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Background: Recent studies describe an emerging role for percutaneous left ventricular assist devices such as Impella CP� as rescue therapy for

refractory cardiac arrest. We hypothesized that the addition of mechanical chest compressions to percutaneous left ventricular assist device assisted

CPR would improve hemodynamics by compressing the right ventricle and augmenting pulmonary blood flow and left ventricular filling. We per-

formed a pilot study to test this hypothesis using a swine model of prolonged cardiac arrest.

Methods: Eight Yorkshire swine were anesthetized, intubated, and instrumented for hemodynamic monitoring. They were subjected to untreated

ventricular fibrillation for 5.75 (SD 2.90) minutes followed by mechanical chest compressions for a mean of 20.0 (SD 5.0) minutes before initiation of

percutaneous left ventricular assist device. After percutaneous left ventricular assist device initiation, mechanical chest compressions was stopped

(n = 4) or continued (n = 4). Defibrillation was attempted 4, 8 and 12 minutes after initiating percutaneous left ventricular assist device circulatory

support.

Results: The percutaneous left ventricular assist device + mechanical chest compressions group had significantly higher percutaneous left ventric-

ular assist device flow prior to return of spontaneous heartbeat at four- and twelve-minutes after percutaneous left ventricular assist device initiation,

and significantly higher end tidal CO2 at 4-minutes after percutaneous left ventricular assist device initiation, when compared with the percutaneous

left ventricular assist device alone group. Carotid artery flow was not significantly different between the two groups.

Conclusion: The addition of mechanical chest compressions to percutaneous left ventricular assist device support during cardiac arrest may gen-

erate higher percutaneous left ventricular assist device and carotid artery flow prior to return of spontaneous heartbeat compared to percutaneous

left ventricular assist device alone. Further studies are needed to determine if this approach improves other hemodynamic parameters or outcomes

after prolonged cardiac arrest.
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Introduction

Out-of-hospital cardiac arrest (OHCA) and in-hospital cardiac arrest

(IHCA) occur approximately 600,000 times annually in the United

States with neurologically intact survival to hospital discharge of less

than 10%.1–3 The majority of cardiac arrest patients do not achieve a

return of spontaneous heartbeat (ROSHB) despite the current
advances in cardiovascular life support and resuscitative efforts.2

Recently, percutaneous placement of a left ventricular assist device

(pL-VAD) has been explored for use during refractory cardiac arrest

and is emerging as a feasible resuscitation strategy in both animal

models and in cardiac arrest patients who are unresponsive to con-

ventional care.4–7.

Panagides et al. demonstrated that patients undergoing pL-VAD

Impella CP�, insertion during ongoing CPR achieved a 37.1% rate of
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30-day survival without neurological impairment.4 Similarly, Derwall

et al. demonstrated an improved coronary perfusion pressure and

increased rates of ROSHB in a swine model.8 Lotun et al. also

demonstrated improved survival with both a pL-VAD and pL-

VAD + mCPR in an in-hospital cardiac arrest (IHCA) swine model.9

However, the optimal resuscitation strategy for patients in cardiac

arrest following the initiation of pL-VAD therapy remains unclear.

The pL-VAD continuously extracts blood from the left ventricle

through an inlet cage, bypassing the aortic valve before ejecting it

into the ascending aorta.10,11 The hemodynamic support offered by

the pL-VAD is dependent on left ventricular preload. In the case of

cardiac arrest, the absence of right ventricular contraction combined

with the decrease in venous return may result in decreased pul-

monary blood flow and therefore a decrease in left ventricular pre-

load. Disruption of pulmonary blood flow and inadequate preload

could prevent optimal pL-VAD flow during cardiac arrest. In this

study, we investigated the effect of adding mechanical CPR (mCPR)

during pL-VAD assisted resuscitation on pL-VAD flow and intra-

cardiac arrest hemodynamics in a swine model of prolonged cardiac

arrest. We hypothesized that the addition of mCPR to pL-VAD

assisted resuscitation would result in an improvement of pL-VAD

flow, carotid artery blood flow, and end-tidal CO2.

Methods

All experimental procedures were conducted under an approved

institutional animal care and use committee protocol (IACUC #

PRO00010393. Approved on 7/20/2021 and expires on 7/20/2024)

and in accordance with the Guide for the Care and Use of Laboratory

Animals. This pilot study was completed as part of a larger study to

develop a swine model of pL-VAD supported resuscitation during

prolonged cardiac arrest limiting the sample size. In this pilot study,

eight Yorkshire mix swine (62.5% male) were a priori assigned into

one of two interventional groups (n = 4 per group) which received

either pL-VAD alone or pL-VAD + mCPR to have similar animal char-

acteristics in each group. There were no additional exclusion criteria.

Due to the interventions, blinding was not feasible.

Experimental design

Animals were anesthetized using a combination of tiletamine/zo-

lazepam and xylazine and subsequently intubated, mechanically

ventilated, and maintained under 1–2% inhalant isoflurane for the

duration of all experimental procedures. The carotid artery, femoral

artery, internal jugular vein, and external jugular vein were surgically

instrumented according to the Supplemental Material Section 1 and

a pL-VAD (Impella CP�, Abiomed, Danvers, MA) was placed under

fluoroscopic guidance. Animals were administered 200–300 U/kg of

heparin to a target-activated clotting time of >300 seconds.

