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Abstract: Pulmonary embolism (PE) is a potentially life-threatening condition requiring prompt
diagnosis and treatment. Recent advances have led to the development of newer techniques and
drugs aimed at improving PE management, reducing its associated morbidity and mortality and the
complications related to anticoagulation. This review provides an overview of the current knowledge
and future perspectives on PE treatment. Anticoagulation represents the first-line treatment of
hemodynamically stable PE, direct oral anticoagulants being a safe and effective alternative to
traditional anticoagulation: these drugs have a rapid onset of action, predictable pharmacokinetics,
and low bleeding risk. Systemic fibrinolysis is suggested in patients with cardiac arrest, refractory
hypotension, or shock due to PE. With this narrative review, we aim to assess the state of the art
of newer techniques and drugs that could radically improve PE management in the near future:
(i) mechanical thrombectomy and pulmonary embolectomy are promising techniques reserved to
patients with massive PE and contraindications or failure to systemic thrombolysis; (ii) catheter-
directed thrombolysis is a minimally invasive approach that can be suggested for the treatment of
massive or submassive PE, but the lack of large, randomized controlled trials represents a limitation
to widespread use; (iii) novel pharmacological approaches, by agents inhibiting thrombin-activatable
fibrinolysis inhibitor, factor Xia, and the complement cascade, are currently under investigation to
improve PE-related outcomes in specific settings.

Keywords: pulmonary embolism; submassive pulmonary embolism; catheter-directed thrombolysis

1. Introduction

Pulmonary embolism (PE) is identified by the acute embolic obstruction of one or
more pulmonary arteries with a very wide spectrum of clinical manifestations ranging
from asymptomatic forms to severely impaired blood flow to the lungs and potentially
life-threatening complications such as right ventricular (RV) dysfunction with shock and
cardiac arrest. PE is often associated with deep vein thrombosis (DVT), an association
defined as venous thromboembolism (VTE). It is estimated that PE affects up to 1 in
1000 individuals per year, with a mortality rate of approximately 10% in the first hour after
onset of symptoms and up to 30% within the first month if left untreated [1,2].
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PE diagnosis and management have undergone significant changes in recent years, and
the development of diagnostic pathways and newer drugs have already improved patients’
outcomes [2,3]. Nevertheless, in-hospital mortality due to PE is still high, exceeding acute
myocardial infarction [4]; this might suggest many potential areas of intervention, especially
among patients with hemodynamic impairment [5].

The clinical complexity of the patient with PE encompasses several dimensions. Firstly,
the degree of hemodynamic compromise in patients at high risk requires specific techniques
to improve their short-term survival. Secondly, pharmacologic management can become
even more complicated when PE is secondary or associated with other acute illnesses such
as trauma, acute ischemic stroke, acute kidney injury, or thrombotic microangiopathies,
which could radically modify the bleeding risk and the anticoagulant management. Thirdly,
ageing and comorbidities such as anemia, cancer, chronic kidney disease, and coronary
artery disease, coupled with related drug treatments, can worsen PE prognosis and increase
the bleeding risk during treatments [6]. It is worth underlining that several risk scores
engineered and validated to predict bleeding during PE (such as, for example, VTE-BLEED,
PE-SARD, BACS, and RIETE) consider mainly age and other common chronic diseases as
risk factors, underlining the central role of comorbidity in PE management [7–10].

To cope with such a complexity, the physicians actively involved in PE management
should be aware of the most important research directions in this field, which are as follows:
(i) organizational, with the constitution of pulmonary embolism response teams (PERTs)
to manage the most difficult cases, (ii) technological, with the implementation of newer
endovascular techniques, (iii) pharmacological, with the development of newer drugs able
to improve the outcomes in specific clinical settings.

In the acute phase, several studies have explored the role of mechanical (MT) and
catheter-directed thrombolysis (CDT) in the context of massive or submassive PE, and
several devices are currently under investigation [5]. Both MT and CDT seem effective
in treating patients with intermediate- or high-risk PE. However, more information from
larger trials is required to completely support their use.

MT is currently reserved for patients with massive PE with hemodynamic impairment
in whom thrombolysis failed, in pregnancy, or with other contraindications to systemic
thrombolysis [2,11]. MT devices involve the physical removal of the thrombus, either
via manual extraction, maceration, or rheolytic fragmentation, and are associated with
a fast reduction in pulmonary pressures and improved hemodynamics [12]. CDT is a
minimally invasive technique that involves the delivery of thrombolytic agents directly into
the pulmonary arteries via catheterization, which can dissolve the clot, reduce bleeding
risk, and improve hemodynamics in subjects with massive and submassive PE [2,13].

Anticoagulation remains the mainstay of PE treatment at any level of severity: the aim
of this treatment is to prevent further clot formation and promote the natural dissolution
of the thrombus. Heparins (both unfractionated and low-molecular-weight), vitamin K
antagonists (VKAs), and direct oral anticoagulants (DOACs) have been extensively studied,
and their role has been clarified in several clinical settings [2]. The introduction of DOACs
radically changed PE treatment, offering a safe and effective alternative to traditional
anticoagulation agents such as heparin and VKA. DOACs have a rapid onset of action,
predictable pharmacokinetics, and a lower risk of major bleeding. They have been shown
to be non-inferior or superior to traditional anticoagulation therapy in large randomized
controlled trials (RCTs) and are now recommended as first-line therapy for most patients
with acute PE [2,13].

Fibrinolysis is currently suggested in high-risk PE, while its use in intermediate-risk
is still object of debate. Recombinant tissue plasminogen activator (rtPA) is the most
commonly studied and used drug both in systemic and in local fibrinolysis. Among
fibrinolytics, tenecteplase has been recently evaluated in PE in several small studies and in
a large RCT, the PEITHO trial [14]. Guidelines do not recommend this thrombolytic over the
others in high-risk PE, and tenecteplase is not labeled for PE use [2,15]. In intermediate-risk
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PE, tenecteplase has been shown to be effective at the cost of a high bleeding risk in the
PEITHO trial, with a low risk/benefit ratio [14].

Currently, the most debated topics in VTE management are represented by (i) the
optimal treatment of patients with high- or intermediate–high-risk PE, (ii) PE management
in subjects at a high risk of bleeding, (iii) the assessment and management of the bleeding
risk in certain populations, and (iv) the management of VTE in specific, complement-
mediated diseases. With this narrative review, we aim to explore current and investigational
drugs and techniques that could improve PE management in the next few years.

