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Abstract: Objectives: To document the real-world experience with the use of pneumatic pulsatile
mechanical circulatory support (MCS) with the PulseCath iVAC2L during high-risk percutaneous
coronary interventions (HR-PClIs). Background: The use of MCS in HR-PCIs may reduce the rate
of major adverse cardiovascular events (MACEs) at 90 days. The PulseCath iVAC2L is a short-term
pulsatile transaortic left ventricular (LV) assist device that has been in use since 2014. The iVAC2L
Registry tracks its safety and efficacy in a variety of hospitals worldwide. Methods: The iVAC2L
Registry is a multicenter, observational registry that aggregates clinical data from patients treated
with the iVAC2L worldwide. A total of 293 consecutive cases were retrospectively collected and
analyzed. Estimated rates of in-hospital clinical endpoints were described. All-cause mortality was
used as the primary endpoint and other outcomes of interest were used as secondary endpoints. The
rates obtained were reported and contextualized. Results: The in-hospital rate of all-cause mortality
was 1.0%, MACE was 3.1%. Severe hypotension occurred in 8.9% of patients. Major bleeding and
major vascular complications occurred in 1.0% and 2.1%, respectively. Acute myocardial infarction
occurred in 0.7% of patients. Cerebrovascular events occurred in 1.4% of patients. Cardiac arrest
occurred in 1.7% of patients. A statistically significant improvement in blood pressure was observed
with iVAC2L activation. Conclusions: The results of the present study suggest that the iVAC2L is
capable of improving hemodynamics with a low rate of adverse events. However, confirmatory
studies are needed to validate these findings.

Keywords: registry; mechanical circulatory support; PulseCath; iVAC2L; pulsatile; high-risk; percutaneous
coronary intervention; real world; LV assist device; coronary disease; heart failure; cardiogenic shock;
ACS/NSTE-ACS; depressed LV function; mitral regurgitation dilated non-ischemic cardiomyopathy;
ischemic cardiomyopathy

1. Introduction

Due to the recent advances in cardiovascular therapeutics, the growing use of short-
term mechanical circulatory support (MCS) devices is now an established trend. MCS
is available in a variety of support modalities, each with the common goal of improving
prognosis after high-risk invasive interventions.

The intra-aortic balloon pump (IABP) is the most commonly utilized modality; how-
ever, its use tends to decrease in favor of new and more powerful ones, which now have
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class IIb recommendation for prophylactic use in high-risk percutaneous coronary interven-
tions (HR-PClIs) [1-3]. Despite evidence favoring pulsatile flow [4,5], all current short-term
MCS devices are continuous-flow devices (CFDs), with PulseCath iVAC2L (PulseCath BV,
Arnhem, The Netherlands) being the only exception. Numerous large-scale studies have
examined the utilization of short-term MCS in a real-world context. Nevertheless, to date,
no reports have addressed the use of pulsatile flow (PF) in a real-world setting.

Three single-center prospective studies have already demonstrated the safety and
efficacy of the iVAC2L [5]. The iVAC2L Registry is an open, multicenter registry that collects
data on the real-world use of the iVAC2L on a global scale. This report presents the initial
findings from the iVAC2L Registry.

2. Methods

Description of the iVAC2L. The iVAC2L comprises a membrane pump connected to
a nitinol-reinforced polyurethane bi-directional flow catheter. The catheter has a length
of 92 cm, with an outer diameter of 17 French (Fr). It features a stainless steel inlet tip
and a patented two-way valve, illustrated in Supplementary Figure S1. The chamber is
subdivided by a flexible membrane into a blood chamber and a helium chamber. The
catheter is then inserted into the femoral artery and positioned with the inlet tip inside
the LV, where it operates in synchrony with the cardiac cycle. During diastole, the helium
chamber receives helium from the IABP driver, resulting in the ejection of blood back into
the ascending aorta with a stroke volume of around 21 mL. During systole, the helium
chamber undergoes a deflation, which is accompanied by a refill of the blood chamber. The
pump typically produces an additional flow of 1.5 to 1.8 L/min, though it has the capacity
to reach up to 2.5 L/min (data not yet published). The optimal performance of the device is
achieved at rates between 70 and 90 beats per minute (bpm).

Study population and data collection: The iVAC2L Registry is a multicenter, inter-
national registry that retrospectively collects data on the utilization of iVAC2L in a range
of indications. Participation is entirely voluntary. In order to guarantee strict adherence
to the Declaration of Helsinki, it is recommended that operators seek verbal consent from
patients regarding their willingness to have their data utilized for research purposes and to
provide data only upon confirmation.

To ensure the highest degree of completeness and accuracy, data were collected via
the use of a standardized Clinical Report Form (CRF). Furthermore, all information was
completed at the site with the assistance of the clinical team. The data sources included
medical records, ancillary diagnostic tests, specialist reports, and communications from
treating physicians. Subsequently, the CRFs were subjected to a review by a medical
specialist for coherence, completeness, and accuracy.

The present analysis encompasses individuals aged 18 years and above who under-
went iVAC2L during HR-PClIs for coronary artery disease, and excludes procedures driven
by indications other than HR-PCIs, as well as cases of acute extra-cardiac disease. The
data were anonymized at the time of collection and remained anonymous throughout
the analysis. HR-PCI was defined as any percutaneous intervention for coronary disease
involving an unusually high risk of periprocedural circulatory collapse, as determined by
the treating physician.

