Review Article on Perioperative Management of Patients with Undergoing Mechanical
Circulatory Support

Page 1 of 15

Post-operative renal failure management in mechanical circulatory
support patients
Danielle Austin1,2, Peter McCanny1,2, Anders Aneman1,2,3
1

Intensive Care Unit, Liverpool Hospital, South Western Sydney Local Health District, Sydney, Australia; 2South Western Sydney Clinical School,

University of New South Wales, Sydney, Australia; 3Faculty of Medicine and Health Sciences, Macquarie University, Sydney, Australia
Contributions: (I) Conception and design: All authors; (II) Administrative support: None; (III) Provision of study materials: All authors; (IV) Collection
and assembly of data: All authors; (V) Data analysis and interpretation: All authors; (VI) Manuscript writing: All authors; (VII) Final approval of
manuscript: All authors.
Correspondence to: Dr. Danielle Austin, MBBS, FRACP, FCICM. Staff Specialist, Liverpool ICU, SWSLHD, Conjoint Lecturer SWS Clinical School,
UNSW, Australia. Email: danielle.austin@health.nsw.gov.au.

Abstract: Acute kidney injury (AKI) occurs commonly in patients requiring mechanical circulatory support
(MCS) after cardiothoracic surgery. The prognostic implications of AKI in this patient group relate closely
to the pathophysiology and risk factors associated with the underlying disease; pre-operative, intra-operative,
and post-operative variables; hemodynamic factors; and type of support device used. General approaches to
AKI management, including prevention strategies, medical management, and hemodynamic support, are
also applicable in patients requiring MCS. Approaches to renal replacement therapy vary depend on patient
factors, device-specific factors, and local preferences and experience. In this invited narrative review, we
discuss the pathophysiology, risk factors, and prognostic implications of AKI in post-operative adult patients
following institution of MCS. Management strategies for AKI are presented with a focus on those supported
with either extracorporeal membrane oxygenation or a ventricular assist device.
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Introduction
This invited narrative examines the pathophysiology and
risk factors for the development of acute kidney injury
(AKI) in adult patients following institution of mechanical
circulatory support (MCS) (Table S1), with a focus on
extracorporeal membrane oxygenation (ECMO) and
ventricular assist devices (VAD). The evidence concerning
prognostic implications for mortality and recovery of
renal function are outlined. Evidence-based management
strategies to treat post-operative MCS patients with AKI are
suggested including medical management, hemodynamic
support, and principles and strategies for the provision
of dialysis. Pediatric cases and MCS instituted in a nonoperative context are not considered.

© Annals of Translational Medicine. All rights reserved.

