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 Abstract 
 Left ventricular assist devices (LVADs) are used increasingly as a bridge to transplantation or as 
destination therapy in end-stage heart failure patients who do not respond to optimal medical 
therapy. Many of these patients have end-organ dysfunction, including advanced kidney dys-
function, before and after LVAD implantation. Kidney dysfunction is a marker of adverse out-
comes, such as increased morbidity and mortality. This review discusses kidney dysfunction and 
associated management strategies during the dynamic perioperative time period of LVAD im-
plantation. Furthermore, we suggest potential future research directions to better understand 
the complex relationship between renal pathophysiology and mechanical circulatory support. 

 © 2015 S. Karger AG, Basel 

 Epidemiology of Heart Failure and Acute Kidney Injury 

 Advanced heart failure (HF) is common in the United States, affecting an estimated 5.1 
million patients and comprising more than 2% of the total population  [1] . HF is the leading 
cause of hospitalization in patients over the age of 65 years, and among these hospitalized 
patients, most have chronic kidney disease [CKD; estimated glomerular filtration rate (eGFR) 
<60 ml/min/1.73 m 2 ] stage 3, 4, or 5  [1, 2] . Acute kidney injury (AKI) is observed in >50% of 
the patients admitted with acute decompensated HF and in >70% of the patients diagnosed 
with cardiogenic shock  [3] . The combination of acutely decompensated HF admission and 
AKI (regardless of baseline renal function) is strongly associated with adverse outcomes, 
including an increased hospital length of stay and death during the index hospitalization  [4] .
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  Overview of Left Ventricular Assist Devices 

 Treatment options for patients with advanced HF unresponsive to medical therapy are 
limited to heart transplantation, durable mechanical circulatory support, and palliative care. 
Unfortunately, the limited number of donor hearts available for transplantation has resulted 
in a relatively fixed number of transplantations (n = 2,400) performed annually in the United 
States  [5] . Consequently, many patients who qualify for heart transplantation never receive 
a donor organ. Additionally, many patients with advanced HF and a failure of optimal medical 
therapy are not candidates for heart transplantation due to advanced age, obesity, or compli-
cations from long-standing diabetes  [3] . The widening gap between the number of patients 
with advanced HF who qualify for transplantation and the shortage of donor hearts has led 
to the increased utilization of left ventricular assist device (LVAD) therapy as a bridge to 
transplantation or as destination therapy for those patients who are not transplantation 
eligible. In 2013, the annual number of durable LVAD implantations surpassed the number 
of heart transplantations performed in the United States, with over 2,500 LVADs implanted. 
In addition, implant trends strongly favor an increased LVAD utilization in the future  [6] . The 
two most commonly used contemporary LVADs are the HeartMate II (HMII) and HeartWare 
(HW) devices. The HMII is an axial flow rotary pump, while the HW is a centrifugal flow 
pump. These pumps generate an output capacity of up to 10 l/min and are traditionally 
surgically placed via a median sternotomy to provide full circulatory support. The device-
heart interface is complex and requires constant attention to volume status and intrinsic 
myocardial function as well as careful adjustment of device parameter settings. Pulsatile 
flow LVADs (PF-LVADs), while no longer routinely used in the contemporary era for left 
ventricular (LV) support, were historically important in the development of the current-
generation continuous flow LVADs (CF-LVADs), such as the HMII and HW device types. 
Compared to the older pulsatile pumps, CF-LVADs have resulted in a significant improvement 
in the adverse event profile, including a reduction in the rates of infection, right ventricular 
(RV) failure, mechanical device complications, respiratory failure, kidney dysfunction, 
arrhythmia, and mortality  [7] .

