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Abstract

Left ventricular assist devices (LVADs) significantly improve outcomes of advanced heart failure 

patients. However, patients continue to have high readmission rates due to complications ranging 

from bleeding, thrombosis, heart failure, and infection. Considering that the hallmark benefit of 

LVAD therapy is improvement in hemodynamics (cardiac unloading and increased cardiac output), 

hemodynamic assessment on LVAD support is key to better understand these difficult 

complications and may serve as a tool to resolving them. In this review, we will discuss the 

hemodynamic changes following LVAD implantation, and the implications and prognostic impact 

of hemodynamic optimization on outcomes and complications.
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Introduction

Left ventricular assist devices (LVADs) have become the mainstay therapy for advanced 

heart failure (HF) patients, both as a bridge to transplantation and as destination therapy [1]. 

The initial LVADs were pulsatile and extracorporeal, but current contemporary devices have 

continuous flow and are internally implanted. As such, they are smaller, more durable, and 

less invasive [2,3]. However, there are still significant complications during long-term LVAD 

therapy [4] with multifactorial etiologies including both patient physiology and pump 

performance.

LVAD therapy improves outcomes in HF patients by improving hemodynamics, unloading 

the left ventricle and augmenting cardiac output (CO) [5]. As a result, LVADs enhance 

peripheral circulation, improve end-organ dysfunction [6], increase exercise capacity, and 

relieve HF symptoms [7]. Hemodynamic assessment during LVAD support may clarify the 

role of hemodynamic derangements in the development of LVAD complications. Our group 

has developed echocardiographic and hemodynamic ramp tests as a tool to facilitate 
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hemodynamic optimization by adjusting LVAD speed and medical therapy [8]. Such 

procedures may be key to overcoming adverse events and improving clinical outcomes.

In this review, we will discuss how to measure hemodynamics, changes in hemodynamics 

after LVAD implantation, hemodynamic profiles during complications, and clinical 

implications and prognostic impact of hemodynamic optimization with ramp testing.

LVAD types

A variety of LVADs is clinically available, and thus far, most of the LVADs currently used 

are implantable continuous-flow devices [1]. In Japan, paracorporeal, pulsatile-flow LVADs 

are still used as bridge to decision, since continuous-flow LVADs are only available as 

bridge to transplantation [9].

The current continuous-flow LVADs available in Japan include: EVAHEART (Sun Medical, 

Nagano, Japan) [10], Jarvik 2000 (Jarvik Heart, Inc., New York, NY, USA) [11], and 

HeartMate II (Abbott, Abbott Park, IL, USA) (Fig. 1) [2]. In the USA, the only devices that 

are approved for commercial use are the HeartMate II, HeartMate 3 (Abbott) [12] and 

HVAD (Medtronic, Minneapolis, MN, USA). The HeartAssist5 (ReliantHeart Inc., Houston, 

TX, USA) [13] and Jarvik 2000 are currently under investigation [14]. HVAD, HeartMate 3, 

and HeartAssist5 may be available in Japan shortly. In this article, we will focus on the 

continuous-flow LVADs.

Measuring hemodynamics during LVAD support

The hemodynamic assessment of LVAD patients starts with blood pressure measurement. 

Higher blood pressure has been associated with increases in intracranial hemorrhage, 

thromboembolic events, and progressive aortic insufficiency [15]. Unfortunately, the reduced 

pulse pressure during continuous-flow LVAD support limits our ability to accurately 

measure blood pressure with traditional oscillometric blood pressure cuffs, and Doppler 

opening blood pressure is commonly used as a surrogate of mean arterial pressure. Arterial 

lines are the gold standard for monitoring blood pressure, but are invasive and not practical 

for ambulatory use.

Physical examination is the most common tool to assess hemodynamics in patients with HF 

[16]. However, preliminary data from a prospective trial at our institution show that physical 

examination has low sensitivity in assessing hemodynamics compared to right heart 

catheterization (RHC), including central venous pressure (CVP), pulmonary capillary wedge 

pressure (PCWP), and cardiac index (CI) [17]. Invasive RHC remains the gold standard to 

assess hemodynamics in LVAD patients.