Clinical Endpoints. The data were collected retrospectively. The adjudication of
events was conducted by the attending physicians in accordance with the prevailing
standards of practice at the local level. The primary endpoint was all-cause in-hospital
mortality. Secondary endpoints included major adverse cardiovascular events (MACEs),
major vascular complications, major bleeding, acute kidney injury (AKI), and the occurrence
of severe hypotension while on circulatory support. The composite endpoint of MACE was
defined as the occurrence of in-hospital all-cause mortality, cerebrovascular event, acute
myocardial infarction (AMI), and repeat revascularization. Severe hypotension was defined
as a mean arterial pressure (MAP) of less than 60 mmHg for a minimum of 10 min or the
presence of shock of any etiology. A major vascular complication was defined as a clinically
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significant vascular injury, bleeding, or limb ischemia. All other endpoints were adjudicated
at the local level by local teams using local standards of practice and definitions.

Statistical Analysis. Continuous data are presented as either mean £ SD or median
(25th-75th quartiles), as appropriate. Categorical data are presented as frequencies and
percentages. The results of the study include a description of the subjects’ baseline character-
istics, procedural data, and clinical endpoints. Baseline and procedural data are presented
for descriptive purposes, and no statistical tests were performed. The hemodynamic data
were analyzed utilizing either Student’s {-test for paired samples or the Wilcoxon signed-
rank test for paired samples, depending on the statistical distribution. The Bonferroni
correction was employed to account for multiplicity. To investigate the major factors as-
sociated with severe hypotension and in-hospital MACE, uni- and multivariate logistic
regressions were conducted. For the multivariate analyses, stepwise backward and forward
selections were employed. The data were collected and stored using Microsoft Excel 2019
(Microsoft Corporation, Redmond, WA, USA), and the analysis was performed using the R
v4.0.2 statistical package. All statistical tests were based on a two-tailed significance level
of 5%.

3. Results

A total of 302 consecutive patients received iVAC2L during high-risk cardiovascular
procedures in 37 countries between November 2013 and October 2023 (Figures 1 and 2).
Of the aforementioned patients, seven were excluded from the analysis due to indications
other than HR-PCI, and one due to the lack of clinical outcomes. In-hospital outcomes were
ascertainable in 99.7% of cases (n = 293).

The baseline demographic and procedural characteristics are presented in Table 1;
Table 2, respectively. The median age was 71 years (range: 64-77 years), and 85% of the
participants were male. The ejection fraction (EF) was 30% (25-40%), and the SYNTAX
score was 33 (28—40). The majority of patients exhibited moderate to severe symptoms of
heart failure, with 71% classified as NYHA class III or IV. Additionally, 50% of the cohort
was deemed ineligible for CABG. A history of acute myocardial infarction (AMI) was
present in 53% of the cohort, while renal insufficiency, previous cerebrovascular events,
and peripheral arterial disease were also common.

All cardiovascular
Interventions using
iVAC2L (2013—2023)
n =302

Acute decompensated heart failure and

n=7 cardiogenic shock (n=4)

Ventricular septal defect (n = 1)
Mitral valve repair (n = 2)

HR-PCl using iVAC2L

2013—2023
n =294

n=1 No in-hospital clinical outcomes
(n=1)

Study population
n =293

Figure 1. Study flowchart. HR-PCI: high-risk percutaneous coronary intervention.
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Figure 2. Countries whose centers provided data to the iVAC2L Registry until 2023 (in blue).

Table 1. Baseline demographics, 7 = 293. Data are presented as mean + SD or median (25th to 75th quartiles)
as appropriate. Count data are presented as percentages (no. of available observations).

Baseline Characteristics

Age (years) 71 (64 to 77)
SYNTAX 33 (28 to 40)
EF (%) 30 (25 to 40)
Gender (male) (%) 84.8 (264)
NYHA classification III/IV (%) 71.3 (174)
EF < 40% (%) 69.2 (273)
Hypertension (%) 76.4 (216)
Type II Diabetes (%) 38.5 (218)
Previous Stroke (%) 9.3 (205)
Previous Myocardial Infarction (%) 52.5 (217)
Peripheral Artery Disease (%) 13.9 (216)
Renal Insufficiency (%) 23.3 (219)
Cancer (%) 4.5 (176)
Not surgical candidate (%) 50 (224)
Previous PCI (%) 38.5 (208)
Previous CABG (%) 33.7 (208)
Three-vessel Disease (%) 56.1 (278)
Unprotected Left Main (%) 35.1 (228)
Multivessel Disease (%) 72.3 (285)

Procedural characteristics. Lesions in the left main coronary artery or the left anterior
descending artery and its branches were treated in 59% and 71% of cases, respectively. The
median duration of the procedure was 67 (45-100) minutes. Rotational atherectomy was
employed in 19% of cases. Data on the maximum flow produced by the iVAC2L were
available in 63% of cases and were estimated to be 1.6 (1.4-1.7) L/min, with a range of
(1.0-2.5) L/min. The MAP at baseline was 80 £ 17 mmHg, with a systolic blood pressure
(SBP) of 117 & 24 mmHg.
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Table 2. Procedural characteristics, # = 293. Data are presented as mean + SD or median (25th to 75th
quartiles) as appropriate. Count data are presented as percentages (no. available observations).

