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Abstract: Thanks to advancements in percutaneous cardiac interventions, an expanding patient
population now qualifies for treatment through percutaneous endovascular procedures. High-risk
interventions far exceed coronary interventions and include transcatheter aortic valve replacement,
endovascular management of acute pulmonary embolism and ventricular tachycardia ablation. Given
the frequent impairment of ventricular function in these patients, frequently deteriorating during
percutaneous interventions, it is hypothesized that mechanical ventricular support may improve
periprocedural survival and subsequently patient outcome. In this narrative review, we aimed to
provide the relevant evidence found for the clinical use of percutaneous mechanical circulatory
support (pMCS). We searched the Pubmed database for articles related to pMCS and to pMCS
and invasive cath lab procedures. The articles and their references were evaluated for relevance.
We provide an overview of the clinically relevant evidence for intra-aortic balloon pump, Impella,
TandemHeart and ECMO and their role as pMCS in high-risk percutaneous coronary intervention,
transcatheter valvular procedures, ablations and high-risk pulmonary embolism. We found that
the right choice of periprocedural pMCS could provide a solution for the hemodynamic challenges
during these procedures. However, to enhance the understanding of the safety and effectiveness of
pMCS devices in an often high-risk population, more randomized research is needed.

Keywords: mechanical circulatory support; catheterization laboratory; cardiogenic shock

1. Introduction

Thanks to advancements in percutaneous cardiac interventions, an expanding patient
population now qualifies for treatment through percutaneous endovascular procedures.
Traditionally, mortality rates have been high among patients experiencing ischemia-related
cardiogenic shock necessitating high-risk percutaneous interventions [1]. Nevertheless,
eligibility for percutaneous interventions has extended far beyond coronary interven-
tions. High-risk procedures, such as transcatheter aortic valve replacement, endovascular
management of acute pulmonary embolism and ventricular tachycardia ablation, are
increasingly being performed in the catheterization laboratory. Given the frequent impair-
ment of ventricular (left or right) function in these patients, which can deteriorate during
percutaneous interventions, it is hypothesized that mechanical ventricular support may
improve periprocedural survival and subsequently patient outcome. Several techniques
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and devices have been introduced for ventricular support in patients undergoing high-risk
procedures. However, several recent observational studies have questioned the safety and
cost-effectiveness of hemodynamic support devices in patients undergoing percutaneous
coronary intervention (PCI) [2,3]. Over the past two decades, substantial evidence has
demonstrated that the routine use of an intra-aortic balloon pump (IABP) does not reduce
30-day mortality [3] or long-term mortality [4] in patients with acute ischemic cardiogenic
shock undergoing early revascularization. Furthermore, the elective placement of an IABP
during PCI also fails to decrease the risk of major complications [5]. Therefore, the routine
use of an IABP is no longer recommended for the treatment of cardiogenic shock or during
percutaneous interventions [6]. Since the introduction of the IABP, novel techniques have
emerged. Among these innovations, percutaneous transvalvular microaxial flow pump de-
vices like Impella and venoarterial extracorporeal membrane oxygenation (VA-ECMO) are
demonstrating promising results. The aim of this review is to elucidate the most commonly
used percutaneous mechanical circulatory support (pMCS) devices and strategies and to
highlight future perspectives for mechanical support during high-risk procedures in the
cardiac catheterization laboratory.

2. Intra-Aortic Balloon Pump

Since its introduction in 1961 [7], IABP has been commonly used for patients with
cardiogenic shock. Through properly timed balloon inflation and deflation, occluding
the aorta during diastole, IABP therapy augments coronary blood flow, facilitates left
ventricular (LV) unloading and decreases afterload and myocardial oxygen consumption.
Cardiac output increases by 0.5–1.0 L per minute [8]. The Seldinger technique is used
for insertion through an 8 Fr arterial sheath, usually in the femoral or axillary artery, and
the correct position (2–3 cm distally of the origin of the left subclavian artery) is ensured
through angiography. Aortic regurgitation and dissection or aneurysm of the aorta are
contraindications for insertion.

For decades, IABP has been the therapy of choice for cardiogenic shock and periproce-
dural support. However, due to the accumulating evidence mentioned before and the ESC
Guideline 2016 recommendations [9], its use drastically decreased. Although primary in-
sertion during high-risk procedures has declined, secondary insertion for total mechanical
support (LV unloading during ECMO) or as a rescue therapy for prolonged postprocedural
cardiogenic shock still occurs frequently. Also, due to its simplicity and wide availability,
especially in smaller hospitals, utilization of IABP therapy has not been abandoned [10].

Complications of IABP therapy primarily result from insertion, malposition and pro-
longed use. Frequently observed complications include major bleeding (3.3%), peripheral
ischemic complications (4.3%), sepsis (15.7%) and stroke (0.7%) [4]. Although rare, IABP
misplacement could lead to major vascular complications (type A and B dissection and
subclavian dissection) [11].

In addition to classic counterpulsation provided by IABP therapy, a novel device
has been introduced in the last decade. The NuPulseCV intravascular ventricular assist
system provides extended-duration ambulatory counterpulsation. It consists of a durable
pump surgically implanted through the distal subclavian artery connected to subcutaneous
electrocardiogram leads, providing the trigger source for the balloon [12]. An external
driveline to a wearable drive unit provides compressed air for inflation and deflation of
the balloon. A recent feasibility trial showed promising short-term outcomes in advanced
heart failure patients, and larger trials are underway [13].

3. Impella (Abiomed, Danvers, MA, USA)

Impella provides cardiac mechanical support through an intravascularly inserted mi-
croaxial pump. It can either be used as a left-sided or right-sided ventricular support device.
In the left-sided device (Impella 2.5, CP, 5, 5.5), the microaxial pump is placed beyond the
aortic valve into the ventricle, directing blood from the left ventricle into the aorta. When
dealing with right ventricular failure, a right-sided device can be utilized (Impella RP).
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In this device, the blood is pumped from the inferior vena cava to the pulmonary artery
through a percutaneously inserted catheter. Both devices unload the ventricles, enhancing
output and thereby improving coronary blood flow and end-organ perfusion. Hemodynam-
ically, the Impella systems reduce myocardial oxygen consumption, improve mean arterial
pressure and reduce pulmonary capillary wedge pressure [14,15]. In cases of biventricular
failure, both devices can be employed simultaneously [16,17]. Depending on the type, a
flow of 2.5 to 5.5 L per minute can be generated. Unlike the other left-sided systems, Impella
2.5 and Impella CP can be used percutaneously to provide short-term support (<4 days).
Both the implantation and explantation of these devices are considered straightforward
procedures [18], making this form of support suitable for use during high-risk percutaneous
coronary intervention (HRPCI) and as rescue therapy in scenarios involving LV failure
and cardiogenic shock during cath lab procedures. The remaining support devices require
surgical placement but can support hemodynamics for up to 14 days or longer [19]. Unlike
IABP therapy, Impella does not require wave triggering or ECG, facilitating stability even
in the setting of tachyarrhythmias or electromechanical dissociation.

Several complications are associated with the use of Impella devices. These range from
vascular complications, including limb ischemia (incidence 0.07–10%) and local insertion-
related injuries (1.3–2%), to bleeding complications (0.05–54%) due to anticoagulation use,
hemolysis and thrombocytopenia. Non-vascular complications, such as cardiac tissue
damage arising from device migration (0.05–23%) or CVA (2.4–6.3%), may also occur,
along with access site infection (1.1%) or sepsis (0.16–19%) [20]. Recent studies showed
that Impella, when compared with IABP therapy, is associated with a greater risk of
complications and significantly higher costs [2,21]. Consequently, a clear assessment must
be made when employing these devices, especially during elective procedures.

4. TandemHeart (Cardiac Assist Inc, Pittsburgh, PA, USA)

The TandemHeart device facilitates LV volume unloading by withdrawing blood
from the left atrium through a trans-septal 21 Fr cannula inserted in the femoral vein.
The oxygenated blood is passed through a centrifugal flow pump and re-injected in the
lower aorta or femoral artery through a 17–19 Fr cannula. It can provide up to 4 L per
minute of circulatory support. Providing the cath team is trained for trans-septal insertion,
the average implantation time is 45–60 min [22]. The TandemHeart device can also be
configured to provide RV circulatory support. Through a dual-lumen cannula or two
separated cannulas, blood is withdrawn from the right atrium or ventricle and into the
pulmonary artery [23].

Although the TandemHeart device provides superior hemodynamic and metabolic
support compared to IABP, no benefit in early survival has been observed in patients
with cardiogenic shock [24]. Moreover, due to the highly invasive procedure, insertion
leads to more serious adverse events. Therefore, TandemHeart is not recommended as the
first-choice approach for cardiogenic shock [25].

5. VA-ECMO

The use of VA-ECMO in the cath lab is diverse. In the case of ST-elevation myocardial
ischemia (STEMI) presenting with cardiogenic shock, VA-ECMO can be used to ensure
end-organ perfusion. It is easily inserted percutaneously via the femoral artery and vein
and can theoretically provide flows of up to 7 L per minute. In experienced hands, it can be
rapidly inserted, buying time for further intervention. The optimal timing for VA-ECMO
utilization in such a scenario remains controversial. When deployed prior to intervention,
it can stabilize the patient and ensure adequate end-organ perfusion prior to PCI. It can
ameliorate cardiogenic shock and can provide adequate support during (periprocedurally
induced) electrical storm or cardiac arrest. However, one of the main drawbacks is that
deployment of the VA-ECMO circuit can delay time to reperfusion, prolonging cardiac
ischemia and increasing myocardial damage and infarct size. However, if VA-ECMO is
deployed rapidly, the delay will be minimal with cannulation times as rapid as 10 min
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in experienced hands. In cardiac arrest, 10 min of deep hypoxia can be devastating for
cerebral perfusion, and the preferred order of interventions should be carefully considered.