Estep et al. found that Doppler echocardiography provides an estimate of invasive 

hemodynamics. They demonstrated good correlation between Doppler echocardiographic 

and invasive measurements in mean right atrial pressure (r = 0.863; p < 0.001), systolic 

pulmonary artery pressure (PAP) (r = 0.880; p < 0.001), and pulmonary vascular resistance 

(PVR) (r = 0.643; p < 0.001) in 50 consecutive patients with HeartMate II, although optimal 

results require expert technique [18].
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Estimation of the PCWP in patients with centrifugal continuous-flow LVAD may be 

achieved by analyzing the flow wave derived from the pump power. Recently, we reported 

that the early filling phase slope measured from the HVAD waveform (as displayed on the 

HVAD clinical screen) is directly correlated to the measured PCWP [19]. Our findings were 

corroborated by the report from Lai et al., which also demonstrated that the HVAD 

waveform had an excellent predictive value [20]. More studies are required to demonstrate 

whether waveform analysis can be routinely used as a clinical tool.

Innovative monitoring devices, such as the CardioMEMS Heart Failure Monitoring System 

(Abbott) [21] and Remote Dielectric Sensing (Sensible Medical Innovations Ltd., Kfar 

Neter, Israel) [22], are currently under investigation (Fig. 2).

Ramp test and optimization of hemodynamics

The International Society of Heart and Lung Transplantation guidelines recommend 

echocardiogram as an integral part of determining optimal LVAD speed, with goals 

including adequate LV unloading with midline LV septum and minimal mitral valve 

regurgitation (MR) (class I) [23]. Adjusting LVAD speed to allow intermittent aortic valve 

opening is currently in the guidelines as a class IIb recommendation. However, these 

recommendations are vague and not standardized. RHC is recommended in specific 

situations such as recurrent HF symptoms, pulmonary hypertension (PH), and right 

ventricular failure (RVF) (class I), or when LVAD explantation is considered (class IIa) [23]. 

Routine RHC is not recommended in the guidelines.

We recently showed in clinically stable outpatients that 57% of patients had abnormally 

elevated CVP and PCWP at baseline LVAD speed [8]. This finding suggests that current 

approaches to speed optimization are inadequate, and that measurement of hemodynamics 

provides significant additional information above clinical assessment. All patients may 

benefit from a hemodynamic-guided optimization of LVAD speed and medical therapy.

To develop a standardized approach to hemodynamic assessment and optimization, we 

modified our previously described echocardiographic ramp test to create an invasive 

hemodynamic ramp protocol [24,25]. In this protocol, LV end-systolic dimension, LV end-

diastolic dimension, the frequency of aortic valve (AV) opening, and the degree of MR and 

AV regurgitation are measured at the baseline LVAD speed, along with hemodynamic 

parameters including CVP, PAP, PCWP, and CO and CI by Fick measured by invasive RHC. 

After these measurements, the LVAD speed is turned down to 8000 RPM in HeartMate II 

and 2300 RPM in HVAD. The LVAD speed is subsequently increased stepwise every 2 min 

by 400 RPM in HeartMate II (8000–12,000 RPM) and 100 RPM in HVAD (2300–3200 

RPM). The aforementioned echocardiographic and hemodynamic parameters are measured 

at each LVAD speed. The study is terminated when LV end-diastolic dimension is less than 

3.0 cm or a significant suction event occurs. At the conclusion, LVAD speed is set targeting 

CVP <12 mmHg and PCWP <18 mmHg with the secondary goal of allowing intermittent 

AV opening and minimal MR.
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In our initial trial, 35 LVAD patients (21 HeartMate II and 14 HVAD) underwent 

hemodynamic ramp test, during which variables were measured at 9 speed settings [8]. Only 

43% of patients had normal CVP and PCWP at baseline LVAD speed. Hemodynamic 

normalization was achieved in 56% of patients after speed adjustment (Fig. 3). 

