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A B S T R A C T   

Background: Implantable continuous-flow left ventricular assist device (LVAD) improve renal function in 
advanced heart failure. However, the long-term effects of LVAD on renal function have not been investigated 
thoroughly. We aimed to assess long-term renal function in patients with LVAD support and to identify predictors 
for late deterioration in renal function (LDRF). 
Methods: One hundred patients underwent LVAD implantation as a bridge to transplant at the University of 
Tokyo Hospital between May 2011 and December 2018. We assessed renal function at intervals (preoperative, 1, 
6, 12, 18, 24 and 30 months after LVAD implantation). We divided patients into two groups: “with LDRF,” whose 
renal function at 30 months had decreased by >25% compared with preoperatively (n = 14), and “without 
LDRF” (n = 55). 
Results: Renal function improved at 1 month, returned to preoperative levels at 6 months, and remained there up 
to 30 months after LVAD implantation. However, renal function impairment became evident in patients with 
LDRF 18 months after LVAD implantation. A ratio of right atrial pressure/pulmonary artery wedge pressure >
0.57 and left ventricular dimension diastole ≤ 67 mm were preoperative independent risk factors for LDRF. In 
addition, the incidence of perioperative acute kidney injury, ventricular arrhythmia, aortic insufficiency, and late 
right ventricular failure was significantly higher in patients with LDRF. 
Conclusion: LDRF after LVAD implantation corresponded to several risk factors, including a small left ventricle 
and LVAD-related complications, such as right ventricular failure.   

1. Introduction 

Left ventricular assist device (LVAD) implantation has become the 
standard therapy for end-stage congestive heart failure [1–3]. Patients 
with severe heart failure experience dysfunction of other organs because 
of low cardiac output and venous congestion. An LVAD can provide 
sufficient blood flow to improve end-organ function. Studies have re
ported that the estimated glomerular filtration rate (eGFR) increased 
significantly up to 1 month after LVAD implantation [4]. However, data 
on the effects of long-term LVAD support on end-organ function are 
limited. Yoshioka et al. reported that the renal function improvement in 
most patients returns to baseline after a prolonged LVAD support period 

[5]. In Japan, donor hearts are in short supply, which increases the 
length of LVAD support time until heart transplantation. Therefore, a 
focus on long-term renal function is important for the management of 
LVAD implantation. In this study, we assessed long-term renal function 
in patients on LVAD support and investigated the predictors of long-term 
deterioration in renal function [6]. 

2. Methods 

2.1. Patients 

This retrospective study was conducted by extracting data from the 
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medical records of 100 consecutive Japanese patients who received an 
implantable LVAD as a bridge to transplant (BTT) at the University of 
Tokyo Hospital between May 2011 and December 2018, with the LVAD 
remaining in place for at least 1 year (Fig. 1). Forty-four patients 
received a HeartMateII (HMII; Abbott Laboratories, Chicago, IL, USA), 
24 received an EVAHEART (Sun Medical, Nagano, Japan), and 21 
received the Jarvik 2000 (Jarvik Heart, New York, NY, USA). Ten were 
given a DuraHeart (Terumo Heart, Ann Arbor, MI, USA), and one had an 
HVAD (Medtronic, Minneapolis, MN, USA). Patients who converted 
from extracorporeal LVAD, central extracorporeal membrane oxygena
tion, or Impella were excluded. The study protocol conformed to the 
tenets of the Declaration of Helsinki and was reviewed and approved by 
the University of Tokyo Institutional Review Board (approval number: 
2650). 

