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Abstract

Background: Left atrium (LA) physiology is influenced by changes in left ventricular (LV) 

performance and load.

Objectives: To define the impact of acute changes in LV loading conditions on LA physiology in 

subacute myocardial infarction (MI).

Methods: MI was percutaneously induced in 19 Yorkshire pigs. One to 2 weeks after MI, 14 pigs 

underwent acute LV unloading using a percutaneous LV assist device, Impella. The remaining 5 

pigs underwent acute LV loading by percutaneous induction of aortic regurgitation. A pressure-

volume catheter was inserted into the LA using a percutaneous trans-septal approach, and LA 

pressure-volume loops were continuously monitored. Atrial arrhythmia inducibility was examined 

by burst-pacing of the right atrium. NADPH oxidase (NOX) levels and ryanodine receptor 

phosphorylation were examined in LA tissues to study the potential impact of stretch-dependent 

oxidative stress.

Results: MI resulted in reduced LV ejection fraction and increased LV end-diastolic pressure 

(EDP) with concomitant increase in LA pressure and volumes. Acute LV unloading resulted in a 

reduction of LVEDP, which led to proportional decreases in mean LA pressure and maximum LA 

volume. LA pressure-volume loops exhibited a flow-dependent left-downward shift with the 

device. This was associated with reduced LA passive stiffness suggesting the alleviation of the LA 

stretch that was present after MI. Prior to acute unloading of the LV, 71% of the pigs were 

arrhythmia-inducible; LV unloading reduced this to 29% (p = 0.02). Time to spontaneous 

termination of atrial arrhythmias was decreased from 55 sec (median, range: 5–300) to 3 sec 

(range: 0–59). In contrast, LV loading increased LA pressure without significant impacts on 

arrhythmogenicity. Molecular analysis of LA tissue revealed that NOX2 expression was increased 
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after MI, whereas LV unloading reduced NOX2 levels and diminished ryanodine receptor 

phosphorylation.

Conclusions: Acute LV unloading relieves LA stretch and reduces atrial arrhythmogenicity in 

subacute MI.

Condensed Abstract:

Impact of acute changes in LV loading condition on LA physiology was examined in a pig model 

of subacute MI. Closed-chest LA pressure-volume assessment revealed a left-downward shift of 

LA pressure-volume loops with LV unloading using a percutaneous cardiac assist device. LA 

passive stiffness was reduced, suggesting an alleviation of LA stretch that was present after MI. 

LV unloading also reduced arrhythmia inducibility and maintenance. LA tissue analysis exhibited 

reduced NOX2 expression after LV unloading suggesting an inhibition of stretch-dependent 

oxidative stress as a possible mechanism. Our data demonstrate that acute LV unloading 

significantly improves LA physiology in a pig subacute MI model.
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Introduction

The negative consequences of acute myocardial infarction (MI) include decreased left 

ventricular (LV) function, pulmonary congestion, and increased arrhythmogenesis. Located 

upstream of the LV, the left atrium (LA) has unique roles including as a reservoir, a pump, 

and supra-ventricular electrical conduction. Acute MI leads to hemodynamic derangements 

that result in pressure-volume overload of not only the LV, but also the LA leading to 

myocardial stretch of both chambers. LA stretch makes it difficult to expand further, and can 

lead to congestion of the lung through impaired reservoir function. Furthermore, stretch 

provides an arrhythmogenic substrate in the setting of ischemia (1). Atrial tachycardia and 

fibrillation (AT and AF respectively) are commonly observed in patients after acute MI and 

are associated with increased morbidity and mortality. Indeed, recent data shows new onset 

AF after acute coronary syndrome is associated with a 4.4-fold increase in in-hospital 

mortality (2).