Besides the timing and sequence of intervention, complications of VA-ECMO with
known significant associated morbidity must be considered as well. In general, the compli-
cations of VA-ECMO include major bleeding (incidence 26.8–56.6%), neurologic complica-
tions (9.9–17.7%), acute kidney injury (35.5–74%) and infections (19.5–44%) [26]. Specifically
for peripheral VA-ECMO, one must be cautious of obstruction of the femoral artery, poten-
tially leading to lower limb ischemia [27] (incidence 12.5–22.6%). Separate cannulation of
the distal femoral artery with antegrade perfusion branching of the ECMO circuit is fre-
quently used to prevent limb ischemia. Additionally, the competition between anterograde
flow, driven by cardiac output, and retrograde flow generated by VA-ECMO [28] can lead
to LV overload, pulmonary edema and ultimately the Harlequin syndrome.

The use of VA-ECMO in out-of-hospital cardiac arrest is of special consideration
as several recent trials on the subject have been published with conflicting results. The
ARREST trial showed promising results in patients presenting with cardiac arrest [29],
driven by a mean arrest-to-VA-ECMO time of 59 min and a survival of 43%. Consecutively,
the PRAGUE-OHCA trial showed no difference in survival after OHCA in a per-protocol
analysis; however, it showed a 9.5% difference in survival in favor of the ECMO group [30].
A post hoc analysis showed that if return of spontaneous circulation (ROSC) was obtained,
survival was significantly higher in the ECMO group with an average arrest-to-ECMO time
of 61 min. Third, the INCEPTION trial showed no difference in survival between the ECMO
and the conventional group. However, arrest -o-VA-ECMO time was lengthy at 74 min [31].
Therefore, it was suggested that if the time from cardiac arrest to VA-ECMO was decreased,
the chances of a favorable outcome would increase. The currently running ON-SCENE trial
will hopefully answer the question of whether a short arrest-to-VA-ECMO time through
pre-hospital ECMO insertion will increase survival. Potentially, this could mean that the
role of VA-ECMO in the treatment of cardiac arrest will become more pre-hospital-based.

6. High-Risk Percutaneous Coronary Interventions

PCI may become a high-risk procedure [32] when dealing with patients with extensive
comorbidities and/or reduced LV function (LVEF < 40%) combined with challenging
coronary anatomies. These challenging coronary anatomies may involve multivessel
disease, left main disease, extensive coronary calcification requiring debulking techniques
and last remaining vessels. The performance of high-risk PCI can lead to a high rate of
periprocedural complications and mortality [33,34]. pMCS is frequently used during PCI,
aiming to prevent major adverse cardiac and cerebrovascular events (MACCEs).

The PROTECT II study in 2012 compared Impella 2.5 support during high-risk PCI
with support with an IABP [35]. It demonstrated that the 30-day incidence of MACCEs was
not different for patients with IABP or Impella 2.5 support. However, trends for improved
outcomes were observed for Impella 2.5-supported patients at 90 days. The subsequent
study, the PROTECT III trial, compared the more powerful Impella CP to the historic
Impella 2.5 cohort of the PROTECT II trial [36]. Here it demonstrated fewer MACCEs
in the PROTECT III group at 90 days, and additionally, fewer bleeding complications
were observed, and more complete revascularization was achieved. In addition to these
results, Wollmuth et al. also showed significant improvement in the LVEF at 90 days in
patients undergoing high-risk PCI with Impella support. Also, patients with more complete
revascularization showed a greater increase in ejection fraction [37].

The timing of Impella in such a scenario, either pre- or postprocedure, appears to
have no influence on clinical outcomes in the short or long term. Becher et al. showed no
difference in the occurrence of MACCEs between patients with Impella 2.5 support before
or after PCI [38]. However, the number of included patients was small, and it remains to be
seen if larger future studies yield similar results. The meta-analysis by Leon et al. indicated
that in patients experiencing acute myocardial infarction complicated by cardiogenic shock,
initiating Impella preemptively before PCI resulted in improved 30-day survival compared



J. Clin. Med. 2023, 12, 7755 5 of 16

to commencing Impella after PCI [39]. There was no significant difference between both
groups in the occurrence of complications, as mentioned earlier in this article. The ongoing
PROTECT IV trial aims to address Impella timing issues in patients undergoing high-risk
PCI [40].

VA-ECMO can also be used for assistance in high-risk PCI [41]. Scarce data show
promising results in performing high-risk PCI with the prophylactic use of VA-ECMO [42].
However, the sample size is small, and prophylactic VA-ECMO implantation prior to
high-risk PCI is far from clinical practice in most hospitals. The now-recruiting CHIP-BCIS3
trial will, among other things, address this issue [43]. In comparison to the Impella device,
VA-ECMO is relatively cheap. However, with the scarce evidence presently at hand, some
consider VA-ECMO to be a more invasive strategy than Impella.

A more novel technique, the PulseCath iVAC 2L, has been used in the recent past
to provide pulsatile circulatory support during high-risk PCI. The documented sample
size remains very small in the literature; however, it showed significantly more circulatory
support compared to conventional IABP [44]. Comparing its performance against more
frequently used continuous-flow devices in randomized controlled trials is needed to
determine its applicability in clinical use.

As mentioned in the introduction, routine use of IABP is not recommended in patients
with myocardial infarction and cardiogenic shock undergoing high-risk PCI, independently
of the timing of insertion [45]. However, its role as a rescue therapy for subgroups remains
unclear. Especially in patients with failed revascularization or persistent cardiogenic shock
after PCI, evidence remains scarce. A small trial observed a non-significant but possibly
clinically relevant advantage for IABP insertion in patients with post-PCI cardiogenic
shock [46].

7. Ventricular Tachycardia Ablation

Ventricular tachycardia (VT), whether due to ischemic or non-ischemic cardiomy-
opathy, carries a high burden of morbidity and mortality. An implantable cardioverter–
defibrillator (ICD) and anti-arrhythmic medications are the primary treatments, aimed at
either terminating VT or reducing the risk of its occurrence. In cases of persistent VT with
frequent ICD shocks or escalating anti-arrhythmic therapy, morbidity and mortality increase
and quality of life decreases [47,48]. A catheter or radiofrequency ablation is an effective
therapy recommended for a select group of patients according to the 2022 ESC guidelines
for the management of patients with ventricular arrhythmias. This group includes patients
with refractory symptoms of either ischemic or non-ischemic cardiomyopathy, which do
not respond to or are intolerant of anti-arrhythmic medication [49].

In 11% of patients with scar-related VT, hemodynamic instability occurs during VT
ablation due to the complexity of the substrate, concurrent heart failure, VT storm devel-
opment, and the presence of comorbidities such as diabetes mellitus (DM) and chronic
obstructive pulmonary disease (COPD). In this group, the success rate of the procedure is
lower, and mortality is higher during follow-up [50]. To prevent hemodynamic instability
during the procedure, pMCS may be considered.

Randomized controlled studies concerning the use of pMCS in VT ablations are still to
be performed. Therefore, current recommendations are based on data from observational
studies and meta-analyses.

In the meta-analysis by Turagam et al. from 2018, the effectiveness and safety of VT
ablation with pMCS devices were examined. Among a total of 2026 patients, 284 received
mechanical support during the procedure, mainly by Impella (2.5 and CP) and Tandem-
Heart (percutaneous left atrial-to-femoral artery bypass using an external centrifugal pump).
This pMCS group was generally sicker, with poorer LV function and more VT storms. No
difference was found in the procedural success rate, VT recurrence and mortality at follow-
up between the two groups. On average, the procedure took an additional 71 min in the
pMCS group, and more complications were observed, including tamponade, bleeding,
infarction and worsening of heart failure (RR 1.83, 95% CI (1.21–2.76), p = 0.004) [51].
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The meta-analysis by Mariani et al. from 2021 showed similar results. They only
described the prophylactic use of mechanical support during VT ablation. A total of
400 procedures were performed, with 187 involving pMCS devices. There were no baseline
differences between both groups. Support was primarily provided with Impella 2.5 and
CP (86.6%) and TandemHeart (13.4%). In the pMCS group, more VTs were induced, and
patients remained longer in VT (24 min). The procedural success rate, 30-day mortality and
the occurrence of complications were similar in both groups. Ultimately, 64% of patients
without prophylactic support received mechanical support per procedure due to severe
hemodynamic instability [52].

In both meta-analyses, VA-ECMO was rarely used and mainly used as a rescue therapy.
The limited use of VA-ECMO as mechanical support during VT ablations is also reflected
in the systematic review by Vallabhajosyula et al. from 2020, which examined short-term
mortality (in-hospital or <30 days) with this form of support. A total of seven studies
with 867 patients were included through a literature search over 20 years (2000–2019). Of
these, 15% received support with VA-ECMO, mostly due to hemodynamic instability from
VT storms. On average, 2–3 VTs were induced per procedure. Ablation times ranged
from 34 min to 4.7 h, and the duration of ECMO support ranged from 140 min to 6 days.
Short-term mortality in the pMCS group was 15% due to refractory VT, cardiac arrest
and heart failure. The most common complications were bleeding/hemolysis (6.2%) and
vascular injury (6.2%) [53].

