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Background: Impact of mechanical left ventricular (LV) unloading on myocardial tissue perfusion and its regulating factors remain unclear. This study was conducted to elucidate the predictors of regional blood flow (RBF) improvement by mechanical LV unloading.

Materials and Methods: One to four weeks after percutaneous induction of myocardial infarction (MI), Yorkshire pigs (n = 15) underwent mechanical LV unloading using Impella CP. Hemodynamic parameters were collected prior to LV unloading. RBF in infarct, border and remote myocardium were measured by fluorescent microsphere injections before and 120 min after LV unloading.

Results: RBF showed variable responses to mechanical LV unloading. While infarct RBF improved in general (0.33 ± 0.13 to 0.42 ± 0.19 mL/min/g, p = 0.06), there were a few pigs that showed little improvement. Meanwhile, there were no clear trends in the border (1.07 ± 0.47 to 1.02 ± 0.65 mL/min/g, p = 0.73) and remote myocardial RBF (1.25 ± 0.52 to 1.23 ± 0.68 mL/min/g, p = 0.85). In the simple linear regression analysis, cardiac output, mean pulmonary arterial wedge pressure, mean left atrial pressure, minimum LV pressure, end-diastolic LV pressure, maximum dP/dt, slope of end-diastolic pressure-volume relationship (EDPVR) and end-diastolic wall stress were significantly associated with % change of infarct RBF. In the multiple regression model, slope of EDPVR and maximum dP/dt remained as independent predictors of infarct RBF change.

Conclusion: Steeper EDPVR and lower maximum dP/dt were associated with increased blood perfusion in the infarct area after LV unloading. Our data suggests mechanical LV unloading is more beneficial in post-MI patients with high diastolic pressure associated with increased LV stiffness and in those with worse cardiac contractility.
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INTRODUCTION

In the modern era where catheter-based therapies have become routine treatment, acute mortality for myocardial infarction (MI) has dramatically reduced. However, there have been an increasing number of patients who develop ischemic heart failure due to markedly reduced contractility after MI (1). Ischemic heart disease is a major risk factor for heart failure (2), and repeat hospitalization for heart failure not only progressively worsens cardiac function and reduces patients' quality of life, but also has a significant impact on the health care economy (3, 4). Therefore, there is an urgent need to establish new treatments that minimize myocardial damage in MI and prevent the development of subsequent ischemic heart failure.

The Impella (Abiomed Inc., Danvers, MA) is a percutaneously implantable left ventricular (LV) assist device that can assist cardiac output by pumping blood from the LV to the aorta via an axial flow pump. In addition to the beneficial effect on systemic circulatory support, it has been shown that active withdrawal of blood from the LV reduces the ventricular wall stress in failing hearts (5). In animal studies, the implementation of Impella in the acute phase of MI was shown to reduce myocardial infarct size (6–8). Reduced LV workload, which reduces myocardial oxygen demand, is considered to be the underlying mechanism of infarct size reduction with LV unloading. Meanwhile, the impact of mechanical LV unloading on oxygen supply, namely tissue blood flow, remains uncertain. Our previous study has shown that mechanical LV unloading using Impella reduces LV wall stress and increases regional blood flow (RBF) to the ischemic myocardium in the subacute phase of MI (9). However, the degree of RBF improvement was not uniform across animals and in the subsequent studies, we observed minimal improvement in the ischemic tissue RBF after mechanical LV unloading in some animals. In order to maximize the benefits of mechanical LV unloading for MI treatment, it is essential to understand what influences myocardial tissue perfusion and offers myocardial protection.

In this study, we hypothesized that mechanical LV unloading is more effective in certain patient populations and that hemodynamics prior to mechanical LV unloading can predict the change in RBF. The purpose of this study was to determine factors that predict RBF improvement in the ischemic heart before and after the implementation of mechanical LV unloading.



MATERIALS AND METHODS


Study Design

All animal procedures were approved by the Institutional Animal and Use Committee at the Icahn School of Medicine at Mount Sinai, and the care of all animals complied with the Guide for the Care and Use of Laboratory Animals (National Institutes of Health publication No. 85–23, revised, 1996). The animals were acclimatized at the animal facility for at least 72 h before being enrolled in experiments.