Hemodynamic ramp testing was performed with therapeutic anticoagulation and no adverse 

events related to the RHC occurred. The utility of invasive ramp test is applicable to many 

devices and we recently reported ramp tests modified to HeartMate 3 and HeartAssist 5 

patients [26,27]. Of note, the majority of patients supported with HeartMate 3 (62.5%) had 

normal CVP and PCWP at baseline speed, and the number with normal hemodynamics 

increased up to 81.3% after speed adjustment.

Hemodynamics during LVAD therapy

Hemodynamics following LVAD implantation

Significant hemodynamic derangement is the hallmark of advanced HF, particularly reduced 

CO and elevated PCWP and CVP. In the MOMENTUM 3 trial, CVP was 10.3 ± 5.8 mmHg, 

PCWP was 23.4 ± 8.5 mmHg, and 2 CI was 1.9 ± 0.5 L/min/m just before HeartMate 3 

implantation [12]. Following LVAD implantation, PCWP decreases and CO increases 

dramatically. Comparison of hemodynamics in the clinical setting among different devices is 

difficult [28,29], as hemodynamics are also dependent on patient background characteristics, 

device setting, and patient management protocol [30]. In general, LV unloading leads to a 

decrease in mean PAP, increase in right ventricular stroke work index (RVSWI), and 

improvement in tricuspid regurgitation [31]. Furthermore, Goodwin et al. showed that LVAD 

implantation corrected functional MR across all severity levels without any concomitant 

perioperative mitral valve intervention [32].

Continuous LV unloading leads to reverse remodeling with a decrease in LV dimension and 

increase in LV ejection fraction after several months following LVAD implantation, although 

the degree of change varies among patients [33,34]. Increase in peripheral circulation 

improves end-organ dysfunction [6], which can further improve patient hemodynamics. We 

previously reported that preoperative use of intra-aortic balloon pump improved end-organ 

function (assessed by total bilirubin and creatinine levels) in the month following LVAD 

implantation compared with background-matched patients without balloon pump [35]. 

Preoperative efforts to improve hemodynamics may be crucial to better outcomes following 

LVAD implantation.

Long-term hemodynamics

As overall duration of LVAD support continues to grow, assessment of long-term 

hemodynamics is of increasing importance. There are few studies reporting long-term trends 

in hemodynamics during LVAD support. Kalathiya et al. showed in a longitudinal study that 

CI declined in patients with HeartMate II after 2 years of continuous support, possibly due 

to an increase in afterload [36].

Our team recently showed that the hemodynamic profiles at set speed and in response to 

speed changes were preserved at a second test performed within 2 years following the first 
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test in stable LVAD outpatients [37]. Each patient may thus have a “hemodynamic 

fingerprint,” and deviations from their baseline values may aid in diagnosis at times of 

clinical deterioration or device malfunction, as described in the following section. The 

further development of non-invasive or implantable hemodynamic monitoring devices may 

provide more information about changes in hemodynamics during long-term LVAD support.

Pulmonary hypertension

Patients with advanced HF often have World Health Organization class 2 PH with elevated 

PAP, high pulmonary vascular resistance (PVR), and wide transpulmonary artery pressure 

gradient (TPG) [38]. Several authors have shown that these parameters recover after LVAD 

implantation [39,40], although severely elevated PVR is a risk factor for RVF following 

LVAD implantation [41,42].

Zimpfer et al. reported that PVR recovered from 5.1 ± 2.8 Wood units to 2.0 ± 0.9 Wood 

units following LVAD implantation in 26 cardiac transplant candidates, and their peri-

transplant mortality was comparable with 52 background-matched patients without PH [43]. 