2. Materials and Methods

The team of reviewers, after assessing the current literature and guidelines, selected
the most evolving domains in PE treatment with three internal Delphi rounds. Upon
selection of the items in an open questionnaire, a consensus was reached after three rounds,
selecting the top five most-voted topics. Subsequently, pairs of reviewers were assigned to
each item, focusing on an independent review of published material related to the assigned
topic. Each group was allowed to select guidelines, original articles, randomized controlled
trials (RCTs), meta-analyses, and high-quality reviews published in PubMed/EMBASE,
Google Scholar, and Web of Science in the time frame between 2018 and 2023. Older but
highly cited material was also allowed after consultation with the other reviewers.

3. Results

The board of reviewers selected the medical and surgical techniques to develop in
this narrative review as follows: (i) mechanical thrombectomy, (ii) catheter-directed throm-
bolysis and ultrasound-facilitated catheter-directed thrombolysis, (iii) factor XI and XII
inhibition, (iv) TAFIa inhibition, and (v) complement-modulating drugs.

4. Discussion
4.1. Mechanical Thrombectomy

Massive PE is a life-threatening condition that requires prompt diagnosis and treat-
ment. Although thrombolytic therapy is the standard treatment for massive PE, it is
associated with a high risk of major bleeding, particularly in subjects with pre-existing
contraindications to anticoagulation. MT is a technique that involves the use of catheters or
devices to physically remove the clot; this method is emerging as a potential alternative to
thrombolytic therapy for patients with high-risk PE or in specific groups of intermediate–
high-risk PE.

All the current guidelines recommend stratifying PE according to the risk of in-hospital
death. This stratification is slightly different between the European and American guide-
lines, as shown in Table 1. However, the first-line treatment for all the classes of risk in
all guidelines is represented by parenteral anticoagulation, and oral anticoagulation can
be considered as an early treatment for subjects with a low or intermediate–low risk. The
short-term efficacy of anticoagulation progressively decreases in patients with intermediate–
high and high risk, mainly due to the time needed by these drugs to stabilize the thrombus
and facilitate its dissolution.

In patients with intermediate–high and high-risk PE, the most important aspect is
the presence of various degrees of hemodynamic impairment. In this setting, the primary
aim of the treatment is to reduce short-term mortality by rapidly reducing the clot burden
and improving hemodynamic stability. While in high-risk PE, aggressive treatment with
fibrinolytics has been shown to be beneficial; in intermediate–high-risk PE, trials did not
show any benefit of early fibrinolysis, which was associated with an increased risk of
life-threatening bleeding [16].
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Table 1. Current PE classification according to hemodynamic status.

Hemodynamic
Alterations

Right Ventricle
Dysfunction

Biomarkers
(TnI or BNP)

PESIc > III
or sPESI > 1

American Heart Association

Low-risk − − − N/A

Submassive − +/− +/− N/A

Massive + N/A N/A N/A

European Society of Cardiology

Low-risk − − − −
Intermediate-low risk − +/− +/− +

Intermediate-high risk − + + +

High-risk + N/A N/A N/A

Legend: BNP: (−) the item should not be present to define the hemodynamic category; (+/−) can be useful to
refine the stratification; (+) the item is necessary to define hemodynamic category; serum brain-derived natriuretic
peptide; N/A: not adopted by the guidelines or not necessary; PESI: pulmonary embolism severity index; PESIc:
PESI category; sPESI: simplified PESI; TnI: serum Troponin I.

MT is an endovascular treatment characterized by techniques that differ according to
the adopted device. This group of procedures takes advantage of guidewires commonly
introduced into the femoral vein to reach the pulmonary veins. Once the clot is identified
with a locally injected contrast medium, it is at least partially removed with a wire-guided
aspiration system. This therapeutic strategy has shown a fast effect in improving hemody-
namics and reducing right ventricle dysfunction with a low bleeding risk when compared
to systemic thrombolysis [17,18].

The generic MT term comprises the following different catheters and techniques:
(i) catheter-based thrombus maceration systems, (ii) rheolytic thrombectomy with AngioJet
(Boston Scientific Corporation, Marlborough, MA, USA) catheters, (iii) large- and small-bore
embolectomy with FlowTriever (Inari Medical Inc., Irvine, CA, USA) and Indigo (Penumbra
Inc., Alameda, CA, USA) thrombectomy systems, and (iv) mechanical thrombectomy with
Aspire Max (Control Medical Technology LLC, Park City, UT, USA) systems. The aim of all
the above-mentioned devices is to remove the clot either by thrombus aspiration, with the
addition of manual or mechanical pump, or by thrombus fragmentation. Specific devices
can improve further clot reduction with the addition of low-dose thrombolytic agents [16].

MT devices such as FlowTriever have been shown to be effective in the reduction
in the RV/LV ratio with a low rate of composite major adverse events and a low rate of
readmissions within 30 days [17,18]. Furthermore, this strategy was able to significantly
reduce the pulmonary pressures at baseline [17,18]. The FLASH study also underlined MT
efficacy and effectiveness in patients with high-risk PE. Similarly, in the EXTRACT-PE trial,
the primary efficacy endpoint (RV/LV ratio), the safety endpoint (rate of major bleeding),
and the secondary endpoint (reduction in pulmonary hypertension from baseline to 48 h
after the procedure) was confirmed, with the trial also adopting the Indigo aspiration
device [19]. The effectiveness of the Aspire Max device was confirmed in a study that
showed a rapid reversal of RV dysfunction in subjects with high- and intermediate–high-
risk PE and a reduction in the long-term sequelae of persistent RV failure and pulmonary
hypertension [20].

MT can be considered in cases of (i) hemodynamic instability, (ii) hemodynamic insta-
bility with contraindications to systemic and local thrombolysis, (iii) failure of thrombolysis,
(iv) high thrombus burden, and (v) intermediate–high risk PE already treated with oral
anticoagulants with hemodynamic deterioration or without improvement [2]. In high-risk
PE, the 2019 ESC guidelines suggest surgical embolectomy with a higher class of recom-
mendation (IC) than MT (IIaC), while the 2011 AHA guidelines suggest either surgical or
mechanical techniques with the same class (IIaC) [2,15]. In patients with intermediate-risk
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PE, both the 2011 AHA guidelines and 2019 ESC guidelines suggest considering either sur-
gical or mechanical embolectomy at the same level of evidence (IIaC in the ESC guidelines,
IIbC in AHA guidelines) [2,15].