A total of 15 Yorkshire pigs (seven male and eight female, 42.1 ± 3.5 kg) that survived percutaneous MI induction were included in the study. Pigs were recovered and mechanical LV unloading experiments were conducted at 1 week (n = 8), 2 weeks (n = 6), and 4 weeks (n = 1) after MI. For all procedures, pigs were intubated and ventilated with 100% oxygen under propofol (10 mg/kg per hour) anesthesia. After each mechanical LV unloading experiment, pigs were euthanized, the hearts were quickly excised, and the great vessels were dissected. The right and left atria (RA, LA) were carefully separated from the ventricular chambers. The right ventricular (RV) free wall was dissected from LV and each myocardial chamber was weighed separately. Intra-atrial and intraventricular septum were included in the LA and LV, respectively.



Creation of Myocardial Infarction

The detailed protocol of percutaneous MI induction was described previously (9, 10). Intravascular access was established by percutaneous puncture of the femoral artery under ultrasound guidance. A 7-Fr guiding catheter was then advanced to the left coronary artery. After coronary angiography, a 0.014-inch coronary wire was advanced, and an over-the-wire coronary balloon (4.0 x 8 mm) was delivered to the proximal to mid left anterior descending artery (LAD). Transmural infarction was induced by occluding the coronary artery for 90–120 min followed by reperfusion.



Mechanical LV Unloading

After echocardiographic and hemodynamic evaluations, Impella CP was inserted through separate percutaneously established access in the femoral artery. Anticoagulation was managed by intravenous injection of heparin. Full pump support was maintained for 120 min.



Echocardiography

All pigs underwent two- and three-dimensional echocardiography before the initiation of mechanical LV unloading using Philips iE-33 ultrasound system (Philips Medical Systems, Andover, MA) (11). LV volumes and LV ejection fraction were measured in three-dimensional echocardiographic images using a semiautomated border detection software (Philips QLAB 3DQ Advanced, Philips Medical Systems). The two-dimensional echocardiographic studies included parasternal long-axis and short-axis views to measure LV and left atrial diameters and LV wall thickness. Two-dimensional four-chamber images were acquired from the subxiphoid window, and cross-sectional images of the LV were obtained from the right intercostal spaces. Peak early and late diastolic mitral flow velocity (E and A) were evaluated in accordance with American Society of Echocardiography/European Association of Cardiovascular Imaging recommendations (12).



Hemodynamic Measurements

A Swan-Ganz catheter (Edwards Lifesciences, Irvine, CA) was advanced to the main pulmonary artery through femoral vein access. Cardiac output was measured in triplicate using the thermodilution method after confirmation of hemodynamic stability and during breath-hold. Left atrial pressure was obtained using the atrial septal puncture technique.

A high-fidelity pressure-volume loop catheter (Millar Instruments, Houston, TX) was inserted into the LV via the right carotid artery to collect LV pressure-volume measurements during steady state and transient inferior vena cava occlusion with short breath-holds. All pressure-volume data were analyzed using an iox2 application (Emka Technologies, Falls Church, VA). Alpha value and parallel conductance were calibrated using cardiac output derived from thermodilution method using a Swan–Ganz catheter and bolus injections of hypertonic saline.



Myocardial Blood Flow Measurements

Regional myocardial blood flow was quantified using fluorescently colored microspheres as previously described (9). Briefly, 1 × 107 polystyrene fluorescent microspheres (15 μm; Interactive Medical Technologies, Irvine, CA) were injected into the left atrium through trans-septal access via the femoral vein. Reference blood was withdrawn from a femoral artery sheath using a specialized pump (Harvard Apparatus, Holliston, MA) for 2 min at a rate of 2.9 mL/min. Microspheres with different wave lengths were used for measurements before and 2 h after LV unloading. The number of fluorescent microspheres trapped in the infarct (LV anterior wall), infarct border (lateral wall), and remote regions (posterior wall) were quantified by flow cytometric analysis. Regional blood flow (RBF) was calculated using the following formula:
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where R is blood reference withdrawal rate (2.9 mL/min); lt and Ibr are fluorescent counts in the tissue and the blood reference sample, respectively; and Wt is the weight of the tissue sample (g).



Statistical Analysis

Continuous variables are expressed as mean ± SD. A paired Student's t-test was used to compare the differences between before and after LV unloading. The Pearson's correlation test was used for all correlation analyses. To determine the independent contributing factors for infarct RBF change after mechanical LV unloading, a multivariable linear regression analysis was performed, adjusted by the significant factors in simple linear regression analyses. All analyses were conducted with JMP version 12.0 (SAS Institute Inc., Cary, NC), and p < 0.05 was the criterion for statistical significance.




RESULTS


Regional Blood Flow Change Before and After LV Unloading

A total of 15 pigs successfully completed the LV unloading experiment. Echocardiographic and hemodynamic results before mechanical LV unloading are shown in Table 1.