In another study, PVR >3.0 Wood units normalized following LVAD implantation, and 1-

year survival following cardiac transplantation was comparable to those without PH [44]. 

However, PVR was calculated as the TPG divided by the CO. Thus, decreases in PVR 

during LVAD support may reflect the enhanced CO more than changes in the pulmonary 

vasculature. Whether there is a reduction in the TPG following LVAD implantation remains 

unclear.

Data from Columbia University also showed a reduction in PVR following LVAD 

implantation. However, the in-hospital mortality was 3-fold higher in patients with elevated 

preoperative PVR (≥5 Wood units) compared to the low PVR group (<5 Wood units) [45]. 

The authors hypothesized that the reversal of pulmonary vascular remodeling was 

heterogeneous or incomplete despite normalization of PVR. Alternate parameters may be 

more useful to assess the severity of PH during LVAD support.

Hemodynamic changes at specific conditions

Hemodynamic assessment can also provide diagnostic information about the mechanisms of 

LVAD complications and assist with management decisions.

Right ventricular failure

RVF is a severe early complication following LVAD implantation, and is typically related to 

preoperative risk factors [46–50]. Acute RVF is characterized by the Interagency Registry 

for Mechanically Assisted Circulatory Support as elevation of CVP >16 mmHg, and its 

manifestations, including edema, ascites, and worsening hepatic or renal dysfunction [51]. 

Severity of RVF is further defined based on the duration of post-operative inotropes, use of 

inhaled nitric oxide or requirement for RV mechanical support.

Cordtz et al. observed less increase in CI and greater decrease in RVSWI immediately 

following HeartMate II implantation in patients who developed RVF compared to those who 

did not [52]. Repeat hemodynamic assessment can be used to identify RVF as a cause of 
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persistent HF symptoms in patients on long-term support. Chronic RVF is associated with 

frequent hospitalizations, diuretic intolerance, renal and liver failure, need for inotropes, and 

increased mortality [53–56]. Precise hemodynamic mechanisms of chronic RVF warrant 

further investigation.

Aortic insufficiency

Aortic insufficiency (AI) is a common complication during LVAD support [57–60]. In the 

largest series to date, we reported that the freedom from greater than mild AI at 1 year was 

77.6 ± 4.2%, and that at least moderate AI was to expected develop in 37.6 ± 13.3% of 

LVAD patients after 3 years [57]. The impact of AI on morbidity and mortality remains 

controversial [58–60], but understanding of the hemodynamic mechanism of AI may lead to 

improved clinical management.

In an animal model, CVP, mean left atrial pressure, and LV end-diastolic pressure were 

higher in animals with AI during EVAHEART support [61]. Systemic flow did not improve 

at incremental LVAD speeds, possibly due to progressive worsening of AI. We recently 

reported in patients with HeartMate II or HVAD LVADs that those with at least mild AI had 

higher CVP and PCWP and lower pulmonary artery pulsatility index (PAPi) compared to 

those without AI [62]. However, incremental increase of LVAD speeds led to normalization 

of filling pressures and improvement of CO at the expense of increased AI severity.

Implication of ramp test

Clinical benefit of ramp test

The clinical uses of ramp tests are manifold, ranging from troubleshooting of device 

malfunction to optimizing device settings.

One of the major indications for ramp testing is to diagnose LVAD flow obstruction and 

thrombosis [63]. An LV end-diastolic dimension slope less than an absolute value of 0.16 

during ramp test is a strong predictor of thrombosis in HeartMate II patients [24], but this 

finding was not replicated in HVAD patients [25]. Whether earlier detection of obstruction 

to flow can be provided with addition of hemodynamic data remains uncertain.

The utility of ramp testing extends to clinically stable patients following LVAD implantation. 

Many patients have abnormal hemodynamics at set speed, despite reporting freedom from 

HF symptoms [8]. The hemodynamic profile obtained during ramp testing can be used to 

adjust medications with the goal of shifting hemodynamics into the normal range [37]. 