Recently, percutaneous LV assist devices (pLVADs) have emerged as powerful options for 

managing post-MI patients (3,4), particularly those with cardiogenic shock. Clinical and 

preclinical studies show superior hemodynamic improvements over the intra-aortic balloon 

pump in this patient population (5–7), which has been the gold standard for nearly half a 

century in managing MI patients who require hemodynamic support. Acute LV unloading by 

pLVADs is well-known to decrease wall stress by decreasing LV volume and pressure (8–

11). Because the LA is hemodynamically linked with LV performance and load (12), 

unloading of the LV is expected to passively influence the LA, potentially decreasing its 

stretch and modifying arrhythmia propensity. However, no systematic studies exist that 

directly investigate this phenomenon, and little is known about the hemodynamics and 

physiological effects of changes in LV load on LA. Therefore, we investigated the effects of 
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LV unloading on the hemodynamic status of the LA and the ability of LV unloading to 

modify stretch-dependent AF in the setting of ischemia. We hypothesized that LV unloading 

using an LV-to-aorta hemodynamic support device will modulate the LV-LA pressure 

gradient, reduce LA pressure, and inhibit LA arrhythmogenesis in the pathologically 

stretched LA in the post-MI setting. To inquire further into the role of LV load on the LA in 

subacute MI setting, we also examined the effects of increased LV load by percutaneous 

induction of aortic regurgitation. This is the first study to directly quantify LA pressure-

volume relationships in vivo in a closed-chest setting and to investigate the impact of LV 

load in ischemic heart failure.

Methods

Experimental protocol

The experimental protocols involving animals complied with the Guide for the Care and Use 

of Laboratory Animals regulations and US regulatory agencies. Icahn School of Medicine at 

Mount Sinai Institutional Animal Care and Use Committee approved the study. A total of 19 

Yorkshire pigs (41.9±4.54 Kg, 7 male and 12 female) were included in this study. One to 

two weeks after a percutaneous induction of MI (13), 14 pigs underwent acute LV unloading 

experiments using the Impella CP (Abiomed, Danvers, Massachusetts). Five pigs were 

induced aortic regurgitation (AR) to increase LV load. First, post-MI pigs underwent 

echocardiographic and hemodynamic measurements, followed by the pacing study for 

arrhythmia induction and LA pressure-volume assessment using percutaneously inserted 

high-fidelity catheter (Millar Instruments, Auckland, New Zealand). Under a continuous LA 

pressure-volume monitoring, the pLVAD was inserted in the LV for unloading group, 

whereas AR was induced for the loading group. The device flow was increased stepwise (P2, 

P4, P6, and P8), and the maximum achievable support level for each pig was used for all 

assessments. Moderate to severe AR was percutaneously induced by disrupting the aortic 

valve (Supplemental Video). Once hemodynamic stability was established, LA pressure-

volume data were again obtained during a brief breath hold. Pacing studies were repeated to 

evaluate the impact of change in LV load on arrhythmia inducibility (Figure 1). Pigs were 

monitored for 2 hours after the initiation of the pLAVD or AR induction. NADPH oxidase 

(NOX) and ryanodine receptor phosphorylation in the LA tissue were examined by western 

blotting to investigate potential impact of stretch-dependent oxidative stress (14). More 

detailed protocol and methods are available in the supplemental materials.

Statistical analysis

Data are expressed as mean ± standard deviation. The Wilcoxon signed-rank test was used to 

compare the differences between the two time points of identical animals. The McNemar 

test was used to compare the incidence rates of arrhythmias before and after the pLVAD 

support. Correlation between two variables was examined using Spearman’s method. A p-

value <0.05 was considered statistically significant.
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Results

Impact of MI in pigs

Induction of MI resulted in a decreased LV ejection fraction and increased LV volumes at 

the time of the LV unloading and loading experiments (Figure 2). LV end-diastolic pressure 

also significantly increased (Online Table 1). LA maximum and minimum volumes 

assessed by 3D echocardiography increased and there was a mild reduction in LA ejection 

fraction (Figure 2).

