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Abstract

Background: Invasive hemodynamic variables obtained from right heart catheterization have 

been used for risk-stratifying patients with advanced heart failure. However, there is a paucity of 

data on the prognostic value of invasive hemodynamic variables in patients with left ventricular 

assist devices (LVAD). We hypothesized that cardiac power output (CPO), cardiac power 

efficiency (CPE), and left ventricular stroke work index (LVSWI) can serve as prognostic markers 

in patients with LVADs.

Methods: Baseline hemodynamic data from patients who had LVAD ramp studies at 

our institution from 4/2014 to 7/2018 were prospectively collected, from which advanced 

hemodynamic variables (CPO, CPE, and LVSWI) were retrospectively analyzed. Univariate and 

multivariable analyses were performed for hemocompatibility-related adverse events (HRAE), HF 

admissions, and mortality.

Results: Ninety-one participants (age 61 ± 11 years, 34% women, 40% Black or African 

American, and 38% ischemic cardiomyopathy) were analyzed. Low CPE was significantly 

associated with mortality (HR 2.42, 95% CI 1.02–5.74, p = 0.045) in univariate analysis and 

Kaplan–Meier analysis (p = 0.04). Low LVSWI was significantly associated with mortality (HR 
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2.13, 95% CI 1.09–4.17, p = 0.03) in univariate analysis and Kaplan–Meier analysis (p = 0.02). 

CPO was not associated with mortality. CPO, CPE, and LVSWI were not associated with HRAE 

or HF admissions.

Conclusions: Advanced hemodynamic variables can serve as prognostic indicators for patients 

with LVADs. Low CPE and LVSWI are prognostic for higher mortality, but no variables were 

associated with HF admissions or HRAEs.
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1 | INTRODUCTION

Invasive hemodynamic variables derived from measurements obtained from right heart 

catheterization (RHC) have been used in clinical practice to guide the management of 

patients with advanced heart failure (HF) and cardiogenic shock.1,2 Their utility for 

prognostication in patients who have already received left ventricular assist devices (LVAD) 

has not yet been adequately explored. Recently, there has been a renewed interest in 

the prognostic power of advanced hemodynamic metrics that incorporate a combination 

of intracardiac pressures together with either cardiac output or a surrogate for output 

to better quantify cardiac performance. Cardiac power output (CPO) has been shown to 

significantly predict mortality in patients with cardiogenic shock due to acute myocardial 

infarction.3 Cardiac power efficiency (CPE) was identified as a predictor of patients in 

cardiogenic shock who may not survive medical therapy alone.4 Left ventricular stroke work 

index (LVSWI) assesses left ventricular stroke work and energetics, and when measured 

noninvasively, predicts mortality in critical patients.5

There is a unique relationship between individual patient hemodynamics and adverse clinical 

outcomes in patients supported by LVAD therapy. Hemocompatibility-related adverse events 

(HRAE) are thought to be largely driven by the pump–patient interaction. HRAEs include 

device malfunction due to confirmed or suspected pump thrombosis, neurological events, 

nonsurgical bleeding, thromboembolic events, and death related to one of these events. 

These complications do not uniformly affect all patients with LVADs. Specifically, there is 

a greater propensity for HRAEs in HeartWare HVAD, (HVAD, Medtronic Inc., Minneapolis 

MN) and HeartMate II (HMII, Abbott Laboratories, Abbott Park IL) systems than in the 

HeartMate 3 (HM3, Abbott Laboratories, Abbott Park IL).6–8 The purpose of this study is 

to identify the advanced hemodynamic variables that best reflect patients’ contribution to 

the pump–patient interaction with LVAD support. We hypothesized that greater native left 

ventricular contribution to flow will result in an improved pump–patient interaction and 

result in less morbidity and mortality.
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2 | METHODS

2.1 | Patient selection

The study cohort was comprised of adult patients supported by an LVAD at a tertiary 

care center. All patients were clinically stable outpatients at the time of enrollment and 

hemodynamic assessment. Patients with suspected device thrombosis or malfunction were 

not included. The study protocol was approved by our center’s Institutional Review Board. 

All patients provided written informed consent and were prospectively enrolled in the 

hemodynamic ramp test database between April 2014 and July 2018. We then performed a 

retrospective analysis of this prospectively collected data.