Subjects with a marked hemodynamic compromise, such as hypotension or shock,
may not be able to tolerate a delay in symptomatic relief associated with pharmacologi-
cal thrombolysis but may benefit from MT as a rapid and effective treatment option. In
patients with evidence of hemodynamic compromise, these techniques may be associ-
ated and used in conjunction with drugs or other invasive hemodynamic support devices
such as veno-arterial extracorporeal membrane oxygenation (VA-ECMO) or isolated per-
cutaneous RV support during the procedure and until the hemodynamic stability can be
warranted [16]. ESC guidelines suggest the consideration of use of fluids, vasopressors
such as norepinephrine and inotropes such as dobutamine or milrinone, to achieve an
hemodynamic improvement in the acute phase, with a low level of evidence (IIaC) [2].
More advanced circulatory supports can be useful for maintaining adequate circulation in
the initial stabilization phase while planning and executing the intervention to remove the
clot and during the recovery but are useless without an effective PE treatment [21]. These
include VA-ECMO and mechanical circulation supports, such as the Impella RP device.
The role of VA-ECMO in PE has been studied in several nonrandomized, single-center case
series and observational studies and is currently suggested in association with surgical
embolectomy by the ESC guidelines, with a very low level of evidence (IIbC). VA-ECMO
diverts the venous flow outside the circulation, reduces the right ventricle dilatation, and
improves systemic perfusion, thus stabilizing the subject [22]. Impella RP (Abiomed Inc.,
Danvers, MA, USA) has been successfully used as a mechanical support device for high-
risk PE in case reports; however, a recent meta-analysis of the literature was not able to
generalize its role in this setting, and ESC guidelines do not give a level of evidence for
this treatment, suggesting its use only in selected cases [2,23]. Small studies suggest a
potential role of both VA-ECMO and Impella RP in supporting hemodynamics in high-risk
PE during MT and other endovascular procedures [24,25].

The absence of a proximal, reachable embolus and a previous reaction to contrast
agent that cannot be adequately pretreated usually represent the absolute contraindications
to MT. According to the FLASH registry, key clinical exclusion criteria for MT were also a
low life expectancy and contraindications to systemic anticoagulation [26]. The other MT
contraindications can be derived from the recently published trials that variably excluded
patients with (i) contraindications to systemic anticoagulation (particularly with heparin),
(ii) pulmonary hypertension with a peak pulmonary pressure >70 mmHg assessed with
right heart catheterization, (iii) fraction of inspired oxygen >40% to maintain a satura-
tion >90%, (iv) recent major trauma within the last 14 days, (v) recent cardiovascular or
pulmonary surgery within the last seven days, (vi) active cancer, (vii) history of chronic
pulmonary hypertension, (viii) low life expectancy (usually <30 days), (ix) known bleeding
diathesis or coagulation disorders, and (x) low platelet count [18,19,26,27].

Although acute ischemic stroke (AIS) is infrequently associated with pulmonary
embolism (PE), MT should be considered as a treatment option for patients with AIS and
intermediate- or high-risk PE, despite the lack of guidelines and limited data on topic [28].

MT techniques should be considered for patients who have absolute or relative con-
traindications to local and systemic fibrinolysis. However, in this setting, some technical
aspects must be taken into account. First, blood loss from aspiration-based MT can limit
effective thrombus removal in complex procedures: studies have shown that incorporating
blood return systems significantly reduces blood loss during procedures without impacting
blood pressure or cardiac index. Interestingly, these findings suggest that the clot burden of
acute PE is more closely associated with hemodynamic stability than blood loss resulting
from the procedure [29]. Second, it is crucial to emphasize that the mortality rates and
occurrences of major bleeding are comparable between catheter-directed thrombolysis
(CDT) and mechanical thrombectomy (MT). This observation suggests that MT may not



J. Clin. Med. 2024, 13, 1952 6 of 22

provide a significant advantage in reducing severe bleeding risk in comparison to CDT,
except in cases where thrombolytics are entirely contraindicated [11,30,31].

MT outcomes in intermediate–high and high-risk PE are generally favorable, with
high rates of success in clot removal and improvement in hemodynamic stability. MT
is associated with a low risk of complications, including bleeding (both systemic and
in the access site), perforation of the pulmonary artery, distal clot displacement with
worsening of hemodynamic stability and RV dysfunction, and systemic embolization of
clot fragments [17,18].

The extreme complexity of the management of patients with high-risk or intermediate–
high-risk PE often requires the organization of rapid response teams able to perform a
multidisciplinary approach: PERTs are heterogeneous teams of cardiologists, pneumolo-
gists, hematologists, interventional radiologists, emergency medicine doctors, intensive
care specialists, vascular and cardiac surgeons that are called to formulate a treatment
plan in difficult-to-treat cases [2]. The implementation of PERTs has been associated with
an increased use of advanced treatments such as MT, reduced inferior vena cava filter
positioning, and a trend towards reduced mortality [32].

The long-term outcomes of MT, including mortality and the risk of recurrent PE, are
still not well established. The principal limitation of MT is the absence of randomized
controlled studies with an adequate sample size. Most of the performed RCTs limited their
observations to the short-term outcomes, and were able to demonstrate strong evidence of
this technique in improving hemodynamics after the procedure, as in the EXTRACT-PE [19].

Only some currently adopted MT systems are both FDA-approved and CE-certificated
for PE. Moreover, some systems are being used off-label in this context, being indicated
for other purposes or on other sites. Currently, two systems have obtained both FDA
approval and a CE mark (Penumbra Indigo Aspiration and Inari Medical FlowTriever).
Two other devices have CE approval for PE treatment (Aspirex, Straub Medical AG, Wangs,
Switzerland; Angiojet, Boston Scientific Corporation, Marlborough, MA, USA) [33,34].
Other systems are approved for the non-surgical removal of emboli and thrombi from
blood vessels but are not specifically indicated for PE. Among these, it is worth mentioning
the Angiovac system (Angiodynamics Inc., Latham, NY, USA), which is currently indicated
to remove vascular material from the superior and inferior vena cava and the right atrium,
but it has also been used off-label for MT in PE [34,35].