2.2. Follow-up 

All patients received hemodynamic ramp tests for LVAD speed 
optimization 1 month after LVAD implantation. A monthly follow-up 
examination was performed after initial discharge. To assess renal 
function, we collected the preoperative eGFR and the rates at 1, 6, 12, 
18, 24, 30 months after LVAD implantation. Preoperative eGFR was 
taken from just before LVAD implantation and those was defined as 
baseline eGFR. When a patient received treatment, such as an inotropic 
agent or hemodialysis, the prior eGFR was obtained after LVAD im
plantation. The eGFR was calculated using the following Japanese 
equation: eGFR = 194 × (serum creatinine [mg/dL])− 1.094 × (age 
[years])− 0.287 × (0.739, if female) [7]. In patients aged under 18 years, 
the eGFR was calculated using the Japanese Children equation [8]. We 
then analyzed the changes in the eGFR after LVAD implantation using 
100 patients. We defined late deterioration in renal function (LDRF) as a 
decrease from the preoperative eGFR of>25% and we assess the char
acteristics of LDRF using patients who could be followed until appro
priate durations. To assess the predictors of LDRF, we collected the 
following information: age at LVAD implantation; sex; body mass index; 
Brinkman index; diabetes; preoperative profile—whether registered 
with the Interagency Registry for Mechanically Assisted Circulatory 
Support (INTERMACS). We recorded preoperative hemodynamic status 
using right heart catheterization (RHC). According to echocardiographic 
parameters, preoperative left ventricular dimension diastolic (LVDD) 
and the grade of tricuspid regurgitation were checked. Preoperative 
laboratory data including albumin, blood urea nitrogen (BUN), total 
bilirubin, b-type natriuretic peptide and proteinuria were measured. We 
also collected perioperative incidence of acute kidney injury (AKI) and 

laboratory data, hemodynamic status and treatment such as β blocker or 
Renin-angiotensin aldosterone system inhibitor (RAASi) at 1 month 
after LVAD implantation. Adverse events recorded after discharge from 
hospital following the index LVAD implantation up to 30 months 
included AKI, pump thrombosis, aortic valve insufficiency (AI), drive- 
line infection, stroke, ventricular arrhythmia (VA), right ventricular 
failure (RVF), and all-cause mortality. In order to demonstrate the effect 
of preoperative renal dysfunction on the postoperative clinical course, 
we also assessed long-term renal function after categorizing patients by 
with or without preoperative eGFR below 60 mL/min/1.73 m2. 

Perioperative and post-discharge AKI was defined by using KDIGO 
criteria [9]. Suspected pump thrombosis was defined as a clinical 
diagnosis of pump-related malfunction and hemolysis as reported by the 
previous publications [10]. Moderate or severe aortic regurgitation was 
counted as an event of AI. RVF was defined and classified according to 
the INTERMACS RVF criteria. In this study, we defined late RVF as when 
patients met the moderate or severe INTERMACS RVF criteria after 
discharge following the index LVAD implant. This included the use of 
inotropes, intravenous or inhaled pulmonary vasodilators for a duration 
> 7 days, or the requirement of a right ventricular (RV) assist device 
implantation [11]. When an electrocardiogram, a pacemaker, an 
implantable cardioverter-defibrillator, or cardiac resynchronization 
therapy recorded VA, we counted it as a VA event. 

2.3. Statistical analyses 

Data are presented as the mean ± standard deviation or median 
(interquartile range). Statistical analyses were performed with JMP 
software, version 14.2 (SAS Institute, Cary, NC, USA). Student’s t-test or 
the Mann–Whitney Utest was used for continuous variables, and Fisher’s 
exact test was used for categorical variables. Univariate analyses of the 
patients’ characteristics were performed, and the odds ratio and 95% 
confidence interval (95% CI) were computed for the prediction of LDRF. 
The optimal cutoff point for the prediction of LDRF was determined 
using a receiver operating characteristic curve. Multivariate analysis for 
the prediction of LDRF was performed using variables with P value <
0.05 in univariate analyses. The change from the preoperative eGFR at 
each point after LVAD implantation was tested using a paired t-test or 
Wilcoxon signed-rank tests. The Bonferroni method was used to assess 
the significance of multiple comparisons. To assess the eGFR over time, 
the mean eGFR at each period was examined graphically for all patients 
and stratified according to baseline renal function. A value of P < 0.05 
was considered statistically significant in all analyses. 