2.2 | Data collection

We prospectively collected the baseline hemodynamic data from patients with LVADs who 

had undergone an invasive hemodynamic ramp study at our institution between April 2014 

and July 2018 with a minimum follow-up time of 1 year. A ramp study has performed 

a minimum of 90 days after LVAD implantation. The advanced hemodynamic variables 

of CPO, CPE, and LVSWI (Table 1) were calculated from right heart catheterization 

hemodynamics at the patients’ baseline LVAD speed at the beginning of the ramp study 

(Table 2). Patients were divided into groups of high and low CPO, CPE, and LVSWI, 

using receiver operator characteristic (ROC) derived cutoff values optimized for mortality. 

A previously described hemocompatibility score (HCS) uses a tiered approach to individual 

HRAEs on the basis of increasing clinical severity.8,9 The composite HCS served as a single 

end-point representing the totality of HRAEs for each patient supported by LVAD therapy. 

We followed the hierarchal system as described by Mehra et al.,9 where (a) Tier I (mild, 

1 point per event) – ≤2 bleeding episodes, or a suspected pump thrombosis that requires 

hospitalization (successfully medically treated), or nonstroke-related neurological events, or 

arterial thromboembolism without organ loss (b) Tier II (Moderate, 2 points per event) – >2 

bleeding episodes, or a nondisabling stroke, or arterial thromboembolism with organ loss, 

and (c) Tier III (moderately severe, 3 points per event) – pump malfunction due to pump 

thrombosis that leads to reoperation or (severe, 4 points per event) – a disabling stroke or 

death due to hemocompatibility-related causes.

2.3 | Ramp test protocol

RHC was performed for patients presenting for hemodynamic and echocardiographic LVAD 

ramp studies. Intracardiac pressures were measured over a range of LVAD speeds as 

previously described.10 Hemodynamic parameters including right atrial pressure (RAP), 

right ventricular systolic and diastolic pressures, pulmonary artery systolic, diastolic, and 

mean pressures, and pulmonary capillary wedge pressure (PCWP) were measured. Cardiac 

output and index were calculated by the Fick method. Echocardiographic parameters 

including left ventricular end-diastolic diameter (LVEDD) and left ventricular end-systolic 

diameter (LVESD) were recorded, as described previously.11 The device was set to the speed 

that yielded optimal hemodynamic measurements, with RAP and PCWP closest to normal 

limits.
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2.4 | Statistical analysis

For the statistical analysis, IBM SPSS Statistics v. 26.0 (IBM, Armonk, NY) was used. 

Two-sided p values of <0.05 were considered statistically significant. Continuous data 

are reported as mean and SD if normally distributed or median and interquartile range 

if skewed. Continuous variables were compared using Mann–Whitney U test. Categorical 

variables are expressed as the number and percentage of patients and were compared using 

Fisher’s exact test. Univariate Cox Regression was performed to identify potential risk 

factors for adverse events and mortality. Univariate and multivariable logistic regression 

analyses were performed to determine the association between CPO, CPE, and LVSWI with 

primary endpoints of HRAE, HF admissions, and mortality. Multivariable analysis adjusted 

for LVAD type and pulmonary artery pulsatility index (PAPI), calculated as follows: ([PA 

systolic pressure – PA diastolic pressure]/RAP) was performed. Multivariable analysis 

was performed on variables with a p value of <0.05 to identify significant independent 

predictors. The proportional hazards assumption was verified using the Schoenfeld residuals.

3 | RESULTS

3.1 | Baseline characteristics

A total of 91 participants were included in the analysis. The average age at the time of 

procedure was 61 ± 11 years, 34% were women, 40% were Black or African American, and 

38% had ischemic cardiomyopathy. There were 26 (29%) HVADs, 52 (57%) HMIIs, and 13 

(14%) HM3s (Table 2). Both HMIIs and HVADs had lower freedom from HRAE compared 

with HM3s on Kaplan–Meier analysis (p = 0.027; Figure 1), with a hazard ratio of 4.09 

(1.25–13.37, p = 0.020) for HMIIs and a hazard ratio of 4.61 (1.36–15.63, p = 0.014) for 

HVADs. Invasive hemodynamic ramp studies were performed between 2014 and 2018 with 

a minimum follow-up for HRAEs of 1 year.