Experimental design is displayed in Fig. 1. Ventricular fibrillation

was induced by applying 9 V to the right ventricle using a pacing wire

(Arrow�, Teleflex, Wayne PA). Fibrillation was left untreated for a

mean of 5.75 (2.90) minutes. Five animals remained in VF for eight

minutes, while the remaining animals remained in VF for 2 minutes.

Anesthesia and ventilation were paused during cardiac arrest.

Mechanical chest compressions (LUCAS 2, Stryker Medical, Portage

MI) and ventilation (10 breaths/min & 100% FiO2) were initiated fol-

lowing the untreated ventricular fibrillation period and continued

throughout the CPR period until the intervention period, for a mean

of 20.0 (5.0) minutes. Intravenous adrenaline boluses (0.02 mg/Kg)
were administered 14 and 18-minutes after cardiac arrest. The pL-

VAD was turned to P0 setting (off) until the intervention period.

The pL-VAD was initiated at the beginning of the intervention

period in both groups and optimized for maximum flow. Mechan-

ical compressions were continued in the pL-VAD + mCPR group.

At 4 minutes after intervention, a 200 J biphasic defibrillation

(Medtronic LIFEPAK 20e, Minneapolis MN) was attempted. If

return of spontaneous circulation heartbeat (ROSHB) was

achieved (indicated by organized electrical rhythm or pulse for

2 minutes), chest compressions were discontinued and Impella

position was confirmed with transthoracic echocardiography.

Otherwise, both interventions were continued for a total of 12

minutes with a single defibrillation attempt occurring every sub-

sequent four minutes. After the last defibrillation attempt, the

experiment was terminated if ROSHB was not achieved. Isoflu-

rane was immediately resumed in animals which achieved

ROSHB, and they were maintained on pL-VAD support for four

additional hours. Following this four-hour period, animals were

subsequently euthanized using intravenous potassium chloride

injection while under general anesthesia.

Primary outcomes

The primary outcomes for the study were pL-VAD flow (L/min), end-

tidal carbon dioxide (PetCO2), and carotid artery (CA) flow (mL/min)

in animals receiving pL-VAD support with and without mCPR.

Statistical analysis

Continuous data are presented as mean (standard deviation). Inter-

group comparisons were performed using a t-test. Pooled group

comparisons were assessed by a mixed effect model. Type I error

was set at 0.05. Prism 9 (GraphPad, San Diego, CA) was used for

data analysis.

Results

There was no significant difference in baseline animal characteris-

tics, cardiac arrest duration prior to intervention, or rate of ROSHB

(Table 1). Mechanical CPR duration prior to intervention was 24.0

(4.24) minutes in the pL-VAD alone group and 16.0 (0) minutes in

the pL-VAD + mCPR group (p = 0.047).

Detailed experimental data for pL-VAD flow, CA-flow, and end-

tidal CO2 (PetCO2) are presented in Table 1. There was an overall

significant increase in pL-VAD flow when pL-VAD was combined with

mCPR. Pooled data analysis indicated a mean (SD) pL-VAD flow

over the duration of intervention of 1.6 (0.52) L/min in the pL-

VAD + mCPR group compared to a pL-VAD flow of 0.5 (0.19) L/

min in the pL-VAD alone group (p = 0.007). Intergroup comparisons

at each timepoint also indicated that the pL-VAD + mCPR group had

significantly higher pL-VAD flow at individual timepoints of 4- and 12-

minutes after intervention (Table 1, Fig. 2a). Similarly, there was an

overall significant increase in CA-flow that averaged 115.7 (62.59)

mL/min in the pL-VAD + mCPR group compared to 46 (26.77) mL/

min in the pL-VAD alone group (p = 0.029). However, there were

no statistically significant differences at any specific time point

between groups (Table 1, Fig. 2b). PetCO2 values were higher fol-

lowing intervention in the pL-VAD + mCPR group compared to the

pL-VAD alone group [31.1 (5.12) mmHg vs. 23.9 (5.07) mmHg].

However, the pooled analysis did not reveal a statistically significant

difference between the groups.



Fig. 1 – *Defibrillation was attempted 4, 8 and 12 minutes after initiating pL-VAD circulatory support, except for the

first pilot animal where it was attempted at 2 minutes.