Refractory cardiogenic shock requiring MCS affects
between 0.4% and 3.7% of patients after cardiac surgery (1).
Post-cardiotomy cardiogenic shock (PCCS) is an increasing
indication for the use of ECMO, however the expansion
in ECMO use does not appear to have correlated with
improved outcomes (2), and the use of ECMO in this
setting carries a relatively high mortality risk (3). AKI
is common during ECMO overall with several studies
reporting an incidence between 70–85% that is associated
with significantly increased mortality rates up to 80% (4-7).
In the setting of severe AKI requiring renal replacement
therapy (RRT), the mortality may be increased up to
4-fold (8) with an overall 90-day survival reduced to 17% (9).
Among patients who receive durable support in the form
of a VAD, mild-to-moderate renal dysfunction is common in
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the pre-operative phase as a result of chronic heart failure.
The relationship between renal dysfunction and prognosis
is more complex in these cases, where the association
between pre-existing renal failure and poor outcomes has
important implications for case selection but evidence
from multiple investigators has yielded mixed results. The
development of new AKI following VAD implantation
appears lower compared to ECMO with a reported
incidence between 11–45% (10), albeit some studies
have found an incidence of 70%, similar to ECMO (11).
Post-VAD implantation AKI has strong negative prognostic
implications for survival, quality of life and ability to bridge
to transplant.
The presence of AKI in patients on MCS is often the
result of progression from the condition that precipitated
ECMO/VAD support. The complex interplay between
patient factors including pre-morbid risks, pre-MCS
and intra-MCS treatment factors remains incompletely
investigated and understood which underscores the
potential to avoid iatrogenic harm as well as to optimize
therapeutic benefit.
Pathophysiology
Renal function is dependent on adequate perfusion
pressure, as determined by the difference between mean
arterial pressure and central venous pressure, oxygen
delivery, autoregulatory capacity including the partition
of blood flow between the renal cortex and medulla, the
resistance ratio between efferent and afferent glomerular
vessels and tubuloglomerular feedback. The kidneys receive
about 20% of cardiac output and active transport processes
for sodium, water, glucose and amino acids in the proximal
tubules represent approximately 80% of renal oxygen
consumption (12). In patients progressing to veno-arterial
ECMO (VA-ECMO) post-cardiotomy or selected for VAD
implantation, renal homeostasis has typically been disrupted
for prolonged periods of time (8) and multiple, complex,
interacting and sometimes synergistic pathophysiological
factors contribute within variable time frames to AKI (13)
(Figure 1). In this view, AKI is an epiphenomenon to MCS.
Arterial hypotension, increased venous pressures from
fluid overload and high intrathoracic pressures during
ventilation associated with increased right ventricular
afterload, a low cardiac output state and insufficient
oxygen delivery, neurohumoral activation with blood flow
diverted away from splanchnic organs and potentially
aggravated by exogenous vasopressors are all established
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in the generic pathophysiology of AKI (14). While the
importance of these macrocirculatory derangements may
be obvious, changes to the microcirculation, i.e., the
glomerular and peritubular vascular networks, appear even
more important (15). The renal microcirculation in AKI
is characterized by reduced and heterogeneous perfusion
with the development of ischemic, hypoxic areas adjacent
to zones with normal oxygenation, particularly in the
outer medulla (16) that stimulate the excessive production
of reactive oxygen species (17). Increased endothelial
permeability as a result of degradation of the glycocalyx (18)
results in interstitial edema leading to an increased
oxygenation distance and increased pressure within the
renal capsule that further compromises renal perfusion.
Endothelial dysfunction is both a trigger and a consequence
of a systemic inflammatory response, involving activated
leukocytes and the release of proinflammatory cytokines as
well as the formation of microthrombi (19). A dysregulated
inflammatory response is also associated with a mismatch of
macro- to microvascular flow distribution in the presence
of a hyperdynamic, vasoplegic hemodynamic state that is
conducive to reduced glomerular filtration pressure and
impaired renal autoregulation (20).
The pathophysiology outlined above is operative
both before and during MCS. In post-cardiotomy
VA-ECMO patients and during VAD implantation,
use of cardiopulmonary bypass triggers many of the
pathophysiological pathways (21) and surgery may further
contribute to AKI by excessive bleeding and need for
massive transfusion (22). During MCS, the interfaces
between blood and the non-endothelialized ECMO circuit
as well as between air and blood in the oxygenator may elicit
coagulopathy, bleeding and formation of microthrombi and
inflammation, hyperpermeable capillaries and vasoplegia.
The latter is most frequently observed in left ventricular
assist device (LVAD) patients (23).
A particular consideration in the peri-commencement
period of MCS is ischemia-reperfusion injury. Expansion
of the intravascular volume, administration of vasopressors
and inotropes, and lung protective ventilation represent
common interventions in the pre-MCS period. Intervening
administration of diuretics, weaning attempts of vasoactive
support and high-PEEP strategies are also common. These
interventions, aimed to delay or obviate the need for MCS
with preservation of renal function less of a priority, may
result in periods of ischemia and reperfusion. Once MCS
has been established, the preload-dependent characteristics
of centrifugal MCS leads to further fluid loading with
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Figure 1 Pathophysiological pathways for acute kidney injury in patients following implantation of mechanical circulatory support.

