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CHAPTER 123

Extracorporeal Membrane Oxygenation and

Renal Function

Giacomo Grasselli, Eleonora Carlesso, and Antonio Pesenti

OBJECTIVES

This chapter will:

1. Briefly summarize the definitions and markers of acute
kidney injury.

2. Review the recent literature on incidence and outcomes
of renal failure in patients supported with extracorporeal
membrane oxygenation (ECMO), as well as the literature
on the use of renal replacement therapy in ECMO patients.

3. Describe the relationship between ECMO and acute kidney
injury, possible risk factors, and related pathophysiology.

EXTRACORPOREAL MEMBRANE
OXYGENATION

Extracorporeal membrane oxygenation (ECMO) is intended
to provide temporary extracorporeal respiratory support
by the use of an artificial membrane lung in case of pul-
monary failure unresponsive to conventional treatments.
ECMO is indicated in case of high mortality risk, provided
the underlying pathology is potentially reversible. Indeed,
ECMO provides a life support system that enables evaluation,
diagnosis, and, possibly, resolution of the most severe acute
lung diseases. Although the technique was intended origi-
nally to buy time for the lungs to heal," ECMO is now
recognized as a powerful tool to allow lung rest and foster
recovery by minimizing the invasiveness of mechanical
ventilation. In patients with respiratory failure, the common
approach is the venovenous VV-ECMO bypass in contrast
with the venoarterial VA bypass, which is used in the
presence of severe heart failure. Impaired renal function

is frequent in all conditions requiring ECMO, and ECMO
can affect the renal system. Physiologic, clinical, and
technical aspects of VV- and VA-ECMO treatments are
described in dedicated chapters of this book. Here, we
discuss the effects of VV-ECMO on renal function in adult
patients, focusing on the incidence and pathophysiology
of renal failure in ECMO patients. A brief description of
the techniques available for combined ECMO and renal
replacement therapy also is included.

ACUTE KIDNEY INJURY IN
EXTRACORPOREAL MEMBRANE
OXYGENATION PATIENTS

Acute kidney injury (AKI) identifies a rapid deterioration of
kidney function, characterized by reduced glomerular filtration
rate (GFR) and urine output yielding increased serum cre-
atinine. The definition of AKI evolved over the years and
recently the KDIGO (Kidney Disease: Improving Global
Outcomes) task force revisited the original RIFLE (risk, injury,
failure, loss of kidney function, and end-stage kidney disease)
and AKIN (Acute Kidney Injury Network) criteria. All the
definitions are based on clinical and physiologic markers
(e.g., serum creatinine, electrolytes, and urea nitrogen plus
urine output), and the RIFLE and the AKIN criteria, from
which the KDIGO definition derived, have been validated
in various patient populations including ECMO** and showed
high sensitivity and specificity®”"" and a good capacity to
predict clinical outcomes.**'* However, current physiologic
markers for AKI (elevated serum creatinine and decreased
urine output) are not adequate for early diagnosis, because
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their changes occur late and often are influenced by many
other factors (e.g., serum creatinine increases only when
GFR declines more than 50%) and, for this reason, other
markers are under investigation. Among the other candidates,
one of the most sensitive'” appears to be the neutrophil
gelatinase-associated lipocalin (NGAL), but, up to now, neither
NGAL nor any of the others proposed biomarkers has replaced
serum creatinine (SCr) in AKI definition.