Acute LV unloading with a pLAVD

After baseline echocardiographic and hemodynamic assessment, the pLAVD was inserted to 

acutely unload the LV (Figure 3). Among the 14 studied animals, 12 pigs received P8 

support (maximal support) throughout the study. The remaining pigs were supported with 

lower levels (P6 and P5 support), because of the RV failure that was unmasked when the LV 

was fully supported with P8. However, unloading of the LV was confirmed in all pigs by 

decreases in LV end-diastolic pressure and in native cardiac output (Figure 3). Consistent 

with our previous findings, LV end-diastolic dimension was decreased after LV unloading 

(Online Figure 1).

Impact of acute LV unloading on the LA pressure and volumes

Continuous monitoring of the LA pressure-volume relationship during the stepwise increase 

in pLVAD flow exhibited a pump-flow dependent left-downward shift of the LA pressure-

volume loops (Figure 4; Online Figure 2). Both LA pressure and volumes decreased 

significantly with the pLVAD -mediated LV unloading (Figure 4). A significant reduction in 

the LA pressure was observed throughout the cardiac cycle including, both a and v waves. 

Additionally, there were significant linear correlations between LV end-diastolic pressure 

and both mean LA pressure and maximum LA volume (Figure 4), indicating that the 

changes in LA parameters are due to improved LV-LA interaction.

Reduced LA work after LV unloading using a pLVAD

Reduction of LA maximum and minimum volumes was associated with an increased LA 

ejection fraction (Figure 5). In order to determine if this was associated with increased LA 

work, we analyzed the LA pressure-volume loops before and after LV unloading. 

Comparison of pressure-volume loop areas revealed significant reductions of both total and 

active LA stroke work (Figure 5), suggesting that the LA work was reduced despite 

increased LA ejection fraction. LA dP/dt maximum was also reduced consistent with the 

unloading of the LA.

Improved LA passive stiffness with acute LV unloading

We examined the impact of acute LV unloading with the pLVAD on diastolic passive LA 

wall stiffness. As shown in Fig 6, the majority of pigs demonstrated a significant reduction 

in the LA stiffness constant k after acute LV unloading using the pLVAD. The observed 

reductions in LA pressure, volume, and passive stiffness with acute LV unloading strongly 
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suggest that LV unloading attenuates the LA stretch that was present after MI in our 

subacute model of MI (Central Illustration).

Decreased arrhythmia incidence and maintenance with acute LV unloading

Since atrial stretch is a known promoter of atrial arrhythmias, we tested whether alleviating 

the LA stretch reduces the propensity to develop arrhythmias. Prior to the pLVAD insertion, 

pacing-induced AT/AF that was sustained >30 seconds were induced in 9 pigs while 1 

additional pig developed a ventricular tachycardia after a short period of atrial fibrillation 

(71% induction). In contrast, after LV unloading, only 4 pigs developed AT/AF (29%), and 

none developed ventricular arrhythmias (Fig 7). Moreover, LV unloading reduced the time to 

spontaneous termination of atrial arrhythmias from 55 sec (median, range:5–300) to 3 sec 

(range:0–59). (Fig 7).

Impact of LV loading on the LA

To further characterize the impact of changes in LV loading condition, we examined the 

effect of acutely increased LV load by percutaneously inducing AR (Fig 3 D-F). AR 

successfully increased LVEDP in pigs post-MI, and this resulted in an increased LA 

pressure. There was a trend toward increased LA volumes, but this failed to reach 

significance. This can be observed in the representative LA pressure-volume loop in Fig 8 in 

that the main shift upon loading was upward (pressure) and only slightly rightward 

(volume). LA stroke work was increased significantly, and stiffness showed increase without 

statistical significance. Interestingly, there were no significant changes in the arrhythmia 

inducibility or maintenance using the same induction protocol employed for the unloading 

group.

Reduced NOX2 level in the LA associated with acute LV unloading

Because NOX2-dependent oxidative stress has been shown to be involved in cardiomyocyte 

stretch-induced arrhythmogenic properties, we examined NOX2 levels in LA tissues. 