typically frequent initial changes to MCS circuit pressures
and flows, with reduced ventilatory support. This leads
to increased systemic perfusion and markedly elevated
oxygenation on VA-ECMO that again may lead to episodes
of ischemia and reperfusion. The microcirculatory effects
of ischemia-reperfusion have been linked to AKI (24,25)
but the importance of timing and delivery of MCS in this
context is unclear. Factors related to the MCS circuit can
lead to increased shear stress, high circuit pressure and
minimal or even no arterial pulsatility. This may further
compromise renal function by hemolysis and the release of
free hemoglobin and free iron generation, or subhemolytic
erythrocyte deformation leading to reduced oxygen
carrying capacity (13,26). In VA-ECMO patients with
femoral cannulation, failure to establish adequate antegrade
arterial perfusion may lead to compartment syndrome with
myoglobinuria and AKI.
Diagnosis of AKI
A consensus definition of AKI has been formulated within
the Acute Dialysis Quality Initiative with the original
RIFLE (Risk, Injury, Failure, Loss of function, End stage
failure) and revised AKIN (Acute Kidney Injury Network)
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criteria consolidated into the KDIGO (Kidney Disease
Improving Global Outcomes) definition (27). These criteria
all rely on serum creatinine, estimated glomerular filtration
rates (GFR) and urine output while metabolic acidosis,
electrolyte abnormalities and fluid overload are other
important facets of AKI in MCS patients. Neither creatinine
nor urine output can be used as concurrent markers of renal
function and significant reductions in GFR are typically
necessary before RIFLE or AKIN criteria are met. The
diagnostic precision of creatinine in patients considered
for MCS may be further confounded by pre-existing
catabolism, sarcopenia, volume overload and positive
fluid balance, leading to spuriously low creatinine levels
and potentially underestimating the true extent of renal
dysfunction. Many studies of AKI in MCS populations have
utilized the requirement for RRT as a crude, dichotomized
diagnosis of AKI given their retrospective designs.
A retrospective review of 67 patients supported with
VA-ECMO for PCCS found that both RIFLE-failure and
AKIN stage 3 within the initial 48 hours of VA-ECMO
were independently associated with hospital mortality (28)
without predictive superiority of either system. The
KDIGO criteria generated relatively higher discriminatory
power for AKI to predict in-hospital mortality compared to
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the RIFLE and AKIN systems in 167 patients undergoing
VA-ECMO support (29).
In an analysis of 4836 consecutive patients undergoing
cardiac surgery with cardiopulmonary bypass, more patients
were diagnosed with AKI using AKIN criteria compared
to RIFLE criteria with a higher odds ratio for mortality up
to 30 days for the former (RIFLE 5.3 vs. AKIN 4.5) (30).
The variable performance of AKI diagnostic systems and
limitations of creatinine, GFR and urine output as endpoints have stimulated interest in alternative assessments
of renal function, including an array of novel biomarkers
measurable in plasma and/or urine. In critical illness,
neutrophil gelatinase-associated lipocalin (NGAL) and
cystatin C have been the most studied of these, but there
is insufficient evidence overall, and certainly in patients on
MCS, to establish whether these biomarkers might detect
renal dysfunction earlier and with greater precision to allow
more timely prevention or management of AKI (31).
Risk factors and prognostic implications
The identification of risk factors for AKI in patients
receiving MCS has been established through extrapolation
of evidence in patients undergoing cardiopulmonary
bypass (CPB) as well as from clinical case series and
database reviews using mainly retrospective, observational
methodology. In general, risk factors may be categorized
as patient characteristics and device or circuit variables.
Relevant patient risk factors include pre-existing
comorbidities (e.g., diabetes, chronic cardiorespiratory
insufficiency, chronic renal disease), administration
of nephrotoxic drugs [e.g., antibiotics, radiocontrast,
amphotericin, non-steroidal anti-inflammatory drugs
(NSAIDS)]. As already mentioned, AKI is often the result of
progression of the baseline disease (e.g., cardiogenic shock,
severe heart failure, cardiorenal syndrome) which highlights
the importance of timing for MCS. Ideally, MCS should
be instituted early enough to avoid further progression
to refractory organ failure from hypoperfusion, but late
enough to establish reversibility of organ dysfunction
prior to exposing the patient to the risks inherent to MCS
(32,33). Prolonged requirement for MCS is associated with
worse renal outcomes due to increased incidence of sepsis,
bleeding and blood transfusions.
VA-ECMO
Adult patients supported with ECMO who also require
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dialysis are at significantly greater risk of death than those
