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Abstract 
Purpose. Despite improved outcomes, LVAD patients still present with frequent rehospitalizations, 

including those for heart failure (HF). The aim of this study was to investigate the changes in 

hemodynamic parameters after LVAD implant and the role of hemodynamic optimization obtained 

by the invasive ramp test (RT) in improving survival and reducing HF admissions.  

 

Methods. This single-center study enrolled patients with centrifugal pumps implanted between 2013 

and 2024. The devices utilized were hybrid levitation technology (HL) and fully magnetically 

levitated (FML). All patients who underwent right catheterization (RHC) after LVAD implant during 

the index hospitalization were included. RT was performed according to clinical practice and 

hemodynamic parameters were evaluated at different speed settings. Optimal hemodynamics were 

defined as a right atrial pressure < 10 mmHg, pulmonary capillary wedge pressure < 15 mmHg, and 

cardiac index > 2.2 l/min/m2. The endpoint was survival free from HF admission according to the 

hemodynamic profile at 24 months.  

 

Results. This study enrolled 74 patients with a mean age of 54 ± 11 years. Ninety percent of the 

participants were male. The most common etiology of HF was dilated cardiomyopathy (57%). Forty-

nine percent of the patients received HL devices, and 51% had FML. Fifty-two percent of the patients 

were in INTERMACS class 2 or 3, and 41% were on temporary mechanical support. RHC before 

discharge was available for 63 patients. After LVAD implant, there was a significant improvement 

in pulmonary pressure and a reduction in the indices of right ventricular function without changes in 

central venous pressure. At baseline, 41% of the patients already had an optimal hemodynamic 

profile, while an additional 14% achieved it after RT. At 24 months, survival free from HF admission 

was significantly reduced in patients with non-optimized profiles (81 vs. 58 %, OR 3.2 [1.2-8.2], p = 

0.01). This difference was not significant when the effect of the ramp test was not considered 

(p=0.07). Univariate analysis revealed that the predictors of post-discharge mortality and HF 

hospitalizations were non-optimized profile (OR 3 [1.1-7.8], p 0.02), use of beta-blockers (B-b) (OR 

2.5 [1.04-6], p 0.03), and HL device. In the multivariate analysis, only the non-optimized profile 

remained significant.  

 

Conclusions. In patients with LVAD, survival free from HF admissions was significantly higher in 

those with optimized hemodynamics, and RT provided the opportunity to further improve 

hemodynamic profiles. The non-optimized profile was an independent predictor of mortality and 

hospitalization for HF. 
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Introduction 
Heart failure (HF) is an increasingly prevalent condition that affects millions of individuals globally 

and is associated with reduced survival, impaired quality of life, and substantial costs for the 

healthcare system. Despite advancements in medical therapies, a significant proportion of HF cases 

progress to an advanced stage of the disease, characterized by persistent symptoms and poor tolerance 

to guideline-directed medical therapy (GDMT). Advanced HF is characterized by frequent 

readmissions and poor prognosis, with a 1-year mortality rate ranging between 25-75%1,2.  

In this context, heart replacement therapies (HRT), such as heart transplantation (HT) and left 

ventricular assist device (LVAD) implantation, represent the definitive treatment option in selected 

patients. These interventions substantially improve survival and quality of life. Due to the scarcity of 

donations that limits access to HT, durable mechanical circulatory support has emerged as a viable 

option to expand the population suitable for treatment, as a bridge to transplant strategy or destination 

therapy3. 

Over the last 25 years, mechanically assisted circulation and LVAD technology have evolved 

significantly, moving from pulsatile devices to fully magnetically-levitated centrifugal pumps4. 

Despite both pulsatile and axial-flow LVAD demonstrating improved survival as compared to 

medical therapy in patients ineligible for HT5,6, the introduction of centrifugal pumps dramatically 

improved the outcomes of durable mechanical support. Both the hybrid levitation centrifugal device 

(HVAD, Heartware) and the fully magnetically levitated pump (Heartmate 3, Abbott) outperformed 

the previous axial-flow device7,8. Nevertheless, indirect comparisons showed that the fully 

magnetically levitated LVAD had an improved safety profile with reduced stroke and pump 

thrombosis rates9,10, leaving the former the only commercially available LVAD.  

Contemporary results from the MOMENTUM 3 randomized clinical trial showed a 1-year survival 

rate of 87%, similar to the 1-year survival rate after HT in Europe8. Long-term follow-up confirmed 

that survival with the device remained satisfactory throughout the years, being over 50% at five 

years11. Similarly, the STS registry 2022 report showed that the 1- and 5-year survival rates of patients 

undergoing centrifugal flow LVAD implants between 2017 and 2021 have improved (83.0% vs. 

81.2% and 51.9% vs. 43.0%, respectively)12. Despite improved survival, patients supported with 

LVAD continue to experience a significant burden of adverse events, with only 30% remaining free 

of hospital readmission within 1 year of LVAD implantation12. Adverse events include pump 

thrombosis, stroke, gastrointestinal bleeding, infections, and persistent HF mainly caused by right 

ventricular failure (RVF)13. RVF is a significant driver of postoperative morbidity and mortality 

following LVAD implant and is estimated to occur in 9%-42% of patients, depending on the 



 4 

diagnostic criteria used14.  According to an analysis of the INTERMACS Registry, RVF incidence 

was 24% at 1-month and approximately 8–10% at all time points thereafter. RVF occurring relatively 

early post-LVAD implant (≤3 months) was a common and often transient condition, which was not 

associated with worse long-term prognosis once resolved. Conversely, RHF which presents late post-

LVAD (>3–6 months) was more frequently a persistent disorder, with a significant risk of mortality15.  