Fig. 1. Flow chart of patients who met inclusion criteria for study population. LVAD; left ventricular assist device, LDRF; late deterioration in renal function.  
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3. Results 

3.1. Change in renal function after LVAD implantation 

We initially assessed the change in the eGFR after LVAD implanta
tion. The duration of LVAD support was 39.6 ± 14.4 months (3.3 ± 1.2 
years). The percentage of males was 78.2%, and the average age at 
LVAD implantation was 41.3 ± 12.7 years. The study subjects included 
those with dilated cardiomyopathy (DCM; N = 73), dilated-phase hy
pertrophic cardiomyopathy (dHCM; N = 9), drug-induced cardiomy
opathy (N = 3), restrictive cardiomyopathy (RCM; N = 3), 
arrhythmogenic right ventricular cardiomyopathy (ARVC; N = 2), 
ischemic cardiomyopathy (ICM; N = 6), and others (N = 4). 

The eGFR 1 month after LVAD implantation was significantly higher 
than the preoperative eGFR (P < 0.0001). By contrast, the eGFR had 
almost returned to the preoperative level 6 months after LVAD im
plantation, and the eGFR were comparable as compared with preoper
ative eGFR after that time (Fig. 2). A subgroup analysis of the 
longitudinal change in the eGFR according to the preoperative eGFR 
revealed that renal function in patients with a lower preoperative eGFR 
was lower at all points than those with a higher preoperative eGFR. 
However, the eGFR in patients with a preoperative eGFR < 60 mL/min/ 
1.73 m2 remained higher than the preoperative level even 30 months 
after LVAD implantation in the same patient group. The number of pa
tients, who had eGFR above 60 mL/min/1.73 m2 before LVAD implan
tation and eGFR below 60 mL/min/1.73 m2 after LVAD implantation, 
were 2 (1 month after LVAD implantation), 4 (6 months), 6 (12 months), 
6 (18 months),7 (24 months) and 9 (30 months) patients, respectively. 

Next, we investigated the incidence of eGFR < 60 mL/min/1.73 m2 

at each time and the change of eGFR in different LVAD. The incidence of 
eGFR < 60 mL/min/1.73 m2 was 11%, 21%, 24%, 25.3%, 27%, and 
31.8% respectively, from 38% preoperatively (Fig. 3). There was no 
difference for change in renal function among each LVAD type (Sup
plementary Fig. 1). 

3.2. Long term deterioration in renal function after LVAD implantation 

Next, we explored the characteristics of LDRF after LVAD implan
tation. We set 30 months as the timing of the long term, which was used 
for evaluation of LDRF. In this analysis, patients who underwent heart 
transplantation (n = 13), LVAD removal (n = 2), or died (n = 4) or who 
lacked follow-up data (n = 12) within 30 months of LVAD implantation 

were excluded from the consecutive cases (n = 100). 
Subsequently, we divided patients into two groups, with or without a 

25% decline in the eGFR at 30 months after LVAD implantation: patients 
with LDRF (N = 14) and without LDRF (N = 55). In patients without 
LDRF, their eGFR were maintained significantly higher than preopera
tive eGFR. On the other hand, in patients with LDRF, there was signif
icantly decline in the eGFR 18 months after LVAD implantation (P =
0.034 at 18 months, P = 0.0067 at 24 months, and P < 00001 at 30 
months (whose significance was verified after Bonferroni correction)) 
(Fig. 4). 

Regarding risk factors for LDRF (Table 1), the patient’s background, 
including sex, age, body mass index, Brinkman index, or INTERMACS 
scoring, did not differ between groups. The pulmonary artery wedge 
pressure (PAWP) determined during preoperative RHC was significantly 
lower in patients with LDRF (16.8 ± 8.6 vs 22.8 ± 8.2 mmHg, P =
0.018). There were significant differences between the patients with and 
without LDRF in the ratio of patients with right atrial pressure (RAP)/ 
PAWP and right ventricular stroke work index (RVSWI), which have 
been demonstrated previously as indicating risk for RVF [12] (RAP/ 

Fig. 2. Change in the estimated glomerular filtration rate (eGFR) in all patients and the results of multiple comparisons by Bonferroni method. Solid line = all 
patients; dotted line = preoperative eGFR ≥ 60 mL/min/1.73 m2; dashed line = preoperative eGFR < 60 mL/min/1.73 m2. LVAD; left ventricular assist device. 

