2%. It also demonstrated a favor-
able safety profile, with MAEs occurring in 1.2%-3.8% of
cases, major bleeding in 0.9%, and a low 30-day mortal-
ity [58,62]. Interestingly, as reported in the FLAME study,
in the high-risk PE population, FlowTriever appears to be
associated with lower rates of mortality, major bleeding,
and the need for bail-out therapy compared to other con-
temporary treatments, such as systemic thrombolysis and
anticoagulation [71]. Furthermore, the recently published
PEERLESS RCT, which enrolled 550 patients treated with
either FlowTriever or CDTL, showed a significantly lower
rate of clinical deterioration and/or bail-out procedures in
the FlowTriever group. However, no differences in ma-
jor bleeding or 30-day mortality were observed between the
two groups [73].

10.3.5 Cleaner

The Cleaner™ (Argon Medical, L.P., Fort Washing-
ton, Pennsylvania 19034, USA) consists of a catheter with
arotating tip that incorporates a flexible, spiral-shaped wire
inside the catheter lumen (Fig. 1, blue box). The device is
advanced through the thrombus under fluoroscopic guid-
ance. The rotating, spiral wire at the tip of the catheter en-
gages the thrombus by gently wrapping around and entan-
gling the clot, allowing for effective disruption [78]. The
use of the Cleaner in PE is limited to case series; however,
the ongoing CLEAN-PE study (NCT06189313) aims to as-
sess its safety and efficacy in patients with acute PE.
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10.3.6 AngioJet

The AngioJet™ catheter (Boston Scientific Corpora-
tion, Marlborough, Massachusetts 01752, USA) operates
through a combination of thrombus fragmentation and as-
piration (Fig. 1, blue box). Thrombus fragmentation is
achieved by saline jets injected directly into the clot, while
clot fragments are aspirated through the catheter’s side
ports. The saline jets also facilitate the delivery of throm-
bolytic agents into the clot. Aspiration occurs via a Venturi
effect, created by the high velocity of the saline injection.
However, due to reported complications, including brad-
yarrhythmia, hemoglobinuria, renal insufficiency, hemopt-
ysis, hemorrhages, and procedure-related deaths, the Food
and Drug Administration (FDA) has issued a black box
warning for the use of the AngioJet catheter in the pul-
monary circulation [67,79].

10.3.7 PERT

As mentioned above, the management of PE requires
prompt detection and rapid diagnosis, leading to timely se-
lection and initiation of therapy tailored to the patient’s
risk stratification and comorbidities, as well as close mon-
itoring, particularly in intermediate-high and high-risk pa-
tients during the initial days. Therefore, effective manage-
ment of PE necessitates the coordination of various spe-
cialists involved in the care of these patients. This need
has led to the formation of Pulmonary Embolism Response
Teams (PERT) in hospitals. PERT is a specialized, multi-
disciplinary group designed to provide rapid, coordinated
care for patients with acute PE. The team typically in-
cludes pulmonologists, cardiologists, hematologists, inten-
sivists/anesthetists, cardiothoracic surgeons, radiologists,
and interventional specialists, all collaborating to deliver
individualized care [10,80]. The goal of PERT is to op-
timize patient outcomes by promptly assessing the sever-
ity of the PE and determining the most appropriate treat-
ment strategy. The involvement of PERT has been associ-
ated with improved patient survival, reduced complications,
and more efficient resource utilization, as it facilitates rapid
decision-making and the timely implementation of thera-
peutic intervention [81,82].