without renal dysfunction (4,9). Those who require VAECMO following cardiothoracic surgery have substantially
higher mortality rates compared with other postcardiothoracic surgical patients, ranging from 31% to
76% (1). A national database trial conducted in Taiwan
found the requirement for ECMO after cardiac surgery
resulted in higher hospital mortality rates (61.7%
compared with 6.8%) (34) compared with a propensitymatched control group that did not require ECMO. The
development of dialysis-requiring AKI in such patients
portends a rather poor prognosis, with 72% hospital
mortality in the same study (34). Acute renal failure is an
independent risk factor for mortality in PCCS patients
on ECMO, with odds ratios (OR) between 1.94 and 30.8
depending on the patient group and definition of renal
failure (28,34,35).
In a review of 162 ECMO patients (79 with VA-ECMO),
those who developed AKI were more likely to have preexisting heart disease, greater severity of disease (SOFA
score), higher lactate, increased transfusion and inotropic
requirements, and to be treated with VA-ECMO (32). In
200 ECMO patients (89 VA-ECMO), 60% required renal
replacement therapy (RRT) for AKI that was associated with
greater severity of disease (SAPS score), higher creatinine
on admission and a higher incidence of pre-existing renal
dysfunction. The use and duration of RRT was associated
with decreased survival at three months (17%, compared
to 53% in patients without RRT) (9). In 228 consecutive
patients treated with VA-ECMO predominantly for PCCS
(118, 52%), the need for RRT was significantly increased
in patients with central cannulation (58 of 102 patients,
57%) compared to peripheral cannulation (55 of 126
patients, 43%). The reduced risk for RRT with peripheral
cannulation was also reported in a recent systematic
review and meta-analysis (36). Other systematic reviews
on VA-ECMO for PCCS found that prolonged preMCS hypotension and poor renal perfusion related to low
forward flows on VA-ECMO predisposed to AKI, and the
need for RRT was highly associated with mortality (37,38).
In the pediatric ECMO population, recovery of renal
function after combination ECMO/RRT therapy occurs
frequently (4,39), and has been described in adults with
respiratory disease on ECMO (40), however equivalent data
in the adult cardiac ECMO population are lacking.
In 43 patients supported with VA-ECMO or continuousflow external VAD for primary graft dysfunction after heart
transplantation, the use of VA-ECMO compared favorably
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with VAD in terms of AKI needing RRT [3/27 patients
(11%) vs. 9/17 patients (53%)] (41).
VAD
The overall issue of LVADs and renal function has recently
been reviewed (42). Pre-existing renal dysfunction is seen
in about 25% of patients with advanced heart failure (43)
due to decreased cardiac output and kidney perfusion,
renal venous congestion and is associated with adverse
outcomes and mortality (44-49). This has important
implications for candidate selection and ability to bridge
to transplant (50). Careful evaluation to determine the
cause of renal dysfunction (cardiorenal syndrome or
other) is recommended (51). Renal dysfunction appears
not to be an absolute contra-indication to LVAD—about
1.5% of new LVAD patients are receiving dialysis prior
to LVAD implantation (52). Patients may experience an
improvement in renal function after LVAD implantation
due to improved perfusion (53), with some series describing
resolution of dialysis requirement shortly after LVAD
implantation (54). Recovery of renal function after LVAD
placement is associated with improved survival (50,55)
however an initial improvement in GFR is often followed
by a plateau or slow decline in renal function from around
one month to one year post implant (53,56). Postulated
reasons include measurement bias with improved muscle
mass resulting in higher serum creatinine levels, devicerelated hemolysis, right ventricular failure and non-pulsatile
flow (52). Development of AKI in the immediate post
implantation period is associated with high short-term
mortality risk. A retrospective study of 389 LVAD patients,
44 of whom required post implantation RRT, found a
73.9% hospital mortality for patients requiring de novo RRT
in the first month post implantation, and a significantly
greater duration of hospital admission (57). In a review of
520 patients following LVAD implantation for advanced,
refractory chronic heart failure, 75 (14%) developed AKI
that was an independent predictor of mortality (hazard ratio
1.54). Pre-operative MCS and prolonged cardiopulmonary
bypass time were independent predictors of AKI (47). An
observational study of 100 LVAD patients reported that
the 28% who developed post-operative acute renal failure
were more likely to have been intubated pre-operatively
and had higher pre-operative central venous pressure (46).
In 389 patients undergoing LVAD implantation, risk
factors for requirement of RRT (44 patients, 12%) were
pre-implantation renal dysfunction (estimated glomerular