Fig. 3. Change in the number at risk and the percentage of patients with eGFR 
< 60 mL/min/1.73 m2 at each time point. LVAD; left ventricular assist device, 
eGFR; estimated glomerular filtration rate. 
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PCWP: 0.78 ± 0.65 vs 0.41 ± 0.25, P = 0.0012; RVSWI: 4.4 ± 2.7 vs 7.6 
± 3.4 g⋅m/m2 /beat, P = 0.0019). Further, the preoperative eGFR was 
significantly higher in patients with LDRF (93.7 ± 38.6 vs 68.9 ± 28.4 
mL/min/1.73 m2, P = 0.011). The LVDD in patients with LDRF was 
significantly smaller than in those without LDRF (62.2 ± 12.2 vs 73.9 ±
15.3 mm, P = 0.0093). Univariate analysis showed the preoperative 
eGFR, LVDD, PAWP, RAP/PAWP and RVSWI were significantly different 
between LDRF and non-LDRF (eGFR: Odds ratio (95% CI) = 45.9 
(1.7–1234.6), P = 0.016, PAWP: OR = 0.039 (0.0024–0.65), P = 0.016, 
RAP/PAWP: OR = 62.8 (2.5–1584.7), P = 0.0044, RVSWI: OR = 62.8 
(6.3e-6-0.11), P = 0.0006). We used RAP/PAWP as a risk for RVF in 
further analysis of risk factor for LDRF among RAP/PCWP, RVSWI and 
PAWP because it correlated with RVSWI or PAWP closely (RAP/PAWP 
vs PAWP; P = 0.0006, RAP/PAWP vs RVSWI; P < 0.0001). The cutoff 

values of preoperative LVDD and RAP/PAWP for the prediction of LDRF, 
determined by receiver operating characteristic curve analysis, were 
67.0 mm and 0.57, respectively (area under the curve; LVDD = 0.73, 
RAP/PAWP = 0.65). Multivariate analysis confirmed that LVDD ≤ 67 
mm and RAP/PAWP > 0.57 were independent risk factors of LDRF 
(Table 2). 

3.3. Association between LDRF and postoperative factors 

During the perioperative period, although the incidence of periop
erative AKI (57.1% vs 16.4%, P = 0.0028) was significantly higher in 
patients with LDRF, there was no significant difference between the two 
groups in RHC and laboratory examination, including the eGFR 1 month 
after LVAD implantation in univariate analysis (Table 3). The 

Fig. 4. Change in the eGFR in patients with LDRF (n = 14) and without LDRF (n = 55) and the results of multiple comparisons by Bonferroni method. Solid line =
patients with LDRF; dotted line = patients without LDRF. LVAD; left ventricular assist device, eGFR; estimated glomerular filtration rate, LDRF; late deterioration in 
renal function. 

Table 1 
Patient characteristics at preoperative point in patients with and without late deterioration in renal dysfunction and regression analysis for the prediction of late 
deterioration in renal dysfunction.   