The development of right ventricular failure is related to multiple factors, including pre-existing 

dysfunction, pulmonary hypertension, preoperative damage, and peculiar characteristics of the 

LVAD physiology. While pre-implant recipient characteristics and surgical insult strongly influence 

early dysfunction, the pathophysiology of long-term right ventricular dysfunction remains elusive 

and probably related to the long-term effect of single ventricle support and continuous-flow 

circulation, which is yet to be completely understood16,17.  Therefore, the assessment of right 

ventricular function is of paramount importance in LVAD candidates and considers both 

echocardiographic and invasive hemodynamic parameters.  

Standard echocardiographic parameters of right ventricular function, such as tricuspid annular plane 

systolic excursion (TAPSE) and tricuspid annular systolic velocity by tissue Doppler (S’), failed to 

efficiently predict RV dysfunction. Evaluation of free-wall RV longitudinal strain (RVLS) derived 

by speckle-tracking echocardiography seems to be of more interest, as it reflects the right ventricular 

stroke work index. According to recent studies and meta-analyses, the most reliable parameters to 

evaluate are RVLS<12% and fractional area change (FAC) <35%18–21. Notably, none of these 

parameters alone is sufficient and a certain cut-off is not available, as many studies reflect the 

experiences of single centers. A full evaluation of RV function is complex, requires experienced 

operators, and should include multiple parameters.    

Invasive hemodynamic assessment through right heart catheterization (RHC) provides a more 

detailed assessment of right ventricular function and its coupling with pulmonary circulation through 

different indices. The most relevant include the right ventricular stroke work index (RVSWI), right 

atrial pressure to pulmonary capillary wedge pressure ratio (RAP/PCWP) and pulmonary artery 

pulsatility index (PAPi). RVSWI has been investigated in multiple studies and meta-analyses, and is 

systematically lower in patients who experience RVF after implant18. The RAP-to-PCWP ratio offers 

insights into the mechanism of right ventricular dysfunction. Indeed, high CVP and low RVSWi can 

depend on worsening right heart function as a result of increased left-sided filling pressures and thus 

pulmonary hypertension or on  intrinsic right ventricular dysfunction. In the first case the RV benefits 

from LVAD implantation, whereas patients in the second group are at risk of RV failure. RAP/PCWP 

will be low in those with right-sided dysfunction as a result of persistently high left filling pressure, 
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whereas in the case of intrinsic RV dysfunction, this ratio will be high. The PAP index rapports the 

pulmonary pulse produced by the right ventricle to its preload expressed as right atrial pressure and 

describes right ventricular failure in different situations, including acute heart failure in right 

ventricular myocardial infarction and LVAD implant. Because of the complex nature of right 

ventricular function in HF, multiple parameters must be evaluated alongside echo-derived measures 

rather than relying on a single cutoff value16–18.  The International Society for Heart and Lung 

Transplantation (ISHLT) guidelines for mechanical circulatory support endorse the use of the 

aforementioned hemodynamic indices in the evaluation of LVAD candidates, with RVSWI < 300, 

PAPi < 1.85, and RAP/PCWP < 0.63, which are associated with an increased risk of right ventricular 

failure22.  

Apart from pre-implant evaluation, invasive hemodynamic assessment provides the opportunity to 

gain a deeper understanding of the changes that characterize LVAD support and response of the right 

ventricle. Furthermore, it offers the possibility to actively improve the hemodynamic profile after the 

implant and improve the patient’s condition through the performance of the invasive ramp test. To 

this end, RHC is performed at different pump speed settings to improve circulatory parameters, 

aiming at the optimal pump configuration in which the right and left filling pressures are acceptably 

low, and the cardiac index is the highest obtainable. Notably, different studies have shown that such 

an approach in stable LVAD patients could lead to better outcomes with a lower rate of subsequent 

HF hospitalization23–26.  

We designed this study to assess changes in invasive indices of right ventricular function after LVAD 

implant and the role of the RHC-guided ramp test in reducing the risk of poor cardiovascular 

outcomes.  

Methods 
Study population 

We created a single-center registry enrolling all consecutive patients who underwent a centrifugal-

flow LVAD implant at IRCCS Sant’Orsola – Malpighi Hospital from 2012 to August 2024. From 

2012 to 2022, patients were retrospectively included, whereas starting from 2023, all consecutive 

implants were prospectively recorded. The indication for LVAD was given by the Advance Heart 

Failure Multidisciplinary Team (composed of cardiologists dedicated to heart failure, cardiac 

surgeons, anesthesiologists, LVAD coordinator technicians, and psychologists) according to clinical 

practice. The choice of device was made by the surgeons according to the available technologies and 

anatomical and functional aspects. Echocardiography and right heart catheterization were performed 
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according to clinical practice, before and after implant. Clinical follow-up was performed every 3-6 

months as usual practice at our center. For the present analysis patients with repeated RHC after 

implant during the index implant hospitalization were analyzed.  