Although further studies are warranted, trends in hemodynamic parameters during speed 

changes may also have clinical implications. Jung et al. showed that a decrease in PCWP per 

ΔRPM during ramp test following HeartMate II implantation was related to lower New York 

Heart Association (NYHA) class. CO increase per ΔRPM was correlated with better quality 

of life [64].
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Prognostic impact of hemodynamic optimization

At the conclusion of the ramp test, hemodynamic optimization is attempted. The 

optimization of LVAD speeds offers many theoretical benefits, although there are few 

published data thus far.

Data on long-term prognosis with speed optimization are emerging. We prospectively 

followed an observational cohort of 62 LVAD patients for 2 years after attempted 

hemodynamic optimization with an invasive ramp test. HF readmission rates were 

significantly lower in patients with optimized hemodynamics compared with those whose 

hemodynamics could not be optimized (0.22 events/year vs. 0.36 events/year) [65]. The 

efficacy of speed optimization on RV function was also reported in a small number of 

HVAD patients. At 3 months following speed optimization by echocardiographic ramp test, 

RV fractional area change and RV longitudinal peak systolic strain were improved, along 

with a significant decrease in N-terminal pro-brain natriuretic peptide level [66]. Whether 

hemodynamic optimization is associated with prevention of chronic RVF and better survival 

remains unknown.

We also showed that hemodynamic optimization was achieved irrespective of the existence 

of AI, whereas the degree of AI worsened at incremental LVAD speeds [62]. Future 

prospective studies should investigate whether hemodynamic normalization or intermittent 

AV opening should be the primary goal of ramp testing.

Decoupling between dPAP and PCWP in LVAD patients

Decoupling is defined as the difference between diastolic PAP and PCWP, and is an index of 

pulmonary vascular disease. We recently showed that decoupling of >5 mmHg was 

frequently observed following LVAD implantation, irrespective of the presence of 

preoperative PH. Excessive decoupling was a strong prognostic predictor of outcomes 

compared with other indices of PH such as PVR. Normalization of decoupling following a 

hemodynamic ramp test was associated with lower HF readmission rates [67]. The 

decoupling itself was not a target of optimization in this study, and the prognostic impact of 

aggressive normalization of decoupling during ramp test requires further study.

Future perspectives

Hemodynamic evaluation during stable conditions and in response to speed change with 

ramp tests remains a relatively understudied and underutilized tool in the management of 

LVAD patients. Investigation into the long-term benefits of ramp tests on survival, HF 

readmission, and other comorbidities is warranted.

A protocol for ramp testing should become widely established. The first trial comparing 

echocardiographic ramp test to invasive hemodynamic ramp test is underway. The Ramp-It-

Up study is a multicenter trial that randomizes HVAD patients to LVAD speed optimization 

with echocardiographic ramp study alone or with an invasive hemodynamic ramp study. The 

patients are being followed for six months, and the primary outcomes are HF readmission, 6-

min walk test distance, NYHA classification, and quality of life measures.
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Finally, the clinical implications of ramp tests should be compared and validated between 

Japan and the USA, as there are many differences in the populations, such as genetics, body 

habits, and dietary habits that may affect study results [68].

Conclusions

Hemodynamic assessment is a vital component of the clinical assessment of patients on 

LVAD support. In particular, echocardiographic and hemodynamic ramp tests provide us 

with a useful tool to optimize hemodynamics in this population. Hemodynamic optimization 

may prove to be a crucial strategy in improving clinical outcomes during LVAD support.
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Fig. 1. 
Continuous-flow left ventricular assist device available in Japan and the USA.
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Fig. 2. 
Non-invasive devices to monitor hemodynamics.
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Fig. 3. 
Relationship of CVP and PCWP in each patient at baseline, final, step 0 (lowest speed), and 

step 9 (highest speed). Reprinted from [8] with permission from Elsevier. CVP, central 

venous pressure; PCWP, pulmonary capillary wedge pressure.
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