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Abstract

Purpose: Tolvaptan, a selective vasopressin type-2 antagonist, has been shown to increase serum 

sodium (Na) and urine output in hyponatremic left ventricular assist device (LVAD) patients in 

retrospective studies. In this prospective randomized pilot study, we aimed to assess the efficacy of 

tolvaptan in this population.

Methods: We conducted a prospective, randomized, non-blinded pilot study of LVAD recipients 

with post-operative hyponatremia (Na < 135 mEq/L) (NCT05408104). Eligible participants were 

randomized to receive tolvaptan 15 mg daily in addition to usual care versus usual care alone. The 

primary outcome was a change in Na level and estimated glomerular filtration rate (eGFR), from 

the first post-operative day of hyponatremia (the day of randomization) to discharge.

Results: A total of 33 participants were enrolled, and 28 underwent randomization (median 

age 55 [IQR 50–62]), 21% women, 54% Black, 32% ischemic cardiomyopathy, median baseline 

Na 135 (IQR 134–138). Fifteen participants were randomized to tolvaptan (TLV) and 13 were 

randomized to usual care alone (No-TLV). Mean change in Na from randomization to discharge 
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in the TLV group was 2.7 mEq/L (95%CI 0.7–4.7, p = 0.013) and 1.8 (95%CI 0.5–4.0, p = 0.11) 

in the No- TLV group, though baseline and final Na levels were similar between groups. The 

mean change in eGFR was 2.6 ml/min/1.73 m2 (95%CI 10.1–15.3, p = 0.59) in TLV versus 7.5 

ml/min/1.73 m2 (95%CI 5.2–20.2, p = 0.15) in No-TLV. TLV participants had significantly more 

urine output than No-TLV patients during their first 24 h after randomization (3294 vs 2155 ml, p 
= 0.043).

Conclusion: TLV significantly increases urine output, with nominal improvement in Na level, in 

hyponatremic post-operative LVAD patients without adversely impacting renal function.
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1 | INTRODUCTION

Hyponatremia has been associated with worse in-hospital, 1-year, and 5-year survival 

outcomes in heart failure patients.1 Tolvaptan is a vasopressin-2 antagonist that inhibits 

vasopressin type 2 receptors located on the collecting duct of the kidney, which in turn 

prevents reabsorption of free water via the aquaporin system, leading to an increase in 

urinary free water excretion.2 Tolvaptan has been studied as adjunctive therapy in both 

acute decompensated heart failure and chronic heart failure, resulting in increased net fluid 

loss, reduced weight, and improved dyspnea.3,4 While tolvaptan has not shown an effect 

on mortality in acutely decompensated heart failure patients in general, prospective and 

retrospective studies have suggested a benefit in those with hyponatremia.5,6 Furthermore, 

patients with right ventricular dilation, suggesting elevated right-sided filling pressures and 

right ventricular failure, have been shown to be associated with tolvaptan responsiveness. 

One subset of patients that may derive particular benefit from tolvaptan is those with 

right ventricular failure, due to the frequent association of right ventricular failure with 

hyponatremia, diuretic resistance, and improved clinical response to tolvaptan.7–10

Left ventricular assist device (LVAD) implantation is becoming increasingly common for 

patients with advanced heart failure.11 Right ventricular failure is a frequent occurrence 

following LVAD implantation, particularly in the early postoperative period, and requires 

aggressive volume management to maintain appropriate preload.12 These patients often 

require escalating doses of diuretics. Furthermore, persistent hyponatremia after LVAD 

implantation is associated with increased heart failure hospitalizations, regardless of pre- 

operative sodium level.13 However, there are limited data on the efficacy of tolvaptan use 

in patients with LVADs. A previous retrospective study showed that tolvaptan use was safe 

following LVAD implantation, and was associated with improvement in serum Na levels and 

increased urine output, and the need for a prospective, randomized assessment of tolvaptan 

in LVAD patients was highlighted.14,15

In this pilot study, we prospectively assessed the efficacy of tolvaptan in LVAD patients in 

a randomized study. We hypothesized that patients treated with tolvaptan during the post- 

operative period would have higher serum sodium (Na) levels and improved urine output 

than patients not receiving tolvaptan without adverse effects on renal function.
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2 | METHODS

We conducted a prospective, randomized, non-blinded pilot study of LVAD recipients with 

post-operative hyponatremia at our institution. The study protocol was approved by the 

Institutional Review Board at the University of Chicago and registered on ClinicalTrials.gov 

(NCT05408104). Patients 18 years or older undergoing durable LVAD implantation at our 

institution were screened for enrollment in this study. We excluded patients undergoing 

LVAD exchange, as well as Jehovah’s Witnesses, who do not receive daily phlebotomy 

per hospital protocol. All participants provided informed, written consent prior to LVAD 

implantation. Participants who developed acute kidney injury, defined as the need for renal 

replacement therapy, after enrollment but prior to randomization were withdrawn from the 

study.