Clinical characteristics included demography, laboratory values, RHC and echocardiography 

performed at the closest time point to LVAD implant and medical therapy at discharge.  

This study was approved by the local IRB. 

Hemodynamic evaluation 

As per center protocol all patients underwent RHC before LVAD implant and before discharge, 

except for those who died during the index hospitalization. Right heart catheterization was performed 

through a right jugular or femoral venous access with a 7F Swan Ganz Catheter with zero level 

recorded at mid thoracic level. The right atrial, pulmonary artery, and pulmonary capillary wedge 

pressures were recorded. Cardiac output was calculated using the thermodilution method and the 

indirect Fick method. The derived measures were calculated as follows: 

- RVSWI: (cardiac output/heart rate) × (mean pulmonary artery pressure – right atrial pressure) 

× 1000  

- RAP: PCWP: ratio of RAP to PCWP pressure;  

- pulmonary pulsatility index (PAPi): (systolic pulmonary artery pressure – diastolic pulmonary 

artery pressure)/right atrial pressure 

The ramp test (RT) was performed before discharge according to the center practice by a heart failure 

cardiologist and the LVAD coordinator, which manages the pump speed. During RT, a first RHC at 

basal speed is performed and pump parameters are registered. After the basal measures, RHC is 

repeated at decremental and incremental speeds. At each speed change, echocardiography is 

performed and left ventricular end diastolic diameter (LVEDD), degree of mitral, tricuspid and aortic 

regurgitation, RV function and aortic valve opening are reported. Speed changes are not scheduled in 

a protocol but are guided by HF professionals according to hemodynamics to obtain normal filling 

pressures and the highest cardiac output.   

For this study, patients with available hemodynamic data were divided into two groups according to 

whether they had optimized hemodynamics. “Optimal profile” was defined when all following 

variables were respected: 

• Right atrial pressure < 10 mmHg 

• Pulmonary capillary wedged pressure < 15 mmHg 

• Cardiac Index > 2.2 l/min/m2 
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Optimal hemodynamics were assessed at the basal RHC and after the ramp test, recording the number 

of patients that obtained this profile after the ramp test.  The final hemodynamic profile was used to 

evaluate the impact on prognosis.  

Outcomes  

The principal aims of this study were to assess the changes in hemodynamic parameters of right 

ventricular function after LVAD implant and the difference in survival free from all-cause death and 

HF readmission according to the optimized hemodynamic profile. The principal outcome measure 

was survival from first HF readmission at 24 months.  Patients who underwent HT during follow-up 

were censored alive at the time of transplantation.  As an exploratory outcome, we investigated the 

role of HF medications in subsequent cardiovascular outcomes.  

In addition to the primary outcome measures, in-hospital outcomes, including severe RVF, assessed 

according to the latest INTERMACS definition and death, were recorded.  

Statistical analysis 

Continuous variables are presented as mean and standard deviation if normally distributed, or as 

median and interquartile range (IQ) in case of skewed distribution. Categorical variables were 

presented as numbers and percentages. Continuous variables were compared using the Kruskal–

Wallis test and paired sample t-test as appropriate. Categorical variables were compared using the χ2 

test.  Univariate Cox regression analysis was conducted to evaluate predictors of optimized 

hemodynamic profiles.  

Survival was estimated with the Kaplan-Meier analysis and comparison between groups was analyzed 

with the Log-rank method. Univariate Cox proportional hazard regression analysis was used to 

identify the risk factors for the primary outcome measure, including medical therapy at discharge. All 

factors with p< 0.05 at univariate analysis were then tested in a Cox proportional hazard regression 

multivariable model. Statistical significance was set at p < 0.05. All analyses were conducted using 

the JMP Pro 17 statistical software.  

Results 
Study population 

Seventy-four continuous-flow left ventricular assist devices (LVAD) were implanted at our 

institution during the study period. The general characteristics of the study participants are presented 

in Table 1. The majority of patients were male (90.5%), with a mean age of 54 ± 12 years and a mean 

BMI of 25.1 ± 3.7 kg/m2. The predominant etiology of LV dysfunction was dilated cardiomyopathy 

(56.8%), followed by ischemic etiology (41.9%).  Eleven percent of the patients had undergone 
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previous cardiac surgery, and 8% had previously undergone transcatheter edge-to-edge (TEER) 

mitral valve repair. The laboratory profile of patients indicated a slightly reduced mean hemoglobin 

value (12.1 ± 1.9 g/dl) and preserved renal function, with a mean eGFR of 70.4 ± 34.5 ml/min/m2. 

The mean serum sodium and albumin levels were within normal ranges. HVAD devices were 

implanted in 48.6% of patients, while HeartMate3 devices were used in the remaining 51.4%. As 

anticipated, the implant volume increased over time. Moreover, pump-type distribution varied across 

years, as HVAD was only available until 2021, and HM3 was implanted at our institution since 2017 

(Figure 1). 

Table 2 shows the baseline echocardiographic and hemodynamic characteristics of the study 

population. The subjects exhibited severe left ventricular (LV) dysfunction with a mean left 

ventricular ejection fraction (LVEF) of 21.3% ± 5.4% and severely dilated left ventricles, with a mean 

end-diastolic volume of 269±110.9 ml. Significant mitral regurgitation (MR) was present in 61% of 

the patients, while severe or moderate-to-severe tricuspid regurgitation (TR) was observed in 21.6 %. 