11. Integrating Current Recommendations
and Emerging Evidence in Clinical Practice

As mentioned above, current guidelines recommend
the prompt initiation of anticoagulation and emerging reper-
fusion treatments, such as systemic thrombolysis, in high-
risk patients, while anticoagulation alone is recommended
for low- and intermediate-risk patients [10]. Despite these
clear indications, systemic thrombolysis remains under-
used, with only 12-20% of high-risk PE patients receiv-
ing the treatment [2,13,14]. In contrast, nearly 40% of this
population is reported to have contraindications to throm-
bolysis. According to the International Cooperative Pul-
monary Embolism Registry (ICOPER), 28.9% of patients
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Fig. 2. Proposed algorithms for the management of PE. Flowchart illustrating the diagnostic and therapeutic approach to patients with

suspected pulmonary embolism according to hemodynamic stability and risk stratification [10,38,71]. CDT, catheter-directed therapies;

CTPA, computed tomography pulmonary angiography; HF, heart failure; RR, respiratory rate; RV, right ventricle; SBP, systolic blood

pressure; TTE, transthoracic echocardiogram.

have had recent surgery, 11.2% have had recent trauma,
4.4% have low platelets, and 2.4% have active bleeding,
making them ineligible for thrombolytic therapy [83]. On
the other hand, the proportion of patients receiving ad-
vanced therapy is reported to be 14% in the low-risk group,
26% in the intermediate-low risk group, and 38% in the
intermediate-high risk group [1]. Furthermore, a post hoc
analysis of the PEITHO trial has shown that a subpopula-
tion of patients with intermediate-high risk PE and higher-
risk clinical features seems to benefit more from systemic
thrombolysis than from anticoagulation alone [38]. Lastly,
up to 8% of high-risk PE patients experience thromboly-
sis failure, and up to 5-6% of intermediate-high-risk pa-
tients experience hemodynamic decompensation and/or die
within 72 hours of admission [14,52].

These data highlight two major needs: first, the in-
troduction of more accurate risk stratification tools to en-
able early detection of PE patients at higher risk of hemo-
dynamic decompensation; and second, the availability of
alternative advanced treatments.

Regarding the first, although not formally recom-
mended, the use of the NEWS to predict 7-day intensive
care unit admission, 30-day mortality, and the need for ad-
vanced therapy may help to identify early decompensation
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and select patients who could benefit from intensified treat-
ment [41].

As for the second, CDT may represent an alternative
treatment option for high-risk patients, for those with evi-
dence of thrombolysis failure, or for intermediate—high risk
patients at imminent risk of hemodynamic collapse. CDTs
have demonstrated favorable hemodynamic effects, includ-
ing a reduction in the RV/LV ratio by 25-38% and a de-
crease in sPAP by 7.9-22.2% [58-62]. They have shown
a good safety profile, with a 30-day mortality rate of 0.9—
2.7% in the intermediate-/high-risk population and a major
bleeding rate ranging from 0.9% to 10% [58—62]. These
rates are lower than those associated with contemporary
therapies, such as systemic thrombolysis and anticoagu-
lation, as reported in the FlowTriever for Acute Massive
Pulmonary Embolism (FLAME) study conducted on high-
risk PE patients [71]. Importantly, even though it was not
possible to perform a statistical evaluation of the differ-
ences between the two study arms, the FLAME study re-
ported a very low in-hospital mortality rate of 1.9% in the
FlowTriever group. In contrast, the historical mortality rate
for high-risk PE was 28.5%. Compared to contemporary
therapies, the FlowTriever strategy showed lower rates of
bailout (3.8% vs. 26.2%), clinical deterioration (15.1% vs.
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21.3%), and especially major bleeding (11.3% vs. 24.6%)
[71]. While systemic thrombolytics remain the guideline-
endorsed therapy and may be the only feasible option for
patients too unstable to be transferred for alternative inter-
ventions, their routine use in high-risk cases warrants re-
consideration given well-recognized limitations regarding
both efficacy and safety. Mechanical CDTs could represent
an effective alternative strategy even in high-risk patients,
particularly in those with an elevated bleeding risk. De-
spite these encouraging results for CDTs, significant limita-
tions remain due to the lack of large randomized studies di-
rectly comparing them with current standard therapies. On-
going trials, such as the STORM-PE trial (NCT05684796),
which compares anticoagulants alone versus anticoagulants
plus the new-generation Indigo system; the CLEAN-PE
study (NCT06189313), which aims to assess the safety
and efficacy of the Cleaner system in patients with acute
PE; the BETULA RCT (NCT03854266), which includes
intermediate—high-risk PE patients treated with the Uni-
Fuse system or heparin alone; and the PE-TRACT trial
(NCT05591118), comparing CDT or mechanical thrombec-
tomy plus anticoagulation versus anticoagulation alone in
intermediate—high-risk PE, could help address the current
lack of comparative data with standard care.