Procedural Characteristics

Stented LM (%) 59.1 (274)
Stented LAD and branches (%) 70 (249)
Stented LCX and branches (%) 50.8 (252)
Stented RCA and branches (%) 31.9 (254)
Heart Rate (bpm) 71 (63.8 to 80)
SBP (mmHg) 117.3 £ 23.7
DBP (mmHg) 61.3 £ 16.3
MAP (mmHg) 80 £16.8
CPO (Watt) 0.75 +0.27
CO (L/min) 447 +1.27
Pump flow (L/min) 1.6 (14t01.7)
Rotational Atherectomy (%) 19 (183)
Support time (min) 67 (45 to 100)

Clinical Endpoints. A summary of the clinical endpoints is provided in Figures 3 and 4.
The incidence of all-cause mortality, cardiovascular events (CVEs), and acute myocardial
infarction (AMI) was 1.0%, 1.4%, and 0.7%, respectively. A total of 3.1% of cases resulted
in a MACE. Major vascular complications were observed in 2.1% of cases, none of which
necessitated urgent cardiac or vascular surgery. Major bleeding was observed in 1.0% of
cases. One patient presented with a major bleeding complication that required surgical in-
tervention but succumbed before surgery could be performed. Dislodgement of the iVAC2L
occurred in 5% of cases, while the necessity for removal of the iVAC2L (including escalation
to alternative devices) was observed in 1.0% of instances. Endotracheal intubation was
required in 3.7% of cases. Severe hypotension occurred in 8.9% of cases. Cardio-pulmonary
resuscitation (CPR) was necessary in 1.6% of cases. When only elective or semi-elective
procedures were selected (n = 174), these rates were 3.5% and 1.7%, respectively.

Hemodynamic effects. Findings are shown in Figure 5 and in Supplementary Table S1.
Data on heart rate, blood pressure, cardiac output and mPCWP were available in 78%, 76%,
17%, and 17% of all cases, respectively.

Relative to the pre-support state (i.e., baseline), measurements taken with iVAC2L
activated showed significant increases in both SBP (117.3, 95%CI: [114.2-120.4] vs. 121.2,
95%CI: [118.2-124.2] mmHg, p < 0.01) and DBP (61.3, 95%CI: [59.2-63.5] vs. 63.8, 95%CI:
[61.9-65.8] mmHg, p < 0.01). The heart rate remained constant (73.4, 95% CI: [71.4-75.4]
vs. 74.6, 95% CI: [72.7-76.4] bpm, p = 0.26). There was a significant increase in CO (4.47,
95% CI: [4.13-4.81] vs. 4.78, 95% CI: [4.42-5.14] L /min, p < 0.05) and CPO (0.74, 95% CI:
[0.67-0.82] vs. 0.84, 95% CI: [0.76-0.92] Watts, p < 0.01). No alterations were observed in
the mPCWP (15.8, 95% CI: [13.6-18.1] vs. 17.1, 95% CI: [14.7-19.6] mmHg, p = 0.14) when
assessed in the entire cohort.

In patients who received inotropes and/or vasopressors at any point (n = 27, 9.2%),
cardiac output (CO), blood pressure, and heart rate remained unaltered. However, CPO
increased numerically in this subgroup from 0.75 (95% CI: [0.52, 0.99]) vs. 0.9 (95% CI:
[0.68, 1.13]) Watts, p = 0.37. Additionally, mPCWP demonstrated a non-significant trend
toward a decrease from 28.8 (95% CI: [24.4, 33.1]) vs. 20.3 (95% CI: 16.4, 24.3) mmHg,
p =0.08.
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iIVAC2L Registry: In-hospital Clinical Endpoints
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Figure 3. In-hospital clinical outcomes from the iVAC2L Registry. MACE: Major Adverse Cardiovas-
cular Event. AMI: Acute Myocardial Infarction. CVE: Cerebrovascular Event. CPR: Cardiopulmonary
Resuscitation.

IVAC2L Registry

Elective and Semi-Elective
(2023)

iIVAC2L Registry
Entire cohort
(2023)

IVAC2L Registry
3.5% Elective and Semi-Elective
(2023)

IVAC2L Registry
8.8% Entire cohort
(2023)

17%

17%

PROTECT Il
(2022)

PROTECT Ill

9
22% (2022)

1.6%

Alaswad et al
(2018)

Alaswad et al
(2018)

4.6%

3%

Cohen et al
(2015)

Cohen et al
(2015)

PROTECT Il . PROTECT Il 0
s [ NG - s NN -
I T T T T 1

4 6 8 10 12 14
Severe Hypotension (%) CPR (%)

7.6%

N
kS
®

<}
N
o
N
IS
o)
o

Figure 4. (A) Rates of severe hypotension found in the most relevant studies on the use of short-
term mechanical circulatory support in high-risk PCI. (B) Rates of CPR found in the most relevant
studies on the use of short-term mechanical circulatory support in high-risk PCI [3,6,7]. CPR:
Cardiopulmonary Resuscitation.

Independent predictors of severe hypotension were Emergent Case and Endotracheal
Intubation. Previous MI and a pre-procedural SBP > 100 mmHg were non-significantly
related (AUC: 0.80). Independent predictors of in-hospital MACE were Multivessel
PCI, Male Gender, Pre-support MAP > 80 mmHg, Hypertension, and Vasoactive Drugs,
AUC = 0.89 (Figure 6).
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Figure 5. (A) Hemodynamic changes obtained with the activation of iVAC2L showing improvements

in blood pressure, CO, and CPO. (B) Hemodynamic measurements taken before implementation

of iVAC2L and during support. Data are presented as mean =+ SE. p-values derive from t-tests or
Wilcoxon’s test for paired samples. * p < 0.05; ** p < 0.01; *** p < 0.01 compared to “iVAC 2L ON”. CO:
cardiac output. MAP: mean arterial pressure. CPO: cardiac power output. mPCWP: mean pulmonary