Several manufacturers are actively engaged in engineering more efficient MT devices,
improving existing systems and developing novel techniques. Rheolytic MT with Angiojet
obtained a black-box warning from the FDA for PE use after reports of severe adverse
events (asystole and hemodynamic decompensation). However, technical developments
are improving this technique and its outcomes [34]. The Alphavac system (Angiodynamics
Inc., Latham, NY, USA) is currently approved for thrombus removal from peripheral veins,
and is being assessed for PE clot removal in a clinical study [36]. The Akura MT platform
(Akura Medical Inc., Los Gatos, CA, USA) has been proven effective in a first-in-human
trial [37]. The Magneto eTrieve (Magneto Thrombectomy Solutions, Yehuda, Israel), which
combines large bore aspiration with electro-mechanical thrombus extraction, has proven
to be effective in a first-in-human study [38]. The Bashir pharmacomechanical approach
(Thrombolex Inc., New Britain, PA, USA) resulted in being effective in the RESCUE trial,
and recently received FDA clearance for the treatment of acute PE [39].

The literature still requires a better definition of patients’ selection criteria and a
more extensive evaluation of long-term outcomes of MT-treated subjects, as discussed
more extensively in a recent, focused review [33]. The use of MT in combination with
thrombolysis or other anticoagulant treatments needs larger studies. The CANARY study,
specifically designed to address this topic, was interrupted due to the surge of the 2020
COVID-19 pandemic [40]. Despite these limitations, MT represents an effective option for
patients with massive PE at high risk of complications or contraindications of thrombolytic
therapy. The procedure is associated with a high rate of clot removal and an improvement
in hemodynamic stability, although it is also associated with a risk of complications [17–19].
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4.2. Catheter-Directed Thrombolysis

Catheter-directed thrombolysis (CDT) is a minimally invasive technique that involves
the insertion of a catheter into the pulmonary artery to deliver a thrombolytic agent, such
as rtPA, directly to the site of the blood clot, aiming to quickly restore the lung perfusion.
By delivering the thrombolytic agent locally, CDT can achieve higher concentrations of the
drug at the clot site, minimizing systemic exposure and reducing the bleeding risk [41].

European (ESC) and American (AHA) guidelines suggest considering CDT use in
patients with high- or intermediate–high risk PE associated with hemodynamic and respi-
ratory deterioration despite anticoagulation [2,15], but also in subjects with high-risk PE
with contraindications to systemic rtPA or in whom systemic fibrinolysis has failed [2,16].
In this context, the most adopted ranking system for patient’s selection is represented by
the 2019 ESC classification [2]. Although all guidelines agree in categorizing massive or
high-risk PE as the forms with clinically significant hemodynamic instability characterized
by persistent hypotension, cardiac arrest, or obstructive shock, there is a lack of consensus
regarding the definition of the intermediate or submassive forms, as shown in Table 1.

Several studies have evaluated CDT efficacy and safety in patients with intermediate–high
or high-risk PE with different interventional devices, as synthesized in Table 2, panel A.

4.2.1. Catheter Directed Thrombolysis (CDT)

• In a pilot RCT, CDT with 20 mg rtPA was compared with anticoagulation in 23 patients
with intermediate–high-risk PE [42]. The primary efficacy endpoint, measured at 48 h
after randomization, was defined as a ≥25% reduction in the RV/LV ratio, a reduction
in echocardiographic-estimated pulmonary pressure (sPAP) by 30% from baseline,
or the achievement of normal systolic pulmonary pressure, or a ≥30% reduction in
the Qanadli score. Safety was assessed by evaluating the absence of intracranial or
life-threatening bleeding [33]. The limitations of the study were the reduced sample
size and the lack of clinical endpoints. However, CDT appeared to be safe and effective
in this setting [42].

• The CANARY trial aimed to perform a larger comparison between CDT and anticoag-
ulation in patients with intermediate–high-risk PE. The protocol for the CDT group
involved the administration of 12 mg rtPA for unilateral PE or 24 mg for bilateral
PE over 24 h. On the other hand, the anticoagulation group received enoxaparin at
standard doses. However, due to the COVID-19 pandemic, the RCT was prematurely
interrupted. Despite this, the study was not able to detect a statistically significant
difference between anticoagulation monotherapy and CDT regarding the primary
endpoint of the proportion of patients with a 3-month RV/LV ratio of greater than 0.9.
Nevertheless, the RCT showed a low risk of major bleeding in the CDT arm and an
improvement in the 3-month RV echocardiographic recovery [40].

• In a meta-analysis comprising six studies, the efficacy of CDT versus standard anti-
coagulation was compared with 30-day, 90-day, and one-year mortality rates, as well
as the occurrence of major bleeding events. The results of the study highlighted the
benefit of CDT over standard anticoagulation at 30-day and one-year mortality, while
the 90-day mortality rate remained similar between the two groups. Notably, the
study observed that the rate of major bleeding events was comparable between the
two groups [43].

4.2.2. Ultrasound-Assisted Catheter-Directed Thrombolysis (US-CDT)

In vitro studies have suggested that ultrasonic waves have the potential to enhance
thrombolytic penetration and increase thrombus dissolution during fibrinolysis. Based
on these observations, manufacturers have developed the EkoSonic Endovascular System
(EKOS) with the objective of delivering both acoustic energy and lytic agents directly to
the clot to facilitate its dissolution [44,45]. US-CDT could favor the separation of fibrin
strands, allowing the improvement of the dose-effect relationship of fibrinolytic agents and
maximizing the effectiveness of thrombolytic therapy [33]. The alleged clinical benefit of
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this method is that comparable thrombus clearance may be attained using lower doses
of lytic agents and/or shorter duration of therapy, potentially leading to a reduction in
complication rates and hospital stay.

• The ULTIMA trial compared US-CDT plus unfractionated heparin (UFH) anticoagu-
lation to UFH in 59 patients with an intermediate–high risk PE and RV/LV ratio ≥1.
The authors observed in the US-CDT group a significant reduction in RV strain and
pulmonary artery pressure, a lower bleeding risk than systemic thrombolysis [46],
a lower rate of recurrent PE in the CDT group and a non-significant trend towards
lower mortality.