© Annals of Translational Medicine. All rights reserved.

Page 5 of 15

filtration rate <40 mL·min −1·m −2), proteinuria and low
hemoglobin (57). Diabetes mellitus was the only significant
predictor for AKI (44 patients, 28%) in another study
of 157 LVAD recipients (58). An analysis of >12,000
patients following LVAD implantation in the Interagency
Registry for Mechanically Assisted Circulatory Support
(INTERMACS) database showed that 12.3% LVAD
patients developed AKI (59) although second and third
generation (continuous flow) LVADs are associated with a
reduced incidence of renal failure compared with the first
generation (pulsatile flow) devices (60,61).
Management
General management and prevention
Prevention and treatment of perioperative renal dysfunction
in cardiothoracic surgical patients begins in the preoperative period and continues throughout the hospital
admission. Management of at-risk patients includes
avoidance of nephrotoxins, optimization of metabolic
and intravascular volume status and prophylaxis against
thromboembolism.
Protocols aimed at protecting the kidneys from the
nephrotoxic effects of radiocontrast are especially important
if cardiothoracic surgery follows rapidly after coronary
angiography or contrast CT scanning. Treatment with
N-Acetyl Cysteine and sodium bicarbonate are not
supported by strong evidence, but ensuring adequate
perfusion with use of iso-osmolar crystalloid infusion
and using low-osmolarity contrast agents at the lowest
possible dose is recommended (62). Metformin is usually
withheld around the time of coronary angiography and
peri-operatively, and caution should be exercised in the
administration of agents used in management of heart
failure such as ACE-inhibitors and angiotensin receptor
blockers, which may be associated with renal injury in
susceptible individuals (63). The use of NSAIDs for postoperative analgesia is not recommended in patients with
renal dysfunction. Many immunosuppressant drugs used in
transplant patients have important nephrotoxic effects and
require careful selection and dose adjustment.
Meticulous attention should be paid to blood glucose
management, as HbA1C elevation pre-operatively is
associated with post-operative complications. Adequate
blood sugar control in the intra- and post-operative period,
including the use of insulin infusions where required, is
associated with a lower rate of renal injury (64).
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Embolic phenomena encountered in the cardiothoracic
surgical setting include thromboembolic complications,
as well as embolism of atheroma and other intra-cardiac
material such as valvular vegetations, all of which may
occlude the renal circulation causing renal dysfunction.
Prevention includes careful pre-, intra-, and postoperative evaluation for intracardiac sources of embolism,
especially for patients at increased risk. Echocardiographic
examination is warranted in patients with persistent or
recurrent atrial fibrillation, severe LV systolic dysfunction
especially with LV aneurysm, or clinical suspicion of
endocarditis. Transesophageal echocardiogram may be
required for complete examination and is recommended in
all patients undergoing open-heart surgery (65,66). Patients
on mechanical support are anticoagulated prophylactically
in the absence of contraindications. Any suspicion of device
thrombus formation should prompt further evaluation using
appropriate imaging, titration of anticoagulation therapy
and consideration of thrombolysis or device replacement.
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institution of MCS should be pursued before established
end-organ dysfunction ensues. Thereafter, manipulation
of renal perfusion requires a detailed understanding of
interactions between the patient’s physiology and the MCS
device.
Ensuring adequate systemic perfusion requires a detailed
understanding of patient-device interactions and careful
balance between device function and native cardiac output.
This is particularly important when utilizing peripheral
VA ECMO, when high flows increase LV afterload and
may prevent opening of the aortic valve. Titration of VAD
pump speed to optimal flow and pulsatility index should
be carried out in collaboration with a specialist VAD team.
The ICU and surgical team must also be prepared for early
recognition and treatment of device-related complications
that may have deleterious effects on systemic perfusion
including malpositioning, thrombosis, bleeding, and preload
or afterload issues affecting device function.
Volume management