8. Transcatheter Aortic Valve Replacement

Aortic valve stenosis is a prevalent valve disorder, associated with significant morbid-
ity, mortality and societal disease burden. Its prevalence increases with age, rising from
0.2% in those aged 50–60 to 9.8% in those aged 80–89 years [54]. Aortic valve stenosis is a
mechanical issue, and the definitive treatment involves either surgical aortic valve replace-
ment (SAVR) or transcatheter aortic valve replacement (TAVR). Non-invasive treatment
primarily focuses on symptom management and preventing disease deterioration but has a
poor prognosis with a 5-year mortality of 50–60% and a 10-year mortality of 90% [55].

SAVR was once regarded as the gold standard for severe aortic valve stenosis. How-
ever, it cannot be performed in 32% of cases due to comorbidities or patient inoperabil-
ity [56], and TAVR has been a viable alternative for both inoperable/high-risk patients and
patients of age since its introduction in 2002 [57–60].

During the TAVR procedure, there are patient- and procedure-related factors that
can lead to severe hemodynamic instability. Patient-related causes are mainly due to
cardiopulmonary dysfunction and comorbidities typical of patients with severe aortic
valve stenosis [61]. The cause of hemodynamic instability due to procedural factors should
primarily be attributed to myocardial stunning, resulting from the valve placement itself,
valve dislocation, severe regurgitation of the newly placed valve, coronary obstruction,
annulus rupture, arrhythmias and/or tamponade [62]. Mechanical support during the
procedure, either prophylactically or as a rescue strategy, can provide a solution.

As of now, there has been limited systematic research on pMCS during the TAVR
procedure, making it challenging to draw definitive conclusions.

Through a systematic review, Vallabhajosyula et al. attempted to gain a better under-
standing of the indications, complications, and clinical outcomes of patients who under-
went TAVR with periprocedural VA-ECMO support. A literature search from 2000 to 2018
identified nine studies involving a total of 5191 patients, examining short- and long-term
mortality. In total, 3.9% of patients received support with VA-ECMO, primarily periproce-
durally due to severe hemodynamic instability from procedure-related complications such
as rhythm problems, annulus rupture, aortic valve regurgitation and main stem stenosis.
Short-term mortality (in-hospital/30-day) was 29.8%, and 1-year mortality was 52.4%.
Complications (bleeding, vascular injury, tamponade, cerebral ischemia and kidney failure)
were noted in 10–50% of patients. Although this systematic review provides some insight
into the type of patient and the effect of VA-ECMO use as a rescue therapy on mortality,
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it offers limited insight into the effects of prophylactic VA-ECMO during TAVR and the
associated patient population [63].

The MUST registry attempted to address this by collaborating with 13 high-volume
centers (>100 TAVRs per year) worldwide. Besides the use of VA-ECMO support, it also
described other forms of pMCS. Its goal was to systematically collect data on mortality
with pMCS use during the TAVR procedure in the short and long term (1 year). It also
examined device-related complications. Over a 10-year period (2011–2020), 87 patients
(76.5 ± 11.8 years, 63.2% male) were registered. These patients, with severe aortic valve
stenosis, required mechanical support during TAVR (prophylactic 39.1%, rescue therapy
50.6%, postprocedure 10.3%) due to severe hemodynamic instability. In the majority, VA-
ECMO was used (75.9%), followed by Impella CP (19.5%) and TandemHeart (4.6%). The
preference for VA-ECMO is likely since VA-ECMO, unlike Impella and TandemHeart, does
not interfere with the TAVR procedure and provides both cardiac and pulmonary support.
In 10.3%, an IABP was placed with VA-ECMO for LV unloading. In-hospital and long-
term mortality were 27.5% and 49.4%, respectively. Patients with prophylactically placed
pMCS had lower periprocedure mortality than patients receiving pMCS as rescue therapy.
There was no difference in survival between the different pMCS devices. Complications
were observed in 57.3% of procedures (bleeding and vascular injury 21.8%, CVA 5.7% and
myocardial infarction 8%), of which 10.3% were registered as device-related [62].

Specific research on Impella usage during TAVR encompasses a single-center study
from 2020 by Amalla et al. In this prospective study, the authors looked at 30-day mortality
with Impella (2.5 and CP) use during TAVR. Out of 390 patients, 10% received Impella
support as rescue therapy for cardiogenic shock. The 30-day mortality was 40%. There
were no cases of cerebral ischemia or vascular complications in this patient group [64].

9. Transcatheter Edge-to-Edge Repair Procedures

Mitral valve regurgitation (MR) is the most prevalent valve abnormality in the Western
world, affecting approximately 1 to 2% of the population. MR is divided into primary and
secondary mitral regurgitation (PMR/SMR). Its prevalence increases with age, with the
valve abnormality occurring in almost 10% of the population over the age of 75. The left
ventricle experiences dilatation due to volume overload, without a concurrent increase in
muscle thickness (hypertrophy) [65]. Without adequate treatment, this cardiac remodeling
can lead to heart failure and ultimately death [66].

For PMR, the 2021 ESC/EACTS guidelines for the management of valvular heart
disease recommend surgical valve repair in patients with symptomatic severe mitral
valve insufficiency (MR grade 3 or 4) and asymptomatic patients with poor LV func-
tion (LVEF ≤ 60% or LVESD ≥ 40%) or high pulmonary pressures (SPAP > 50 mmHg) and
an estimated acceptable surgical risk. For patients with high surgical risk or patients who
are deemed inoperable, transcatheter treatment is seen as a viable alternative, for which
transcatheter edge-to-edge repair (TEER) is the most extensively studied and successful
method [60,67–70]. With the introduction of the PASCAL transcatheter valve repair system,
transcatheter options have further expanded, making priorly inoperable patients eligible
for TEER [71].

Patients undergoing a TEER procedure can anticipate a moderate hemodynamic status
due to valve insufficiency itself, cardiomyopathy, cardiac remodeling and the presence
of comorbidities. Especially in the increasingly larger group of patients deemed unfit
for surgery, pMCS can help maintain or optimize hemodynamics during the procedure,
potentially leading to better patient outcomes. However, systematic research on this form
of support during the TEER procedure has not been conducted to our knowledge. Evidence
for the safety and effectiveness of these devices can currently only be based on information
from a few case reports/series.

In these reports, pMCS was primarily employed as a rescue or bailout strategy for
patients experiencing cardiogenic shock and severe MR, often secondary to various forms
of cardiomyopathy. The most frequently utilized pMCS devices were the newer Impella
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(CP, 5 or 5.5) systems, known for their ability to generate high flows. In all cases, the use
of the pMCS device, whether it was Impella, ECMO or a combination thereof, resulted in
the technical success of the TEER procedure. Most of these patients could be weaned off
pMCS devices and inotropes after the TEER procedure, with improvement in mitral valve
insufficiency and heart failure symptoms. Only a few patients died due to multi-organ
failure [72–84].

10. Catheter-Directed Therapies for Pulmonary Embolism

The global burden imposed by pulmonary embolism is high [85,86], not only due to
immediate pulmonary embolism (PE)-related death, hospitalization and morbidity, but also
after the initial diagnosis and treatment as up to half of the survivors describe a persistent
decrease in functional capacity and quality of life [87], known as the post-pulmonary-
embolism syndrome [88].

The clinical manifestations of acute PE within the first hours range from asymptomatic
incidentally diagnosed PEs to obstructive shock requiring hemodynamic resuscitation
and support, the latter referred to as high-risk PE. Treatment of high-risk PE is obviously
directed to immediate reperfusion to relieve the right ventricle and to ensure systemic
perfusion to prevent early PE-related death [89]. Catheter-guided therapies, sometimes
combined with pMCS to preserve cardiac output, have been used to directly decrease the
thrombotic burden. In non-high-risk patients, reperfusion therapy should be reserved for
those in whom the anticoagulation treatment fails [90]. For decades, systemic thrombolysis
has been the first-line reperfusion therapy in high-risk and non-high-risk acute PE [89,90].

However, the use of systemic thrombolytic therapy imposes a considerable 10–15%
risk of major hemorrhage and a 2% risk of intracranial bleeding, leading to considerable
mortality and morbidity. It is therefore discouraged in the event of absolute or relative con-
traindications, and only a small proportion of patients affected by high-risk PE ultimately
receive systemic thrombolysis [91–93]. For these reasons, the mortality of high-risk PE
remains high to date. Over the past 20 years, new catheter-directed reperfusion techniques
have been developed, increasingly involving interventional cardiology and radiology in
the management of acute PE, in high-risk as well as non-high-risk patients. Especially
because of their considerably better safety profile over systemic thrombolysis, the use of
catheter-guided therapies becomes more and more appealing in selected stable patients at
high risk of decompensation and death. Notably, to date, besides case series and registries,
no significant evidence is available for the use of catheter-directed therapies in PE patients.

Catheter-directed therapies can grossly be divided into four main groups: throm-
bus fragmentation, aspiration embolectomy, rheolytic thrombectomy and ultrasound-
accelerated catheter-directed thrombolysis, all showing promising results with low risks of
bleeding [94–99]. It should be stated that for reperfusion therapy to be successful (hemody-
namic improvement), complete clot removal is not necessary. Clear criteria for treatment
success are not available. Even so, immediate improvement of hemodynamic (heart rate,
PAP, cardiac output) and respiratory vital parameters are strong markers of adequate treat-
ment response and can be used to stop the catheter treatment. It should also be emphasized
that anticoagulation during and after completion of the catheter-guided procedure remains
the keystone of successful PE treatment.

For patients with PE who are hemodynamically stable, the question remains which
patients need more aggressive therapy to prevent morbidity and mortality. Further strat-
ification and choice of definitive therapy of this subgroup through RV function assess-
ment [89,100–102] and troponin levels [103–105] is preferably guided by a PERT, consisting
of all locally available specialties that are involved in the treatment of severe PE, e.g., a
vascular or pulmonary physician, a cardiac surgeon, an interventional cardiologist and/or
an intensive/critical care specialist. A post hoc analysis of the PEITHO trial suggested
that adding clinical characteristics of patients on top of biomarkers and evaluation of RV
function allows for better identification of stable patients who may benefit from upfront
reperfusion [106]. Several large randomized controlled trials comparing catheter-directed
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therapy to the standard of care in hemodynamically stable patients are being performed to
provide evidence and guide PERT decisions [107–111].