Regarding right ventricular function, the mean fractional area change (FAC) value was 27.1±12.3%, 

and the mean tricuspid annular plane systolic excursion (TAPSE) was 15.9±4.4 mm. Right ventricular 

strain evaluation was not available as it was not routinely performed at our institution. 

Pre-implant right heart catheterization (RHC) was performed in all patients. The mean preimplant 

right atrial pressure was 7±3.8 mmHg. Post-capillary pulmonary hypertension was common, with a 

mean pulmonary artery pressure (mPAP) of 34.5 ± 10.3 mmHg, and a mean pulmonary capillary 

wedge pressure of 23.4 ± 8 mmHg. As anticipated, cardiac output and cardiac index (both obtained 

via the Fick method) were markedly reduced pre-implant. Right ventricular function, as assessed by 

hemodynamic parameters, was generally preserved before implantation, with a mean pulmonary 

artery pulsatility index (PAPi) value of 4.8 ± 2.9, right ventricular stroke work index (RVSWi) of 565 

± 265, and atrial-capillary ratio of 0.3 ± 0.1. 

As demonstrated in Table 3, the majority of the population (71.6%) underwent urgent LVAD 

implantation, defined as implantation performed during hospitalization for HF rather than during a 

dedicated elective admission. Consequently, at the time of LVAD implantation, the prevalent 

INTERMACS classes at implant were 4 (39.2%), 3 (23%) and 2 (31.1%). Implants in class 5 were 

relatively uncommon. Half of the patients received LVAD with a bridge to transplant (BTT) 

approach, 17.6% of patients were implanted as destination therapy (DT), and the remaining 

implantations were performed either as bridge to candidacy (BTC) or bridge to decision (BTD). At 

the time of LVAD implantation, 40.6% of patients were on mechanical support, largely an intra-aortic 
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balloon pump (IABP), while only 2 were supported with Impella 5.5. and one with Impella CP, 

respectively. 

 
In-hospital outcomes 

The median duration of stay in the Intensive Care Unit (ICU) was 11 days [IQR, 7–22]. Severe right 

ventricular (RV) failure necessitating temporary right ventricular assist device (RVAD) implantation 

was observed in 5% of the study population. Surgical revision was required in 24.3% of the patients, 

with cardiac tamponade being the most prevalent cause. Gastrointestinal bleeding was observed in 

6.7 of the patients, stroke (ischemic and hemorrhagic) occurred in 6.7% of the patients, with only one 

case of disabling stroke and pump thrombosis in two patients. It is noteworthy that both patients who 

experienced pump thrombosis during hospitalization received HVAD. Due to severe RV failure and 

inability to further optimize the device, one patient underwent urgent transplantation and 

subsequently died. In-hospital mortality occurred in 9 patients, representing a rate of 12.1%. 

Medical therapy was available for all patients at discharge. As shown in Table 3, the largest part of 

the population was prescribed diuretic therapy (76%), with a median daily dose of furosemide of 50 

mg/day [IQR 25;100]. Guideline-directed medical therapy was well-titrated in most patients: 74% 

were on renin-angiotensin system inhibitors (RAASi), 71% on mineralocorticoid receptor antagonists 

(MRA), and 22% on SGLT2i. Beta-blocker use was less common (45.8%).   

Invasive hemodynamic evaluation and ramp test 

Post-implant RHC data were available for 63 patients, which constituted the study population to 

assess outcomes. As anticipated, hemodynamics improved with a significant decrease in pulmonary 

pressure and pulmonary vascular resistance, and a significant increase in cardiac output and index 

(Table 4 and Figure 2a,b,c). Right atrial pressure remained unchanged after implant. The parameters 

reflecting RV function (PAPi and RAP/PCWP) significantly decreased after LVAD, thereby 

revealing occult RV dysfunction. Specifically, there was a 70% mean decrease in PAPi values and a 

37% mean increase in the RAP/PCWP ratio.  

The optimal profile, as previously defined, was observed in 26 (41%) patients, with an additional 8 

patients (14%) achieving the optimal profile after the ramp test. Consequently, 55% of patients 

exhibited an optimal hemodynamic profile at discharge (Figure 3). During ramp test, pump speed 

was increased in the vast majority of cases (86%), with a mean increase of 326±140 rpm for 

Heartmate 3 and 128±75 rpm for HVAD. 

When comparing the pre-implant clinical, echocardiographic and hemodynamic characteristics 

alongside device type and post-surgery main complications, the two groups exhibited differences. 
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Patients who achieved an optimal profile after the ramp test less frequently underwent previous TEER 

(0.047), had more frequent significant tricuspid regurgitation (p=0.01), and were more likely to have 

received the Heartmate 3 device (p=0.02). As shown in Table 5, other characteristics were 

comparable, except for a trend towards lower hemoglobin levels and slightly lower LVEF (p=0.1).  

Follow-up events and outcomes  

The median follow-up was 20 months (IQR 9-35) with a maximum of 74 months. During this period, 

22 patients (33%) underwent HT, which was urgent in 16 cases, 16 patients died (24%), and eight 

were readmitted for HF (12%). None of the 3 patients that died after RHC but before discharge 

achieved an optimized profile. The survival free from HF readmission in the overall population was 

87% at 12 months and 69% at 24 months.  