Table 1. Echocardiographic and hemodynamic parameters before mechanical LV unloading.
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Figure 1 shows the changes of RBF before and after mechanical LV unloading in infarct, border and remote myocardium at the papillary muscle level. While the majority of animals showed increased RBF in the infarct area, a few pigs exhibited little change. In contrast, no clear trends in RBF change were seen in other myocardial areas (Infarct RBF 0.33 ± 0.13 to 0.42 ± 0.19 mL/min/g, p = 0.06; Border RBF 1.06 ± 0.46 to 1.02 ± 0.65 mL/min/g, p = 0.73; Remote RBF 1.25 ± 0.52 to 1.23 ± 0.67 mL/min/g, p = 0.85).


[image: Figure 1]
FIGURE 1. RBF change before and after LV unloading. Regional blood flow (RBF) was measured by fluorescent microsphere injection before and after mechanical LV unloading in the infarct, border and remote areas. After mechanical LV unloading, blood flow in the infarct area was increased whereas those in the border and remote areas did not show clear trends. LV, left ventricular.




Linear Regression Analysis for Regional Blood Flow Change in Infarct Area

To determine the predictive factors associated with the RBF change in the infarct area, simple linear regression analysis was conducted on hemodynamic parameters before mechanical LV unloading. Table 2 shows the results of the regression analysis for % change of infarct area RBF. Cardiac output, mean pulmonary arterial wedge pressure, mean left atrial pressure, minimum LV pressure, end-diastolic LV pressure, maximum dP/dt and slope of the end-diastolic pressure volume relationship (EDPVR) were significantly associated with % RBF change.


Table 2. The results of the regression analysis for % change of infarct area RBF.
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To determine the independent predictive factors of % RBF change in the infarct area, multivariable linear regression analysis was conducted using the factors derived from simple linear regression analysis. Considering the collinearity, covariates which had strong correlation with other parameters (r > 0.8) were excluded and exchanged. To create the regression model, the forward stepwise method was applied on the following covariates: cardiac output, maximum dP/dt, mean pulmonary arterial wedge pressure, either of minimum or end-diastolic LV pressure, and slope of EDPVR. The model revealed maximum dP/dt and the slope of EDPVR before mechanical LV unloading as independent predictors of % RBF change in the infarct area. Both covariates were significant, and EDPVR was the strongest predictor (Table 3). These parameters remained significant when exchanging end-diastolic and minimum LV pressure.


Table 3. The result of multivariate linear regression analysis.
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The cutoff value of EDPVR slope for infarct RBF improvement, calculated from the ROC curve, was 0.49 (AUC 0.96, sensitivity 0.89, specificity 1.00). When pigs were divided into two groups according to the EDPVR slope prior to mechanical LV unloading (Figure 2), significantly higher % RBF change was found only in the infarct area of pigs with EDPVR slope greater than or equal to 0.49 (Infarct area p = 0.002; Border area p = 0.43, Remote area p = 0.35).


[image: Figure 2]
FIGURE 2. Diastolic dysfunction and RBF change. Comparison of percent change in regional blood flow (RBF) in the infarct, border and remote areas between high and low slopes of end-diastolic pressure-volume relationship. Significant difference was observed only in the infarct area.




Correlation Between Regional Blood Flow Change in Infarct Area and Tissue Weight

Figure 3 shows the correlation between % RBF change in the infarct area and the weight of the RA, RV, LA and LV. Significant correlation was observed only with the LA weight (RA: 15.1 ± 4.8 g, r < 0.01, p = 0.99; RV: 45.8 ± 8.0 g, r = 0.20, p = 0.45; LA: 23.1 ± 5.4 g, r = 0.58, p = 0.01; LV: 128.3 ± 20.4 g, r = 0.20, p = 0.44).
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FIGURE 3. LA weight correlates with infarct RBF change. Correlations between percent regional blood flow (RBF) change in the infarct area and the weight of each cardiac chamber wall. Only the LA weight showed significant correlation to the percent RBF change in the infarct area. LA, left atrium; LV, left ventricle; RA, right atrium; RV, right ventricle.





DISCUSSION

The main findings of the current study is that mechanical LV unloading improves myocardial tissue perfusion in the ischemic tissue and this improvement is most pronounced in animals with high EDPVR slope and low maximum dP/dt prior to unloading. High EDPVR slope indicates stiff heart whereas low maximum dP/dt is a sign of decreased cardiac contractility. These are commonly found in severe MI and our data suggest that mechanical LV unloading is more effective in improving ischemic tissue flow in those with severe heart failure.