Hemodynamic support
The goal of hemodynamic support with respect to renal
protection is to enhance renal perfusion by optimizing
volume status, cardiac output and blood pressure while
avoiding fluid overload and venous congestion. This applies
to patients with pre-operative cardiogenic shock, those on
cardiopulmonary bypass or requiring circulatory support
during the operative phase, and those with cardiovascular
instability in the post-operative period.
Because duration of CPB is associated with renal injury,
bypass time should be minimized or avoided by the use of
off-pump techniques. Management of the CPB circuit with
regards to flow and hemodilution represent opportunities
for renal protection but are outside the scope of this review.
Practitioners must be vigilant for post-operative
complications that may impair end-organ perfusion such
as bleeding, pericardial tamponade, myocardial stunning
associated with inadequate cardiac protection, coronary
graft occlusion, dysfunction of replaced or repaired heart
valves, or heart or lung allograft dysfunction.
A combination of clinical, echocardiographic and invasive
(pulmonary artery catheter or other transpulmonary
thermodilution catheters) monitoring may be used to guide
hemodynamic management including volume resuscitation
(or removal), vasopressor (or vasodilator) and inotrope
therapy.
Where non-invasive supports are insufficient, the timely
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In the initial resuscitation and management of shocked
patients, administration of intravenous fluids to augment
cardiac output and organ perfusion is almost universal,
and forms an important component of renal protection.
Adequate volume resuscitation and early recognition
and management of bleeding are essential in the early
resuscitative phase and in the immediate post-cardiothoracic
surgical period.
For patients on mechanical support, blood flow pumps
whether centrifugal or axial, are pre-load dependent.
Adequate fluid resuscitation is vital in both ECMO
and VAD patients to prevent “suck-down” or “access
insufficiency” events that impair device function and
can cause severe hemodynamic instability with resulting
impairment in renal perfusion.
Conversely however, there is increasing recognition
that after initial volume resuscitation and in the absence of
ongoing losses, patients do not remain volume deplete but
often tend towards fluid overload. Positive fluid balance is
associated with significant deleterious effects in the critically
ill (67). The association between fluid overload and outcome
is multifactorial and includes poor wound healing due to
subcutaneous edema, difficulty weaning from mechanical
ventilation due to cardiogenic and non-cardiogenic
pulmonary edema, exacerbation of critical illness-associated
weakness and immobility due to increased body mass, and
end-organ dysfunction due to right ventricular volume
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overload, right ventricular failure and venous congestion.
The causative association of renal dysfunction and volume
overload is bidirectional, with oliguria and progressive fluid
overload resulting in right ventricular dysfunction and venous
congestion, which in turn exacerbates renal dysfunction.
Fluid overload is associated with increased mortality in
patients supported by ECMO (39,68,69). Observational
data in adult patients requiring ECMO (68) have
demonstrated a strong association between positive fluid
balance at day 3 and increase in 90-day mortality. The
Extracorporeal Life Support Organization (ELSO) suggests
the fluid management goal in ECMO patients is to return
the extracellular fluid volume to normal (dry weight) and
maintain it there (70).
Management of volume status in LVAD-supported
patients is particularly important as it relates to right
ventricular dysfunction, especially in the early post-operative
period where right ventricular preload is rapidly increased
due to augmentation of left ventricular output by the
LVAD. In 100 LVAD patients, 28 of whom developed postoperative ARF, higher pre-operative CVP was independently
associated with post-operative acute renal failure postoperatively suggesting an association between renal
failure and subclinical right ventricular dysfunction (46).
In another observational study of 520 patients receiving
axial flow (HeartMate II) or centrifugal flow (HVAD)
devices, an association between post-operative AKI and
right heart failure was noted (47). Careful support of
right heart function may help to preserve renal function
and therefore treatments should be directed at avoiding
hypoxic pulmonary vasoconstriction, high airway pressures,
and respiratory acidosis, consideration of pulmonary
vasodilators, use of appropriate inotropic agents including
milrinone, and consideration of Right Ventricular Assist
Device implantation or temporary right heart support with
Ventricular-Pulmonary Arterial ECMO, where required.
Dialysis
Dialysis is required where diuretic therapy has failed to
control volume status, or in cases of severe biochemical
derangement. An overview of renal replacement techniques
is provided in Table 1. Timing (early or late), specific
indications, mode, and delivery (including vascular access)
vary depending on local practice and clinical context.
Potential advantages of dialysis in the post-operative MCS
patient include:
Careful control of fluid balance: dialysis provides
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more predictable fluid removal than diuretic therapy,
avoids potential side effects of high dose diuretics such as
ototoxicity (71) and allows enhanced nutritional support (4);
correction of metabolic acidosis, electrolyte disturbances
and uremia; removal of proinflammatory cytokines and
other inflammatory mediators, which theoretically may
improve hemodynamic status (72); reduction in the
metabolic demands on the kidney which could improve
renal recovery (26).
Disadvantages of dialysis include: added complexity
and cost; risk of complications due to requirement for
dialysis catheter insertion or accessing of the ECMO
circuit for hemofiltration; complications related to the
haemodialysis circuit including increased shear stress, wall
impact forces and exposure to non-endotheliazed surfaces
causing hemolysis, fibrinolysis and inflammatory activation
(4,71); intolerance of hemodialysis, particularly at time of
commencement, due to either hemodynamic instability or
flow- or pressure-related device dysfunction. Suction events
or access insufficiency may occur in both ECMO and VAD
patients, if high dialysis flow rates or rapid fluid removal is
attempted.
B o t h E C M O a n d LVA D p a t i e n t s t r e a t e d w i t h
hemodialysis display higher mortality rates than those who
do not require dialysis however this observation is likely
related to severity of illness rather than the treatment
itself (5). No randomized controlled trials have examined
the provision of dialysis in these patient populations with
regards to timing, indications or mode. A cross-sectional
survey of 65 ECMO centers (73), 40% of which treated
adult patients, found the most common indication for
dialysis was treatment (43%) or prevention (16%) of fluid
overload. Other indications reported in observational
studies of patients on ECMO have included metabolic
acidosis, electrolyte disturbances (especially hyperkalemia)
and elevated blood urea levels (4,32).
An attractive notion that hemodialysis may improve
hemodynamic stability in shocked patients, by correcting
biochemical derangements and removing inflammatory
mediators, has not been confirmed by definitive evidence.
The HEROICS study of high volume hemofiltration in
PCCS patients failed to show a mortality benefit in the
intervention arm, although HVHF patients were more
rapidly weaned off catecholamines (72).
Provision of dialysis in ECMO patients
Most patients on ECMO who require dialysis are treated
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Table 1 Methods for combining renal replacement therapy with veno-arterial extracorporeal membrane oxygenation
Treatment

Specific type

Pros

Cons

CRRT

Integrated approach: with
in-line haemofilter

Low cost

No pressure monitoring

Relatively easy to set up

External pump required to control
anticoagulation

Large volumes of ultrafiltrate able to be
generated

Less precise ultrafiltration

Separate anticoagulation not required

Flow turbulence, hemolysis risk

Solute removal and ultrafiltration provided

Exposure of CRRT machine to pressures
outside safety range

Mode of solute clearance not restricted

Risk of air entrapment

Ultrafiltration controlled

Turbulent flow and hemolysis risk

Separate anticoagulation not required

Risk of thrombus formation on additional
connectors

Integrated approach:
CRRT device integrated
to ECMO circuit

Potential for shunt generation within ECMO
circuit
Integrated approach:
connection of CRRT
device to oxygenator