  The decision to implant LVADs is complex and based on patient comorbidities, estimation 
of the waiting time to heart transplantation for bridge-to-transplantation candidates, esti-
mation of reversibility of end-organ dysfunction, specifically kidney dysfunction, and 
assessment of psychosocial factors  [8, 9] . Greater experience related to patient selection and 
operative and perioperative LVAD management has led to an improved understanding of the 
effects of continuous flow physiology on kidney function. To this end, the Interagency Regis-
try for Mechanically Assisted Circulatory Support (INTERMACS) scoring system was created 
to differentiate between HF disease severity and perceived urgency of mechanical device 
support ( table 1 )  [10] . This scoring system has proven helpful when evaluating patients for 

Score Clinical status

1 Critical cardiogenic shock
2 Progressive decline
3 Stable but inotrope-dependent
4 Resting symptoms
5 Exertion-intoler ant
6 Exertion-limited
7 Advanced NYHA class 3

 Table 1.  INTERMACS scoring 
system [6]
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possible device candidacy. However, many questions about patient selection and timing of 
CF-LVAD implantation remain unanswered. This review focuses on the complex interaction 
of LVAD physiology and kidney function, including the prevention and management of kidney 
dysfunction.

  What Effect Does LVAD Physiology Have on Kidney Function? 

 The effect of LVAD therapy on kidney function and physiology has been studied recently 
with conflicting results and without a clear pathophysiological understanding  [11–19] . One 
current limitation to studying this pathophysiology is that LVAD implantation trends have 
changed from historically pulsatile to exclusively continuous flow device types. Research on 
pulsatile device types and kidney function may have limited their generalizability to contem-
porary-era CF-LVAD patients. Historical physiological studies in patients who received 
PF-LVAD therapy have demonstrated improved systemic perfusion  [20]  and decreased levels 
of renin, aldosterone, and vasopressin  [21] . Welp et al.  [12]  demonstrated that the renin 
levels improved in PF-LVAD and CF-LVAD patient groups, but the improvement was more 
marked in the PF-LVAD group. Initial clinical studies focused on the effect of LVADs on kidney 
function over the first 3–12 months after device implantation. These studies reproducibly 
showed an improvement in GFR and other measures of kidney function over the first 4–6 
months after LVAD implantation  [22–26] .

  In contrast, CF-LVADs result in continuous flow physiology and increased diastolic pres-
sures. An increased diastolic pressure is a key difference that, in combination with RV failure 
and venous congestion, could be critical in the development of kidney dysfunction. Despite 
the relatively fixed impeller speeds in CF-LVADs, there is a variable degree of pulsatile blood 
flow generated from the residual effects of native myocardial contractility  [16, 17] . Overall, 
the circulatory effects of CF-LVAD support result in an increased systemic mean arterial 
pressure and improvements in kidney perfusion  [18] . However, Park et al.  [27]  have demon-
strated that, despite early improvements in eGFR, there is a progressive decline in kidney 
function during CF-LVAD support. There is also a low incidence of an initial worsening of 
kidney function after LVAD placement, with several trials showing an AKI incidence of 10% 
during the first month after implantation, and in these patients, there is a low chance of 
eventual recovery of kidney function  [22, 28] . Other recent studies have shown an AKI rate 
of up to 28% in CF-LVAD patients  [22, 27, 29–31] .

  Further complicating this issue are animal studies showing that subjects implanted 
with CF-LVADs with intact LV function experienced negative renal effects, including renal 
arterial smooth muscle hyperplasia, inflammatory infiltration of the periarterial areas, 
and development of interstitial nephritis  [13–15] . Recent studies focusing on homoge-
neous CF-LVAD populations have shown an initial improvement in kidney function in 
patients with both baseline normal eGFR and baseline impaired eGFR, followed by a slow 
decline in renal function over 6–12 months after device implantation  [22, 32] . Despite the 
progressive late decline in eGFR, the final eGFR measured at 6 and 12 months was still 
significantly improved compared to the baseline pre-implantation values. Brisco et al. 
 [28] , despite confirming an early eGFR improvement, showed that the 1-year improvement 
in post-implantation eGFR was only 6.7% above the pre-implantation function. The same 
study also found that reduced survival after CF-LVAD implantation was associated with 
any change in eGFR (increase or decrease). Together, these studies suggest a complex and 
evolving relationship between initial eGFR increases related to improved hemodynamics 
and the potential chronic detrimental effects of continuous flow physiology on kidney 
function.
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  Kidney Dysfunction and HF 