Moreover, as mentioned earlier, a post-hoc analysis
of the PEITHO trial identified a subgroup of intermediate-
risk PE patients with a high likelihood of hemodynamic col-
lapse, who may benefit from more intensive treatments such
as thrombolysis, albeit at the non-negligible cost of an in-
creased incidence of major bleeding and stroke [38]. A cur-
rently ongoing RCT, HI-PEITHO (NCT04790370), which
is comparing ultrasound-assisted CDT with anticoagulation
in intermediate—high-risk PE, may help clarify the optimal
treatment strategy in this specific population [75].

Lastly, mechanical CDTs provide a reasonable alter-
native for all patients with contraindications to thromboly-
sis or those at high risk for bleeding, avoiding thrombolytic
agent administration. In Fig. 2 (Ref. [10,38,71]), we pro-
pose a flowchart—developed on the basis of current guide-
line recommendations and recent evidence—illustrating the
diagnostic and therapeutic approaches to patients with sus-
pected PE according to hemodynamic stability and risk
stratification. Initial management includes anticoagula-
tion, with UFH preferred in unstable patients. In high-
risk cases, systemic thrombolysis is recommended when
not contraindicated, while CDT or surgical embolectomy
represent alternatives for patients with contraindications to
thrombolysis or after treatment failure. In intermediate-
high-risk patients with features suggestive of impending
hemodynamic collapse, advanced treatment strategies such
as CDT or surgical embolectomy may be considered, de-
pending on institutional expertise and postoperative man-
agement capabilities [10,38,71].

Ultimately, particular attention should be given to ma-
chine learning (ML) models, which are increasingly be-
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ing developed in the field of PE. By leveraging clinical
data to capture high-dimensional and nonlinear relation-
ships among patient features, ML can accurately forecast
clinical outcomes. Owing to their strong learning capabili-
ties and predictive performance, ML-based approaches may
support clinical decision-making with greater accuracy than
traditional statistical methods. One ML model has been de-
signed to identify patients at risk of PE even before its on-
set, thereby offering the possibility of earlier recognition,
diagnosis, and timely treatment [84]. Similarly, ML has
been applied to identify predictors of adverse outcomes,
which may help stratify patients who could benefit from
more intensive treatment prior to hemodynamic deteriora-
tion. In this context, an ML model developed for patients
with central PE identified elevated sPESI scores, leucocy-
tosis, increased serum creatinine, elevated troponin levels,
and higher respiratory rates as independent predictors of ad-
verse outcomes [85]. Furthermore, another ML model has
been validated to predict 30-day mortality in critically ill
patients with concomitant PE and HF in the intensive care
unit setting [86]. Lastly, ML models can also be applied
during the diagnostic phase on CT studies and have been
shown to detect PE with high sensitivity and specificity,
even in scans not specifically performed for PE evaluation
[87]. This approach may prove useful in improving both the
accuracy and the speed of PE detection. Collectively, these
tools have the potential to improve the management of PE
by enabling timely diagnosis and supporting more tailored
therapeutic strategies.

12. Conclusion

PE continues to be the third leading cause of cardio-
vascular death, with high mortality rates within 30 days. Its
rising incidence over the last few decades has highlighted
the urgent need to improve both management and treatment
strategies. While current guidelines clearly recommend the
prompt initiation of anticoagulation and systemic thrombol-
ysis in high-risk patients, and anticoagulation alone for low-
and intermediate-risk patients, data from registries show
that the PE population is highly heterogeneous, and the ma-
jority of patients cannot be treated with the standard of care.
In recent years, emerging therapies have gained substantial
evidence, demonstrating an excellent safety profile, lower
bleeding rates, and reduced mortality. These therapies also
have a beneficial impact on hemodynamics, making them
suitable for patients with contraindications to thrombolysis
or those at a higher bleeding risk.
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