2.1 | Randomization and study protocol

Enrolled participants were randomized on the day that they developed hyponatremia, defined 

as Na < 135 mEq/L. Participants were randomized in a 1:1 fashion to the TLV group 

(tolvaptan plus usual care) or the No-TLV group (usual care). Tolvaptan was administered at 

a dose of 15 mg daily and could be increased to 30 mg daily at the discretion of the treating 

physician every day that the participant was hyponatremic. Participants in the No-TLV group 

could cross over to the TLV group if Na ≤ 125 mEq/L and they were determined to be 

hypervolemic. Tolvaptan could be held if the participant was deemed to be hypovolemic. 

Diuretic dosing was not specified in the study protocol and was administered at the treating 

physician’s discretion. Tolvaptan was not continued beyond the index hospitalization.

Baseline characteristics including laboratory, echocardiographic, and hemodynamic data 

were recorded. The most recent data available prior to LVAD implantation were used as 

baseline data. Daily Na levels and creatinine were recorded from the time of randomization 

until the time of discharge. Estimated glomerular filtration rate (eGFR) was calculated 

according to the Modified Diet in Renal Disease equation. Urine output was measured over 

the 24-h period prior to randomization and for each 24-h period from randomization until 

the correction of hyponatremia or discharge. The daily dose of loop diuretics was recorded 

as equivalents of oral furosemide (Table S1).

Length of stay in the cardiothoracic intensive care unit and for the entire post-operative 

index hospitalization were recorded. Right ventricular failure was defined as per the 

2013 INTERMACS definition.16 During the six-month surveillance period, patients had 

to have clinical signs of right heart failure hospital admission for intravenous diuresis, 

vasodilators, vasoactive/inotropic support, and/or right-sided mechanical circulatory 

support.16 Participants were followed for 6- months post-operatively for the assessment 

of hemocompatibility-related adverse events (HRAE). HRAE were defined as previously 

described and a hemocompatibility score was constructed.17 Hospitalizations for heart 

failure were also recorded.

The primary efficacy outcome was the change in Na from randomization to discharge. The 

primary safety outcome was the change in eGFR from the randomization to discharge. 

Secondary outcomes included change in urine output, the length of stay in the cardiothoracic 
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intensive care unit, and the length of stay for the index hospitalization. Exploratory 

outcomes included the number of heart failure hospitalizations and the hemocompatibility 

score in the two groups at 6 months follow-up.

2.2 | Statistical analysis

Participants were assessed via an intention-to-treat methodology. Continuous variables were 

expressed as median (interquartile range) and compared between the groups using the 

Kruskal-Wallis test. Categorical variables were expressed as number and percentage and 

compared between the groups using Fisher’s exact test. Trends of continuous variables were 

assessed using Wilcoxon signed-rank test.

We estimated a difference of Na at the time of endpoint as 2.0 mEq with 2.5 mEq/L of 

standard deviation in both groups. The alpha is defined as 0.05, the effect size as 0.8, and 

1-β as 0.8. We estimated that we would need 26 patients in each group. Two-sided p-values 

< 0.05 were considered statistically significant. Statistical analyses were performed using 

SPSS Statistics 22 (SPSS Inc, Armonk, IL, USA).

3 | RESULTS

3.1 | Patient selection

Between May 2019 and August 2020 46 patients underwent durable LVAD implantation at 

our institution. Eight patients were excluded (6 LVAD exchanges, 1 patient < 18 years 

old, 1 Jehovah’s Witness), three patients were unable to consent due to the need for 

emergency surgery, and one patient declined to participate. One patient consented but did 

not undergo subsequent LVAD implantation and was therefore withdrawn from the study. 

Due to restrictions on research due to the COVID-19 pandemic, this study was terminated 

before full enrollment. In total, 33 patients were enrolled in the study.

Of the 33 patients enrolled in the study, 3 did not develop hyponatremia post-operatively 

and, therefore, were not randomized. Of the remaining 30 participants, 17 were randomized 

to the TLV arm and 13 to the No-TLV arm. However, two of the patients randomized to TLV 

were excluded due to acute kidney injury requiring hemodialysis prior to the development 

of hyponatremia. In total, 15 TLV and 13 No-TLV participants were included in the final 

analysis.

3.2 | Baseline characteristics

Of these 28 eligible participants, the median age was 54.5 (IQR 49.8–61.5), 21% 

were women, 54% were Black, and 68% had underlying non-ischemic cardiomyopathy. 