with LDRF (n = 14) without LDRF (n = 55) p value odds ratio 95% CI p value 

Sex (male, %) 92.8 72.7  0.080  0.20 0.025–1.70  0.079 
Age (years) 40.5 ± 11.6 39.9 ± 13.2  0.87  1.2 0.14–10.32  0.87 
BMI 20.4 ± 2.3 20.3 ± 2.9  0.91  1.2 0.069–19.88  0.91 
Brinkman index 48 [0–385] 0 [0–360]  0.75  0.8 0.071–10.65  0.91 
Diabetes mellitus (%) 7.1 14.5  0.43  0.45 0.052–3.95  0.43 
DCM (%) 50 76.4  0.061  0.31 0.092–1.05  0.061 
INTERMACS 2 (%) 21.4 20.0  0.91    
3 (%) 57.2 56.4  0.96    
4 (%) 21.4 23.6  0.86    
Preoperative IABP support, (%) 21.4 20.0  0.91  1.1 0.26–4.59  0.91 
β blocker (%) 85.7 94.5  0.29  0.35 0.052–2.31  0.29 
RAASi (%) 35.7 56.4  0.16  0.43 0.13–1.45  0.17 
Albumin (mg/dL) 3.4 ± 0.5 3.6 ± 0.51  0.17  0.2 0.02–1.99  0.17 
BUN (ng/dL) 16.3 ± 5.1 19.0 ± 7.9  0.23  0.08 0.001–4.74  0.19 
eGFR (mL/min/1.73 m2) 93.7 ± 38.6 68.9 ± 28.4  0.011*  45.9 1.7–1234.6  0.016* 
Total bilirubin (mg/dL) 1.2 ± 0.7 1.3 ± 0.7  0.76  0.65 0.04–10.43  0.75 
BNP (pg/mL) 700.8 [276.7–1127.7] 657.6 [443.3–1155.4]  0.71  1.2 0.1–13.3  0.89 
proteinuria (%) 28.6 16.4  0.32  2.0 0.52–7.98  0.30 
LVDD (mm) 62.2 ± 12.1 73.9 ± 15.2  0.0093*  0.004 4.63e-5-0.29  0.0054* 
TR > moderate (%) 50 23.6  0.061  3.2 0.95–10.92  0.059 
RAP (mmHg) 10.1 ± 5.8 8.8 ± 4.2  0.36  2.9 0.29–28.76  0.36 
PAWP (mmHg) 16.8 ± 8.6 22.8 ± 8.2  0.018*  0.039 0.0024–0.65  0.016* 
Cardiac Index (L/min/m2) 2.0 ± 0.6 2.0 ± 0.4  0.89  1.3 0.048–33.95  0.88 
RAP/PAWP 0.78 ± 0.65 0.41 ± 0.25  0.0012*  62.8 2.5–1584.7  0.0044* 
RVSWI (g⋅m/m2 /beat) 4.4 ± 2.7 7.6 ± 3.4  0.0019*  0.0008 6.3e-6-0.11  0.0006* 
PAPi 2.2 ± 1.6 3.1 ± 2.5  0.19  0.005 2.8e-6-10.1  0.11 

*: Significantly different between with and without LDRF 
LDRF; late deterioration in renal dysfunction, CI; confidence interval, BMI: body mass index, DCM: dilated cardiomyopathy, IABP: intra-aortic balloon pumping, 
RAASi; renin-angiotensin-aldosterone system inhibitor, AI; aortic insufficiently, eGFR; estimated glomerular filtration rate, BUN; blood urea nitrogen, BNP; brain 
natriuretic peptide, LVDD; left ventricular dimension diastolic, TR; tricuspid valve regurgitation, RAP; right atrial pressure, PAWP; pulmonary artery wedge pressure, 
RVSWI; right ventricular stroke work index, PAPi; pulmonary artery pulsatility index 
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occurrence of complications such as AI, VA and late RVF was signifi
cantly higher in patients with LDRF (AI: 57.1% vs 18.9%, P = 0.0061; 
VA: 57.1% vs 21.8%, P = 0.012; late RVF: 35.7% vs 0%, P < 0.0001). 
Above all, late RVF events were most strongly associated with LDRF. No 
patient was depended on hemodialysis. 

4. Discussion 

In this study, we analyzed the long-term renal function changes in 
patients with LVAD implanted as BTT. There were three notable findings 
in this study: (1) the eGFR was increased significantly at 1 month, 
returned to preoperative levels at 6 months, and then generally 
remained unchanged until 30 months after LVAD implantation; (2) high 
ratio of RAP/PAWP and small LVDD were risk factors of LDRF 30 
months after LVAD implantation; and (3) LDRF under long-term LVAD 
support was related to perioperative AKI, late RVF, AI, and VA, partic
ularly late RVF. 

Several studies have assessed renal function under LVAD support for 
up to 1 year; [5,13] however, there are not many studies on long-term 
renal function. 

In this study, renal function generally remained unchanged until 30 
months after LVAD implantation. Yoshioka et al. reported that the initial 
improvement in renal function is largely transient, and 78% of patients 