capillary wedge pressure.
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A Univariate Analysis
Odds Ratio [95% CI] p-value
Dislocation of iVAC2L 0.71 [0.16 - 3.19] 0.654 &
Unprotected Left Main 0.92 [0.37 - 2.35] 0.873 ——
Ejection Fraction 0.97 [0.94 - 1.01] 0.101
MAP Pre-support 1 [0.98 - 1.02] 0.739 ]
Age (years) 1.01 [0.96 — 1.05] 0.763 [ ]
History of PCI 1.05 [0.56 — 1.98] 0.875 ——
Multivessel PCI 1.09 [0.38 - 3.14] 0.867 _—
Male gender 1.36 [0.3-6.16] 0.683 &
Diabetes 1.51 [0.59 - 3.89] 0.391 —_—
Chronic Kidney Failure 1.63 [0.56 - 4.77] 0.363 —_—
Hypertension 1.72 [0.63 — 4.64] 0.289 —_—
History of MI 1.93 [0.71-5.22] 0.197 —_—
Pre-support SBP > 100 mmHg 2.08 [0.59 - 7.36] 0.254 e
Three-vessel disease 2.25 [1-5.09] 0.05 —a—
Emergent Case 7.69 [2.88 — 20.49] < 0.0001 —_—
Acute Respiratory Failure 13.6 [3.84 — 48.37] < 0.0001 l : ' —l—I
0.05 0.20 1.00 14.00
Multivariate Analysis
Odds Ratio [95% CI] p-value
History of MI 3.09 [0.96 — 11.19] 0.068 —a
Pre-support SBP > 100 mmHg 3.47 [0.89-17.77] 0.094 —
Endotracheal Intubation 7.12 [1.45-33.69] <0.05 —_—
Emergent Case 13.59 [4.33-46.17] <0.0001 —a AUC: 0.804
f T T 1
0.10 1.0 10.00 50.00
Univariate Analysis
B Odds Ratio [95% CI] p-value
Male gender 0.18 [0.05-0.71] <0.05 —_
Pre-support MAP > 80 mmHg 0.25 [0.05 - 1.25] 0.092 =
Multivessel PCI 0.3 [0.08 —1.14] 0.076 —_——
Emergent Case 0.46 [0.06 - 3.72] 0.464 =
Age (years) 1.04 [0.97 - 1.11] 0.285 [ ]
Three-vessel disease 1.48 [0.45-4.78] 0.518 —_—
Dislocation of iVAC2L 1.79 [0.36 — 8.96] 0.476 -
Hypertension 2.75 [0.56 - 13.47] 0.212 ]
Chronic Kidney Failure 3.74 [0.97 —14.44] 0.055 =
Vasoactive Drugs 4.48 [1.17=17.17] <0.05 -
Severe Hypotension 4.48 [0.87 —23.28] 0.074
| T T T 1
0.05 0.20 1.00 5.00 40.00
Multivariate Analysis
Odds Ratio [95% CI] p-value
Multivessel PCI 0.18 [0.03 -0.81] <0.05 ——
Male gender 0.18 [0.04 -0.9] <0.05 ——
Pre-support MAP > 80 mmHg 0.22 [0.03 - 1.05] 0.084 ——
Hypertension 6.55 [1.18 —64.72] 0.057 —
Vasoactive Drugs 8.24 [1.86 — 39.4] <0.01 —. AUC: 0.89
f T T T 1

0.050.20 1.00 5.00 40.00

Figure 6. Uni- and multivariate logistic regression analysis: (A) predictors of intraprocedural severe
hypotension; (B) predictors of in-hospital MACE; MACE: Major Adverse Cardiovascular Event. MAP:
Mean Arterial Pressure; AUC: Area Under the Curve; PCI: Percutaneous Coronary Intervention.
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4. Discussion

This study represents the most comprehensive compilation of clinical data on HR-
PCI using PulseCath iVAC2L since the device received CE Mark approval in 2014. The
in-hospital mortality rate was 1%, and the MACE rate was 3.1%. The findings also demon-
strate beneficial effects on the systemic circulation, and the large sample size lends repre-
sentativeness to real-world practice.

4.1. Previous Evidence on the iVAC2L

Since 2015, three prospective cohorts have been published, all in the context of elective
HR-PClIs. Den Uil et al. reported hemodynamic improvements in elective HR-PCIs with no
major adverse events. Samol et al. described that both iVAC2L and Impella 2.5 significantly
increased the MAP, but Impella 2.5 precipitated hemolysis. The PULSE trial showed a
14% reduction in the metabolic demands, a 33% reduction in the native heart’s cardiac
output, and a 17% increase in the MAP [5]. The iVAC2L may be an alternative when there
is a need for an LVAD that is less associated with hemolysis than a CFD or when there is
great concern regarding the possibility of iatrogenic valvular damage that could precipitate
circulatory collapse [8]. It may also be a more feasible alternative in hospitals where other
percutaneous MCS devices are not yet reimbursed.

4.2. Study Findings

The output flow of the iVAC2L ranged between 1.0 and 2.5 L/min. This can be up to
four times that of the IABP, approaching the output flow of Impella 2.5 (1.9 £ 0.27 L/min).
It remains lower than that of the Impella CP (2.8 £ 0.4 L/min at P8), though [5,6,9].