Twenty-five (89%) patients had a HeartMate 3 LVAD (Abbott, Abbott Park, IL) and 3 

(11%) had a HeartWare HVAD LVAD (Medtronic, Minneapolis, MN) (Table 1). There 

were no significant differences in surgical approaches, concomitant procedures, or repeat 

sternotomies (Table 2). 31- French Protek Duo (LivaNova Inc, Houston, TX) percutaneous 

right ventricular assist devices (RVAD) were placed in seven total patients, four in the TLV 

arm and three in the No-TLV arm. Six of the seven were implanted intra-operatively at the 

time of LVAD implantation, while one patient in the TLV arm had the RVAD placed after 
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randomization, on post-operative day #9, due to the development of cardiogenic shock with 

oliguric renal failure. The median day of randomization was post-operative day 4 (IQR 2–4 ) 

for the TLV group and post-o perative day 3 (IQR 2–3) for the No- TLV group (p = 0.49). 

Baseline characteristics are listed in Table 1. Patients in the TLV group were less likely to 

be Black (33% vs 77%, p = 0.021) and more likely to have a history of stroke (33% vs 0%, 

p = 0.031). There were no other significant differences in baseline characteristics, baseline 

serum laboratory levels, or pre-operative invasive hemodynamic measurements (Table 1).

The median duration of the first post-operative hyponatremia episode was 2 days (IQR 1–3 

days) in the TLV arm and 2 days (IQR 2–9 days) in the No-TLV arm, p = 0.50. All 15 

participants randomized to the TLV arm received at least one dose of tolvaptan 15 mg. The 

median number of doses was 3.0 (IQR 2.5–3.0, minimum 2, maximum 13). Two of the 13 

(15%) participants in the No-TLV received a 15 mg dose of tolvaptan for Na ≤ 125 mEq/L, 

as per the study protocol. One of these two participants also received a dose of tolvaptan 

outside of the study protocol. The other 11 of the 13 participants (85%) in the No-TLV arm 

did not receive any doses of tolvaptan.

3.3 | Changes in sodium and eGFR

Participants in the TLV arm had a significant increase in Na from randomization to index 

hospitalization discharge with a change of 2.7 mEq/L (95% CI 0.7–4.7, p = 0.013) (Figure 

1). Median Na was 133 (IQR 132–134) on the day of randomization and increased to 135 

mEq/L (IQR 134–137) on discharge, p = 0.018 (Figure S1). Participants in the No-TLV 

arm did not have a significant change in Na from randomization to index hospitalization 

discharge with a mean change of 1.8 mEq/L (95% CI 0.5–4.0, p = 0.11) (Figure 1). Median 

Na was 133 (IQR 132–134) on the day of randomization and increased to 135 mEq/L (IQR 

132–137) on discharge, p = 0.13 (Figure S1). Notably, despite the significant change in Na 

in the TLV arm, the median baseline and final Na values in the two groups were the same.

There were no significant differences in renal function in either arm of the study. In the 

TLV arm, eGFR remained unchanged with a mean change of 2.6 ml/min/1.73 m2 (95% CI 

−10.1–15.3, p = 0.59) (Figure 2). The median eGFR on day of randomization was 76 (IQR 

51–99) ml/min/1.73 m2 and increase to 80 (IQR 66–90) ml/min/1.73 m2, on discharge, p = 

0.87 (Figure S2). Similarly, in the No-TLV arm eGFR also remained unchanged with a mean 

change of 7.5 ml/min/1.73 m2 (95%CI 5.2–20.2, p = 0.15) (Figure 2). Median eGFR was 

78 (IQR 56–115) ml/min/1.73 m2 on the day of randomization and increased to 106 (IQR 

56–117) ml/min/1.73 m2, on discharge, p = 0.24 (Figure S2).

3.4 | Urine output and diuretic use

There were no differences in urine output between the two groups during the 24 h prior to 

randomization. However, participants in the TLV group had significantly more urine output 

than those in the No- TLV group during their first 24 h of post- operative hyponatremia 

(median 3294 vs 2155 ml, p = 0.043) (Central Illustration, Figure 3).

There were no significant differences in the median daily dose of oral furosemide equivalent 

loop diuretic between randomization and index hospitalization discharge: TLV 154 mg (IQR 

87–181 mg) versus No-TLV 115 mg (IQR 82–157 mg), p = 0.61 (Figure 4). In the TLV 
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group, in addition to tolvaptan, 4 (27%) patients had their loop diuretic dose increased on 

the day of randomization, 4 (27%) had their dose decreased, and 7 (47%) did not have any 

change in their loop diuretic dosing. In the No-TLV group, 1 (8%) patient had their loop 

diuretic dose increased, 4 (31%) had their dose decreased, and 8 (62%) did not have any 

changes made to their loop diuretic dose.