 Kidney dysfunction associated with HF is a growing epidemic, occurring in nearly two 
thirds of hospitalized patients with HF  [2, 4] . Kidney dysfunction may be related to intrinsic 
disease from long-standing comorbidities or from fluctuating acute and chronic hemody-
namic changes causing venous congestion and poor renal perfusion. Cardiorenal syndrome 
types 1 and 2 are commonly identified in patients with advanced HF and reflect a decrease in 
cardiac output resulting in poor kidney perfusion, reduced renal autoregulation, increased 
renin-angiotensin system activation, and renal arterial vasoconstriction ( fig. 1 )  [33, 34] . 
While decreased cardiac output leads to decreased kidney perfusion, the effects of systemic 
venous congestion, which further impairs renal blood flow and is associated with worsening 
kidney function, are equally important  [11, 12] . Renal parenchymal disease worsens over 
time with repeated AKI events, oxidative stress, and inflammation resulting in an eventual 
progression to intrinsic CKD  [35] . Medications such as angiotensin-converting enzyme inhib-
itors (ACE-Is), angiotensin receptor blockers (ARBs), intravenous contrast used in diagnostic 
angiography or radiologic studies, and diuretics may also contribute to acute and chronic 
renal dysfunction in decompensated HF patients  [36–38] . Anemia, recurrent infections, and 

  Fig. 1.  The pathophysiology of interactions between the heart and kidneys in cardiorenal syndrome type 1. 
ANP = Atrial natriuretic peptide; BNP = brain natriuretic peptide; CO = cardiac output; KIM = kidney injury 
molecule; RAA = renin-angiotensin-aldosterone. Figure illustration by Rob Flewell. Reprinted from Ronco et 
al.  [74]  with permission. 
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an increased inflammatory state commonly seen in patients with decompensated HF may 
also increase the risk of renal dysfunction  [39] . Identifying the underlying contributors to 
kidney dysfunction is paramount in predicting the potential reversibility of kidney dysfunc-
tion prior to LVAD implantation or cardiac transplantation.

  Kidney Dysfunction prior to LVAD Placement 

 As discussed previously, kidney dysfunction in patients with advanced HF is often due to 
a combination of intrinsic parenchymal disease and potentially reversible hemodynamic 
abnormalities. Multiple studies have shown that survival outcomes are worse after both 
CF-LVAD placement and cardiac transplantation in patients with preexisting and continuing 
kidney dysfunction. One study noted a 27% 6-month mortality in patients with eGFR >60 ml/
min/1.73 m 2  prior to implantation compared with a 52% mortality in patients with eGFR <60 
ml/min/1.73 m 2   [24] . A Japanese study demonstrated survival rates of 96.2% at 30 days, 88% 
at 90 days, and 77.5% at 1 year after implantation in patients with pre-implantation creat-
inine levels <1.96 mg/dl compared to survival rates of 60, 46.7, and 31.1%, respectively, in 
patients with pre-implantation creatinine levels >1.96 mg/dl  [31] . Kidney dysfunction (eGFR 
<45 ml/min/1.73 m 2 ) prior to implantation has also been shown to negatively affect post-
transplantation survival in patients supported with LVAD as a bridge to transplantation  [19] . 
Although the choice of LVAD or inotropic support in status 1B patients did not affect overall 
post-transplantation survival, patients who were implanted with LVADs and had an eGFR <45 
ml/min/1.73 m 2  had inferior heart transplantation survival outcomes. These studies paint a 
troubling picture for clinical outcomes in patients with kidney dysfunction prior to surgery.

  Recent efforts have focused on identifying preoperative characteristics that predict post-
operative kidney function in CF-LVAD populations ( table 2 ). Hasin et al.  [22]  identified 
positive and negative pre-implantation predictors of postoperative kidney function in 83 
patients implanted with a HMII CF-LVAD. Independent predictors of improvement in kidney 
function included atrial fibrillation at baseline, an increase in GFR with proper medical 
therapy prior to implantation, and intra-aortic balloon pump placement prior to implan-
tation. Predictors of poor kidney function included 1 or more kidneys <10 cm in size, older 
age (not defined further), and ACE-I or ARB therapy prior to surgery. Additionally, patients 
with higher central venous pressures and lower LV end-diastolic dimensions before LVAD 
implantation (markers of RV dysfunction) had an increased risk of postoperative AKI  [40] . 