The intraprocedural incidence of severe hypotension was 8.9%, which is lower than
the rate observed in the Impella arm of the PROTECT II trial (10.2%) [3]. The PROTECT II
evaluated the effects of Impella 2.5 versus IABP in elective HR-PCIs and remains the
largest RCT in this population to date. As with the PROTECT II study, the iVAC2L
Registry comprised a high-risk cohort with low EF, a high SYNTAX score, a history of
frequent revascularization and/or AMI, and a high frequency of rotational atherectomy.
It should be noted, however, that the registry also includes cases requiring emergent
intervention. The odds of developing intraprocedural severe hypotension were 14 times
higher in emergent cases compared to non-emergent cases. This parameter was identified
as the strongest independent predictor of severe hypotension (Figure 6). In non-emergent
cases, the incidence of severe hypotension was 3.5%, which is lower than that observed in
elective and semi-elective studies using Impella, namely 7.1% (2015) and 4.6% (2018) [6,7].
While a 2.2% rate was recently reported in 2022 by O’Neill et al., it should be noted that
patients in this study were healthier, with a SYNTAX score of 28 versus 31 in PROTECT II
and 33 in the iVAC2L Registry. Our findings corroborate those of previous studies which
have demonstrated that planned MCS is associated with less hemodynamic instability,
which in turn is associated with lower odds of MACEs. Consonantly, previous data shows
that non-emergent implantation leads to reduced rates of mortality, CPR, and lesser need
for inotropes/vasopressors [10,11].

Activation of iVAC2L resulted in significant increases in MAP, SBP, DBP, CO, and CPO
(Figure 5A). mPCWP decreased numerically with the activation of iVAC2L, but only in
those receiving vasoactive medications during support. The aforementioned medications,
which include vasoactive drugs such as inotropes and vasopressors, can be employed
as surrogates for critical decompensated states in the majority of cases (Figure 5B). The
observed changes are consistent with those reported in previous studies on the same
device. Of particular clinical interest is the observed increase in CPO, as a CPO value
below 0.6 Watts has been associated with worse clinical outcomes [12]. However, in the
current study, CPO was only reported in 17% of cases, and thus it should be interpreted
with caution.

The results demonstrate a reduction in the incidence of CPR episodes with iVAC2L
(1.7%) in comparison to the Impella arm of PROTECT II (6.9%). This figure is also lower
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than the 3% reported by Alaswad et al. for the Impella device. However, it is comparable
to the 1.6% reported in the PROTECT III report. Unlike Alaswad et al., PROTECT III pre-
dominantly used Impella CP rather than 2.5, suggesting equivalent performance between
iVAC2L and Impella CP [3,7]. Although a reduction in mPCWP could only be detected
in a critical state, only 3.7% of the total cohort required advanced airways compared to
5% with (mostly) CFDs in a previous study [5]. This may indicate that pulsatile flow (PF)
facilitates improved unloading, although the observational design precludes the drawing
of causal inferences.

The in-hospital mortality rate following mechanically assisted HR-PCI ranges from
3.2% to 11.5% [13]. The PROTECT II and the cVAD Registry reported in-hospital mortality
rates of 4.6% and 3.3%, respectively [3,7]. In contrast, our findings indicate a 1% rate
with iVAC2L, which is comparable to the 0.7% observed in the EUROPELLA registry [14].
The two studies exhibited similarities with regard to the frequency of left main stenting,
history of CABG, and age distribution. However, the EUROPELLA excluded emergent
cases (Supplementary Table S2). Recently, two studies have reported even higher rates of
7.4% with Impella CP and 14% with VA-ECMO, but they had small sample sizes and more
complex interventions. While this compromises comparability with larger studies, the rate
observed with ECMO is not unexpected, since this modality has been shown to increase
mortality, vascular complications, and hemolysis [15-17].

The current analysis reveals a 3.1% incidence of in-hospital MACE which is less than
the rates observed in the PROTECT II, PROTECT I1I, and the cVAD registry (10.2%, 5.4%,
and 4.3%, respectively). This may be attributed to the utilization of PF, but also to the
technical advancements since 2012. Although the PROTECT III was recently published, it
employed rotational atherectomy more frequently, which might provide an explanation
to the higher rate of MACE in comparison to iVAC2L [3,9]. Nevertheless, in the iVAC2L
Registry, MACE was not determined by rotational atherectomy, but rather by the adminis-
tration of vasoactive drugs, which are indicative of hemodynamic instability. As in clinical
practice, the latter was primarily influenced by the urgency of the intervention. Another
predictor of interest was multivessel PCI, a finding that has also been observed in large-
scale studies where a more complete revascularization has been associated with superior
outcomes. This finding suggests that the benefit observed in the FAME-2 and PROTECT II
studies [3,18] at longer time frames may also be applicable in the short term. Moreover, this
serves to reinforce the significance of the iVAC2L Registry as a reflection of contemporary
clinical practice.

With the exception of CVE, all other clinical outcomes compared favorably with
previous large studies (Supplementary Figure S2). Four patients had acute neurological
deficits during or after the procedures. Notwithstanding, the observed incidence of stroke
is lower than that expected for Impella, which is approximately 2.6% [13].

The use of PF instead of CF may be advantageous for several reasons. CF may reduce or
eliminate aortic leaflet motion and coaptation, increasing the risk of acute thrombosis in the
ascending aorta. It also decreases sensitivity to catecholamines in the peripheral vasculature
and is reported to be less effective in maintaining end-organ perfusion while increasing
aortic impedance and systemic vascular resistance [19]. The mechanisms involved include
stiffening of the arterial system with obliteration of the Windkessel effect and increased
backward propagation of reflected waves. This elevates the afterload and may jeopardize
the unloading effect [4,12].

Counter-pulsation as applied by iVAC2L is probably less detrimental to LV afterload
and more effective in unloading the LV chamber, resulting in more pronounced reductions
in the myocardial metabolic demands. Previous reports have also documented significant
reductions in intraventricular dyssynchrony [5,20]. In the peripheral circulation, PF can
facilitate blood flow to end organs. It restores cyclic stress and delivers a greater amount
of energy to the walls of peripheral vessels in comparison to CE. This has been linked to
a reduction in postoperative mortality [4,19-21]. The evidence indicates that PF is more
beneficial than CF for vital organ perfusion, as evidenced by studies on the stomach, liver,
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and kidney [22]. Consonantly, the levels of severe hypotension found in this analysis were
remarkably low.