Patients discharged with an optimized profile showed improved survival compared to those who did 

not achieve the hemodynamic goal (OR 3.2 [1.2-8.2], p = 0.01), with survival free from HF admission 

at 24 months of 81% compared to 58% (Figure 4). At one year, the survival rates were 100% and 

80%, respectively. When the same analysis was performed considering patients with only an 

optimized basal RHC profile (i.e., without active pump optimization), this difference only approached 

statistical significance (p=0.07).  

Hemodynamic optimization, absence of beta-blocker therapy at discharge, and support with 

Heartmate 3 were associated with improved survival free from HF readmissions. However, 

hemodynamic optimization remained the only independent predictor (OR 2.7 (1.02-7.09), p = 0.04) 

(Table 6). 

Discussion 
This study investigated the alterations in hemodynamics and the significance of pre-discharge 

invasive pump optimization in patients receiving LVAD implant. The principal findings can be 

summarized as follows: 1) after LVAD implant, there is a nominal reduction in hemodynamic indices 

of right ventricular function, even in the presence of improved pulmonary hemodynamics; 2) more 

than half of the patients exhibited a suboptimal hemodynamic profile in terms of biventricular filling 

pressures and cardiac index; 3) proactive pump management with invasive ramp testing before 

discharge yielded an optimized profile in an additional 14% of patients and was independently 

associated with improved survival free from HF hospitalization. 

LVAD implant implies a unique physiology in which the failing left ventricle is mechanically assisted 

with active unloading and adequate cardiac output (CO), whereas the right ventricle needs to 

accommodate the increased CO and venous return. Several mechanisms are involved in the 
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physiology of LVAD-assisted patients, including changes in pulmonary circulation, preexisting right 

ventricular dysfunction, and changes in the geometry and function of the interventricular septum16,17. 

The reduction in pulmonary artery pressure as a consequence of active unloading reduces the right 

ventricular afterload, whereas the septal shift caused by the LVAD could hinder the systolic 

interaction between the two ventricles and reduce septal-dependent right ventricular contraction. The 

functional reserve of the right ventricle is a key factor in defining the results of this balance. The 

physiology of the right ventricle in this context is complex, and it is characterized by interactions 

with the unloaded left ventricle both in series (the two ventricles that are sequentially associated with 

pulmonary and systemic circulation) and in parallel (as they share the interventricular septum in 

systolic and diastolic function)27. Ultimately, the interplay of these factors determines the 

hemodynamic situation of these patients, which strongly influences clinical outcomes and functional 

capacity.  

Although studies addressing the longitudinal effects of LVAD implant on right ventricular function 

are lacking, several models have attempted to elucidate the response of the right ventricle at different 

LVAD speeds. Such studies applied to the LVAD population, often limited to very small sample 

sizes, and yielded different results. In particular, Tran et al29 reported minimal effects of pump speed 

increase on PV curves, aligned with observations with standard RHC, showing that higher pump 

speed was associated with a decrease in PCWP and an increase in CO without effects on central 

venous pressure30. Conversely, Brener and colleagues27 reported variable adaptations of right 

ventricular function during a ramp test. In particular, they described systolic interventricular 

dependence, combined systolic and diastolic relationships, and the absence of interactions. Despite 

being limited to four patients, this finding underscores the concept that physiological response during 

LVAD support can vary greatly, and this complex interaction is yet to be fully understood.  

More recently, larger studies have provided novel insights into the physiology of the right ventricle 

during LVAD support. Scheel and colleagues31 found that indices of right ventricular function, such 

as end-systolic elastance (a measure of systolic performance) and ventricular-vascular coupling, were 

significantly reduced in LVAD patients as compared to healthy subjects. Interestingly, LVAD 

patients had scattered changes in systolic elastance in response to speed change, and those with a 

baseline reduced ventricular-vascular coupling exhibited a reduced systolic reserve in response to 

speed increase with the inability to increase systolic function, even with a progressive reduction in 

afterload. They demonstrated that PAPi is the best surrogate for impaired ventricular-vascular 

coupling, a relevant finding in clinical practice considering the limited applicability of conductance 

catheter studies. 
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In our cohort, we found a significant decrease in hemodynamic parameters of right ventricular 

function after LVAD implant in a selected population with overall good pre-implant parameters, well 

above the thresholds provided by the current guidelines. We observed a significant decrease in PCWP 

and pulmonary pressure and an increase in CI with no differences in RAP, consistent with the findings 

described during a structured ramp test. The fact that a decline in PAPi and increase in RAP/PCWP 

were found in patients with an effective unload of the pulmonary circulation may imply the presence 

of a right ventricular dysfunction intrinsic to the LVAD physiology, irrespective of pre-implant 

hemodynamic parameters. These findings were observed in stable patients before discharge, 

underlining the fact that this phenomenon is also present in case of uneventful clinical course and is 

not limited to those experiencing early right ventricular failure. This observation confirms the 

importance of selecting candidates with good pre-implant hemodynamic parameters, as those with 

borderline right ventricular function and poor functional reserve could present with a complicated 

course and suboptimal hemodynamics after the implant.   