Consistent with previously reported in vitro results, we found increased NOX2 levels in the 

LA after MI compared to the LA from naïve pigs (Figure 9). pLVAD-mediated LV 

unloading reduced NOX2 levels in the LA (Figure 9; Online Figure 3) and this was 

associated with decreased ryanodine receptor phosphorylation at both S2808 and S2814 

sites. In contrast, LA levels of NOX4, another NOX isoform predominantly expressed in the 

heart, did not show significant differences between naïve, post-MI, and post-MI with 

unloading. These results suggest that the anti-arrhythmic effect was at least partly mediated 

by decreased LA oxidative stress and modulation of ryanodine receptor activity. In contrast, 

LV loading with AR did not result in significant changes in NOX levels (Online Figure 4).

Discussion

The central finding of our study is that acute unloading of the LV leads to passive reduction 

of LA pressure, volume, and work that result in the prevention of atrial arrhythmias in a 

subacute MI pig model. A unique method of percutaneous LA pressure-volume loop 

assessment in a closed chest setting was employed to characterize the impact of LV load on 

LA physiology. In addition to reduced LA volume, the LA passive stiffness index decreased 
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by LV unloading. This suggests that LA stretch present after MI was effectively attenuated 

by LV unloading. Reduced atrial arrhythmogenicity was associated with reversal of 

increased LA NOX2 levels post-MI, along with a diminished ryanodine receptor 

phosphorylation. These results suggest a stretch-induced NOX2 dependent oxidative stress, 

in part, mediates atrial arrhythmogenesis in a post-MI setting, and this mechanism is 

reversible with LV unloading.

To our knowledge, our study provides the first detailed characterization of the acute impact 

of a continuous flow LV-to-aorta LVAD on LA physiology in a post-MI setting. Moreover, 

this is also the first in vivo study to demonstrate that alleviating pre-existing LA stretch can 

reduce atrial arrhythmogenicity in post-MI setting. Taken together, our study demonstrates 

that acute mechanical unloading of the LV using the pLVAD is capable of producing 

significant benefits on the hemodynamic stresses within in the LA that are associated with 

MI. While our findings need to be confirmed in data from patients supported with a pLVAD 

post-MI, our study indicates that LV unloading would be expected to facilitate the 

management of congestive heart failure by positively affecting the hemodynamics upstream 

of the LV.

Impact of pLVAD-mediated acute LV unloading on the LA

Understanding the impact of altered LV load on the LA in the post-MI setting is of 

paramount importance as it relates to the two prevalent sequelae of an MI, atrial arrhythmia 

and congestive heart failure. After a large MI, LV systolic function becomes decreased and 

LV operates under an increased LV end-diastolic pressure in order to maintain cardiac output 

via the Frank-Starling mechanism. However, increased LV end-diastolic pressure also leads 

to a requisite increase in LA pressure that stretches LA wall (Central Illustration). 

Increased LA pressure also increases lung capillary pressure that can cause lung congestion 

leading to congestive heart failure, whereas stretch of the LA wall increases the incidence of 

atrial arrhythmias (15–17).

In general, the impact of mechanical LV unloading on LA physiology and hemodynamics 

has not been well studied. This includes both pLVADs and surgically implanted LVADs. The 

majority of previous studies employed pulmonary capillary wedge pressure as a surrogate of 

LA pressure (5,18–21). While a good agreement between pulmonary capillary wedge 

pressure and LA pressure has been reported (22,23), the information available from right 

heart catheterization is limited to the pressure and it does not provide assessment of 

concurrent LA volume changes associated with LVAD support. By using a continuous direct 

LA pressure-volume monitoring by percutaneous catheterization, we demonstrate for the 

first time that LA volume decreases together with the pressure in a linearly correlated 

manner to the LV end-diastolic pressure during acute LV unloading. We also found that the 

LA passive stiffness index was decreased after LV unloading in subacute MI pigs. In 

contrast, increased LV load induced by AR significantly elevated LA pressure, but had lesser 

effects on volumes and the stiffness. These results suggest that the LA is already stretched in 

these post-MI animals, and the increase in pressure is not capable of further stretching the 

LA wall. Together, these data support that the observed LA stretch post-MI is due to 

compensatory increases in LV filling pressure, and this process is reversible by modifying 
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LA hemodynamics through mechanical unloading the LV. Interestingly, while LA pressure 

and volume parameters showed a flow-dependent decrease, stiffness showed an initial 

reduction at low level of support (P2) and remained similar thereafter (Supplemental Fig 2). 