The aforementioned capabilities enhance the resilience of the cardiovascular system
to ischemic injury, reducing hemodynamic instability, and consequently facilitating more
extensive and meticulous interventions. The RESTORE-EF, PROTECT II, and Roma-Verona
studies have demonstrated that patients who received a more complete revascularization ex-
hibited greater improvements in LVEF after 90 days [3,23,24]. Concurrently, a meta-analysis
including more than 17,000 individuals indicated that the utilization of intravascular imag-
ing enhanced patient outcomes [25]. Furthermore, the augmented stability provided by
MCS permits the broader deployment of hyperemic agents to evaluate lesion significance
in patients with markedly impaired LV function, consequently reducing the incidence of
repeat interventions [18].

5. Merits and Flaws

The present analysis includes a wide range of hospitals around the world and sheds
light on the real-world use of iVAC2L in HR-PCI with focus on safety and efficacy. As in
other relevant studies, the study population is characterized by a high-risk profile. The
results also demonstrate a high prevalence of left main stenting and rotational atherectomy.
Nevertheless, the observational design entails a risk of bias due to its potential for selective
reporting, which precludes definitive conclusions on causality. Moreover, despite the lack
of consistent follow-up beyond the immediate postoperative period, the initial hours were
comprehensively documented. The majority of adverse events (approximately 70%) tend
to occur within the first hours during and immediately after the PCI [26]. Therefore, while
some limitations in follow-up may influenced the observed rates, this effect is most likely
minor in magnitude.

It is not possible to discount the possibility that unmeasured confounders, such as
the administration of intravenous fluids or the inherent effects of revascularization, may
have influenced the results. Nevertheless, it can be argued that the observed hemodynamic
response is consistent with that reported in previous studies [5]. Although arterial blood
pressure data were widely available, pulmonary monitoring occurred in only 17% of cases,
which limits the generalizability of the findings and reduces the study’s power to draw
definitive conclusions on the variations observed in CO and CPO. Additionally, the limited
availability of angio-CT may have influenced the incidence of vascular complications.
In light of these considerations, the present analysis should be regarded as hypothesis-
generating only.

6. Future Research

Future research should incorporate more structured designs, such as matched cohorts,
to address the limitations of the observational design. This should include the adoption of
a prospective design, the incorporation of a clinical events committee, written informed
consent, long-term follow-up for up to one year, and electronic centralized data collection.
Hemodynamic evaluations should include details on timing relative to stenting, vasoactive
drugs, intravenous fluids, and other confounders. In the coming years, the UNLOAD-CHIP
trial will measure 30-day mortality or cardiogenic shock in 98 stable high-risk patients with
low EF randomized to iVAC2L versus no MCS. The PULSE II trial will assess major adverse
events (MAEs) at 90 days in 368 elective high-risk subjects randomized to iVAC2L (PF)
or Impella CP (CF). In China, an RCT will investigate the incidence of MACEs at 30 days
in 316 stable high-risk patients randomized to iVAC2L or IABP. By 2026, the PROTECT
IV (NCT04763200) trial, which compares Impella CP with no MCS, will provide further
evidence on CFDs. Additional gaps in knowledge include the impact of intermittent
superior vena cava occlusion on the effects of iVAC2L and the impact of iVAC2L on the
need for vasoactive drugs.
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7. Conclusions

The PulseCath iVAC2L registry demonstrates low rates of in-hospital mortality and MACEs
with the use of pulsatile MCS in a real-world setting. This demonstrates its potential to be a safe
and effective tool to improve clinical outcomes after complex coronary interventions.
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Abbreviations

AKI Acute kidney injury

AMI Acute myocardial infarction

CABG Cardio-pulmonary bypass graft
CAD Coronary artery disease

CcoO Cardiac output

CF Continuous flow

CFD Continuous flow device

CPO Cardiac power output

CVE Cerebrovascular event

DBP Diastolic blood pressure

EF Ejection fraction

HR-PCI High-risk percutaneous coronary intervention
IABP Intra-aortic balloon pump

IOR Interquartile range

LM Left main

LV Left ventricle

LVAD LV assist device

MACE Major adverse cardiovascular events
MAP Mean arterial pressure

MCS Mechanical circulatory support
mPCWP Mean pulmonary artery wedge pressure
PCI Percutaneous coronary intervention

PF Pulsatile flow
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SBP Systolic blood pressure
VA-ECMO  Veno-arterial extra-corporeal membrane oxygenation

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Chieffo, A.; Dudek, D.; Hassager, C.; Combes, A.; Gramegna, M.; Halvorsen, S.; Huber, K.; Kunadian, V.; Maly, J.; Meller, ].E.; et al.
Joint EAPCI/ACVC expert consensus document on percutaneous ventricular assist devices. Eur. Heart |. Acute Cardiovasc. Care
2021, 10, 570-583. [CrossRef] [PubMed]

Maini, B.; Naidu, S.S.; Mulukutla, S.; Kleiman, N.; Schreiber, T.; Wohns, D.; Dixon, S.; Rihal, C.; Dave, R.; O'Neill, W. Real-world
use of the Impella 2.5 circulatory support system in complex high-risk percutaneous coronary intervention: The USpella Registry.
Catheter. Cardiovasc. Interv. 2012, 80, 717-725. [CrossRef] [PubMed]