• In the PERFECT registry, 101 PE patients were prospectively enrolled and treated with
catheter-directed mechanical or pharmacomechanical thrombectomy and/or CDT
using rtPA or urokinase. In the study, 85.7% of patients with massive PE and 97.3%
of patients with submassive PE achieved clinical success, defined as hemodynamic
improvement, reduced pulmonary pressure, reduction in right ventricular dilation,
and survival to hospital discharge. However, no significant differences in sPAP
reduction were observed between the CDT and US-CDT groups [47].

• The SUNSET sPE RCT aimed to evaluate the efficacy of US-CDT in reducing the
thrombotic burden in patients with intermediate–high risk PE, as compared to tradi-
tional CDT. The study did not show a significant difference in the reduction in the
pulmonary arterial thrombus, measured by the change in the Miller scoring system,
between groups. However, both methods were found to produce a significant im-
provement in RV function, with a superior RV/LV ratio reduction observed in the
US-CDT group. It remains unclear whether US-CDT use produces a better lytic effect
that provides a clinical advantage significant enough to justify the higher cost of the
catheter as compared to the traditional one [48].

Table 2. Relevant studies on CDT and US-CDT.

Study Device FDA/CE
[33,34] Cohort Comparison Analyzed Outcomes

Panel A: Published studies

Kroupa [42] Cragg-McNamara AGEN/MGEN IR-PE
CDT (rtPA) + UFH

versus
UFH or LMWH

RV/LV ratio, sPAP, Qanadli
score, and safety (intracranial or

life-threatening bleeding)

CANARY [40] Cragg-McNamara AGEN/MGEN IR-PE
CDT (rtPA) + UFH

versus
LMWH

RV/LV ratio, RV recovery

ULTIMA [46] EKOS APE/MPE IR-PE
US-CDT (rtPA) + UFH

versus
UFH

RV/LV ratio

SUNSET [48]
Cragg-McNamara

Uni-Fuse
EKOS

AGEN/MGEN
APE/MGEN
APE/MPE

IR-PE
CDT (rtPA)

versus
US-CDT (rtPA)

RV/LV ratio, Miller score,
intensive care unit stay,

in-hospital stay, bleeding, and
adverse events up to 90 d

Panel B: Ongoing studies

BETULA [49] Uni-Fuse APE/MGEN IR-PE
CDT (rtPA)

versus
UFH

RV/LV ratio, lung perfusion,
LOS, 30 d mortality, recurrent
PE, LOS, reduction in embolic

extension

PE-TRACT [50] MT or CDT -- IR-PE
MT or CDT

versus
AC

PVO2, NYHA class, incidence
of major bleeding within

7th day
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Table 2. Cont.

Study Device FDA/CE
[33,34] Cohort Comparison Analyzed Outcomes

HI-PEITHO [51] EKOS APE/MPE IR-PE
US-CDT (rtPA) + UFH

versus
LMWH o UFH

PE-related death, PE
decompensation, PE recurrence

STRATIFY [52] US-CDT -- IR-PE

US-CDT (rtPA) + UFH or
LMWH
versus

LDT + UFH or LMWH
versus

UFH or LMWH

Miller Score

Legend: 30 d: 30-day; 90 d: 90-day; AGEN: FDA-approved for generic endovascular use; APE: FDA-approved
for PE; Cragg-McNamara: MedTronic, Inc., Minneapolis, MN, USA; AC: anticoagulant; CDT: catheter-directed
thrombolysis; IR-PE: intermediate–high-risk pulmonary embolism; EKOS: EkoSonic Endovascular System, Boston
Scientific Corporation, Marlborough, MA, USA; LDT: low-dose thrombolytics; LOS: length of hospital stay;
LV: left ventricular; MGEN: CE mark for generic endovascular use; MPE: CE mark for PE; NYHA: New York
Heart Association; RV: right ventricular; sPAP: systolic pulmonary artery pressure; PE: pulmonary embolism;
LMWH: low molecular weight heparin; UFH: unfractionated heparin; Uni-Fuse: Angiodynamics Inc., Latham,
NY, USA; US-CDT: ultrasound-assisted catheter-directed thrombolysis; PVO2: peak oxygen consumption; rtPA:
recombinant tissue plasminogen activator.

• In the SEATTLE II trial, 150 patients with submassive and massive PE were enrolled
to study the efficacy and safety of US-CDT plus standard anticoagulation. The results
showed that the US-CDT procedure significantly reduced the RV/LV ratio, the number
of patients with right ventricular disease, and the sPAP after 48 h, in association with
a low rate of recurrent PE and chronic thromboembolic pulmonary hypertension at
6 months. However, 10% of the population showed major bleeding events [13,53].

• The OPTALYSE RCT was conducted to assess the efficacy of US-CDT in patients with
intermediate-risk PE. The study focused on identifying the optimal rtPA dose and
delivery duration for US-CDT. The findings revealed that using a lower rtPA dose
and a shorter duration of administration in US-CDT led to improved right ventricular
function and a reduction in clot burden when compared to baseline. Although the rate
of major bleeding was low, one intracranial hemorrhage event attributable to US-CDT
treatment and four cases of major bleeding were described [54].

Therefore, the current literature supports the concept that CDT may improve overall
outcomes for patients presenting with PE and an indication for aggressive management.
The conclusions of a meta-analysis of eight observational studies considering more than
10,000 subjects with high-risk or intermediate–high-risk PE are that (i) CDT appears to
be associated with improved in-hospital mortality compared to systemic fibrinolysis for
patients with massive or submassive PE, (ii) rates of major bleeding do not appear to differ
by thrombolysis delivery strategy, and (iii) intracranial hemorrhage rates appear to be lower
for those receiving CDT. While in-hospital survival appears to be improved with CDT, this
difference is not explained by a global reduction in major bleeding events. Furthermore,
the small but significant reduction in intracranial hemorrhage seems not to account for the
observed survival differences [55].

Despite these observations, real-world data suggest an underutilization of reperfusion
treatments [56], and this point should be improved, also with the local implementation of
PERTs. In fact, nowadays, CDT is feasible even in subsets of patients at very high bleeding
risk, such as, for example, in subjects treated with double antiplatelet treatment or with
chronic liver disease, following specific guidelines [57].