This result suggests that low-grade LV unloading may be sufficient to alleviate LA stretch in 

post-MI and supports the use of mechanical LV unloading for not only patients with 

cardiogenic shock, but for those with congestive heart failure with increased LA pressure.

Reduced atrial arrhythmias

Atrial arrhythmias are a common complication after an MI with a reported incidence as high 

as 37% (24). Various mechanisms have been proposed for this increased propensity to atrial 

arrhythmias including atrial stretch, atrial ischemia, inflammation, and autonomic nervous 

activation (24,25). Although evidence suggests that all these factors play roles in promoting 

atrial arrhythmia, whether it is possible to inhibit atrial arrhythmias by modulating these 

factors remains largely unexplored. Our results confirm that atrial stretch is indeed one of 

the most important mechanisms for both inducibility and sustainability of atrial arrhythmias. 

Meanwhile, circulating atrial natriuretic peptide levels showed only minor changes after LV 

load changes (Supplemental Fig 5), suggesting a lesser role at least in our study setting. Our 

data specifically highlights that alleviating stretch is both attainable and a viable approach to 

reducing atrial arrhythmogenicity in a recent MI.

The importance of increased LA pressure and associated stretch for atrial arrhythmia 

development has been implicated by several clinical studies (26–28) and ex vivo 
experiments (15,17,29). In a rabbit isolated Langendorff-perfused heart, Ravelli et al (15) 

elegantly demonstrated that an acute increase in atrial pressure leads to increased AF 

inducibility through shortening of atrial effective refractory period, whereas restoring the 

pressure promptly reverses the abnormal rhythm. Unfortunately, no studies have examined 

whether these findings are reproducible in vivo, most likely because of the difficulty in 

specifically manipulating LA pressures in the intact physiological environment. In vivo 
confirmation in our study at subacute phase of MI is particularly important because it is 

possible that a continuously stretched LA may have undergone electrical or structural 

remodeling that can provide the arrhythmogenic substrate post-MI. Limiting stretch in vivo 
is a direct means of testing whether structural and/or electrical remodeling would still be 

reversible. Using our unique experimental approach with mechanical LV unloading, we 

demonstrate that the findings of Ravelli et al. are indeed reproducible in an LA that has been 

exposed to continuously elevated pressure for at least 1 week in a clinically relevant animal 

model.

Our study provides additional insights into the mechanisms involved in development of post-

MI AF. We found that LA NOX2 expression is increased after MI, whereas this was partly 

reversed by acute LV unloading. Prosser et al (14) reported that cardiomyocyte stretch 

induces arrhythmogenic Ca2+ sparks via activation of NOX2 in isolated ventricular 

myocytes in a rapid and reversible manner (14,30). This was associated with increased 

ryanodine receptor sensitivity, leading to arrhythmogenic Ca2+ release from the 

sarcoplasmic reticulum. They suggested that post-translational modifications of the 

ryanodine receptor induced by NOX2-dependent oxidative stress as the responsible 

Ishikawa et al. Page 7

J Am Coll Cardiol. Author manuscript; available in PMC 2019 August 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



mechanism. Our study is in line with their findings, while demonstrating that the same 

mechanism likely takes place in the LA. Our data suggest that decreased ryanodine receptor 

phosphorylation at both S2808 and S2814 sites, which are shown to be activated under 

oxidative stress (31,32), may be playing a role in prevention of the diastolic calcium leak 

through this channel (33). Several experimental and clinical studies have provided evidence 

for a relationship between NOX2-mediated oxidative stress and AF (34–36). Dynamic 

changes of NOX2 after MI and after LV unloading in our data are consistent with previous 

report that demonstrated its rapid transcription and degradation (37). Together with parallel 

changes in arrhythmia inducibility, our data suggest that NOX2 mediated oxidative stress 

may play key roles in increased arrhythmogenicity in the subacute phase of MI. Experiments 

with transgenic mice have not yet conclusively defined specific roles for NOX isoforms in 