Preoperative factors
INTERMACS score 1 or 2
Kidney <10 cm in size
Older age
ACE-I or ARB therapy immediately prior to surgery
High central venous pressure
Low LV end-diastolic dimensions

Intraoperative factors
Longer cardiopulmonary bypass time
>1 liter blood loss
Need for reoperation within 48 h
Sepsis
Liver dysfunction
Blood transfusion

Table 2. Pre- and intraoperative 
factors that predict postoperative 
AKI

http://dx.doi.org/10.1159%2F000369589


53Cardiorenal Med 2015;5:48–60

 DOI: 10.1159/000369589 

 Coffin et al.: Kidney Dysfunction and Left Ventricular Assist Device Support: 
A Comprehensive Perioperative Review 

www.karger.com/crm
© 2015 S. Karger AG, Basel

These predictors may be related to poor baseline kidney function or simply could be markers 
of a higher-risk operative group. In patients with baseline moderate to severe renal dysfunction 
(CKD stages 3–4), observing a favorable end-organ response to aggressive hemodynamic 
optimization – including inotrope and temporary mechanical support if indicated – is 
necessary to determine whether the patient is a candidate for durable mechanical circulatory 
support  [41] .

  Kidney Dysfunction due to Operative Factors 

 While operative characteristics are important in predicting postoperative kidney 
dysfunction, only historical data from the PF-LVAD era are available. Alba et al.  [42]  sought 
to identify predictors of AKI by comparing 24 patients who developed AKI after PF-LVAD 
implantation with 29 patients who did not develop AKI. The baseline kidney function was 
similar between the groups. The patients with significant postoperative AKI were noted to 
have longer cardiopulmonary bypass times (122 ± 55 vs. 78 ± 17 min), higher intraoperative 
bleeding (>1 liter blood loss in 68 vs. 32%), and a higher need for reoperation (58 vs. 24%). 
Patients who developed AKI were also noted to have higher rates of sepsis, liver dysfunction, 
blood transfusions, RV failure (73 vs. 30%), and ventricular tachycardia  [42] . It is difficult to 
determine whether these findings in a PF-LVAD population are generalizable to contem-
porary CF-LVAD operative characteristics and kidney dysfunction. Efforts have been made at 
our institution to decrease or even eliminate cardiopulmonary bypass time, perform less 
invasive surgical device implantations to avoid traditional sternotomy, and to minimize blood 
product utilization in order to improve postoperative outcomes, including kidney dysfunction. 
Research focusing on the CF-LVAD operative time period may identify critical variables that 
influence functional outcomes and allow the development of therapeutic strategies to 
minimize postoperative kidney dysfunction.

  Kidney Dysfunction in the Postoperative Period 

 Patients who receive LVAD implantation have a significant early improvement in kidney 
function, while a minority experience AKI. AKI in the postoperative period is known to be a 
negative predictor of outcomes after PF-LVAD implantation  [43]  and has been associated 
with an increased 1-year mortality in CF-LVAD recipients (relative risk 3)  [44] .

  Despite renal adaptation to a nonphysiological continuous flow pattern and a signif-
icant functional improvement in kidney function during the first month, the initial postop-
erative period can be hostile for the kidneys  [22, 32] . Factors such as acute blood loss, 
volume shifts, arrhythmias, and the effect of multiple vasoactive medications influence 
renal hemodynamics. The sudden change in renal blood flow characteristics due to CF-LVAD 
support can lead to AKI  [45] . Patients with preoperative RV failure and patients with 
INTERMACS scores of 1 or 2 are at higher risk of AKI  [6] . Yoshioka et al.  [31]  showed that 
29.3% of INTERMACS 1 patients required renal replacement therapy (RRT) in the postop-
erative period as compared to 7% of INTERMACS 2 and 3 patients. The RV function is of 
vital importance after LVAD placement since postoperative RV failure and idioventricular 
arrhythmias have been associated with AKI  [42] . An RV dysfunction can result in a reduced 
LV preload, low LVAD speeds, reduced forward flow, increased arrhythmias, and liver as 
well as kidney congestion. AKI in the postoperative period is a significant risk for newly 
implanted patients, and the management in this time period is crucial to reduce potential 
morbidity and mortality.
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  Management of AKI after LVAD Implantation 