However, it is not obvious whether these reductions in functional indices truly reflect impaired 

systolic performance, as the mechanistic explanation of these aspects of right ventricular function 

remains elusive.  Scheel and colleagues31 described that systolic properties of the right ventricles 

were associated with septal but not free wall contraction, as assessed by strain analysis, reinforcing 

the concept that modification in ventricular geometry plays a pivotal role in this context. On the other 

hand, Brener and colleagues32 reported that speed increase has no impact on systolic elastance and 

influences diastolic function (i.e., inducing larger end-diastolic volume of the right ventricle), thereby 

questioning the principle of the involvement of systolic septal motion in right ventricular dysfunction. 

They described two different patterns of response to left ventricle unloading based on increased or 

stable RVSWI; however, this behavior could not be associated with pre-implant characteristics or 

other widely used instrumental parameters. In our cohort we observed a decrease in PAPi after the 

implant which might imply worse ventricular-vascular coupling even in comparison with advanced 

HF, but could be an oversimplification of systolic function as it reflects pressure but it does not 

provide information on the inotropic response. Indeed, in the work by Brener et al32, increased LVAD 

speed reduced systolic RV pressure without affecting effective contractility (i.e., systolic elastance). 

In our study, we observed an increase in the RAP:PCWP ratio, which could be a marker of impaired 

RV function. However, this change was driven by a reduction in PCWP rather than an increase in 

RAP, and it is not discernible whether this is an adaptive diastolic response of the RV rather than a 

systolic impairment.  Taken together, these observations underscore the complex role of ventricular 

interactions in LVAD physiology and the lack of reliable parameters that can be used in clinical 

practice.  
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All patients in our study presented with a stable clinical condition before discharge, independent of 

the hemodynamic parameters. However, half of the population presented with a suboptimal 

hemodynamic profile in terms of filling pressures and cardiac index, a finding consistent with 

previous reports24–26. However, our analysis adds certain aspects to this topic. Indeed, the optimal 

profile has been generally defined based on filling pressures alone and using more liberal values (i.s. 

RAP< 12 mmHg and PCWP < 18 mmHg), which represents, to some extent, a persistent degree of 

HF in this population. Moreover, despite being frequently described, not all previous studies had the 

value of CI as a requisite for defining hemodynamic optimization.  We applied a strict definition 

almost resembling normal physiology at rest, while with published criteria, a larger proportion of our 

population would have been considered as “optimized.”  Previous reports consistently showed that 

LVAD patients had impaired exercise capacity, modest increase of cardiac output up to submaximal 

effort and increased filling pressures during exercise29,33,34. To this extent, it can be argued that 

starting from a near-normal resting condition could improve exercise capacity and consequently 

quality of life, but this hypothesis has not been tested in our study and needs further evaluation in a 

dedicated analysis.  

We identified several differences between patients achieving optimal hemodynamic profile and those 

without, including the type of device (with HVAD performing worse), previous TEER, and a more 

frequent presence of significant tricuspid regurgitation in patients discharged with an optimal profile. 

HVAD is no longer commercially available for new implants and worse outcomes as compared to 

Heartmate 3 have already been described10. Moreover, it cannot be excluded that since HVAD were 

more commonly implanted in the earlier phase of our LVAD program, this finding could be 

influenced by a time bias. TEER has been shown to be safe in patients with LVAD; nevertheless, 

some concerns have been raised regarding the physiological interplay of these two interventions35,36. 

The prevalence of significant tricuspid regurgitation in optimized patients is counterintuitive, as it 

has been variably associated with an increased risk of RVF after LVAD implant37,38. However, the 

mechanisms for TR could be different, including severe dilation of the right ventricle and afterload 

mismatch caused by severe pulmonary hypertension, but with a functional RV reserve. In our study, 

we were not able to fully characterize this finding, and we studied patients who survived to hospital 

discharge; thus, we cannot exclude a selection bias.  Therefore, these observations should be 

cautiously interpreted.  

Despite steady improvements in outcomes, the hospitalization rate in patients with LVAD, including 

those for heart failure, remains high. With improved survival and reduced hemocompatility-related 

events (i.e., pump thrombosis, bleeding, and stroke) with current devices, right ventricular 

dysfunction is becoming a major determinant of quality of life and long-term survival. Consequently, 
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understanding the mechanisms and reducing readmissions are of paramount importance for further 

improvement of LVAD therapy results.  It has already been proven that ramp tests help improve a 

suboptimal hemodynamic profile in apparently stable patients. In the randomized trial Ramp-IT UP 

study, Uriel et al.24 proved the safety and feasibility of structured hemodynamic invasive monitoring 

and showed a trend to reduction of adverse events including HF rehospitalizations, but this was not 

statistically significant. In Ramp-IT UP trial 67% of patients presented optimal hemodynamic profile 

at first invasive evaluation.  In 2019, Imamura et al.25 showed in a non-randomized prospective study 

that optimized hemodynamic profile reduces hospitalizations for heart failure, reinforcing the  role of 

ramp test in reducing follow-up events in LVAD patients. In this study, an improved hemodynamic 

profile led to a significantly reduced admission rate at one year with 44% of patients being free from 

all-cause hospitalizations, which was driven by a decrease in HF hospitalizations. More recently, 