3.2 | Cardiac power output

ROC analysis yielded an optimal CPO cutoff point of 0.86 W. Low CPO (≤0.86 W) was not 

significantly associated with higher rates of HRAE (HR 1.28, 95% CI 0.69–2.40, p = 0.43) 

in univariate analysis, or in multivariable analysis after adjustment for PAPI and LVAD type. 

Low CPO was not significantly associated with mortality (HR 1.01, 95% CI 0.46–2.2, p = 

0.98) or HF admission (HR 1.35, 95% CI 0.63–2.91, p = 0.44) in univariate analysis, or in 

multivariable analysis when adjusted for PAPI and LVAD type.

3.3 | Cardiac power efficiency

ROC analysis yielded an optimal CPE cutoff point of 0.055. Low CPE (≤0.0554 W*mm 

Hg/m2) was not significantly associated with HRAE (HR 0.85, 95% CI 0.48–1.51, p = 0.58) 

in univariate analysis, or in multivariable analysis when adjusted for PAPI and LVAD type. 

There was a significant association between low CPE and mortality (HR 2.42, 95% CI 1.02–

5.74, p = 0.045) in univariate analysis. After adjusting for PAPI and LVAD in multivariable 

analysis, there was no significant association. Low CPE had significantly higher mortality 

than high CPE on Kaplan–Meier analysis (p = 0.04; Figure 2). Low CPE was not associated 

with HF admissions (HR 1.58, 95% CI 0.69–3.65, p = 0.01) in univariate analysis, however, 
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when adjusted for LVAD type in multivariable analysis, low CPE was associated with HF 

admissions in HM3 (HR 0.12, 95% CI 0.01–0.91, p = 0.04) but not HMIIs or HVADs.

3.4 | Left ventricular stroke work index

ROC analysis yielded an optimal LVSWI cutoff point of 33.56 g/m2/beat. Low LVSWI 

(≤33.56 g/m2/beat) was not significantly associated with HRAE (HR 1.06, 95% CI 0.62–

1.82, p = 0.83) in univariate analysis, or in multivariable analysis when adjusted for PAPI 

and LVAD type. Low LVSWI was significantly associated with mortality (HR 2.13, 95% CI 

1.09–4.17, p = 0.03) in univariate analysis. However, after adjusting for PAPI and LVAD in 

multivariable analysis, there was no significant association. Low LVSWI had significantly 

higher mortality than high LVSWI on Kaplan–Meier analysis (p = 0.02; Figure 3). Low 

LVSWI was not significantly associated with HF admission (HR 1.75, 95% CI 0.86–3.57, 

p = 0.13) in univariate analysis, however when adjusted for LVAD type in multivariable 

analysis, low LVSWI was associated with HF admissions in HM3 (HR 0.10, 95% CI 0.01–

0.78, p = 0.03) but not HMIIs or HVADs.

4 | DISCUSSION

Invasive hemodynamics has had an extensive role in risk stratification and prognostication of 

patients with advanced HF. Yet, its prognostic role has been limited in patients with LVADs. 

This analysis presents evidence for additional risk stratification using these advanced 

hemodynamic variables in patients with LVAD therapy. Our study demonstrates that (1) 

low CPE is associated with higher mortality, (2) low LVSWI is also associated with higher 

mortality, and (3) CPO, CPE, and LVSWI are not associated with HF admissions or HRAEs 

in our cohort.

Our analysis exploring advanced hemodynamic variables revealed that low CPE and 

low LVSWI, both surrogates of cardiac pump performance, were significantly associated 

with higher mortality. This coincides with our hypothesis that a decrease in native LV 

contribution will lead to worse outcomes, despite LVAD therapy. Studies have shown 

that there is an association between reverse cardiac remodeling and neurohormonal 

blockade with guideline-directed medical therapy and improved outcomes (morbidity and 

mortality) when used in the background of LVAD therapy.12,13 This supports the concept 

that native left ventricular function is crucial to improving morbidity in patients with 

LVADs. Prognostic markers like CPE and LVSWI can help determine which patients need 

optimization of their LVADs, via either medical therapy or hemodynamic optimization, to 

augment their native cardiac function.