AF formation (16). While transgenic mouse experiments are of central importance to 

advancing our understanding of specific proteins, interpretation of these data are not 

straightforward as the sustained loss/overexpression of a protein may have very different 

effects in a physiological system compared to transient changes (38).

Reduced LA work

Analysis of the LA pressure-volume loop relationship also revealed decreases in LA active 

work after pLVAD-mediated LV unloading. Together with decreased LA dP/dt maximum, 

these data suggest that the pLVAD reduces the active work of the LA in addition to the LV. It 

is possible that reduced LA work also contributes to the decrease in arrhythmia inducibility, 

because chronic beta-blocker treatment using carvedilol has been shown to reduce the 

incidence of AF in post-MI cohort from 5.4% to 2.35% (39). However, this data was 

acquired in patients during longitudinal follow-up. The contribution of reduced LA work on 

LA arrhythmogenicity in the acute setting needs to be validated in the future studies.

Closed chest LA pressure-volume assessment

To our knowledge, this is the first demonstration of LA pressure-volume loop assessment in 

a closed-chest setting. Several studies have used a surgical approach to insert a pressure-

volume catheter (40) or sonomicrometry crystals (41) to evaluate LA physiology. Because 

the LA is a low-pressure, compliant chamber, an open-chest or an open-pericardium may 

have large influence on the physiological properties of the LA. Our experiments in their 

entirety were conducted in a closed-chest model including the model creation, thus avoid 

this potential impact. While catheter-based LA pressure-volume assessment is not as 

established as that in the LV, we found good agreement between changes in LA volumes 

measured by echocardiography and that measured by the pressure-volume catheter, 

suggesting that volume measurements using this technique were reliable.

Limitations

There are a number of limitations to our study that need to be considered. First, our study 

used a subacute MI pig model and whether our findings apply to more early or chronic time 

points remains to be studied. We would like to highlight, however, that our study provides 

important evidence that the plasticity of atrial stretch and associated arrhythmia is not only 

at the very acute phase of MI, but is also present at the subacute phase of MI. Second, it 

remains unclear if temporal inhibition of atrial arrhythmias with LV unloading can provide 
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long-term benefit to post-MI patients. However, atrial arrhythmia incidence is highest in the 

peri-MI phase and there is established evidence that AF begets AF by promoting electrical 

remodeling. Therefore, inhibition of AF at the most susceptible period after MI may be able 

to provide longterm benefit. Third, the role of systemic neurological and inflammatory 

responses was not studied fully, and LV unloading may affect LA physiology through these 

mechanisms. Nevertheless, involvement of LA oxidative stress, which is a downstream of 

mechanical and regulatory effects, is likely to play important roles through other 

mechanisms as well. Finally, acute LV loading study included only 5 animals and may be 

underpowered to detect changes in arrhythmias.

Conclusion

We show that acute unloading of the LV using the pLVAD reduces LA stretch and unloads 

LA through improved LV-LA interaction in a subacute MI pig model. Reduced atrial 

arrhythmogenicity associated with reversal of LA stretch was demonstrated for the first time 

in non-acute in vivo setting using our unique experimental approach. Our data also suggest 

that modulation of stretch-induced mechano-transduction via NOX2 and downstream 

ryanodine receptor modulation may be associated with the inhibition of atrial arrhythmias 

during acute LV unloading.