O’Neill, WW.; Anderson, M.; Burkhoff, D.; Grines, C.L.; Kapur, N.K,; Lansky, A.J].; Mannino, S.; McCabe, ].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]

Thohan, V,; Stetson, S.J.; Nagueh, S.F,; Rivas-Gotz, C.; Koerner, M.M.; Lafuente, ].A.; Loebe, M.; Noon, G.P.; Torre-Amione, G.
Cellular and hemodynamics responses of failing myocardium to CF mechanical circulatory support using the DeBakey—Noon LV
assist device: A comparative analysis with pulsatile-type devices. J. Heart Lung Transplant. 2005, 24, 566-575. [CrossRef]

Bastos, M.B.; van Wiechen, M.P,; Van Mieghem, N.M. PulseCath iVAC2L: Next-generation pulsatile mechanical circulatory
support. Future Cardiol. 2020, 16, 103-112. [CrossRef]

Cohen, M.G.; Matthews, R.; Maini, B.; Dixon, S.; Vetrovec, G.; Wohns, D.; Palacios, I.; Popma, J.; Ohman, E.M.; Schreiber, T.; et al.
Percutaneous left ventricular assist device for high-risk percutaneous coronary interventions: Real-world versus clinical trial
experience. Am. Heart ]. 2015, 170, 872-879. [CrossRef] [PubMed]

Alaswad, K.; Basir, M.B.; Khandelwal, A.; Schreiber, T.; Lombardi, W.; O'Neill, W. The Role of Mechanical Circulatory Support
During Percutaneous Coronary Intervention in Patients Without Severely Depressed LV Function. Am. J. Cardiol. 2018, 121,
703-708. [CrossRef]

Sef, D.; Kabir, T.; Lees, N.J.; Stock, U. Valvular complications following the Impella device implantation. J. Card. Surg. 2021, 36,
1062-1066. [CrossRef]

Kapur, N.K.; Alkhouli, M.A.; DeMartini, T.J.; Faraz, H.; George, Z.H.; Goodwin, M.].; Hernandez-Montfort, ].A ; Iyer, V.S,;
Josephy, N.; Kalra, S.; et al. Unloading the Left Ventricle Before Reperfusion in Patients With Anterior ST-Segment-Elevation
Myocardial Infarction. Circulation 2019, 139, 337-346. [CrossRef]

O’'Neill, B.P; Grines, C.; Moses, ].W.; Ohman, E.M.; Lansky, A.; Popma, J.; Kapur, N.K;; Schreiber, T.; Mann'no, S.;
O'Neill, WW.; etal. Outcomes of bailout percutaneous ventricular assist device versus prophylactic strategy in patients
undergoing nonemergent percutaneous coronary intervention. Catheter. Cardiovasc. Interv. 2021, 98, E501-E512. [CrossRef]
Chieffo, A.; Ancona, M.B.; Burzotta, F,; Pazzanese, V.; Briguori, C.; Trani, C.; Piva, T.; De Marco, F; Di Biasi, M.; Pagnotta, P; et al.
Observational multicentre registry of patients treated with IMPella mechanical circulatory support device in ITaly: The IMP-IT
registry. Eurolntervention 2020, 15, e1343—e1350. [CrossRef] [PubMed]

Burkhoff, D.; Naidu, S.S. The science behind percutaneous hemodynamic support: A review and comparison of support strategies.
Catheter. Cardiovasc. Interv. 2012, 80, 816-829. [CrossRef] [PubMed]

Elia, E.; Iannaccone, M.; D’Ascenzo, E; Gallone, G.; Colombo, F.; Albani, S.; Attisani, M.; Rinaldi, M.; Boccuzzi, G.;
Conrotto, F,; et al. Short term outcomes of Impella circulatory support for high-risk percutaneous coronary intervention a
systematic review and meta-analysis. Catheter. Cardiovasc. Interv. 2022, 99, 27-36. [CrossRef] [PubMed]

Sjauw, K.D.; Konorza, T.; Erbel, R.; Danna, P.L.; Viecca, M.; Minden, H.H.; Butter, C.; Engstrom, T.; Hassager, C,;
Machado, FP; 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]

Van den Buijs, D.M.E; 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]

Griffioen, A.M.; Van Den Oord, S.C.H.; Van Wely, M.H.; Swart, G.C.; Van Wetten, H.B.; Danse, PW.; Damman, P.; Van Royen, N.;
Van Geuns, R.J.M. Short-Term Outcomes of Elective High-Risk PCI with Extracorporeal Membrane Oxygenation Support: A
Single-Center Registry. J. Interv. Cardiol. 2022, 2022, 7245384. [CrossRef]

Eckman, PM.; Katz, ].N.; El Banayosy, A.; Bohula, E.A.; Sun, B.; van Diepen, S. Veno-Arterial Extracorporeal Membrane
Oxygenation for Cardiogenic Shock: An Introduction for the Busy Clinician. Circulation 2019, 140, 2019-2037. [CrossRef]
Fearon, W.E,; Nishi, T.; De Bruyne, B.; Boothroyd, D.B.; Barbato, E.; Tonino, P; Jiini, P.; Pijls, N.H.J.; Hlatky, M.A.; FAME 2 Trial
Investigators. Clinical outcomes and cost-effectiveness of fractional flow reserve-guided percutaneous coronary intervention in
patients with stable coronary artery disease. Circulation 2018, 137, 480-487. [CrossRef]