HRAEs are the chief drivers of morbidity in patients with LVADs. These events, manifesting 

as nonsurgical bleeding, thromboembolism, neurological events, and death, are related to 

the interaction between the patient and their pump. In his editorial, Mehra notes one of the 

five key mechanisms for HRAEs in LVADs was a low pulsatile state. Low pulsatile states 

were associated with higher angiogenic factors, elevated muscle sympathetic nerve activity, 

and increased vascular stiffness.9 Also, two recent studies by Imamura et al. found that 

optimized right- and left-sided filling pressures (i.e., CVP < 12 mm Hg, PCWP <18 mm Hg) 

along with higher cardiac function (cardiac index >2.2 L/min/m2) was associated with fewer 
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HRAEs and HF readmissions.14,15 Based on these findings, we would have expected to find 

a significant association between these advanced hemodynamic metrics, which represent 

both cardiac filling pressures and function, and HRAEs in this study population. However, 

it is possible this null result was due to the hemodynamic optimization that these patients 

underwent in the RAMP study, during which pump–patient interaction was optimized and 

HRAEs and HF admissions were likely reduced.14,15

Furthermore, given the inherent physiological differences between the three LVADs, the 

effects on HRAEs are different between pumps. Our results demonstrated that both HMIIs 

and HVADs had lower freedom from HRAE compared with HM3s, consistent with other 

studies. For example, HM3s (fully magnetically levitated centrifugal flow devices) are 

known to have fewer HRAEs such as pump thrombosis and stroke, than HMIIs (axial 

continuous flow pumps) as seen in the MOMENTUM 3 trial.8 This is likely due to the 

different pump mechanisms: (a) HMII – axial flow, mechanical bearing, with restrictive 

side gaps, whereas (b) HM3 – centrifugal flow, fully magnetically levitated, with permissive 

side gaps.9 Separately, HVADs are centrifugal flow, partially magnetic with hydrodynamic 

lift, and restrictive side gaps. All three pumps have similarly high rates of gastrointestinal 

bleeding rates. While our current understanding of the pump–patient interaction is limited, 

new research with computational fluid dynamics allows us to simulate the unique flow 

patterns between the different pumps that influence blood stagnation, shear stress, and 

platelet activation.16 Computational fluid dynamics can provide an immense amount of 

insight into HRAEs with the current LVADs as well as future devices. Due to the small 

sample size of each pump in our study, potential significant findings for HRAEs may have 

been obscured.

4.1 | Limitations

The study utilizes data obtained from baseline hemodynamics prior to a ramp study, where 

all patients received a similar intervention of optimizing hemodynamics by changing LVAD 

speeds. Our study includes clinically stable patients with LVADs at a single center and may 

not be generalizable to all patients on LVAD therapy. Last, our analysis includes a mix of 

three LVAD systems with varying hemocompatibility profiles complicating the uniformity of 

our data. There was limited power to detect differences by LVAD type and a multi-center 

prospective study is needed, however, future prospective studies will only have LVAD 

therapy with HM3 models, which supports the importance of a retrospective study on older 

generation LVAD models.

5 | CONCLUSION

The use of advanced hemodynamic variables can serve as prognostic indicators for patients 

with LVADs. Low CPE and LVSWI are prognostic for higher mortality, but no advanced 

hemodynamic metric was associated with HF admissions or HRAEs.
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FIGURE 1. 
Kaplan–Meier analysis of freedom from hemocompatibility-related adverse events by left 

ventricular assist device type (HeartMate 3, HeartWare HVAD, and HeartMate II; p = 

0.027).

Kanelidis et al. Page 8

Artif Organs. Author manuscript; available in PMC 2023 March 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 2. 
Kaplan–Meier analysis of cardiac power efficiency (CPE) and mortality. Low CPE (≤0.055 

W*mm Hg/m2) had significantly higher mortality than high CPE (p = 0.04).
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FIGURE 3. 
Kaplan–Meier analysis of left ventricular stroke work index (LVSWI) and mortality. Low 

LVSWI (≤33.56 g/m2/beat) had significantly higher mortality than high LVSWI (p = 0.02).
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TABLE 1

Advanced hemodynamic variable equations

Cardiac power output (W) Meanarterial pressure * cardiac output
451

Cardiac power efficiency (W*mm Hg/m2) (Cardiac power output/body surface area)
Pulmonary capillary wedge pressure

Left ventricular stroke work index (g/m2/beat) 13.6 * (cardiac index/heart rate) * (mean arterial pressure − pulmonary capillary wedge 
pressure)
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