Reduction of LV work has been highlighted as a mechanism of beneficial effect in mechanical LV unloading, whereas few studies examined how it influences tissue perfusion. We have previously shown that mechanical LV unloading improves ischemic myocardial tissue flow by reducing end-diastolic wall stress (9). This is an extension of our previous study with a focus on identifying the predictors of tissue perfusion improvement by mechanical LV unloading. Consistent with our previous data, mechanical LV unloading only improved perfusion in the infarct area in post-MI pigs. Several parameters that are associated with LV diastolic pressure and systolic function showed significant correlation to the percent RBF change in the infarct tissue. Multiple regression analysis demonstrated LV EDPVR slope and maximum dP/dt as independent predictors of infarct RBF change. Although both increased LV stiffness and impaired LV relaxation contribute to elevation of LV diastolic pressure, relaxation parameters such as tau 1/2 and minimum dP/dt were not significantly correlated to infarct RBF change. Meanwhile, end-diastolic parameters, such as end-diastolic pressure and EDPVR correlated with infarct RBF change, indicating the importance of diastolic distension in coronary flow regulation in the ischemic heart. By continuously withdrawing blood from the LV during diastole, Impella alleviates LV distension and increases infarct perfusion. The fact that only LA weight showed significant correlation to infarct RBF change while such correlation was absent in other chambers also supports the importance of LV distension, because increased LA weight is likely the result of continuously elevated LV diastolic pressure in these subacute MI animals.

In this study, not only diastolic distension but also impaired systolic contraction seemed to be a significant predictor of improved infarct RBF after Impella. This is likely associated with reduced cardiac output in those with low cardiac contractility, which can be augmented by Impella support. In fact, cardiac output was one of the predictive factors in univariate regression analysis although it's correlation to infarct RBF was less than that of maximum dP/dt. Whether reduced myocardial contractility per se contributes to low infarct RBF independent of reduced cardiac output needs further studies.

Even though LV pressure is equally applied to the infarct and non-infarct (remote) areas, the RBF change showed different patterns in each area. In the infarct area, higher slope of EDPVR and lower maximum dP/dt prior to mechanical LV unloading were associated with improved RBF, whereas RBF in the remote area did not show any clear relationship to these parameters. One possible explanation is the loss of auto-regulation in infarcted vessels due to endothelial dysfunction. Endothelial injury occurs in myocardial ischemia and subsequent ischemia-reperfusion injury (13–16). The damage is associated with neutrophil adhesion to vascular endothelial cells and reactive oxygen species production (17–19), which reduces the vasodilator reactivity (16, 20). Moreover, in the intact coronary circulation, the myogenic reaction plays an autoregulatory role in maintaining coronary blood flow, together with various vasodilatory agents released in response to metabolic demand (21–24). Without auto-regulation, the tissue perfusion likely becomes more dependent on extrinsic factors such as LV diastolic pressure and coronary perfusion pressure, which are modified by mechanical LV unloading using Impella.


Clinical Implication and Future Perspectives

In acute and severe ischemic heart failure, inotropic therapy is often required for circulatory support. However, auto-regulation systems of coronary flow do not function effectively in the infarcted heart, and the mechanism of vasodilation that offsets the vasoconstriction of coronary microcirculation by inotropic agents does not work (17). This further worsens ischemia because blood supply to the myocardium is reduced despite higher myocardial demand associated with increased contraction. In such a situation, mechanical LV unloading can provide circulatory support while maintaining blood supply, which is a reasonable treatment for myocardial protection. Although our data was in subacute MI pigs, we expect that the same mechanisms are in place in acute MI and play key roles in myocardial protection that were described in previous studies (6, 25).



Limitation

The microspheres technique allows sensitive quantitation of tissue perfusion, but lacks temporal information. LV pressure becomes the lowest just after aortic valve closing and rises gradually along with LV filling, thus the coronary flow is maximal at the early diastolic phase (26, 27). In our dataset, minimum LV pressure was also correlated to infarct RBF change, and whether Impella can lower minimum LV pressure and improve tissue perfusion also in the early diastole remains to be studied.




CONCLUSION

Higher slope of EDPVR and lower maximum dP/dt before mechanical LV unloading predicted increased blood perfusion in the infarct myocardium. Our data suggests mechanical LV unloading is more beneficial in post-MI patients with high diastolic pressure due to increased LV stiffness and in those with worse cardiac contractility. Understanding the profiles of patients who would benefit more from mechanical LV unloading is essential for using this therapy in clinical ischemic coronary disease.
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