CLINICAL PERSPECTIVES

Competency in Patient Care:

Left ventricular (LV) unloading with the percutaneous LV assist device (pLVAD) lowers left 

atrial pressure and stiffness and reduces the incidence of atrial arrhythmias in patients with 

recent myocardial infarction.

Translational Outlook:

Although pLVAD support in patients with acute coronary syndromes is currently limited to 

those with cardiogenic shock, additional studies may identify cases in which LV unloading 

could be used to treat heart failure even in the absence of cardiogenic shock.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviation List

AF atrial fibrillation

AR aortic regurgitation
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AT atrial tachycardia

LA left atrium

LV left ventricle

MI myocardial infarction

NOX nicotinamide adenine dinucleotide phosphate oxidase

pLVADs percutaneous left ventricular assist devices
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Central Illustration: LV Unloading Relieves LA Stretch and Inhibits Arrhythmias.
Increase in left atrial (LA) pressure after myocardial infarction stretches LA and promotes 

incidence of atrial arrhythmias. Left ventricular (LV) unloading relieves LA stretch by 

reducing the LA pressure along with the LV end-diastolic pressure. Inhibition of arrhythmia 

is associated with reduced stretch-dependent oxidative stress in the LA. Abbreviations: EDP 

= end-diastolic pressure, LAP = left atrial pressure, MI = myocardial infarction
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Figure 1. Study protocol and methods for LA physiology evaluation.
A: Study protocol. Animals underwent LV unloading and loading experiments 1–2 weeks 

after MI and changes in the LA physiology were studied by evaluating PV loop and 

arrhythmia inducibility by rapid pacing of the RA. B: PV catheter (Millar) was inserted into 

the LA through the atrial septum via femoral vein. Yellow arrow heads indicate the 

excitation electrodes and those in between were used for volume measurements. C: Ex vivo 
simulation of the catheter location in the LA. Image is from the LV side looking up at the 

LA. D: Electrocardiogram during the burst-pacing of the RA to induce atrial arrhythmia. 

Yellow arrows show the pacing stimuli.

AR=aortic regurgitation, LA=left atrium, LV=left ventricle, MI=myocardial infarction, 

MV=mitral valve, PV=pressure-volume, RA=right atrium
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Figure 2. Echocardiographic LV and LA parameter changes associated with MI
Left: Example images of 3D echocardiographic analysis of the LV (top) and the LA 

(Bottom). Pigs presented with reduced LV-EF, increased LV volumes, and LVEDP 1–2 

weeks after MI. LA-EF was mildly reduced and the LA volumes were increased.

Bars represent medians.

EDP=end-diastolic pressure, EDV=end-diastolic volume, EF=ejection fraction, LA=left 

atrium, LV=left ventricle, MI=myocardial infarction

Ishikawa et al. Page 15

J Am Coll Cardiol. Author manuscript; available in PMC 2019 August 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Impact of acute changes in the LV load with pLVAD and aortic regurgitation in pigs 
post-MI
A: Left ventriculography during percutaneous LV support using pLVAD. Anterior wall was 

akinetic. The outlet cage of the Impella is indicated by blue arrow. pLVAD reduced LVEDP 

(B) and native CO (C). D: Aortography after AR induction. Pig tail catheter is indicated by 

the arrow. AR is noted by regurgitation of contrast into the LV. AR resulted in increased 

LVEDP (E) and reduced CO (F). Bars represent medians. Abbreviations: AR=aortic 

regurgitation, CO=cardiac output, EDP=end-diastolic pressure, LV=left ventricle
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Figure 4. Impact of acute LV unloading on the LA
A: pLVAD pump flow was increased stepwise: P2 (31,000 rpm) – P4 (35,000 rpm) – P6 

(39,000 rpm) –P8 (44,000 rpm) and LA pressure-volume loops were recorded for each step. 

Higher pump flow resulted in a more left-downward shift of the LA pressure-volume loop. 