showed a gradual decline in eGFR [5]. Advanced age or heart failure 
with an ischemic cause were risk factors of LDRF. As reasons for that, 
they reported that in addition to insufficient blood flow, impaired renal 
function in elderly patients or those with ICM might also be caused by a 
reduced latent renal functional reserve (RFR). RFR is defined as the 
capacity of the kidney to increase eGFR in response to certain physio
logical or pathological stimuli or conditions [5,14]. Hasin T et al. re
ported that early gains in renal function after LVAD implantation are not 
sustained in many patients and longer intraoperative bypass time and 
lower albumin 3 months after LVAD are associated with decline in eGFR 
at 12 months after LVAD [15]. Compared with these studies, most of our 
patients were young with a nonischemic cause of heart failure, which 
might be derived from common characteristics of candidate of heart 
transplantation in Japan [16], and they could maintain good nutritional 
status 1 month after LVAD implantation. As a result, renal function 
generally remained unchanged during LVAD support. On the other 
hand, several studies have reported that patients with a preoperative 
eGFR below 60 mL/min/1.73 m2 improved more in long-term LVAD 
support than those with a preoperative eGFR above that level [17], 
which corresponded to the results in our current study. 

Concerning determinant factors for LDRF, Ross DW et al. reported 
that non-pulsatile flow LVAD, hemolysis, and RVF were risk factors of 
late kidney injury under LVAD [18]. On the other hand, analysis of the 
INTERMACS data showed that a gradual late decline in the eGFR was 
observed with both pulsatile and continuous-flow LVAD [19]. In this 
study, all patients had a non-pulsatile, continuous-flow LVAD, so we 
could not compare with pulsatile LVAD. We could, however, assess the 
long-term renal function by whether the LVAD was a centrifugal or an 
axial pump type. There were 21 patients with a centrifugal pump and 48 
with an axial pump. The result was that there were no significant 
between-group differences in long-term renal function (percentage of 
LDRF; centrifugal type: 19.1% vs axial type: 20.8%, P = 0.87). Mehra 
MR et al. reported that although centrifugal pumps have a lower rate of 
reoperation for pump malfunction than axial pumps, there were no 
significant differences in renal function within 6 months of LVAD 

Table 2 
Multivariate regression analysis of preoperative status for prediction of late 
deterioration in renal dysfunction.   

odds ratio 95% CI p value 

eGFR ≧ 60 mL/min/1.73 m2  1.70 0.38–7.54  0.48 
LVDD ≦ 67 mm  5.49 1.24–24.26  0.025* 
RAP / PAWP > 0.57  6.64 1.49–29.62  0.013* 

*: Significantly different between with and without late renal dysfunction 
CI; confidence interval, eGFR; estimated glomerular filtration rate, LVDD; left 
ventricular dimension diastolic, RAP; right atrial pressure, PAWP; pulmonary 
artery wedge pressure 

Table 3 
Perioperative parameters and clinical events in patients with and without late deterioration in renal function and univariate regression analysis for prediction of late 
deterioration in renal function.   

with LDRF (n = 14) without LDRF (n = 55) p value Odds ratio 95% CI p value 

LVAD implantation - discharge 
perioperative AKI (%) 57.1 16.4  0.0028*  6.8 1.90–24.43  0.0032* 
Alb (mg/dL)(1) 3.1 ± 0.5 3.2 ± 0.4  0.23  0.12 0.0035–3.89  0.22 
eGFR (mL/min/1.73 m2) (1) 108.7 ± 45.8 96.4 ± 27.5  0.20  5.9 0.38–93.11  0.20 
T-bil (mg/dL)(1) 0.9 ± 0.2 0.8 ± 0.2  0.29  4.4 0.28–69.48  0.30 
BNP (pg/mL)(1) 310.4 [ 177.9–732.0] 236.9 [143.2–395.9]  0.23  11.3 0.76–168.65  0.079 
RAP (mmHg)(1) 9.4 ± 4.4 7.8 ± 3.9  0.20  4.9 0.43–55.79  0.20 
PAWP (mmHg)(1) 10.1 ± 5.7 8.4 ± 4.9  0.27  3.8 0.34–43.75  0.28 
Cardiac Index (L/min/m2)(1) 2.5 ± 0.8 2.5 ± 0.5  0.94  0.8 0.025–31.36  0.94 
RVSWI (g⋅m/m2/beat)(1) 3.6 ± 3.4 4.0 ± 1.8  0.61  0.4 0.0082–16.3  0.60 
PAPi(1) 2.1 ± 1.4 2.1 ± 1.5  0.86  0.7 0.013–35.97  0.86 
Aortic valve opening (%)(1) 50.0 34.5  0.29  1.9 0.58–6.2  0.29 
Events from discharge to 30 months after LVAD implantation 
AKI (%)(2) 35.7 23.6  0.37  1.8 0.51–6.31  0.36 
Pump thrombosis (%)(2) 14.3 12.7  0.88  1.1 0.21–6.22  0.88 
AI (%)(2) 57.1 18.9  0.0061*  5.7 1.62–20.26  0.0061* 
DLI (%)(2) 28.6 43.6  0.30  0.52 0.14–1.85  0.31 
Stroke (%)(2) 7.1 23.6  0.13  0.25 0.030–2.08  0.13 
VA (%)(2) 57.1 21.8  0.012*  4.8 1.39–16.46  0.013* 
late RVF (%)(2) 35.7 0  <0.0001*  6.7 × 107 n/a  <0.0001* 
RAASi at 30 months (%) 42.8 60  0.25  0.5 0.15–1.64  0.25 