Ultrafiltration controlled

Parallel systems:
separate CRRT and
ECMO circuits

Solute removal and ultrafiltration provided

Separate vascular access required

Mode of solute clearance not restricted

Additional workload in maintenance of two
separate extracorporeal circuits

Precise fluid removal

Higher extracorporeal blood volume

Ability to provide CRRT independent of ECMO
support

Rapid fluid shifts and hemodynamic
instability

Pressures maintained within safety margin of
CRRT device

Potential risk of interference with
oxygenator

Option for separate anticoagulation strategy to
maintain CRRT circuit patency
Potentially compatible with ECMO circuit
IHD

–

Reduced downtime and costs compared with
CRRT

Disequilibrium syndrome
Hemodynamic stability
Technically more complex and demanding

PD

–

Technically simple

Mainly restricted to pediatrics patients and
those on chronic PD

Lower cost

Specific intraperitoneal catheters required
Peritonitis risk
Impairs diaphragmatic movements,
potentially prolonging ECMO wean

CRRT, continuous renal replacement therapy; ECMO, extracorporeal membrane oxygenation; IHD, intermittent hemodialysis; PD,
peritoneal dialysis.
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Figure 2 Independent access for providing renal replacement therapy in patients following implantation of mechanical circulatory support.

with continuous renal replacement therapy (CRRT) as this
is associated with less hemodynamic disturbance than the
higher flows and faster ultrafiltration (UF) required with
intermittent hemodialysis (33,71). Peritoneal dialysis is well
described in neonates and pediatric patients on ECMO but
has not been widely used in adults.
When applying CRRT to patients on ECMO support,
there are three options for connecting the CRRT device
to the patient: Independent CRRT access using a vascular
catheter, introduction of an inline hemofilter into the
ECMO circuit, and introduction of a CRRT device into
the ECMO circuit. Important aspects, advantages and
disadvantages of each are described below (see also Table 1).
Independent CRRT access (Figure 2)
Using a separate vascular access catheter for dialysis reduces
ECMO-CRRT circuit interactions and eliminates the
requirement to access the ECMO circuit to connect or
change the CRRT filter. Procedural risks of inserting the
dialysis vascular access catheter include bleeding, damage

© Annals of Translational Medicine. All rights reserved.

to vascular and cardiac structures and pneumothorax. Other
risks include catheter site infection or central line associated
blood stream infection (CLABSI) and the potential for
poor dialysis flows due to catheter misplacement, occlusion
or thrombosis. Options for circuit anticoagulation include
systemic anticoagulation, which may already be in use for
the ECMO circuit. If the perceived bleeding risk is high,
regional anticoagulation of the CRRT device is possible
using prefilter citrate with calcium replacement.
Introduction of an inline hemofiltration device into the
ECMO circuit (Figure 3)
This simple, relatively inexpensive technique is in
common usage (4) and utilizes infusion pumps to
provide predominantly ultrafiltration with limited solute
clearance (71). Disadvantages include the lack of pressure
monitors and alarms in the hemofilter device and the use of
infusion pumps to measure fluid removal, which may result
in inaccurate measurement and prevents fine control over
ultrafiltration.
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Figure 3 In-line hemofiltration to provide renal replacement therapy in patients following implantation of mechanical circulatory support.

Introduction of a CRRT device into the ECMO circuit
(Figure 4)
This is probably the most common method for dialysis
in patients on ECMO (73). It allows precise control of
fluid management (4) and possibly longer filter life than
independent CRRT access (74). Safe delivery requires a
good understanding of pump mechanics and intra-circuit
pressures. For use with ECMO circuits containing a
centrifugal pump, connecting the CRRT device in the postpump (positive pressure) section theoretically reduces the
risk of air entrainment into the circuit. Returning the blood
from the CRRT device to the pre-oxygenator segment
allows the ECMO membrane to act as a trap for air bubbles
and clots inadvertently returned from the CRRT device
(Figure 4, solid connecting lines to dialysis machine). This
represents off-license use of CRRT machines, most of
which are manufactured to tolerate only small positive
pressures (0–20 mmHg) and therefore high pressure alarms
on the CRRT device can be problematic especially at high
ECMO flow rates (71). This can be offset by returning
the blood or connecting the entire circuit to the pre-pump
(negative pressure) segment of the ECMO circuit (75)
however this may increase the risk of air embolism. It is

© Annals of Translational Medicine. All rights reserved.