 An aggressive management of AKI in the postoperative period is essential to reduce the 
risk of long-term dialysis. RRT after LVAD placement has been associated with increased 
morbidity and mortality, and CKD is correlated with post-transplantation mortality in patients 
bridged with LVAD  [5, 6] . The initial management of postoperative AKI is primarily directed 
toward optimizing the intravascular volume, maintaining the goal mean arterial pressure, 
balancing the use of inotropic and vasopressor medications, and optimizing RV systolic 
function. This must all occur while also maintaining LVAD function and facilitating surgical 
recovery.

  The management of the optimal intravascular volume is of paramount importance in 
patients with CF-LVADs given the sensitivity of the devices to preload and afterload condi-
tions. In the event of AKI, frequent volume status assessments guide decisions regarding 
corrective therapy. Should intravascular volume be required, mechanical circulatory support 
guidelines recommend an infusion of packed red blood cells or colloid (5% albumin)  [41] . 
However, renal guidelines recommend crystalloid in response to AKI, which is typically used 
as second-line therapy in CF-LVAD patients who are frequently vasoplegic postoperatively 
and rapidly lose fluid to the interstitium  [46, 47] . In contrast, a high central venous pressure 
can result in a decreased kidney function due to increased venous congestion and edema 
(‘nephrosarca’)  [39, 48] . General CF-LVAD recommendations include maintaining a goal 
central venous pressure of 4–14 mm Hg to preserve euvolemic intravascular volume and 
minimize the risk of venous congestion  [41] . However, care should be taken in the context of 
RV dysfunction, which may require higher preload conditions to maintain optimal RV preload. 
Diuretic therapy must be carefully titrated to maintain the optimal volume status. Overly 
aggressive diuretic use can cause low-flow CF-LVAD states and possible pump ‘suck down’ 
events, whereas inadequate diuretic therapy may exacerbate RV dysfunction and cause 
hepatic and renal congestion. Occasionally, due to severe or prolonged kidney congestion 
states, diuretic resistance leads to ineffective diuretic therapy and the need for active volume 
removal with ultrafiltration  [41] .

  Current LVAD treatment recommendations advise maintaining a mean arterial pressure 
of 65–90 mm Hg  [41] . The upper limit is in place to reduce intracerebral vascular event rates, 
reduce afterload to optimize LVAD function, and reduce the risk of pump thrombus  [49, 50] . 
We recommend keeping the lower limit above 55–60 mm Hg given the relationship between 
hypotension and AKI  [51] . During the immediate postoperative time period, mean arterial 
pressures >90 mm Hg should be treated with intravenous hydralazine or nitroglycerin as 
nitroprusside is contraindicated in AKI. For chronic blood pressure control, we prefer the use 
of afterload-reducing agents like ACE-Is or ARBs. Trials have unambiguously demonstrated 
that treatment with ACE-I or ARB medications delays the progression of CKD  [52–54] . We 
have also successfully used isosorbide mononitrate and hydralazine oral therapy, although 
there is a low risk of ANCA vasculitis affecting the kidney  [55] . We generally avoid beta-
blocker use in the immediate postoperative time period to reduce the risk of negative inotropic 
effects in patients with significant RV dysfunction.