CDT appears to be a promising therapeutic intervention for intermediate–high-risk
PE: catheter delivery may offer a more complete thrombolysis, and the modality of infusion
is markedly different from systemic thrombolysis. CDT physically steers drug delivery to
the thrombus for thorough infiltration, making it superior to systemic thrombolysis for the
treatment of intermediate–high risk PE [55]. However, the procedure carries significant
risks, including bleeding, and still lacks standardization in dosing and duration of throm-
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bolytic therapy. It requires specialized equipment and expertise that can be unavailable
in smaller hospitals and may be time-consuming and costly. Careful evaluation of patient
suitability is necessary before proceeding with the procedure: in particular, patients with
a history of bleeding disorders, recent surgery, or trauma should be carefully evaluated
before CDT.

The existing data regarding CDT are not sufficient to establish these options as first-line
treatments for patients with intermediate-risk PE. An important gap in the evidence is the
lack of demonstration of the clinical benefits in terms of positive impact on prognosis and
quality of life using a valid, composite clinical outcome [58]. For this reason, the decision to
use CDT should be carefully evaluated on a case-by-case basis, taking into consideration
the patient’s clinical status, the size and location of the clot, and the potential risks and
benefits of the procedure.

Several aspects of CDT are under evaluation with different RCTs that aim to compare
the efficacy and safety of CDT techniques with the current standard of care, anticoagulation
therapy, as shown in Table 2, panel B. HI-PEITHO is a multinational multicenter random-
ized controlled trial aiming to assess whether US-CDT in combination with anticoagulation
therapy reduces the composite outcome of mortality, cardiac or respiratory instability, or
nonfatal symptomatic and objectively confirmed PE recurrence compared to anticoagula-
tion therapy alone, within 7 days of randomization. This is the only ongoing trial directly
comparing US-CDT with systemic anticoagulation with heparin. If the treatment arm of
HI-PEITHO is confirmed to be superior to the control arm, US-CDT will have provided,
for the first time, solid evidence to establish it as a first-line treatment in this category of
subjects [51].

4.3. Inhibition of Factor XI and Factor XII

Currently, MT and CDT are considered the most advanced techniques to treat high-
risk and intermediate-risk PE. However, researchers are exploring newer categories of
anticoagulants to improve the management of low-risk or intermediate–low-risk PE. The
inhibition of factor XI (FXI) and factor XII (FXII) are currently being considered a significant
breakthrough in the prevention and treatment of both PE and DVT. According to recent
clinical trials, it has been suggested that FXI inhibitors could demonstrate superior efficacy
and safety in comparison to conventional anticoagulants, including DOACs. Thus, this
heterogeneous category of drugs may have a potential application in specific categories of
subjects, such as patients with cancer. The treatment of cancer-associated PE still represents
an unmet clinical need since the actual treatments, represented by low-molecular-weight
heparins (LMWH) and DOACs, are burdened by a significant drop-out rate and a consistent
number of major bleedings, respectively [59].

VTE occurs from the activation of two pathways of the coagulation cascade, namely
the extrinsic and intrinsic pathways, which leads to the activation of the common pathway
responsible for thrombus formation [60–65]. The inhibition of FXI and FXII would not only
block the normal action of the two factors within the coagulation cascade but would also
prevent the self-feeding phenomena of the intrinsic pathway, thus reducing the probability
of thrombus formation or propagation, as shown in Figure 1.

The use of FXI and FXII inhibitors is made even more attractive by their ability not
to significantly affect hemostasis. Studies show that a FXII deficiency does not lead to
a bleeding tendency. In contrast, people with FXI deficiency may tend to bleed, but the
likelihood of bleeding is still very low [66]. Although this evidence suggests a slight
increase in safety in the use of an FXII inhibitor compared to the use of an FXI inhibitor,
recent clinical trials have placed a greater emphasis on FXI inhibition for several favorable
factors. Previous works have shown an association between high FXI concentrations and
VTE, but not between FXII levels and thrombosis [67–70].
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Some authors have observed that FXI deficiency was associated with a lower VTE
risk, while high FXI levels increased the risk. On the other hand, data regarding the impact
of FXII levels on VTE are less straightforward [71,72]. In addition, FXI’s ability to be
activated not only by FXII but also by thrombin may make FXII inhibitors less effective.
Considering the narrow connection between coagulation, complement, and inflammation
pathways, FXI inhibition could be considered in future trials as a potential approach for
complement-mediated thromboses, such as antiphospholipid antibody syndrome (APS),
and proinflammatory processes, such as cancer-associated thrombosis.

Several types of FXI inhibitors have been proposed and each pharmacological category
has its own benefits and limitations. We can distinguish three main classes of FXI inhibitors:
(i) antisense oligonucleotides; (ii) monoclonal antibodies; and (iii) small molecule inhibitors.
The principal molecules acting on this pathway are shown in Figure 1.

Drugs of the first category include Ionis FXI Rx and Fesomersen. These drugs act to
reduce FXI hepatic synthesis by inducing the catalytic degradation of FXI mRNA. They
are administered parenterally and have a slow onset and offset. The second category is
represented by Osocimab, Abelacimab, and Gruticibart (Xisomab/AB023), and acts by
suppressing FXIa generation or by inhibiting FXIa activity or with both mechanisms of
action. They are administered parenterally and have a rapid onset and a slow offset. The
third category are represented by Milvexian and Asundexian and acts by blocking the
active site of FXIa or by inducing allosteric modulation. They are administered orally and
have a rapid onset and relatively rapid offset [73–77].

For their modality of action, their presumed low risk of bleeding, and their long
life, these drugs are currently under investigation in phase 3 trials for the treatment of
cancer-associated PE. Currently, there is insufficient information available regarding the
comparative efficacy and safety of FXI inhibitors in contrast to DOACs, particularly apix-
aban. However, the data obtained from phase 2 clinical trials suggest that FXI inhibitors
may produce a better antithrombotic effect and a lower bleeding risk, as compared to
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DOACs [78]. Abelacimab is the first FXI inhibitor studied in a phase 3 RCT. The ASTER
and MAGNOLIA trials are ongoing, aiming to assess the efficacy and safety of abelacimab
compared to apixaban and dalteparin to treat cancer-associated PE in a subset of patients
at high- or very-high risk of bleeding [79,80]. The interest in this molecule in the setting
of cancer-associated PE should be related to its ease of use, as it requires only a single
monthly administration; moreover, it is not dependent on hepatic and renal metabolism,
it does not interact with other drugs, and it could be also be used in patients with severe
kidney insufficiency [78]. These drugs are also under investigation for VTE prophylaxis
in patients undergoing hip or knee replacement surgery: currently, phase 2 RCTs and
exploratory meta-analyses have shown a 40–50% reduction in VTE in patients treated with
FXI inhibitors compared with enoxaparin and a 59% reduction in bleeding [81,82].