When focusing on catheter-guided therapy, pMCS can be used as prophylactic peripro-
cedural support or as a bail-out for periprocedural refractory hemodynamic instability. Due
to the fact that there are no primary indications at the moment for catheter-guided therapy
in patients with massive or submassive PE, most literature describes pMCS as a rescue
therapy in patients with severe hemodynamic instability. The nature of shock (obstructive
right ventricular failure) at least requires right ventricular support.

A right-sided Impella device (Impella RP) can provide hemodynamic support in
patients with refractory shock due to PE. Impella RP showed significant hemodynamic im-
provement in post-cardiotomy syndrome or in acute myocardial ischemia [16]. For PE, how-
ever scarce, several case reports show survival benefit using Impella RP devices with high
rates of successful weaning of the support device and discharge from the hospital [112,113].

Patients who received mechanical support via VA-ECMO in these case reports also had
favorable outcomes regarding device weaning and hospital discharge. However, when com-
pared to Impella RP devices, the numbers were lower [114]. A small case cohort showed
95% survival at 90 days when VA-ECMO was used as hemodynamic support in high-risk
PE patients with refractory shock and end-organ failure [115]. However, a recent review
showed no overall short-term benefit and only suggested its use in patients < 60 years
or post-surgical embolectomy [116]. Bleeding complications and availability are remain-
ing concerns.

For other pMCS devices, only small case series are available, and recommendations
are limited. Four patients with massive PE were treated with a percutaneous RVAD device.
All patients showed RV recovery [117,118].

To date, evidence on the timing and type of pMCS in hemodynamically stable and unsta-
ble PE patients is scarce, and future research is needed to guide optimal treatment [89,100–106].

11. Summary, Conclusions and Future Perspective

As a result of an aging population and advancements in healthcare, we are increas-
ingly encountering patients with extensive comorbidities and end-stage cardiovascular
failure that require medical treatment [119]. In high-risk patients, such as patients with a
need for acute coronary revascularization, acute reperfusion due to PE, persistent rhythm
problems despite adequate drug therapy, and valve abnormalities such as severe aortic
valve stenosis and mitral valve insufficiency, transcatheter treatment serves as a viable
alternative to surgical or solo drug therapy [59,60,120]. Despite the minimally invasive
nature of procedures in the catheterization room, a higher likelihood of periprocedural
complications and mortality has been found when these procedures are performed in this
high-risk population [33,34,50,61]. Theoretically, periprocedural pMCS in the form of an
Impella or ECMO device could provide a solution during these procedures, by maintaining
and optimizing coronary and organ perfusion with the aim of improving future clinical
outcomes for the patient. An overview of the most frequently used pMCS is provided
in Figures S1 and S2 [23]. Based on the literature found, although still scarce for many
procedures in the cath lab, this theory appears to apply.

Studies on the prophylactic use of ECMO during high-risk PCIs show promising
results [42]. This contrasts with prophylactic Impella use, where there is still much un-
certainty about the optimal timing. The ongoing PROTECT IV trial aims to address this
issue [40]. This multicenter randomized controlled trial builds upon previous PROTECT
trials and investigates the effect of preventive Impella support on MACCEs in patients
undergoing high-risk PCI.

Although pMCS support during the TAVR procedure is rarely necessary, positive
results on clinical outcomes also seem to apply to it. It can be used not only as prophylactic
support during high-risk procedures, but also as a rescue strategy in cases of hemodynamic
failure. Moreover, the expected complication risk related to pMCS devices seems relatively
low [62–64].
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Less favorable results seem to exist for pMCS support during VT ablations. Even
though hemodynamics stabilizes during the procedure with pMCS support, allowing for
more extensive and prolonged treatment, this improvement in procedural aspects does not
translate into better outcomes. Both procedural success and mortality do not improve with
pMCS use compared to those for patients who do not receive mechanical support [51,52].
Impella appears to be the preferred device during VT ablation. This preference is likely
because ECMO support can only be applied in specialized centers; it is a more invasive
procedure, and there is a higher risk of thromboembolism, bleeding and stasis in the left
ventricle, which complicates VT mapping and ablation [121].

Little is known about the effects of pMCS devices on clinical outcomes during the
TEER procedure. Our knowledge is completely based on case reports/series, so it is hard
to draw any conclusions about this topic.

For patients with refractory shock and PE, catheter-directed therapies show promis-
ing results, especially regarding the safety of the procedure. pMCS devices (right-sided
mechanical support and VA ECMO) are more readily available and could provide partial
or full hemodynamic support in these patients. However, robust data on short- and long-
term patient outcomes are lacking, as are data on the recommended catheter system and
the use of pMCS devices during catheter-directed therapy. Preferably, in the absence of
contraindications, high-risk PE should therefore be treated with full systemic thrombol-
ysis and intermediate-risk PE with anticoagulation alone, while awaiting new data. The
use of catheter-directed therapy and pMCS devices should depend on availability and
local expertise.

Besides the use of pMCS in a specific procedure, much can be learned from the use
of pMCS in patients with cardiogenic shock. In general, randomized controlled trials
comparing ECMO with less-invasive pMCS are needed to support the recent increase
in ECMO use. A similar gap in evidence applies to the use of total mechanical support
combining ECMO with Impella or IABP to facilitate increasingly complex procedures or
support in cardiogenic shock. Also, because of its widespread use due to its low costs and
simplicity, evidence and recommendations for IABP therapy are needed to specify its exact
indications besides the negative recommendation for its use in high-risk PCI.

For most procedures, the use of pMCS is predominantly either preemptive or as a
bail-out strategy. Since its use is almost exclusively related to high-risk patients, baseline
mortality and adverse events are high. Consecutively, limited data are available, and guide-
lines generally suggest the use of pMCS as a last-resort therapy. Future recommendations
on the deployment of pMCS as a standard of care should be based on randomized evidence
from upcoming trials. Until then, a multidisciplinary approach should be sought to guide
pMCS decisions for these high-risk and complex patient populations.

The need for novel techniques is never-ending, and improving minimally invasive
techniques could potentially aid a large population in need of cardiovascular intervention.
To enhance the understanding of the safety and effectiveness of pMCS devices in this often
high-risk population undergoing a minimally invasive procedure in the cath lab, further
systematic and randomized research is required.

Supplementary Materials: The following supporting information can be downloaded at: https://
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circulatory support.

Author Contributions: Conceptualization: C.E.L.S., N.T.A.G. and F.S.v.d.B. Writing, original draft
preparation: C.E.L.S. and N.T.A.G. Writing, review and editing: C.E.L.S., N.T.A.G., J.M.-C., C.V.E.K.,
F.A.K. and F.S.v.d.B. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

https://www.mdpi.com/article/10.3390/jcm12247755/s1
https://www.mdpi.com/article/10.3390/jcm12247755/s1


J. Clin. Med. 2023, 12, 7755 11 of 16

Data availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Hochman, J.S.; Sleeper, L.A.; Webb, J.G.; Sanborn, T.A.; White, H.D.; Talley, J.D.; Christopher, E.B.; Jacobs, A.K.; Slater, J.N.; Col,

J.; et al. Early Revascularization in Acute Myocardial Infarction Complicated by Cardiogenic Shock. N. Engl. J. Med. 1999, 341,
625–634. [CrossRef] [PubMed]

2. Amin, A.P.; Spertus, J.A.; Curtis, J.P.; Desai, N.; Masoudi, F.A.; Bach, R.G.; McNeely, C.; Al-Badarin, F.; House, J.A.; Kulkarni,
H.; et al. The Evolving Landscape of Impella Use in the United States Among Patients Undergoing Percutaneous Coronary
Intervention With Mechanical Circulatory Support. Circulation 2020, 141, 273–284. [CrossRef] [PubMed]

3. Dhruva, S.S.; Ross, J.S.; Mortazavi, B.J.; Hurley, N.C.; Krumholz, H.M.; Curtis, J.P.; Berkowitz, A.; Masoudi, F.A.; Messenger, J.C.;
Parzynski, C.S.; et al. Association of Use of an Intravascular Microaxial Left Ventricular Assist Device vs Intra-aortic Balloon Pump
With In-Hospital Mortality and Major Bleeding Among Patients With Acute Myocardial Infarction Complicated by Cardiogenic
Shock. J. Am. Med. Assoc. 2020, 323, 734–745. [CrossRef]

4. Thiele, H.; Zeymer, U.; Neumann, F.-J.; Ferenc, M.; Olbrich, H.-G.; Hausleiter, J.; Richardt, G.; Hennersdorf, M.; Empen, K.;
Fuernau, G.; et al. Intraaortic Balloon Support for Myocardial Infarction with Cardiogenic Shock. N. Engl. J. Med. 2012, 367,
1287–1296. [CrossRef] [PubMed]

5. Thiele, H.; Zeymer, U.; Thelemann, N.; Neumann, F.J.; Hausleiter, J.; Abdel-Wahab, M.; Meyer-Saraei, R.; Fuernau, G.; Eitel, I.;
Hambrecht, R.; et al. Intraaortic Balloon Pump in Cardiogenic Shock Complicating Acute Myocardial Infarction: Long-Term
6-Year Outcome of the Randomized IABP-SHOCK II Trial. Circulation 2019, 139, 395–403. [CrossRef]