  Patients who receive LVADs require vasopressor and inotropic therapy during the post-
operative period. In this acute period, we generally prefer vasopressin for blood pressure 
support and attempt to minimize the use of norepinephrine. Epinephrine, milrinone, and 
inhaled epoprostenol are used to maintain RV function and LV preload  [41] . This combination 
is generally weaned to milrinone only by postoperative day 5. Our institution has recently 
demonstrated that plasma milrinone levels were significantly higher in patients with low 
eGFR than in patients with normal eGFR and were frequently above the recommended plasma 
blood levels  [56] . Based on these findings, in patients with eGFR <30 ml/min/1.73 m 2 , we 
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recommend a 50% dose reduction in intravenous milrinone. We are currently studying the 
use of inhaled milrinone to better understand milrinone pharmacokinetics in patients with 
advanced HF and renal dysfunction (ClinicalTrial.gov identifier: NCT02077010).

  RV failure is a common adverse event in the postoperative period and can result in the 
inability of the pulmonary circulation to provide the LVAD with adequate preload, despite 
medical therapy with inotropes. As RV failure develops, the dysfunctional RV is unable to 
provide the left ventricle with adequate preload, setting off a cascade of adverse hemody-
namic events consisting of a progressive decrease in LV cavity size, decreased LVAD flow, 
and decreased systemic and renal blood flow. With this reduced LVAD flow, venous congestion 
develops and contributes to worsening renal function, decreased urine output, and a positive 
feedback loop that further worsens the already compromised RV function. The options for 
the management of RV failure are dependent on the underlying etiology. Guidelines 
recommend inotropic support, early diuretics, continuous RRT (CRRT) to maintain 
euvolemia, and treatment of pulmonary hypertension  [41] . In addition, maintaining appro-
priate oxygenation and ventilation and optimizing device parameters to minimize excessive 
leftward interventricular septal shift is crucial to support RV function  [50] . In unrecoverable 
cases, early surgical RV assist device placement may be required either temporarily or 
permanently.

  CRRT or intermittent hemodialysis options may be chosen for patients requiring hemo-
dialysis for postoperative AKI. A Cochrane analysis comparing CRRT to intermittent hemo-
dialysis in AKI patients concluded that outcomes were similar in terms of mortality, length 
of hospitalization, and eventual recovery of renal function  [57] . Unfortunately, randomized 
controlled trials comparing CRRT and intermittent hemodialysis in surgical intensive care 
unit patients or specifically LVAD patients do not exist. While CRRT is associated with 
increased costs and more adverse events in intensive care unit patients, this therapy may 
be particularly advantageous in a CF-LVAD population due to minimization of large fluid 
shifts and consistent volume control and solute concentration  [58] . There is no intrinsic 
difference in dialysis management in LVAD patients when compared to other patients who 
require dialysis, and for this reason, the dose of CRRT needed is equivalent to that for other 
intensive care unit patients, which has been shown in multiple studies to be 20–30 ml/kg/h 
 [59, 60] . Likewise, the reasons for starting dialysis are identical to those in other patients 
and include volume overload not improving with medications, hyperkalemia, acidosis, and 
solute control.

  In our practice, we define post-LVAD AKI that persists for 30 days as end-stage renal 
disease and thus are able to plan for outpatient dialysis. The ability to measure blood pressure 
is vital to successful dialysis; CF-LVAD patients who are not pulsatile may require blood 
pressure measurements with a Doppler device. The quick removal of intravascular volume 
can result in decreased flow parameters of the device, potentially requiring adjustments of 
ultrafiltration targets during an individual dialysis session. Peritoneal dialysis (PD) is an 
interesting option to be considered to minimize sudden volume shifts. However, frequent 
manipulation of the PD catheter and its close approximation to the CF-LVAD driveline raise 
concern for an increased infection risk. To our knowledge, there are 2 case reports showing 
the successful use of PD in 2 LVAD patients, and we plan to consider the use of PD as a future 
direction for our LVAD and dialysis programs  [61, 62] .