*: Significantly different between with and without LDRF 
(1): result at 1 month after LVAD implantation 
(2): the incidence of each adverse event after discharge from hospital following the index LVAD implantation up to 30 months 
(3): the degree of AI could not be estimated in two patients due to poor study. 
LVAD; left ventricular assist device, LDRF; late deterioration in renal function, CI: confidence interval, AKI; acute kidney injury, Alb; albumin, T-bil; total-bilirubin, 
BNP; brain natriuretic peptide, RAP; right atrial pressure, PAWP; pulmonary artery wedge pressure, RVSWI; right ventricular stroke work index, PAPi; pulmonary 
artery pulsatility index, RAASi; renin-angiotensin-aldosterone system inhibitor, AI; aortic insufficiently, DLI; driveline infection, VA; ventricular arrhythmia, RVF; 
right ventricular failure 
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implantation, which was similar with our result [20]. We also assessed 
the impact of the presence of aortic valve opening on long-term renal 
function. There were 26 patients with aortic valve opening and 43 pa
tients without aortic valve opening at 1 month after LVAD implantation. 
There were no significant differences between patients with and without 
aortic valve opening in long-term renal function (percentage of LDRF; 
26.9% vs 16.3%, P = 0.29) but as this study was small, an additional 
larger-scale study is necessary for the confirmation of these results. 

Late RVF is another important factor for worsening renal function 
[9,21]. High ratio of RAP/PAWP, low RVSWI and small LVDD, known 
risk factors of late RVF, were associated with LDRF in this study. Late 
RVF can be secondary to causes such as VA, progression of tricuspid 
regurgitation, interventricular septal shift, and pulmonary hyperten
sion. Although RVF can develop at any time during LVAD support, Rich 
et al. reported that most patients developed late RVF and required the 
initiation of inotropes>1 year after implantation [22]. After LVAD im
plantation, cardiac output increases, which increases RV wall stress 
[23–24]. In addition, the chronic leftward shift of the LV septum may 
contribute to the gradual development and worsening of tricuspid 
regurgitation, leading to late RVF development [25–26]. RV dysfunction 
will progress gradually under LVAD. In patients with late RVF, renal 
congestion, low renal perfusion (partly resulting from the adjustment of 
the LVAD pump speed), or the use of high-dose diuretic agents might 
significantly decrease the eGFR [27]. Indeed, five patients in this study 
developed late RVF after long-term LVAD support (average time to 
developing RVF, 26.4 ± 4.8 months), and their renal function declined 
(eGFR at 30 months after LVAD implantation in patients with late RVF, 
35.5 ± 15.6 mL/min/1.73 m2). 

Small LV was also associated with low cardiac output [28] or VAD 
thrombosis. [29] VAD thrombosis does not only develop low cardiac 
output with insufficient renal blood flow, but also induce hemolysis. 
Hemolysis, the breakdown of red blood cells and release of free hemo
globin, can induce acute tubular necrosis, leading to the decrease of 
renal function [30]. In this study, although the incidence of the VAD 
thrombosis or hemolysis was not different between two groups, the level 
of lactate dehydrogenase in patients with LVDD ≤ 67 mm at 30 months 
after LVAD implantation was significantly higher compared with LVDD 
> 67 mm (LVDD ≤ 67 mm vs LVDD > 67 mm: 481.3 ± 270.4 vs 360.6 ±
181.7 U/L, P = 0.023), so VAD thrombosis or hemolysis derived from 
small LV might have some impacts on the development of LDRF. 