Travis, A.R.; Giridharan, G.A.; Pantalos, G.M.; Dowling, R.D.; Prabhu, S.D.; Slaughter, M.S.; Sobieski, M.; Undar, A.; Farrar, D.J.;
Koenig, S.C. Vascular pulsatility in patients with a pulsatile- or continuous-flow ventricular assist device. J. Thorac. Cardiovasc.
Surg. 2007, 133, 517-524. [CrossRef]


https://doi.org/10.1093/ehjacc/zuab015
https://www.ncbi.nlm.nih.gov/pubmed/34057173
https://doi.org/10.1002/ccd.23403
https://www.ncbi.nlm.nih.gov/pubmed/22105829
https://doi.org/10.1016/j.ahj.2022.02.006
https://doi.org/10.1016/j.healun.2004.02.017
https://doi.org/10.2217/fca-2019-0060
https://doi.org/10.1016/j.ahj.2015.08.009
https://www.ncbi.nlm.nih.gov/pubmed/26542494
https://doi.org/10.1016/j.amjcard.2017.11.045
https://doi.org/10.1111/jocs.15303
https://doi.org/10.1161/CIRCULATIONAHA.118.038269
https://doi.org/10.1002/ccd.29758
https://doi.org/10.4244/EIJ-D-19-00428
https://www.ncbi.nlm.nih.gov/pubmed/31422925
https://doi.org/10.1002/ccd.24421
https://www.ncbi.nlm.nih.gov/pubmed/22431494
https://doi.org/10.1002/ccd.29757
https://www.ncbi.nlm.nih.gov/pubmed/34028964
https://doi.org/10.1016/j.jacc.2009.09.018
https://doi.org/10.1155/2022/8167011
https://doi.org/10.1155/2022/7245384
https://doi.org/10.1161/CIRCULATIONAHA.119.034512
https://doi.org/10.1161/CIRCULATIONAHA.117.031907
https://doi.org/10.1016/j.jtcvs.2006.09.057

J. Clin. Med. 2024, 13, 5357 14 of 14

20.

21.

22.

23.

24.

25.

26.

Undar, A. Energy equivalent pressure formula is for precise quantification of different perfusion modes. Ann. Thorac. Surg. 2003,
76,1777-1778. [CrossRef]

Ji, B.; Undar, A. An evaluation of the benefits of pulsatile versus nonpulsatile perfusion during cardiopulmonary bypass
procedures in pediatric and adult cardiac patients. ASAIO J. 2006, 52, 357-361. [CrossRef] [PubMed]

Orime, Y.; Shiono, M.; Nakata, K.I.; Hata, M.; Sezai, A.; Yamada, H.; lida, M.; Kashiwazaki, S.; Nemoto, M.; Kinoshita, J.I.; et al.
The role of pulsatility in end-organ microcirculation after cardiogenic shock. ASAIO J. 1996, 42, M724-M729. [CrossRef] [PubMed]
Wollmuth, J.; Patel, M.P,; Dahle, T.; Bharadwaj, A.; Waggoner, T.E.; Chambers, ].W.; Ruiz-Rodriguez, E.; Mahmud, E,;
Thompson, C.; Morris, D.L.; et al. Ejection fraction improvement following contemporary high-risk percutaneous coronary
intervention: RESTORE EF study results. J. Soc. Cardiovasc. Angiogr. Interv. 2022, 1, 100350. [CrossRef] [PubMed]

Burzotta, F; Russo, G.; Ribichini, F,; Piccoli, A.; D’Amario, D.; Paraggio, L.; Previ, L.; Pesarini, G.; Porto, I.; Leone, A.M.; et al.
Long-term outcomes of extent of revascularization in complex high risk and indicated patients undergoing Impella-protected
percutaneous coronary intervention: Report from the Roma-Verona registry. J. Interv. Cardiol. 2019, 2019, 5243913. [CrossRef]
[PubMed]

Buccheri, S.; Franchina, G.; Romano, S.; Puglisi, S.; Venuti Ge D’Arrigo, P.; Francaviglia, B.; Scalia, M.; Condorelli, A.; Barbanti, M.;
Capranzano, P; et al. Clinical outcomes following intravascular imaging-guided versus coronary angiography-guided percuta-
neous coronary intervention with stent implantation: A systematic review and Bayesian network meta-analysis of 31 studies and
17,882 patients. JACC Cardiovasc. Interv. 2017, 10, 2488-2498. [CrossRef]

Thel, M.C,; Califf, RM.; Tardiff, B.E.; Gardner, L.H.; Sigmon, K.N.; Lincoff, A.M.; Topol, EJ.; Kitt, M.M.; Blankenship, J.C.;
Tcheng, J.E. Timing of and risk factors for myocardial ischemic events after percutaneous coronary intervention (IMPACT-II).
Integrilin to Minimize Platelet Aggregation and Coronary Thrombosis. Am. J. Cardiol. 2000, 85, 427-434. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/S0003-4975(03)00668-4
https://doi.org/10.1097/01.mat.0000225266.80021.9b
https://www.ncbi.nlm.nih.gov/pubmed/16883112
https://doi.org/10.1097/00002480-199609000-00083
https://www.ncbi.nlm.nih.gov/pubmed/8944976
https://doi.org/10.1016/j.jscai.2022.100350
https://www.ncbi.nlm.nih.gov/pubmed/39131473
https://doi.org/10.1155/2019/5243913
https://www.ncbi.nlm.nih.gov/pubmed/31772533
https://doi.org/10.1016/j.jcin.2017.08.051
https://doi.org/10.1016/S0002-9149(99)00767-5

	Introduction 
	Methods 
	Results 
	Discussion 
	Previous Evidence on the iVAC2L 
	Study Findings 

	Merits and Flaws 
	Future Research 
	Conclusions 
	References