4.4. Thrombin Activatable Fibrinolysis Inhibitor

The effectiveness of local and systemic fibrinolysis in patients with intermediate-risk
PE remains uncertain due to the potential risk of bleeding: the current indication of systemic
fibrinolysis in this subgroup is for subjects undergoing hemodynamic destabilization
despite standard anticoagulation and interventional treatments should be considered in
those who need a rescue treatment but have contraindications or failed to respond to
systemic treatments [34,83,84]. In order to improve the outcomes in this area of therapeutic
uncertainty without increasing the bleeding risk, several preclinical studies have focused
on inhibiting antifibrinolytic molecules to enhance endogenous thrombolytic activity.

Thrombin activatable fibrinolysis inhibitor (TAFI) is classified as a circulating zinc-
dependent metallocarboxypeptidase protein. TAFI production occurs through proteolytic
cleavage by trypsin-like proteases, such as thrombin or plasmin [85]. During the coagulation
cascade, TAFI becomes activated and plays a crucial role in the formation and stabilization
of clots. TAFI undergoes activation by the thrombin–thrombomodulin complex following
thrombin generation. Its activated form (TAFIa) is responsible for its antifibrinolytic prop-
erties, which are attributed to its carboxypeptidase activity [86]. TAFIa inhibits fibrinolysis
by preventing plasminogen and tPA binding and reducing plasmin [87].

TAFIa serves a dual purpose as both an antifibrinolytic protein and a critical mediator
of anti-inflammatory processes, as illustrated in Figure 2. Given that TAFI is activated by
thrombin and downregulates the fibrinolytic response, it represents a homeostatic link
between inflammation, coagulation, and fibrinolysis, playing a crucial role in maintaining
the delicate balance between clot formation and dissolution. This ability underscores the
potential therapeutic implications of targeting TAFIa for managing the pro-thrombotic
states observed in several inflammatory disorders [88,89]. Given its antifibrinolytic proper-
ties and its potential association with thrombotic events and cardiovascular diseases, TAFIa
inhibition represents a promising target for pharmacological intervention in PE. Drugs
under development entail exploring two primary strategies: TAFI activation inhibition
and TAFIa inhibition. The three main categories of drugs acting on this pathway are repre-
sented by synthetic peptides, small-molecule inhibitors, and antibodies [90,91]. Most of the
above-mentioned drugs are still under investigation, at a very early, preclinical stage.

The small-molecule inhibitor DS-1040 represents the most advanced clinical applica-
tion of TAFIa inhibition to date. DS-1040, a low-molecular-weight imidazole derivative,
can inhibit the enzymatic activity of TAFIa, leading to a potentiation of endogenous tissue
plasminogen activator-triggered fibrinolysis. DS-1040 has been evaluated in humans in
cohorts of healthy subjects [92], but also in acute ischemic stroke [93] and hemodynamically
stable, intermediate-risk PE [94] in phase 1 RCTs.
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Despite an intriguing mechanism of action, however, DS-1040 use in PE did not reduce
PE thrombus volume, and there was no difference in the change in RV/LV ratio when
comparing results versus standard anticoagulation. The addition of DS-1040 to standard
treatments for PE and acute ischemic stroke did not significantly increase the number of
clinically significant bleedings, suggesting a good safety profile of this molecule. However,
since the mechanisms of action of TAFIa inhibitors are slightly different between molecules
and drug categories, further studies are required to assess whether TAFIa inhibition could
be an interesting target to improve the management of intermediate-risk PE.

4.5. Inhibition of Complement Activation

PE may be accompanied by rare clinical conditions associated with complement
dysregulation that could pose significant challenges in its management in clinical practice.
These challenges may arise due to factors such as low platelet count, anemia, and multi-
organ failure that limit the treatment options available and make it difficult to manage this
condition effectively.

The complement is a complex system that plays a critical role in innate and adaptive
immunity. The coagulation intersects the complement cascade at multiple points, as
shown in Figure 3. When the downregulation mechanisms of the complement cascade are
lost or become less efficient, an uncontrolled complement activation increases the risk of
arterial and venous thrombosis. This phenomenon, known as immunothrombosis, presents
clinically a wide range of manifestations, including DVT and PE, as well as thrombotic
microangiopathy (TMA) and arterial thrombosis.
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Figure 3. Crosstalk between the coagulation pathway and the complement pathway. Legend: (i) black
arrows indicate an activation between the elements of the same pathway; black lines with the final “−”
symbol indicate an inhibition between the elements of the same pathway, both for the coagulation
and for the complement pathways; (ii) blue arrows indicate that an element of the coagulation
pathway activates one or more elements of the complement pathway; the blue line with the final “−”
symbol indicates that an element of the coagulation pathway inhibits an element of the complement
pathway; (iii) the red arrows indicate that an element of the complement pathway activates one or
more elements of the coagulation pathway; the red line with the final “−” symbol indicates that an
element of the complement pathway inhibits an element of the coagulation pathway.

The association between complement dysregulation and activation of the coagulation
pathway has been paradigmatically described in three rare and life-threatening diseases:
paroxysmal nocturnal hemoglobinuria (PNH), autoimmune hemolytic anemia (AIHA), and
atypical hemolytic uremic syndrome (aHUS). In these conditions, mortality and morbidity
are mainly due to (i) large-vessel arterial and venous thrombosis, with a high PE prevalence,
(ii) TMA with end-organ insufficiency, (iii) major bleeding due to a low platelet count.