Interestingly, perioperative AKI, and post-discharge VA and AI were 
also related to developing LDRF. Perioperative AKI occurs frequently 
after LVAD implantation and has a detrimental effect on survival [22]. 
Our study determined that although preoperative renal function in pa
tients with perioperative AKI was lower than in those without, the dif
ference in the eGFR between patients with and without perioperative 
AKI diminished gradually over the 30 months after LVAD implantation 
(Supplementary Fig. 2.). In contrast, patients with LDRF had a high 
probability of developing perioperative AKI. Patients with perioperative 
AKI and patients with LDRF might be different, however, have some 
common characteristics, such as baseline RAP/PAWP. However, Wet
tersten N, reported younger age and lower eGFR were associated with 
improvements in eGFR at later months [31]. Thus, various factors might 
be intertwined to improvement and exacerbation for renal function in 
each time after LVAD implantation. 

Postimplant VA is common after LVAD implantation and is associ
ated with increased hospitalization, RVF, and increased mortality [32]. 
In this study, the incidence of VA was significantly associated with renal 
dysfunction; however, the impact of VAs on renal function is unknown, 
although there are several possibilities. Bedi et al. reported that VAs 
could contribute to significant RV dysfunction and diminished pump 
preload [32]. Antiarrhythmic drugs might also have a negative inotropic 
effect on the right heart [33]. Galand et al. reported that patients who 
developed late VAs were significantly more likely to die from a cardio
vascular cause, such as RVF, LVAD thrombosis, or electrical storm [34]. 

Postoperative AI is also frequent after continuous-flow LVAD 

implantation, and the underlying mechanisms are probably multifac
torial [35]. AI diminishes cardiac output, induces RVF, and contributes 
to renal dysfunction. 

In this study, we defined LDRF as a decrease in the eGFR by>25% 
following several studies which investigated about worsening renal 
function in heart failure [36–39], and we found a good correlation be
tween LDRF and clinical events after LVAD implantation. The deter
mining factor for the deterioration of renal function was changed if the 
criteria of LDRF would be changed. When we used other criteria such as 
an eGFR decline > 30% or eGFR below 60 mL/min/1.73 m2 at 30 
months, the result did not change in the former criteria and the latter 
criteria led to the results which was heavily affected by preoperative 
renal function (data not shown). Indeed, the fine correlation between 
clinical events and LDRF in this study was demonstrated so that the 
clinical relevance of the definition of LDRF in this study was considered 
to be comparatively high. We believe that further studies, which include 
the eGFR of another population, are required. 

Our study had some limitations. First, this was a retrospective study 
in a single center. The number of patients with LDRF was low, thereby 
limiting the statistical power. Second, we could not exclude the impact 
of medications that affected renal function. For instance, some patients 
required long-term antimicrobial medications for LVAD-related in
fections. Third, we defined eGFR just before LVAD implantation as 
baseline eGFR, which might be affected by the condition of advanced 
heart failure. Forth, renal function was assessed by the eGFR based on 
serum creatinine, and other factors, such as changes in weight or 
physical constitution, were unknown. The data of albuminuria was not 
available, therefore the assessment of chronic kidney disease using 
KDIGO guideline could not be performed. Fifth, when analyzing long- 
term changes in renal function, we only used the data of patients who 
continued 1 year after LVAD implantation and survived at least 30 
months under LVAD support. Therefore, patients who underwent heart 
transplantation, LVAD removal, died within 30 months or <30 months 
under LVAD were excluded from the consecutive cases, which might 
lead to some selection bias. Eleven patients died within 30 months of 
LVAD implantation from stroke, infection, and RVF, and the interaction 
between survival rate and renal function was not obvious in this study. 

In conclusion, renal function improved after LVAD implantation; 
however, there were some cases of LDRF in long-term follow-up under 
LVAD implantation. The risk factors for LDRF were a high RAP/PAWP 
ratio, and small LVDD. In addition, the presence of LDRF corresponded 
to LVAD-related complications including RVF. 
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