also possible to connect using existing Luer lock connectors
on the inlet and outlet ports of the oxygenator (Figure 4,
dashed lines to dialysis machine) (76).
Any integrated system results in a shunt within the
ECMO circuit, which theoretically could affect the
oxygenation and disturb blood flows. The shunt fraction is
usually not above 5% (i.e., 200 mL/min from 4,000 mL/min
ECMO flow) (71).
Provision of dialysis in VAD patients
Patients who require RRT for AKI post VAD insertion
are generally treated with CRRT by insertion of a
dialysis catheter, in the short term. Careful hemodynamic
monitoring is of vital importance to prevent suction events
associated with ultrafiltration, and in the intensive care
unit is accomplished using standard monitoring for postoperative VAD patients. A low pulsatility index may be
suggestive of excessive fluid removal (42,51).
For patients in whom renal failure does not resolve and
who require long-term dialysis, intermittent hemodialysis
may be achieved using a long-term (tunneled) vascular
access catheter. This carries a risk of CLABSI, which
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Figure 4 Introduction of renal replacement therapy into the circuit following implantation of mechanical circulatory support.

may be disastrous if organisms are seeded to the VAD.
Formation of arteriovenous fistulae in such patients is
therefore recommended by some authors (51), although
maturation of the fistula is potentially problematic due to
the lack of pulsatile blood flow and may require balloonassisted maturation (42). Hemodynamic monitoring
during intermittent dialysis sessions becomes more
problematic due to lack of pulsatility rendering standard
non-invasive blood pressure measurements inaccurate, and
close collaboration between the VAD team and the dialysis
center is required (51).
Peritoneal dialysis is frequently used in heart failure
patients (42) and has the advantages of gentle fluid and
solute shift with improved hemodynamic tolerability. There
are published case studies of using peritoneal dialysis in
VAD patients (77,78), where the lower risk of infection in
peritoneal dialysis compared with hemodialysis makes for an
attractive option. The risk of infection to the VAD driveline
is a substantial concern however, and peritoneal dialysis is
not possible with sub-diaphragmatic devices.

© Annals of Translational Medicine. All rights reserved.

Conclusions
AKI is common during ECMO support and is associated
with increased mortality. In patients receiving durable
VAD support, some degree of renal dysfunction is
common in the pre-operative phase as a result of chronic
heart failure, however the development of new renal
failure following VAD implantation appears lower
compared with ECMO. The complex interplay between
patient factors including pre-morbid risks, pre- and
intra-MCS treatment factors remains incompletely
investigated and understood. Management options begin
in the pre-operative phase and continue throughout the
post-operative period, with particular importance placed
on hemodynamic management and fluid balance. Dialysis
in the early post-operative phase is most commonly
provided using continuous renal replacement therapy.
Configuration and delivery options for renal replacement
therapy depend on patient factors, device factors, and
institutional experience.
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Supplementary
Table S1 Mechanical circulatory support devices
IABP
Mechanism
Support
Effect on LV/LA
Device-specific
potential issues
Device-specific
benefits

Percutaneous VAD
Impella

Tandem-Heart

Counter pulsation

Axial, continuous flow

Centrifugal, continuous flow

LV support

LVAD; RVAD

↓ LV afterload

Unloads LV/RV

Centrimag

Abiomed

Heartmate II

HVAD

Centrifugal, continuous flow

Centrifugal,
continuous flow

Pneumatic, pulsatile
flow

Rotary, continuous
flow

Centrifugal,
continuous flow

LVAD; RVAD; BiVAD

LV/RV support; oxygenation

LVAD; RVAD; BiVAD

LVAD; RVAD; BiVAD

LVAD

VAD

Unloads LA

↑ LV afterload

Unloads LV

Directly unloads LV

Directly unloads LV

Directly unloads
LV

Circuit clotting; LV dilatation;
differential hypoxia (peripheral
VA-ECMO)

Blood or air emboli

Limited mobility;
bleeding; sepsis

Bleeding; sepsis; RV
failure

Bleeding; sepsis;
RV failure

Rapid, bedside insertion;
oxygenation

Extensive experience;
may add oxygenation

Easy to use;
independent of
cardiac rhythm

Air emboli; malposition; aortic injury; Hemolysis; pump migration; AV injury; Cannula migration; tamponade;
mesenteric thrombosis; ↓ platelets
tamponade; ventricular arrhythmias
emboli; inter-atrial shunt
Easy, rapid insertion

Multiple platforms

Surgical VAD

VA-ECMO

Hemodynamic stability

Easy insertion; small Thoracic insertion;
size
small size

IABP, intra-aortic balloon pump; VAD, ventricular assist device; VA-ECMO, veno-arterial extracorporeal membrane oxygenation; HVAD, Heartware ventricular assist device; LV, left ventricle; LVAD, left ventricular assist device; RVAD, right ventricular assist
device; BiVAD, biventricular assist device; LA, left atrium; AV, aortic valve. Reproduced with permission from Aneman et al. (79).
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