AKI is a common complication in critically ill patients
treated with extracorporeal lung support, and it may be
associated with worse outcomes. The Extracorporeal Life
Support Organization (ELSO) registry defined renal complica-
tions in ECMO patients by serum creatinine values between
1.5 and 3 mg/dL or higher and/or the need for dialysis. The
ELSO reported in 2012 that, among adult patients supported
by VV-ECMO for severe respiratory failure, SCr elevation
between 1.5 and 3 mg/dL occurred in 18.9% of the cases
(survival 37%), whereas in 12.9% of the cases SCr exceeded
3 mg/dL (survival 39%); dialysis was used in 14.2% (survival
39%), hemofiltration in 23.3% (survival 51%) and, finally,
continuous arteriovenous hemodialysis (CAVHD) in 12.5%
cases (41% survival)." Studies using AKIN and RIFLE defini-
tions reported an incidence of renal failure in adult patients
with respiratory failure ranging between 34% and 78% """
with resulting mortality up to 80%. Lin et al. reported 78%
mortality in patients with AKIversus 20% in non-AKI patients
treated with ECMO."® Kielstein et al. reported an 87 % mortal-
ity rate in ARDS patients with AKI requiring RRT treated
with ECMO." The use of renal replacement therapy (RRT)
in adult patients in published ECMO series ranges between
25% and 68%.”° Zangrillo et al. reported that renal failure
requiring continuous hemofiltration occurred in 52% of the
patients* treated with ECMO, ranking among the most
common complications. Haneya et al., in a retrospective
observational study in 262 adult patients with ARDS treated
with VV-ECMO, found that 50% of the patients required
RRT for renal failure or fluid overload (FO)". The need for
RRT in patients receiving ECMO support is associated with
increased mortality.'”'®* In ECMO patients, the need for
RRT may reflect inadequate renal perfusion or direct injury
to the kidney either because of the disease process itself or
to ECMO-associated side effects (e.g., hemolysis, multiple
transfusion).** Evidence of fluid overload (FO) usually
plays a key role in the decision to start RRT in ARDS treated
with ECMO, and it is a factor associated with longer ECMO
duration and higher mortality.* In fact, according to an online
survey regarding renal support therapy during ECMO based
on 65 international ECMO centers, the predominant indication
for RRT was the treatment (43%) or prevention (16%) of
FO.* Haneya et al. reported that FO was the indication for
RRT in 66% of their cohort of ECMO patients and that early
RRT application for FO prevention improved the outcome
and did not seem to affect mortality."”

PATHOPHYSIOLOGY OF ACUTE KIDNEY
INJURY IN EXTRACORPOREAL MEMBRANE
OXYGENATION PATIENTS

The pathophysiologic mechanisms possibly leading to kidney
injury in patients treated with ECMO remain poorly under-
stood and evidences on positive or negative cause/effect
interactions between ECMO and AKI lack. Patients receiving
ECMO, in fact, are often affected by multiple organ dysfunc-
tions, including renal failure, before the initiation of the
extracorporeal treatment. ECMO application, in these cases,
can improve oxygenation or perfusion but it also could lead

TABLE 123.1

Possible Positive and Negative Effects of Extracorporeal
Respiratory Support

POSITIVE EFFECTS

NEGATIVE EFFECTS

Allows superprotective ventilation

Minimizes VILI and circulating
inflammatory mediators
(biotrauma)

Foreign surface contact

ljlatelet drop

Lower airway pressure Release of
Lower intrathoracic pressure inflammatory
mediators
Improved hemodynamics Risk of bleeding
Improved kidney function Transfusion

VILI, Ventilation-induced lung injury.

to worsening of renal function. This makes it difficult to

identify the ultimate cause of renal failure during ECMO.
Kilburn et al. recently provided an extensive review of

the literature treating the complex relationship between

ECMO and AKI, possible risks, and benefits and the related

pathophysiology.”” Villa et al.* treated the same issue: they

schematically grouped the pathophysiologic mechanisms
leading to AKI during ECMO in the following:

e ECMO-independent/patient-related (pretreatment vari-
ables or leading to ECMO initiation, which may cause
AKI). Hemodynamic alterations resulting from the
baseline disease may lead to low cardiac output and
reduced renal perfusion. Aggressive life-sustaining
interventions before ECMO initiation in critically ill
patients with severe refractory cardiopulmonary insuf-
ficiency may increase the risk of AKI resulting from
sepsis, ischemia, respiratory failure, cardiac failure,
vasopressor requirements, and nephrotoxic agents."

e ECMO-related (variables directly originating from ECMO
therapy, which may cause AKI). ECMO-related variables
include hemodynamic factors, hormonal factors, systemic
inflammation related to ECMO, organ cross-talk, and
circuit-related factors.