  When LVAD patients require RRT, the choice of access is led by several factors. Data from 
the United Network for Organ Sharing (UNOS) database demonstrate that the number of 
heart-kidney transplantations has increased from 30 in the year 2000 to over 70 a year in 
2011  [63] . For patients supported with CF-LVAD as a bridge to transplantation who have a 
reasonable possibility of dual heart-kidney transplantation, a temporary access with a 
tunneled catheter is reasonable as it avoids a more complex surgical procedure to place a 
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fistula or graft. However, in CF-LVAD patients who receive implantation as destination 
therapy and who require RRT, permanent dialysis access should be considered. Regardless 
of the access site, RRT carries a significant burden of clinically significant bacteremia with 
repeated dialysis events  [64] . Due to intravascular hardware, LVAD patients must be assumed 
to have a higher risk of intravascular infection than other patients.

  Future Directions 

 Patient selection is an evolving field. As new markers of renal dysfunction gain popularity 
and research backing, we may be able to better predict those patients with intrinsic kidney 
disease that will not improve with LVAD support. One such example is neutrophil gelatinase-
associated lipocalin (NGAL), a serum biomarker. In a small cohort of patients who received 
LVAD implantation, those patients with AKI requiring RRT had higher levels of NGAL compared 
to both those with AKI who did not require RRT and those without AKI  [65] . This improved 
patient selection may decrease postoperative kidney dysfunction and subsequent mortality. 
There is also a trend towards implanting patients with higher INTERMACS scores in an effort 
to prevent irreversible end-organ damage in the time period prior to LVAD placement  [6] . This 
strategy is currently under investigation in 2 randomized controlled clinical trials  [66, 67] .

  Full circulatory support, meant to replace rather than assist intrinsic heart function, has 
been the focus of contemporary CF-LVAD management in patients with decompensated HF. 
As the devices become smaller and healthier patients are considered for LVAD implantation, 
the option of partial support becomes more realistic. To this end, devices that supply only 
partial support (3–4 l/min of flow) are being developed  [68] . This may allow implantation 
earlier in the course of HF and may also help prevent irreversible end-organ dysfunction. We 
have also explored the implantation of the LVAD outflow cannula in the descending aorta and 
the subclavian artery, which accomplishes a similar goal of limiting flow but still offering 
significant circulatory support as well as providing more options for anastomosis if the 
ascending aorta is unavailable  [69] .

  As noted earlier, initial studies comparing changes in renin-angiotensin levels in response 
to pulsatile and continuous flow devices noted more improvement in the pulsatile category. 
It is also known that CF-LVAD patients have a high rate of gastrointestinal bleeding due to 
arteriovenous malformations that were not present in PF-LVAD populations  [70] . To this end, 
newer devices such as the HeartMate III and the Evaheart system incorporate some pulsa-
tility in their functioning. This hybridization of continuous flow and pulsatile physiology may 
help decrease the detrimental effects of continuous flow physiology on the kidneys without 
the mechanical complications of the first-generation PF-LVADs.

  We are currently comprehensively assessing the relationship between perioperative 
patient characteristics and the development of postoperative AKI. Important data could be 
gleaned from future analysis of the INTERMACS database with regard to the relationship 
between AKI and RRT after LVAD placement as well as eventual postoperative outcomes. 
Eventually, large-scale randomized controlled trials should be performed to improve the 
knowledge of pre-implantation risk factors of postoperative AKI and CKD as well as of intra-
operative and postoperative management strategies.

  There have been multiple reports of LVAD exchange via minimally invasive left anterior 
thoracotomy procedures  [71–73] . Because of these successes, our institution has begun 
implanting LVADs without cardiopulmonary bypass and via left anterior thoracotomy 
combined with a small right hemisternotomy in order to decrease intraoperative risk factors 
of poor outcomes. Our initial experiences have been positive, and as our experience grows, we 
will be able to better evaluate mortality and kidney dysfunction in the postoperative period.
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  Conclusion 

 Kidney function after CF-LVAD placement is an extremely important determinant of 
short- and long-term morbidity and mortality and can be a barrier for hospital discharge. 
Recognizing and modifying pre-, intra-, and postoperative risk factors for kidney injury is 
crucial for improving outcomes. Ongoing research, the emergence of new pump prototypes, 
and changing surgical techniques may drastically reduce the rates of kidney injury and 
improve mortality in the near future.
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