6. Perera, D.; Stables, R.; Thomas, M.; Booth, J.; Pitt, M.; Blackman, D.; de Belder, A.; Redwood, S.; for the BCIS-1 Investigators.
Elective Intra-aortic Balloon Counterpulsation During High-Risk Percutaneous Coronary Intervention: A Randomized Controlled
Trial. J. Am. Med. Assoc. 2010, 304, 867–874. [CrossRef]

7. Moulopoulos, S.D.; Topaz, S.; Kolff, W.J. Diastolic balloon pumping (with carbon dioxide) in the aorta—A mechanical assistance
to the failing circulation. Am. Heart J. 1962, 63, 669–675. [CrossRef]

8. Parissis, H.; Graham, V.; Lampridis, S.; Lau, M.; Hooks, G.; Mhandu, P.C. IABP: History-evolution-pathophysiology-indications:
What we need to know. J. Cardiothorac. Surg. 2016, 11, 122. [CrossRef]

9. Ponikowski, P.; Voors, A.A.; Anker, S.D.; Bueno, H.; Cleland, J.G.; Coats, A.J.; Falk, V.; González-Juanatey, J.R.; Harjola, V.-P.;
Jankowska, E.A.; et al. 2016 ESC Guidelines for the diagnosis and treatment of acute and chronic heart failure. Kardiol. Pol. 2016,
74, 1037–1147. [CrossRef]

10. Akodad, M.; Delmas, C.; Bonello, L.; Duflos, C.; Roubille, F. Intra-aortic balloon pump: Is. the technique really outdated? ESC
Heart Fail. 2020, 7, 1025–1030. [CrossRef]

11. Nishida, H.; Song, T.; Onsager, D.; Nguyen, A.; Grinstein, J.; Chung, B.; Smith, B.; Kalantari, S.; Sarswat, N.; Kim, G.; et al.
Significant vascular complications in percutaneous axillary intra-aortic balloon pump. Ann. Vasc. Surg. 2022, 83, 42–52. [CrossRef]
[PubMed]

12. Karuppiah, S.; Remskar, M.; Prielipp, R. Management of patients with the Intravascular Ventricular Assist System (iVAS) for
non-cardiac surgery. Ann. Card. Anaesth. 2022, 25, 349–352. [CrossRef] [PubMed]

13. Uriel, N.; Jeevanandam, V.; Imamura, T.; Onsager, D.; Song, T.; Ota, T.; Juricek, C.; Combs, P.; Lammy, T.; Patel-Raman, S.; et al.
Clinical Outcomes and Quality of Life With an Ambulatory Counterpulsation Pump in Advanced Heart Failure Patients: Results
of the Multicenter Feasibility Trial. Circ. Heart Fail. 2020, 13, e006666. [CrossRef] [PubMed]

14. Meyns, B.; Dens, J.; Sergeant, P.; Herijgers, P.; Daenen, W.; Flameng, W. Initial experiences with the Impella device in patients
with cardiogenic shock—Impella support for cardiogenic shock. Thorac. Cardiovasc. Surg. 2003, 51, 312–317.

15. Raess, D.H.; Weber, D.M. Impella 2.5. J. Cardiovasc. Transl. Res. 2009, 2, 168–172. [CrossRef] [PubMed]
16. Anderson, M.B.; Goldstein, J.; Milano, C.; Morris, L.D.; Kormos, R.L.; Bhama, J.; Kapur, N.K.; Bansal, A.; Garcia, J.; Baker, J.N.;

et al. Benefits of a novel percutaneous ventricular assist device for right heart failure: The prospective RECOVER RIGHT study of
the Impella RP device. J. Heart Lung Transplant. 2015, 34, 1549–1560. [CrossRef] [PubMed]

17. Remmelink, M.; Sjauw, K.D.; Henriques, J.P.; de Winter, R.J.; Koch, K.T.; van der Schaaf, R.J.; Vis, M.M.; Tijssen, J.G.; Piek, J.J.;
Baan, J. Effects of left ventricular unloading by Impella recover LP2.5 on coronary hemodynamics. Catheter. Cardiovasc. Interv.
2007, 70, 532–537. [CrossRef]

18. Sjauw, K.D.; Konorza, T.; Erbel, R.; Danna, P.L.; Viecca, M.; Minden, H.-H.; Butter, C.; Engstrøm, T.; Hassager, C.; Machado, F.P.;
et al. Supported High-Risk Percutaneous Coronary Intervention With the Impella 2.5 Device: The Europella Registry. J. Am. Coll.
Cardiol. 2009, 54, 2430–2434. [CrossRef]

19. Zein, R.; Patel, C.; Mercado-Alamo, A.; Schreiber, T.; Kaki, A. A Review of the Impella Devices. Interv. Cardiol. 2022, 17, e05.
[CrossRef]

20. Ali, J.M.; Abu-Omar, Y. Complications associated with mechanical circulatory support. Ann. Transl. Med. 2020, 8, 835. [CrossRef]
21. Dhruva, S.S.; Mortazavi, B.J.; Desai, N.R. Intravascular Microaxial Left Ventricular Assist Device vs Intra-aortic Balloon Pump for

Cardiogenic Shock—Reply. J. Am. Med. Assoc. 2020, 324, 303–304. [CrossRef] [PubMed]

https://doi.org/10.1056/NEJM199908263410901
https://www.ncbi.nlm.nih.gov/pubmed/10460813
https://doi.org/10.1161/CIRCULATIONAHA.119.044007
https://www.ncbi.nlm.nih.gov/pubmed/31735078
https://doi.org/10.1001/jama.2020.0254
https://doi.org/10.1056/NEJMoa1208410
https://www.ncbi.nlm.nih.gov/pubmed/22920912
https://doi.org/10.1161/CIRCULATIONAHA.118.038201
https://doi.org/10.1001/jama.2010.1190
https://doi.org/10.1016/0002-8703(62)90012-1
https://doi.org/10.1186/s13019-016-0513-0
https://doi.org/10.5603/KP.2016.0141
https://doi.org/10.1002/ehf2.12721
https://doi.org/10.1016/j.avsg.2021.12.078
https://www.ncbi.nlm.nih.gov/pubmed/34995740
https://doi.org/10.4103/aca.aca_53_21
https://www.ncbi.nlm.nih.gov/pubmed/35799566
https://doi.org/10.1161/CIRCHEARTFAILURE.119.006666
https://www.ncbi.nlm.nih.gov/pubmed/32264715
https://doi.org/10.1007/s12265-009-9099-4
https://www.ncbi.nlm.nih.gov/pubmed/20559984
https://doi.org/10.1016/j.healun.2015.08.018
https://www.ncbi.nlm.nih.gov/pubmed/26681124
https://doi.org/10.1002/ccd.21160
https://doi.org/10.1016/j.jacc.2009.09.018
https://doi.org/10.15420/icr.2021.11
https://doi.org/10.21037/atm.2020.03.152
https://doi.org/10.1001/jama.2020.7560
https://www.ncbi.nlm.nih.gov/pubmed/32692385


J. Clin. Med. 2023, 12, 7755 12 of 16

22. Kar, B.; Adkins, L.E.; Civitello, A.B.; Loyalka, P.; Palanichamy, N.; Gemmato, C.J.; Myers, T.J.; Gregoric, I.D.; Delgado, R.M.
Clinical experience with the TandemHeart percutaneous ventricular assist device. Tex. Heart Inst. J. 2006, 33, 111–115. [PubMed]

23. Salter, B.S.; Gross, C.R.; Weiner, M.M.; Dukkipati, S.R.; Serrao, G.W.; Moss, N.; Anyanwu, A.C.; Burkhoff, D.; Lala, A. Temporary
mechanical circulatory support devices: Practical considerations for all stakeholders. Nat. Rev. Cardiol. 2023, 20, 263–277.
[CrossRef] [PubMed]

24. Thiele, H.; Sick, P.; Boudriot, E.; Diederich, K.-W.; Hambrecht, R.; Niebauer, J.; Schuler, G. Randomized comparison of intra-aortic
balloon support with a percutaneous left ventricular assist device in patients with revascularized acute myocardial infarction
complicated by cardiogenic shock. Eur. Heart J. 2005, 26, 1276–1283. [CrossRef]

25. Cheng, J.M.; den Uil, C.A.; Hoeks, S.E.; van der Ent, M.; Jewbali, L.S.; van Domburg, R.T.; Serruys, P.W. Percutaneous left
ventricular assist devices vs. intra-aortic balloon pump counterpulsation for treatment of cardiogenic shock: A meta-analysis of
controlled trials. Eur. Heart J. 2009, 30, 2102–2108. [CrossRef]

26. Cheng, R.; Hachamovitch, R.; Kittleson, M.; Patel, J.; Arabia, F.; Moriguchi, J.; Esmailian, F.; Azarbal, B. Complications of
Extracorporeal Membrane Oxygenation for Treatment of Cardiogenic Shock and Cardiac Arrest: A Meta-Analysis of 1,866 Adult
Patients. Ann. Thorac. Surg. 2014, 97, 610–616. [CrossRef]

27. Foley, P.J.; Morris, R.J.; Woo, E.Y.; Acker, M.A.; Wang, G.J.; Fairman, R.M.; Jackson, B.M. Limb ischemia during femoral cannulation
for cardiopulmonary support. J. Vasc. Surg. 2010, 52, 850–853. [CrossRef]

28. Stulak, J.M.; Dearani, J.A.; Burkhart, H.M.; Barnes, R.D.; Scott, P.D.; Schears, G.J. ECMO Cannulation Controversies and
Complications. Semin. Cardiothorac. Vasc. Anesthesia 2009, 13, 176–182. [CrossRef]