Table 1 – Pl-vad + mCPR vs. pL-VAD alone.

pL-VAD + mCPR

(n = 4)

pL-VAD alone

(n = 4)

p-value

Male (%) 50% 75% 0.54

Weight [kg (SD)] 51.75 (2.86) 49 (3.54) 0.33

ROSHB 50% 50% 1

Time intervals (min) mean (SD)

No-flow (VF) duration 8.00 (0) 3.50 (2.6) 0.058

mCPR duration 16.00 (0) 24.00 (4.24) 0.04*

CA duration before pL-VAD initiation 24.00 (0) 27.50 (4.33) 0.26

pL-VAD Flow (L/Min) mean (SD)

0 minutes 1.38 (0.72) 0.48 (0.09) 0.11

4 minutes 1.70 (0.41) 0.50 (0.22) 0.008

8 minutes 1.45 (0.09) 0.50 (0.20) 0.11

12 minutes 1.68 (0.50) 0.40 (0.20) 0.02

Pooled 0–12 min. 1.55 (0.52) 0.47 (0.19) <0.007

Carotid Flow (mL/min) mean (SD)

0 minutes 113.30 (57.89) 61.20 (15.75) 0.22

4 minutes 133.83 (61.87) 41.45 (63.3) 0.08

8 minutes 120.68 (41.75) 32.95 (18.65) 0.05

12 minutes 94.95 (70.58) 39.70 (21.30) 0.30

Pooled 0–12 min. 115.68 (62.59) 46 (26.77) 0.029

PetCO2 (mmHg) mean (SD)

0 minutes 31.03 (4.18) 26.5 (6.87) 0.37

4 minutes 33.99 (3.20) 23.5 (3.20) 0.007

8 minutes 31.16 (5.22) 22 (1) 0.05

12 minutes 28.08 (5.10) 21.5 (1.5) 0.12

Pooled 0–12 min. 31.06 (5.12) 23.92 (5.07) 0.144

CA = cardiac arrest; kg = kilograms; L = liter; mCPR = mechanical CPR; mL = milliliter; Min = minutes; PetCO2 = end-tidal CO2; pL-VAD = percutaneous ventricular

assist device; ROSHB = Return of Spontaneous Heartbeat; SD = standard deviation; VF = ventricular fibrillation.
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Discussion

Although pL-VAD devices only provide left ventricular support, recent

data suggests that the early implantation of a pL-VAD device during

refractory cardiac arrest is feasible and associated with an increased

survival.4,7 However, in the study by Panagides et al., less than 50%
of patients required extended mCPR following pL-VAD therapy initi-

ation.4 Therefore, it is unclear if continued mCPR is still required in

the resuscitation of refractory cardiac arrest patients following initia-

tion of pL-VAD therapy.

In this study, we demonstrated that the addition of mCPR during

pL-VAD use produced a significant increase in pL-VAD flow and car-



Fig. 2 – Intra-arrest A) pL-VAD flow (liters/minute), B)

carotid artery (CA) flow (milliliters/minute), and C) end-

tidal carbon dioxide (PetCO2; mmHg) in swine support

with pL-VAD + mCPR and pL-VAD alone.
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otid artery flow. The lower pL-VAD and carotid artery flow observed

in the group without mCPR can most likely be attributed to the acute

biventricular failure encountered during cardiac arrest. Without the

forward flow from the right heart provided by mCPR, pulmonary

blood flow and left ventricular filling are decreased, and independent

pL-VAD flows are decreased when compared to pL-VAD with mCPR.

Our study demonstrated findings consistent with previous studies
that demonstrated favorable neurologic outcomes in swine treated

with mCPR and pL-VAD.9 The study by Lotun et al. study modeled

an IHCA with two minutes of no-flow time to simulate initiation of

manual chest compressions in the cardiac catheterization laboratory.

In contrast, our study simulated refractory OHCA with a more pro-

longed no-flow time that was similar to EMS arrival time and prehos-

pital continuous high-quality CPR. Our study demonstrated that the

addition of mCPR to pL-VAD augmented the pL-VAD flow and caro-

tid artery flow compared to pL-VAD alone. Therefore, continuous

mCPR might be beneficial following pL-VAD insertion for refractory

cardiac arrest patients.

Our study has several limitations. First, this study used prelimi-

nary data from a larger study to develop a swine model of pL-VAD

supported resuscitation during refractory cardiac arrest.12 Therefore,

while equal numbers of animals were included in both intervention

groups, the sample size of the study was not specifically designed

to test our hypotheses. This study had a limited sample size and

was not statistically powered to detect differences in hemodynamics.

The small sample size might have contributed to the lack of signifi-

cant difference at many independent time points, and similarly, any

significant differences should be interpreted with caution. The dura-

tion of untreated ventricular fibrillation (no-flow) and mCPR prior to

intervention was also variable between groups which may influence

the hemodynamics of the pL-VAD, transpulmonary flow (PetCO2),

and carotid artery flow. This variability in duration prior to intervention

could contribute to variability in the data produced from the model.

Additionally, the increase in intra-cardiac arrest pL-VAD and carotid

artery flow was demonstrated in a swine model that may have limited

applicability to humans, and long-term outcomes were not evaluated.

Lastly, the translation of this technology to the clinical environment

may be challenging, given the technical difficulty of placing a pL-

VAD during ongoing CPR.

Conclusions

The addition of mCPR to pL-VAD support during refractory cardiac

arrest may generate higher pL-VAD flow and carotid artery flow com-

pared to pL-VAD alone. Further studies are needed to determine if

this approach improves the hemodynamic parameters, probability

of ROSHB, or survival and neurologic outcomes after refractory car-

diac arrest.
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