3.5 | Clinical outcomes

There were no significant differences between the two groups in the incidence of right 

ventricular failure, the length of stay in the cardiac intensive care unit, or the length of the 

index hospitalization (Table 2). At six months follow-up, the hemocompatibility scores were 

6 in the TLV group and 13 in the No TLV group, p = 0.29 (Table 2). Tolvaptan is associated 

with a risk for hepatotoxicity; there were no differences in liver function between the two 

groups pre-operatively, at index hospitalization discharge, or 6-month follow-up.

4 | DISCUSSION

This pilot study is the first prospective, randomized-controlled trial of tolvaptan use in 

LVAD patients with hyponatremia. Our main findings are as follows: (1) there was a greater 

increase in sodium in the TLV group than in the No- TLV group, though baseline and final 

Na levels were similar between groups, (2) urine output was significantly increased in the 

TLV group compared to the No- TLV group, and (3) there was no significant change in renal 

function in either group.

Tolvaptan has been shown to increase urine output and decrease body weight for patients 

admitted with acute decompensated heart failure.2,3,18,19–21 Our study confirms that 

tolvaptan can augment diuresis and increase sodium levels in LVAD patients during the 

postoperative period. Vasopressin antagonists may have particular a benefit in patients 

with right ventricular dysfunction.10 This is highly relevant for the LVAD population 

where right ventricular dysfunction is prevalent due to the chronic, advanced nature of 

heart failure in these patients. The post-operative period is associated with abnormal right 

ventricular hemodynamics, as the improved cardiac output following LVAD implantation 

often overloads a right ventricle, that is accustomed to lower filling pressures. Increased 

preload leads to right ventricular dilation, which increases right ventricular wall stress, and 

often leads to tricuspid regurgitation, which further exacerbates right ventricular failure.12 

Our group has previously shown an interaction between abnormal hemodynamics (i.e., right 

atrial pressure > 12 mm Hg, pulmonary capillary wedge pressure > 18 mm Hg) in LVAD 

patients and subsequent HRAE.22 Further studies are warranted to evaluate this interaction.

Similar to the retrospective analysis of tolvaptan use in LVADs, renal function was not 

significantly affected by tolvaptan use in this prospective trial.14 This confirms the safety 

of tolvaptan use in this patient population. Notably, urine output was significantly increased 

in hyponatremic patients following tolvaptan use, and this increased urine output continued 

through to discharge, despite similar daily doses of loop diuretics. Therefore, increased urine 

output can be correlated with tolvaptan use, and the increased decongestion is the most 

likely reason for the significant improvement in hyponatremia in this arm of the study.
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Unfortunately, despite the improved Na level with tolvaptan, this did not translate into 

any significant difference in clinical outcomes. Retrospective data have indicated more 

frequent heart failure hospitalizations with post-operative hyponatremia, though patients 

were considered hyponatremic at 1-month following implantation, while our study evaluated 

hyponatremia during the post-operative index hospitalization.13 Tolvaptan has not been 

associated with improved clinical outcomes in heart failure patients without LVADs, though 

the sub-group of the EVEREST trial with Na < 130 mEq did have improved cardiovascular 

mortality with tolvaptan use.6 In our study, there were no significant differences in clinical 

outcomes, HRAEs, or hemocompatibility scores over a 6-month follow-u p, thus, but our 

study was not powered to detect such differences. We demonstrated the safety and efficacy 

of tolvaptan to correct hyponatremia and increase urine output in LVAD patients, however, 

further studies are warranted to explore if those effects will lead to clinical benefit.

4.1 | Limitations

This is a pilot study that was underpowered to show improvements in sodium and urine 

output. We did not mandate diuretic regimens during the study period, and thus some of the 

effects seen may have been due to adjustment of diuretics other than tolvaptan. Additionally, 

there were no specified protocols instituted for “usual care,” including targets for net fluid 

balance, as this was left to the discretion of the treating physicians. We did not have 

routine hemodynamic assessment post- hyponatremia, as many participants no longer had a 

pulmonary artery catheter in place, and therefore assessment of the effect of tolvaptan on 

hemodynamics was not possible. Finally, there was limited exposure to tolvaptan in the TLV 

arm of the study, as the median number of doses given was three, which may explain similar 

baseline and final Na levels in the two study groups.

5 | CONCLUSION

In post-operative LVAD participants with hyponatremia, tolvaptan significantly increases 

urine output, with nominal improvement in Na level, and without adversely affecting renal 

function. Larger clinical studies are still needed to further elucidate hemodynamic and 

clinical outcomes.
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FIGURE 1. 
Mean change in serum sodium from randomization to discharge
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FIGURE 2. 
Mean change in glomerular filtration rate from randomization to discharge
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FIGURE 3. 
Median daily urine output peri-hyponatremia
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FIGURE 4. 
Median equivalent dose of furosemide dosing per day from randomization through discharge
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