Rubistein et al.26 reported the outcomes of hemodynamic optimization in a contemporary cohort of 

stable ambulatory patients supported by the Heartmate 3 device. They showed optimized filling 

pressures in 58% of the patients, which increased to 65% after the ramp test. They confirmed that 

optimization was associated with an absolute reduction in cardiac readmission-free survival of 34% 

and 25% at six months and 1-year. Our results are consistent with these previous findings with some 

relevant differences. The proportion of optimized patients in our cohort was lower than that 

previously reported, and the cause of this difference could be two-fold. First, we applied a more 

stringent definition of hemodynamic optimization. Second, we reported a systematic assessment prior 

to discharge, whereas the other studies included stable ambulatory patients evaluated 6 months or 

more after the implant. It is possible that the early hemodynamic profile is still influenced by the 

operative course and that patients included at other time points could have already been managed 

noninvasively. The absolute reduction in readmission-free survival at 24 months was > 20%, which 

is comparable to other reports. However, it should be noted that this prognostic gain is reached earlier 

in the clinical course as it was assessed after discharge, whereas the benefit seen in previous studies 

is observed later in the clinical course, as these patients were observed several months after the 

implant. To this extent, the incremental value of a systematic pre-discharge assessment with respect 

to delayed evaluation in apparently stable patients needs to be further investigated in a dedicated 

analysis.  However, in our population, the benefit of an optimized profile was evident when the effect 

of the ramp test was considered. Therefore, early ramp test appears to be associated with prognostic 

benefit.  

In addition to hemodynamic optimization, we found an increased risk of HF readmission associated 

with beta-blocker use and HVAD support, although this was not confirmed in a multivariate analysis, 

and the optimized hemodynamic profile was the only independent predictor.  Beta-blockers are a 
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cornerstone of medical therapy of HF, but they may exert a detrimental effect on right ventricular 

inotropism particularly in the early post-surgery vulnerable phase. However, this observation must 

be considered hypothesis-generating and needs to be tested in a broader population. No other 

treatments were associated with improved survival rates.  

Study limitations 
This study had several limitations. The retrospective nature of the study may have introduced 

uncontrolled bias. The sample size was limited, and the number events was low, therefore limiting 

the ability to investigate all potential risk factors for study outcomes.   

The ramp test was performed according to clinical practice with the lack of a structured protocol for 

speed management and at the discretion of the physician in charge, leading to a degree of 

heterogeneity in the hemodynamic data. Suboptimal acoustic windows during the ramp test limited 

the analysis of echocardiographic data. The definition of hemodynamic optimization was based on 

physiological grounds and differs from other reports, therefore limiting the potential reproducibility. 

Another limitation is the long period of time covered by the study, in which both medical therapy and 

available devices changed. However, this study describes current clinical practice and adds to the 

existing conceptual framework of the beneficial role of hemodynamic optimization with invasive 

ramp test in patients with LVAD.  

Conclusions 
This study investigated the changes in hemodynamic parameters following  left ventricular assist 

device (LVAD) implant and examined the role of invasive ramp testing in optimizing the 

hemodynamic profile and improving survival free from heart failure readmission. LVAD implant was 

associated with a significant improvement in pulmonary circulation pressures and a reduction in 

common indices of right ventricular function without changes in right atrial pressure, without a 

significant impact on hemodynamic optimization. The ramp test facilitated the achievement of an 

optimized hemodynamic profile that was independently associated with improved survival. 
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Tables 
Table 1. Baseline characteristics of the population 

 N (74) 
Age, y (m ± sd) 54 ± 12 
Male gender, n (%) 67 (90.5) 
BMI, kg/m2 (m ± sd) 25.1 ± 3.7 
DM2, n (%) 18 (24.3) 
Current smoker, n (%) 8 (10.8) 
LV disfunction etiology, n (%) 

- Ischemic 
- DCM 
- HCM 

 
31 (41.9) 
42 (56.8) 
1 (0.01) 

COPD, n (%) 8 (0.1) 
ICD, n (%) 59 (81.9) 
Previous cardiac surgery, n (%) 8 (10.8) 
Previous TEER, n (%) 6 (8.1) 
Hb, g/dl (m ± sd) 12.1 ± 1.9 
Creatinine, mg/dl (m ± sd) 1.5 ± 0,8 
eGFR, ml/min (m ± sd) 70.4 ± 34.5 
Sodium, mg/dl (m ± sd) 135.9 ± 4.2 
Pump type, n (%) 

- Heartware (HVAD) 
- HeartMate 3  

 
36 (48.6) 
38 (51.4) 

Indications for implant 
Urgency, n (%) 53 (71.6) 
INTERMACS class, n (%) 

- 2 
- 3 
- 4 
- 5 

 
23 (31.1) 
17 (23.0) 
29 (39.2) 
5 (6.7) 

Implant strategy, n (%) 
- Bridge to transplant 
- Bridge to candidacy 
- Bridge to decision 
- Destination therapy 

 
37 (50.0) 
16 (21.6) 
8 (10.8) 
13 (17.6) 

Mechanical circulatory support 30 (40.6) 
 

Table 2. Baseline echocardiographic and hemodynamic characteristics 

 N (74) 
Echocardiography  
LVEDD, mm (m ± sd) 69.8 ± 10.0 
LVEDV, ml (m ± sd) 269.0 ± 110.9 
LVEF, % (m ± sd) 21.3 ± 5.4 
Mitral regurgitation 3+/4+, n (%) 45 (60.8) 
Tricuspidal regurgitation 3+/4+, n (%) 16 (21.6) 