PNH is associated with the loss of two complement-inhibiting surface proteins (CD55
and CD59) expressed mainly on the surface of red blood cells and leading to a dysregulated
complementary activation that results in hemolysis and thrombosis [95]: VTE events are
common, affecting 29–44% of the subjects, and associated with an increased mortality. A
total of 25% of the thromboses are arterial, with myocardial and cerebral arteries most
commonly affected, while 75% of the cases are venous (hepatic, portal, cerebral, and lower
limbs), with 14% of patients manifesting with PE [96]. AIHA is mainly characterized
by hemolysis [97], but complement can be particularly activated in patients with cold
agglutinin disease (CAD). In this subset, there is a markedly increased risk of arterial and
venous thrombosis (11–27% of cases), especially in the presence of APS or splenectomy.
A total of 75% of the thrombotic events are venous (mainly splanchnic and lower-limb
veins), with 33% of PE, while 25% affect the arterial bed, with coronary or cerebral artery
involvement [96]. aHUS is characterized by dysregulated complement activation, which
primarily occurs on the endothelium and is often triggered by systemic events, manifesting
mainly as a TMA, but can also affect arterial and venous system with acute thrombotic
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events. The exact PE prevalence in aHUS is not known due to the low prevalence of this
disease. However, PE has been associated with a worse prognosis in this setting [98,99].

Other autoimmune disorders, such as APS and catastrophic antiphospholipid syn-
drome (CAPS), are associated with a substantial complement activation and a subsequently
increased VTE incidence. APS is associated with both arterial and venous thrombotic events:
DVT is observed in 38.9% of the cases, while PE reaches a prevalence of 14.1% [100]. Catas-
trophic antiphospholipid syndrome (CAPS), a rare and life-threatening variant of antiphos-
pholipid syndrome (APS), is characterized by a sudden onset of symptoms, macrovascular
and microvascular involvement which is often accompanied by arterial and venous throm-
bosis. PE has been reported in 26% of CAPS cases [101]. Dysregulation of complement
activity has also been described in other autoimmune diseases, such as ANCA-associated
vasculitides, and in non-autoimmune pathologies, such as severe COVID-19 and unpro-
voked VTE [102–106].

Modulation and inhibition of complement activity has been extensively studied in
the setting of immunothrombosis and can be achieved with different pharmacological
approaches: the most studied drug is eculizumab, a humanized recombinant monoclonal
antibody binding C5 and preventing the initiation of the terminal cascade activation by
inhibiting the C5a fragment release. Ravalizumab is a newer monoclonal antibody with
a similar mechanism of action but with better pharmacokinetics that can be used as an
alternative to eculizumab.

PE is common in PNH, aHUS, and AIHA, especially during the acute flares that are
associated to a more evident complement dysregulation [107]. VTE occurrence has been
associated with increased mortality and morbidity in this setting, and the worse prognosis
has been attributed to several factors, such as (i) anemia, (ii) severe thrombocytopenia,
(iii) reduced response to anticoagulant therapy, (iii) markedly increased bleeding risk, and
(iv) multi-organ failure. Moreover, the association between complement dysregulation
syndromes and PE occurs often in already difficult-to-treat patients, such as in pregnant
women and markedly thrombocytopenic subjects. In these difficult-to-treat contexts, PE
should be managed in the context of PERTs, using a multidisciplinary approach considering
endovascular techniques, such as MT and VA-ECMO in combination with anticoagulants,
steroids, plasma exchange, and anticomplement treatments. The combination of these
interventions is often necessary to improve hemodynamics and reduce complement activity
to achieve better control of coagulation, immunothrombosis, and end-organ disease. The
use of different techniques has been successfully described in PE cases of difficult manage-
ment [108,109]. However, the role of MT and CDT in these cases, especially in the presence
of severe thrombocytopenia, remains uncertain, and management strategies should be
tailored to the patient’s clinical characteristics [110].

PNH has the strongest evidence of benefit from complement modulation: eculizumab
and ravalizumab improve survival and disease control, are suggested as the emergency
treatment in case of PE or DVT, and significantly reduce the rate of VTE events [111–113].
In this specific clinical context, life-threatening PE has been successfully treated in case-
series with complement modulation, anticoagulation, and CDT. However, this strategy has
been associated with an increased risk of manageable bleeding [114].

In acute symptomatic AIHA, the first-line treatment of cases presenting with DVT or
PE should be represented by anticoagulants and steroids. However, especially in CAD,
complement-modulating drugs should be considered as part of the initial treatment to
reduce hemolysis and immunothrombosis [115]. In aHUS, emergency treatment with
complement-modulating drugs is always necessary to control TMA and its associated
complications (end-organ disease, arterial and venous thrombosis), raising platelet count,
improving hemostasis, and reducing microvascular hemolysis [116,117]. Case reports
suggest that a strategy considering endovascular techniques and complement-modulating
drugs could also be effective in aHUS complicated by life-threatening PE [108].

APS and CAPS are immune-mediated disorders in which complement activation has
been observed as part of the pathogenetic process, being associated with markedly raised
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VTE risk, reduced clinical response to anticoagulants, and TMA-like characteristics with
thrombocytopenia. Some studies have explored the role of complement modulation with
positive—albeit preliminary—results. The current treatment of symptomatic APS is based
mainly on anticoagulants and antiplatelet drugs; however, treatment with eculizumab has
been successfully added to a multidrug strategy in refractory forms [102,118,119]. A severe
dysregulation of complement activity has been described in CAPS, and treatment with
eculizumab has been associated with a reduced risk of death in the acute phase of disease
and a reduced VTE recurrence in the follow-up [120]. Eculizumab seems more effective
in subjects with CAPS showing thrombocytopenia with TMA and in those who are refrac-
tory to first-line treatments, represented by anticoagulation, corticosteroids, intravenous
immunoglobulins, or plasma exchange [120,121].

5. Conclusions

PE treatments are rapidly evolving. MT and CDT are actual techniques that are already
improving the management of high- and intermediate–high-risk PE. Newer pharmacolog-
ical treatments, such as FXIa and TAFIa inhibitors, are currently under investigation to
improve PE management in specific clinical settings, while complement-modulating drugs
currently represent a therapeutic mainstay in immunothrombosis, in which PE represents
a very difficult-to-treat complication. Such clinical, pharmacological, and technological
complexity suggests that centers that aim to manage PE successfully should set up multi-
disciplinary groups, also known as pulmonary embolism response teams (PERTs), in order
to improve the decision-making process and case management, especially in patients at a
high- or intermediate–high risk.
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