Stepwise changes in pressure and volume parameters are shown in Supplemental Fig 2. B: 

LV unloading with Impella CP reduced mean as well as a and v waves of LA pressures. LA 

volumes also decreased significantly after percutaneous LV support. Bars represent medians. 

C: Plots of LA pressure (left) and volume (right) with LVEDP before (closed circles) and 

after (open circles) LV unloading. Both LA pressure and the volume showed linear 

correlations to LVEDP.

EDP=end-diastolic pressure, LA=left atrium, LAP=left atrial pressure, LV=left ventricle, 

MI= myocardial infarction
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Figure 5. LA unloading and improved LA-EF after LV unloading
A: LA-EF assessed by pressure-volume loop increased after LV unloading. B: 

Representative LA pressure-volume loop. Similar to the LV, the area of the LA pressure-

volume loop provides information on the LA work (42). Left side of the loop is associated 

with atrial contraction and the pink area (A) indicates the active LA work. Right side of the 

loop (V) is the passive part of the LA function and the loop rotates clockwise. Sum of the A 

and V loops are the LA stroke work. MVC indicates mitral valve closure. C: LA stroke 

work, A loop area (LA active work), and dP/dt maximum all reduced significantly after 

percutaneous LV support using a pLVAD. Bars represent medians. Abbreviations: 

EF=ejection fraction, LA=left atrium, SW=stroke work
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Figure 6. Reduced LA stiffness after acute LV unloading
A: Representative LA pressure volume loops before (red) and after (blue) acute LV 

unloading using Impella CP. B: LA stiffness constant, k, is reduced after acute LV 

unloading. See supplemental methods for stiffness constant. Bars represent medians.

LA=left atrium
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Figure 7. Reduced atrial arrhythmogenicity after acute LV unloading.
A: Representative tracing of induced AF. B: Rapid right atrial pacing induced AT/AF in 9 

pigs before pLVAD initiation. One pig developed a VT after short AF. Arrhythmia 

inducibility was markedly reduced after acute LV unloading using a pLVAD (Atrial 

arrhythmias sustaining >30sec were defined positive as shown in C). C: Time to 

spontaneous termination of atrial arrhythmias also decreased significantly after percutaneous 

LV support using a pLVAD. One pig was converted to sinus rhythm with direct current 

shock after sustained atrial fibrillation >5 min.

AF=atrial fibrillation, AT=Atrial tachycardia, LV=left ventricle, VT=ventricular tachycardia
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Figure 8. Impact of LV loading on LA.
A: Induction of AR resulted in significant elevation of mean LA pressure and stroke work. 

LA volume and stiffness increased without statistical significance. Bars represent medians. 

B: Representative change in LA PV loop before (red) and after AR (blue) induction. The PV 

loop shifted up and to the right, but the shift in volume was less prominent. C: There were 

no major impacts on arrhythmia inducibility and maintenance associated with LV loading.

AF=atrial fibrillation, AT=Atrial tachycardia, AR=aortic regurgitation, LA=left atrium, 

LV=left ventricle, VT=ventricular tachycardia
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Figure 9. NOX2 expression in the LA and its relation to ryanodine receptor phosphorylation
A: Representative blots of NOX expression and their quantitation. NOX2 level was 

increased in the LA after MI, however it was reduced by LV unloading with a pLVAD. In 

contrast, NOX4 expression was not changed after MI of after LV unloading. B: LV 

unloading reduced phosphorylation of ryanodine receptor at both PKA dependent (S2808) 

and CAMKII dependent sites (S2814). There was no difference in LA SERCA2a expression 

associated with LV unloading.

CAMKII=Calcium/calmodulin-dependent protein kinases II, GAPDH= Glyceraldehyde-3-

Phosphate Dehydrogenase, LA=left atrium, LV=left ventricle, MI=myocardial infarction, 

NOX=nicotinamide adenine dinucleotide phosphate oxidase, PKA= Protein kinase A, 

SERCA2a= sarcoplasmic reticulum Ca2+ ATPase, RyR2=ryanodine receptor2, 

Unload=unloading
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