29. Yannopoulos, D.; Bartos, J.; Raveendran, G.; Walser, E.; Connett, J.; Murray, T.A.; Collins, G.; Zhang, L.; Kalra, R.; Kosmopoulos,
M.; et al. Advanced reperfusion strategies for patients with out-of-hospital cardiac arrest and refractory ventricular fibrillation
(ARREST): A phase 2, single centre, open-label, randomised controlled trial. Lancet 2020, 396, 1807–1816. [CrossRef]

30. Belohlavek, J.; Smalcova, J.; Rob, D.; Franek, O.; Smid, O.; Pokorna, M.; Horák, J.; Mrazek, V.; Kovarnik, T.; Zemanek, D.;
et al. Effect of Intra-arrest Transport, Extracorporeal Cardiopulmonary Resuscitation, and Immediate Invasive Assessment and
Treatment on Functional Neurologic Outcome in Refractory Out-of-Hospital Cardiac Arrest: A Randomized Clinical Trial. J. Am.
Med. Assoc. 2022, 327, 737–747. [CrossRef]

31. Suverein, M.M.; Delnoij, T.S.; Lorusso, R.; Brandon Bravo Bruinsma, G.J.; Otterspoor, L.; Elzo Kraemer, C.V.; Vlaar, A.P.; van der
Heijden, J.J.; Scholten, E.; den Uil, C.; et al. Early Extracorporeal CPR for Refractory Out-of-Hospital Cardiac Arrest. N. Engl. J.
Med. 2023, 388, 299–309. [CrossRef]

32. Neumann, F.-J.; Sousa-Uva, M.; Ahlsson, A.; Alfonso, F.; Banning, A.P.; Benedetto, U.; Byrne, R.A.; Collet, J.-P.; Falk, V.; Head, S.J.;
et al. 2018 ESC/EACTS Guidelines on myocardial revascularization. Eur. Heart J. 2018, 40, 87–165. [CrossRef] [PubMed]

33. Dangas, G.; Mehran, R.; Feldman, D.; Stoyioglou, A.; Pichard, A.D.; Kent, K.M.; Satler, L.F.; Fahy, M.; Lansky, A.J.; Stone, G.W.;
et al. Postprocedure creatine kinase-MB elevation and baseline left ventricular dysfunction predict one-year mortality after
percutaneous coronary intervention. Am. J. Cardiol. 2002, 89, 586–589. [CrossRef] [PubMed]

34. Herrmann, J. Peri-procedural myocardial injury: 2005 update. Eur. Heart J. 2005, 26, 2493–2519. [CrossRef]
35. O’Neill, W.W.; Kleiman, N.S.; Moses, J.; Henriques, J.P.; Dixon, S.; Massaro, J.; Palacios, I.; Maini, B.; Mulukutla, S.; Džavík, V.;

et al. A prospective, randomized clinical trial of hemodynamic support with Impella 2.5 versus intra-aortic balloon pump in
patients undergoing high-risk percutaneous coronary intervention: The PROTECT II study. Circulation 2012, 126, 1717–1727.
[CrossRef] [PubMed]

36. O’Neill, W.W.; Anderson, M.; Burkhoff, D.; Grines, C.L.; Kapur, N.K.; Lansky, A.J.; Mannino, S.; McCabe, J.M.; Alaswad,
K.; Daggubati, R.; et al. Improved outcomes in patients with severely depressed LVEF undergoing percutaneous coronary
intervention with contemporary practices. Am. Heart J. 2022, 248, 139–149. [CrossRef] [PubMed]

37. Wollmuth, J. Ejection Fraction Improvement Following Contemporary High-Risk Percutaneous Coronary Intervention: RESTORE
EF Study Results. J. Soft Comput. Artif. Intell. 2022, 1, 100350. [CrossRef]

38. Becher, T.; Eder, F.; Baumann, S.; Loßnitzer, D.; Pollmann, B.; Behnes, M.; Borggrefe, M.; Akin, I. Unprotected versus protected
high-risk percutaneous coronary intervention with the Impella 2.5 in patients with multivessel disease and severely reduced left
ventricular function. Medicine 2018, 97, e12665. [CrossRef]

39. Leon, S.A.; Rosen, J.L.; Ahmad, D.; Austin, M.A.; Vishnevsky, A.; Rajapreyar, I.N.; Ruggiero, N.J.; Rame, J.E.; Entwistle, J.W.;
Massey, H.T.; et al. Microaxial circulatory support for percutaneous coronary intervention: A systematic review and meta-analysis.
Artif. Organs 2023, 47, 934–942. [CrossRef]

40. Impella®-Supported PCI in High-Risk Patients With Complex Coronary Artery Disease and Reduced Left Ventricular Function
(PROTECT IV). Available online: https://clinicaltrialsgov/study/NCT04763200 (accessed on 12 December 2023).

41. van den Brink, F.S.; Meijers, T.A.; Hofma, S.H.; van Boven, A.J.; Nap, A.; Vonk, A.; Symersky, P.; Sjauw, K.D.; Knaapen, P.
Prophylactic veno-arterial extracorporeal membrane oxygenation in patients undergoing high-risk percutaneous coronary
intervention. Neth. Heart J. 2020, 28, 139–144. [CrossRef]

42. van den Buijs, D.M.; Wilgenhof, A.; Knaapen, P.; Zivelonghi, C.; Meijers, T.; Vermeersch, P.; Arslan, F.; Verouden, N.; Nap, A.;
Sjauw, K.; et al. Prophylactic Impella CP versus VA-ECMO in Patients Undergoing Complex High-Risk Indicated PCI. J. Interv.
Cardiol. 2022, 2022, 8167011. [CrossRef]

43. Perera, D. Controlled Trial of High-risk Coronary Intervention With Percutaneous Left Ventricular Unloading (CHIP-BCIS3); King’s
College London: London, UK, 2023.

https://www.ncbi.nlm.nih.gov/pubmed/16878609
https://doi.org/10.1038/s41569-022-00796-5
https://www.ncbi.nlm.nih.gov/pubmed/36357709
https://doi.org/10.1093/eurheartj/ehi161
https://doi.org/10.1093/eurheartj/ehp292
https://doi.org/10.1016/j.athoracsur.2013.09.008
https://doi.org/10.1016/j.jvs.2010.05.012
https://doi.org/10.1177/1089253209347943
https://doi.org/10.1016/S0140-6736(20)32338-2
https://doi.org/10.1001/jama.2022.1025
https://doi.org/10.1056/NEJMoa2204511
https://doi.org/10.1093/eurheartj/ehy394
https://www.ncbi.nlm.nih.gov/pubmed/30165437
https://doi.org/10.1016/S0002-9149(01)02299-8
https://www.ncbi.nlm.nih.gov/pubmed/11867045
https://doi.org/10.1093/eurheartj/ehi455
https://doi.org/10.1161/CIRCULATIONAHA.112.098194
https://www.ncbi.nlm.nih.gov/pubmed/22935569
https://doi.org/10.1016/j.ahj.2022.02.006
https://www.ncbi.nlm.nih.gov/pubmed/35192839
https://doi.org/10.1016/j.jscai.2022.100350
https://doi.org/10.1097/MD.0000000000012665
https://doi.org/10.1111/aor.14494
https://clinicaltrialsgov/study/NCT04763200
https://doi.org/10.1007/s12471-019-01350-8
https://doi.org/10.1155/2022/8167011


J. Clin. Med. 2023, 12, 7755 13 of 16

44. den Uil, C.; Daemen, J.; Lenzen, M.J.; Maugenest, A.-M.; Joziasse, L.; van Geuns, R.J.; Van Mieghem, N.M. Pulsatile iVAC 2L
circulatory support in high-risk percutaneous coronary intervention. EuroIntervention 2017, 12, 1689–1696. [CrossRef] [PubMed]

45. Cui, K.; Lyu, S.; Liu, H.; Song, X.; Yuan, F.; Xu, F.; Zhang, M.; Zhang, M.; Wang, W.; Zhang, D.; et al. Timing of initiation of
intra-aortic balloon pump in patients with acute myocardial infarction complicated by cardiogenic shock: A meta-analysis. Clin.
Cardiol. 2019, 42, 1126–1134. [CrossRef] [PubMed]

46. van Nunen, L.X.; van ’t Veer, M.; Zimmermann, F.M.; Wijnbergen, I.; Brueren, G.R.G.; Tonino, P.A.L.; Aarnoudse, W.A.; Pijls,
N.H.J. Intra-aortic balloon pump counterpulsation in extensive myocardial infarction with persistent ischemia: The SEMPER FI
pilot study. Catheter. Cardiovasc. Interv. 2020, 95, 128–135. [CrossRef] [PubMed]

47. Irvine, J.; Dorian, P.; Baker, B.; O’Brien, B.J.; Roberts, R.; Gent, M.; Newman, D.; Connolly, S.J.; for the CIDS Investigators. Quality
of life in the Canadian Implantable Defibrillator Study (CIDS). Am. Heart J. 2002, 144, 282–289. [CrossRef] [PubMed]

48. Schron, E.B.; Exner, D.V.; Yao, Q.; Jenkins, L.S.; Steinberg, J.S.; Cook, J.R.; Kutalek, S.P.; Friedman, P.L.; Bubien, R.S.; Page, R.L.;
et al. Quality of life in the antiarrhythmics versus implantable defibrillators trial: Impact of therapy and influence of adverse
symptoms and defibrillator shocks. Circulation 2002, 105, 589–594. [CrossRef]

49. Zeppenfeld, K.; Tfelt-Hansen, J.; de Riva, M.; Winkel, B.G.; Behr, E.R.; Blom, N.A.; Charron, P.; Corrado, D.; Dagres, N.; de Chillou,
C.; et al. 2022 ESC Guidelines for the management of patients with ventricular arrhythmias and the prevention of sudden cardiac
death. Eur. Heart J. 2022, 43, 3997–4126. [CrossRef]