 17 

sPAP, mmHg (m ± sd) 49.8 ± 15.9 
RVEDA, cm2 (m ± sd) 25.3 ± 6.5 
FAC, % (m ± sd) 27.1 ± 12.3 
TAPSE, mm (m ± sd) 15.9 ± 4.4 
Right heart catheterization  
RAP, mmHg (m ± sd) 7.0 ± 3.8 
mPAP, mmHg (m ± sd) 34.5 ± 10.3 
PCWP, mmHg (m ± sd) 23.4 ± 8.0 
Cardiac output (Fick), m ± sd 3.3 ± 0.8 
Cardiac index (Fick), m ± sd 1.7 ± 0.4 
PVR (Fick), uW m ± sd 3.8 ± 2.2 
PAP index (m ± sd) 4.8 ± 2.9 
RVSW index (m ± sd) 565 ± 245 
RAP/PCWP (m ± sd) 0.3 ± 0.1 

 

Table 3. Therapy at discharge 

 N (66) 
Diuretics, n (%) 50 (75.7) 
Furosemide dose, mg/die M [IQR] 50 [25;100] 
RAAS, n (%) 

- ACEi/ARBS 
- ARNi 

49 (74.2) 
44 (66.7) 
5 (7.5) 

Beta-blockers, n (%) 28 (42.4) 
SGLT2i, n (%) 15 (22.7) 
MRA, n (%) 47 (71.2) 
Sildenafil, n (%) 8 (12.1) 

 

Table 4. Right Heart Catheterization changes after LVAD 

 

 

 
 

 Pre (N 63) Post (N 63) p 
RAP, mmHg (m ± sd) 7.0 ± 3.8 7.8 ± 4.1 0,84 
mPAP, mmHg (m ± sd) 34.5 ± 10.3 22.1 ± 6.7 <0.001 
PCWP, mmHg (m ± sd) 23.4 ± 8.0 11.2 ± 5.9 <0.001 
Cardiac output (Fick), m ± sd 3.3 ± 0.8 4.6 ± 0.8 <0.001 
Cardiac index (Fick), m ± sd 1.7 ± 0.4 2.4 ± 0.4 <0.001 
PVR (Fick), uW m ± sd 3.8 ± 2.2 2.4 ± 1.0 <0.001 
PAP index (m ± sd) 4.8 ± 2.9 3.4 ± 2.5 0.006 
RAP/PCWP (m ± sd) 0.3 ± 0.1 0.8 ± 0.5 <0.001 
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Table 5. Characteristics associated with optimized hemodynamic profile 

 Optimized profile 
n=34 

Non optimized 
profile n=29 

p 

Age 55.2 ± 10.9 53.6 ± 12.1 0,6 
Male gender 32 (94%) 26 (89%) 0,5 
BMI 24.9 ± 3,7 25.9 ± 3,4 0.2 
Previous TEER 1 (3%) 5 (17%) 0.047 
eGFR ml/min/m2 67.8 ± 29.9 64.5 ± 32.5 0.67 
Hemoglobin, g/dl 12.6 ± 1.6 11.8 ± 1.6 0.1 
Left ventricle end-diastolic volume 262.8 ± 89 264.6 ±1 08 0.9 
LVEF % 20.5 ± 5.2 22.7 ± 5.3 0.1 
Moderate to severe mitral regurgitation 23 (69%) 15 (51%) 0.3 
Moderate to severe tricuspid regurgitation 10 (30%) 3 (10%) 0.01 
RAP 6 (5-10) 5 (4-10) 0.7 
PCWP 25 ± 8 22.3 ± 8 0.2 
PAPi 4.8±2.7 4.8±2.6 0.9 
RVSWI 541.5 ± 240.9 590.7 ± 272.5 0.5 
RAP:PCWP 0.29 ±  0.13 0.31 ± 0.14 0.4 
Device type   0.02 
HVAD 16 (55%) 9 (26%)  
Heartmate 3 25 (73%) 13 (49%)  
Need for RVAD 1 (3%) 2 (7%) 0.4 
Surgical revision 6  (18%) 9 (31%) 0.3 

 

Table 6. Predictors of mortality and hospitalizations for heart failure 

 Univariate analysis Multivariable analysis 
Odds ratio p Odds ratio p 

Age  0.5   
eGFR  0.6   
Etiology  0.14   
INTERMACS  0.32   
HVAD device 2.8 (1.1-7.2) 0.02  0.26 
Hemodynamic profile: not optimized 3.2 (1.2-8.2) 0.01 2.7 (1.02-7.1) 0.04 
Beta blockers at discharge 2.68 (1.1-6.3) 0.02  0.28 
RASI at discharge  0.28   
MRA at discharge  0.17   
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Figures 
Figure 1. LVAD implant increased through the years 

 

Figure 2a. Right ventricular function index changes at RHC after LVAD implant 
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Figure 2b. Hemodynamic changes at RHC after LVAD implant 

 

Figure 2c. Cardiac Index changes at RHC after LVAD implant 
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Figure 3. Hemodynamic optimization after ramp test 
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Figure 4. Survival free from all-cause death and HF hospitalizations at long-term follow-up according to the 
hemodynamic profile 
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