50. Santangeli, P.; Muser, D.; Zado, E.S.; Magnani, S.; Khetpal, S.; Hutchinson, M.D.; Supple, G.; Frankel, D.S.; Garcia, F.C.; Bala, R.;
et al. Acute hemodynamic decompensation during catheter ablation of scar-related ventricular tachycardia: Incidence, predictors,
and impact on mortality. Circ. Arrhythm. Electrophysiol. 2015, 8, 68–75. [CrossRef]

51. Turagam, M.K.; Vuddanda, V.; Koerber, S.; Garg, J.; Yarlagadda, B.; Dar, T.; Aryana, A.; Di Biase, L.; Natale, A.; Lakkireddy, D.
Percutaneous ventricular assist device in ventricular tachycardia ablation: A systematic review and meta-analysis. J. Interv. Card.
Electrophysiol. 2019, 55, 197–205. [CrossRef]

52. Mariani, S.; Napp, L.C.; Kraaier, K.; Li, T.; Bounader, K.; Hanke, J.S.; Dogan, G.; Schmitto, J.D.; Lorusso, R. Prophylactic mechanical
circulatory support for protected ventricular tachycardia ablation: A meta-analysis of the literature. Artif. Organs 2021, 45,
987–997. [CrossRef]

53. Vallabhajosyula, S.; Vallabhajosyula, S.; Vaidya, V.R.; Patlolla, S.H.; Desai, V.; Mulpuru, S.K.; Noseworthy, P.A.; Kapa, S.; Egbe,
A.C.; Gersh, B.J.; et al. Venoarterial Extracorporeal Membrane Oxygenation Support for Ventricular Tachycardia Ablation: A
Systematic Review. ASAIO J. 2020, 66, 980–985. [CrossRef]

54. Eveborn, G.W.; Schirmer, H.; Heggelund, G.; Lunde, P.; Rasmussen, K. The evolving epidemiology of valvular aortic stenosis.
The Tromsø Study. Heart 2013, 99, 396–400. [CrossRef] [PubMed]

55. Czarny, M.J.; Resar, J.R. Diagnosis and Management of Valvular Aortic Stenosis. Clin. Med. Insights: Cardiol. 2014, 8 (Suppl. S1),
15–24. [CrossRef] [PubMed]

56. Iung, B.; Baron, G.; Butchart, E.G.; Delahaye, F.; Gohlke-Bärwolf, C.; Levang, O.W.; Tornos, P.; Vanoverschelde, J.-L.; Vermeer, F.;
Boersma, E.; et al. A prospective survey of patients with valvular heart disease in Europe: The Euro Heart Survey on Valvular
Heart Disease. Eur. Heart J. 2003, 24, 1231–1243. [CrossRef] [PubMed]

57. Leon, M.B.; Smith, C.R.; Mack, M.J.; Makkar, R.R.; Svensson, L.G.; Kodali, S.K.; Thourani, V.H.; Tuzcu, E.M.; Miller, D.C.;
Herrmann, H.C.; et al. Transcatheter or Surgical Aortic-Valve Replacement in Intermediate-Risk Patients. N. Engl. J. Med. 2016,
374, 1609–1620. [CrossRef] [PubMed]

58. Reardon, M.J.; Van Mieghem, N.M.; Popma, J.J.; Kleiman, N.S.; Søndergaard, L.; Mumtaz, M.; Adams, D.H.; Deeb, G.M.; Maini,
B.; Gada, H.; et al. Surgical or Transcatheter Aortic-Valve Replacement in Intermediate-Risk Patients. N. Engl. J. Med. 2017, 376,
1321–1331. [CrossRef]

59. Svensson, L.G.; Blackstone, E.H.; Rajeswaran, J.; Brozzi, N.; Leon, M.B.; Smith, C.R.; Mack, M.; Miller, D.C.; Moses, J.W.; Tuzcu,
E.M.; et al. Comprehensive analysis of mortality among patients undergoing TAVR: Results of the PARTNER trial. J. Am. Coll.
Cardiol. 2014, 64, 158–168. [CrossRef]

60. Vahanian, A.; Beyersdorf, F.; Praz, F.; Milojevic, M.; Baldus, S.; Bauersachs, J.; Capodanno, D.; Conradi, L.; De Bonis, M.; De Paulis,
R.; et al. 2021 ESC/EACTS Guidelines for the management of valvular heart disease. Eur. Heart J. 2022, 43, 561–632. [CrossRef]

61. Holmes, D.R., Jr.; Nishimura, R.A.; Grover, F.L.; Brindis, R.G.; Carroll, J.D.; Edwards, F.H.; Peterson, E.D.; Rumsfeld, J.S.; Shahian,
D.M.; Thourani, V.H.; et al. Annual Outcomes with Transcatheter Valve Therapy: From the STS/ACC TVT Registry. Ann. Thorac.
Surg. 2016, 101, 789–800. [CrossRef]

62. Orvin, K.; Perl, L.; Landes, U.; Dvir, D.; Webb, J.G.; Stelzmüller, M.; Wisser, W.; Nazif, T.M.; George, I.; Miura, M.; et al.
Percutaneous mechanical circulatory support from the collaborative multicenter Mechanical Unusual Support in TAVI (MUST)
Registry. Catheter. Cardiovasc. Interv. 2021, 98, E862–E869. [CrossRef]

63. Vallabhajosyula, S.; Patlolla, S.H.; Sandhyavenu, H.; Vallabhajosyula, S.; Barsness, G.W.; Dunlay, S.M.; Greason, K.L.; HolmesJr,
D.R.; Eleid, M.F. Periprocedural Cardiopulmonary Bypass or Venoarterial Extracorporeal Membrane Oxygenation During
Transcatheter Aortic Valve Replacement: A Systematic Review. J. Am. Heart Assoc. 2018, 7. [CrossRef] [PubMed]

64. Almalla, M.; Kersten, A.; Altiok, E.; Marx, N.; Schröder, J.W. Hemodynamic support with Impella ventricular assist device in
patients undergoing TAVI: A single center experience. Catheter. Cardiovasc. Interv. 2020, 95, 357–362. [CrossRef] [PubMed]

65. Nkomo, V.T.; Gardin, J.M.; Skelton, T.N.; Gottdiener, J.S.; Scott, C.G.; Enriquez-Sarano, M. Burden of valvular heart diseases: A
population-based study. Lancet 2006, 368, 1005–1011. [CrossRef] [PubMed]

https://doi.org/10.4244/EIJ-D-16-00371
https://www.ncbi.nlm.nih.gov/pubmed/28216471
https://doi.org/10.1002/clc.23264
https://www.ncbi.nlm.nih.gov/pubmed/31509267
https://doi.org/10.1002/ccd.28289
https://www.ncbi.nlm.nih.gov/pubmed/31020797
https://doi.org/10.1067/mjh.2002.124049
https://www.ncbi.nlm.nih.gov/pubmed/12177646
https://doi.org/10.1161/hc0502.103330
https://doi.org/10.1093/eurheartj/ehac262
https://doi.org/10.1161/CIRCEP.114.002155
https://doi.org/10.1007/s10840-018-0477-1
https://doi.org/10.1111/aor.13945
https://doi.org/10.1097/MAT.0000000000001125
https://doi.org/10.1136/heartjnl-2012-302265
https://www.ncbi.nlm.nih.gov/pubmed/22942293
https://doi.org/10.4137/CMC.S15716
https://www.ncbi.nlm.nih.gov/pubmed/25368539
https://doi.org/10.1016/S0195-668X(03)00201-X
https://www.ncbi.nlm.nih.gov/pubmed/12831818
https://doi.org/10.1056/NEJMoa1514616
https://www.ncbi.nlm.nih.gov/pubmed/27040324
https://doi.org/10.1056/NEJMoa1700456
https://doi.org/10.1016/j.jacc.2013.08.1666
https://doi.org/10.1093/eurheartj/ehab395
https://doi.org/10.1016/j.athoracsur.2015.10.049
https://doi.org/10.1002/ccd.29747
https://doi.org/10.1161/JAHA.118.009608
https://www.ncbi.nlm.nih.gov/pubmed/29987125
https://doi.org/10.1002/ccd.28375
https://www.ncbi.nlm.nih.gov/pubmed/31268621
https://doi.org/10.1016/S0140-6736(06)69208-8
https://www.ncbi.nlm.nih.gov/pubmed/16980116


J. Clin. Med. 2023, 12, 7755 14 of 16

66. Carabello, B.A. The Current Therapy for Mitral Regurgitation. J. Am. Coll. Cardiol. 2008, 52, 319–326. [CrossRef] [PubMed]
67. Feldman, T.; Kar, S.; Elmariah, S.; Smart, S.C.; Trento, A.; Siegel, R.J.; Apruzzese, P.; Fail, P.; Rinaldi, M.J.; Smalling, R.W.; et al.

Randomized Comparison of Percutaneous Repair and Surgery for Mitral Regurgitation: 5-Year Results of EVEREST II. J. Am. Coll.
Cardiol. 2015, 66, 2844–2854. [CrossRef] [PubMed]

68. Hayashida, K.; Yasuda, S.; Matsumoto, T.; Amaki, M.; Mizuno, S.; Tobaru, T.; Jujo, K.; Ootomo, T.; Yamaguchi, J.; Fukuda, K.; et al.
AVJ-514 Trial—Baseline Characteristics and 30-Day Outcomes Following MitraClip((R)) Treatment in a Japanese Cohort. Circ. J.
2017, 81, 1116–1122. [CrossRef]

69. Maisano, F.; Franzen, O.; Baldus, S.; Schäfer, U.; Hausleiter, J.; Butter, C.; Ussia, G.P.; Sievert, H.; Richardt, G.; Widder, J.D.; et al.
Percutaneous Mitral Valve Interventions in the Real World: Early and 1-Year Results From the ACCESS-EU, A Prospective,
Multicenter, Nonrandomized Post-Approval Study of the MitraClip Therapy in Europe. J. Am. Coll. Cardiol. 2013, 62, 1052–1061.
[CrossRef]

70. Matsumoto, T.; Kubo, S.; Izumo, M.; Mizuno, S.; Shirai, S.; MitraClip Japan PMS Investigators. MitraClip Treatment of Moderate-
to-Severe and Severe Mitral Regurgitation in High Surgical Risk Patients—Real-World 1-Year Outcomes from Japan. Circ. J. 2022,
86, 402–411. [CrossRef]

71. Srinivasan, A.; Brown, J.; Ahmed, H.; Daniel, M. PASCAL repair system for patients with mitral regurgitation: A systematic
review. Int. J. Cardiol. 2023, 376, 108–114. [CrossRef]

72. Ashraf, S.; Ando, T.; Blank, N.; Munir, A.; Schreiber, T. MitraClip to Treat Severe Ischemic Mitral Regurgitation During Impella
CP Support in a 70-Year-Old Woman. Tex. Heart Inst. J. 2020, 47, 306–310. [CrossRef]

73. Foerst, J.; Cardenas, A.; Swank, G. Safety of MitraClip Implant in the Unstable Patient: Feasibility of Concomitant Left Ventricular
Support Device. JACC Cardiovasc. Interv. 2016, 9, e71–e72. [CrossRef] [PubMed]

74. Mizote, I.; Schirmer, J.; Schäfer, U. A case of successful Mitraclip implantation in a patient having a large coaptation gap under
extracorporeal membrane oxygenation (ECMO). Catheter. Cardiovasc. Interv. 2018, 91, 827–830. [CrossRef] [PubMed]

75. Muraca, I.; Pennesi, M.; Carrabba, N.; Scudiero, F.; Migliorini, A.; Marchionni, N.; Stefàno, P.; Valenti, R. Percutaneous left
ventricular advanced support for ‘protected’ complex high-risk transcatheter mitral valve repair: A case series. Eur. Heart J.—Case
Rep. 2020, 4, 1–7. [CrossRef] [PubMed]

76. Nersesian, G.; Lewin, D.; Schoenrath, F.; Solowjowa, N.; Kukucka, M.; Falk, V.; Klein, C.; Potapov, E.; Unbehaun, A. Percutaneous
mitral valve repair assisted by a catheter-based circulatory support device in a heart transplant patient. J. Card. Surg. 2021, 36,
3905–3909. [CrossRef] [PubMed]

77. Schmiady, M.O.; Winnik, S.; Bettex, D.; Aser, R. MitraClip((R)) procedure as bridge to left ventricular assist device: Enable
extracorporeal membrane oxygenation weaning and reduce perioperative risk. Perfusion 2023, 38, 651–653. [CrossRef] [PubMed]

78. Seizer, P.; Schibilsky, D.; Sauter, R.; Schreieck, J.; Lausberg, H.; Walker, T.; Gawaz, M.; Langer, H.F.; Schlensak, C. Percutaneous
Mitral Valve Edge-to-Edge Repair Assisted by Hemodynamic Support Devices: A Case Series of Bailout Procedures. Circ. Heart
Fail. 2017, 10, e004051. [CrossRef]

79. Simard, T.; Vemulapalli, S.; Jung, R.G.; Vekstein, A.; Stebbins, A.; Holmes, D.R.; Czarnecki, A.; Hibbert, B.; Alkhouli, M.
Transcatheter Edge-to-Edge Mitral Valve Repair in Patients With Severe Mitral Regurgitation and Cardiogenic Shock. J. Am. Coll.
Cardiol. 2022, 80, 2072–2084. [CrossRef]

80. Sobajima, M.; Fukuda, N.; Ueno, H.; Kinugawa, K. A case report of advanced heart failure refractory to pharmacological therapy
who was successfully recovered by combinatory usage of cardiac resynchronizing therapy, Impella and MitraClip. Eur. Heart J.
Case Rep. 2020, 4, 1–5. [CrossRef]

81. Staudacher, D.L.; Bode, C.; Wengenmayer, T. Severe mitral regurgitation requiring ECMO therapy treated by interventional valve
reconstruction using the MitraClip. Catheter. Cardiovasc. Interv. 2013, 85, 170–175. [CrossRef]

82. Tanaka, S.; Imamura, T.; Narang, N.; Fukuo, A.; Nakamura, M.; Fukuda, N.; Ueno, H.; Kinugawa, K. Case series of transcatherter
edge-to-edge repair using MitraClip() system with Impella((R)) mechanical circulatory support. Eur. Heart J. Case Rep. 2022, 6,
ytac370. [CrossRef]

83. Tyler, J.; Narbutas, R.; Oakley, L.; Ebinger, J.; Nakamura, M. Percutaneous mitral valve repair with MitraClip XTR for acute mitral
regurgitation due to papillary muscle rupture. J. Cardiol. Cases 2020, 22, 246–248. [CrossRef]

84. Vandenbriele, C.; Balthazar, T.; Wilson, J.; Adriaenssens, T.; Davies, S.; Droogne, W.; Dubois, C.; Caetano, A.F.; Goetschalckx, K.;
Jacobs, S.; et al. Left Impella(R)-device as bridge from cardiogenic shock with acute, severe mitral regurgitation to MitraClip(R)-
procedure: A new option for critically ill patients. Eur. Heart J. Acute Cardiovasc. Care 2021, 10, 415–421. [CrossRef] [PubMed]

85. Huisman, M.V.; Barco, S.; Cannegieter, S.C.; Le Gal, G.; Konstantinides, S.V.; Reitsma, P.H.; Rodger, M.; Noordegraaf, A.V.; Klok,
F.A. Pulmonary embolism. Nat. Rev. Dis. Primers. 2018, 4, 18028. [CrossRef] [PubMed]

86. Kahn, S.R.; de Wit, K. Pulmonary Embolism. N. Engl. J. Med. 2022, 387, 45–57. [CrossRef]
87. Sista, A.K.; Miller, L.E.; Kahn, S.R.; Kline, J.A. Persistent right ventricular dysfunction, functional capacity limitation, exercise

intolerance, and quality of life impairment following pulmonary embolism: Systematic review with meta-analysis. Vasc. Med.
2017, 22, 37–43. [CrossRef] [PubMed]

88. Luijten, D.; de Jong, C.M.; Klok, F.A. Post Pulmonary Embolism Syndrome. Arch. Bronconeumol. 2022, 58, 533–535. [CrossRef]
[PubMed]

https://doi.org/10.1016/j.jacc.2008.02.084
https://www.ncbi.nlm.nih.gov/pubmed/18652937
https://doi.org/10.1016/j.jacc.2015.10.018
https://www.ncbi.nlm.nih.gov/pubmed/26718672
https://doi.org/10.1253/circj.CJ-17-0115
https://doi.org/10.1016/j.jacc.2013.02.094
https://doi.org/10.1253/circj.CJ-21-0309
https://doi.org/10.1016/j.ijcard.2023.01.026
https://doi.org/10.14503/THIJ-18-6901
https://doi.org/10.1016/j.jcin.2015.12.275
https://www.ncbi.nlm.nih.gov/pubmed/26952906
https://doi.org/10.1002/ccd.26691
https://www.ncbi.nlm.nih.gov/pubmed/27535346
https://doi.org/10.1093/ehjcr/ytaa066
https://www.ncbi.nlm.nih.gov/pubmed/32617500
https://doi.org/10.1111/jocs.15802
https://www.ncbi.nlm.nih.gov/pubmed/34250624
https://doi.org/10.1177/02676591211065251
https://www.ncbi.nlm.nih.gov/pubmed/34979816
https://doi.org/10.1161/CIRCHEARTFAILURE.117.004051
https://doi.org/10.1016/j.jacc.2022.09.006
https://doi.org/10.1093/ehjcr/ytaa418
https://doi.org/10.1002/ccd.25332
https://doi.org/10.1093/ehjcr/ytac370
https://doi.org/10.1016/j.jccase.2020.07.001
https://doi.org/10.1093/ehjacc/zuaa031
https://www.ncbi.nlm.nih.gov/pubmed/33620436
https://doi.org/10.1038/nrdp.2018.28
https://www.ncbi.nlm.nih.gov/pubmed/29770793
https://doi.org/10.1056/NEJMcp2116489
https://doi.org/10.1177/1358863X16670250
https://www.ncbi.nlm.nih.gov/pubmed/27707980
https://doi.org/10.1016/j.arbres.2021.09.008
https://www.ncbi.nlm.nih.gov/pubmed/35312578


J. Clin. Med. 2023, 12, 7755 15 of 16

89. Konstantinides, S.V.; Meyer, G.; Becattini, C.; Bueno, H.; Geersing, G.-J.; Harjola, V.-P.; Huisman, M.V.; Humbert, M.; Jennings,
C.S.; Jiménez, D.; et al. 2019 ESC Guidelines for the diagnosis and management of acute pulmonary embolism developed in
collaboration with the European Respiratory Society (ERS). Eur. Heart J. 2020, 41, 543–603. [CrossRef]

90. Pruszczyk, P.; Klok, F.A.; Kucher, N.; Roik, M.; Meneveau, N.; Sharp, A.S.P.; Nielsen-Kudsk, J.N.-K.; Obradović, S.; Barco,
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