Here, we briefly review only the second type ECMO-related

factors. Table 123.1 summarizes positive/negative effects of

Extracorporeal Respiratory Support and their relationships.

HEMODYNAMICS

Venovenous ECMO maintains the native pulsatile blood
flow, and it has multiple possible advantages on cardiac,
pulmonary, and renal function.'®*® The ECMO circuit is
in-series with the natural circulation, and blood is drained
from and returned to the venous system. This implies no
acute volume changes, with unchanged preload and afterload
of the left ventricle.”” As blood reaches the right heart at a
higher-than-normal oxygenation level, this venous “hyper-
oxia” may contribute to unload the right heart and increase
cardiac output by a reversal of hypoxic pulmonary vaso-
constriction.”®” In addition, the resolution of severe
hypercapnia after the institution of VV-ECMO also may
contribute to a reduction of pulmonary hypertension and
right ventricle (RV) afterload.”'

After ECMO initiation, certain management strategies
such as intravenous fluid administration, the use of diuretics,
vasopressor therapy, and PEEP may lead to hemodynamic
instability, altering continuous renal blood flow with
consequent ischemia/reperfusion-associated AKIL.***°

Villa et al. pointed out that also the downregulation of
hormonal pathways occurring during VA-ECMO may induce
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renal failure.”** A study on preterm lambs, comparing
the endocrinologic response during VA- and VV-ECMO,
suggested that VV-ECMO possibly may be less invasive
than VA-ECMO for the fetal heart, because atrial natriuretic
peptide (ANP), an index of cardiac distress, was lower in
VV-ECMO as compared with VA-ECMO.**

Fluid balance is another factor determining the incidence
of AKI during ECMO as cumulative FO is an independent
factor of mortality that may worsen gas exchange, increase
the length of stay and the duration of mechanical ventilation
in patients on ECMO. The international ELSO guidelines
recommend that the goal of fluid management should be
to “return the extracellular fluid volume to normal (dry
weight) and maintain it there.” Moreover if “the diuretic
response is not sufficient to achieve negative fluid balance,
or if the patient is in overt renal failure, continuous hemo-
filtration is added to the extracorporeal circuit to maintain
fluid and electrolyte balance.”*

COAGULATION AND SYSTEMIC
INFLAMMATION

The contact of the blood with nonbiologic surfaces, sheer
stress, and turbulence may trigger the coagulation and
inflammatory response pathways. Within 1 minute of starting
the extracorporeal support platelets already adhere to the
circuit.” The initial reaction of blood is based on the
interaction between the surface of the extracorporeal circuit
and the plasma proteins, producing a monolayer of proteins
on the surface of the circuit and oxygenator, which is
represented mainly by fibrinogen, albumin, and y-globulins.”
The fibrinogen layer in turn triggers platelet adhesion to
its receptors. Once adhered to fibrinogen, platelets become
activated and undergo a shape change leading to aggregation
between them and with leukocytes.

It has been reported that circulating platelet count
decreases by 26% during the first 15 minutes of ECMO,
and by another 16% in the following hour.” The activation
and consumption of platelets is a continuous phenomenon
throughout the course of extracorporeal support often
requiring platelet transfusion.”” Simultaneously, the coagula-
tion system becomes activated through the contact activation
pathway. The inflammatory response during ECMO is rather
similar to the activation occurring during systemic inflam-
mation and ARDS.? Contact with foreign surfaces activates
the complement system through the alternative pathway.*
Activated complement factors induce the synthesis of
cytokines belonging to the subgroups of proinflammatory
cytokines such as interleukin-1 (IL-1), IL-6, IL-8, and tumor
necrosis factor-alpha (TNF-a) and antiinflammatory (IL-10)
cytokines.”™ Proinflammatory cytokines amplify the
response of neutrophils, which adhere to the capillary/
venular endothelium and undergo degranulation to produce
cytokines, arachidonic acid metabolites, and reactive oxygen
species, causing widespread microvascular injury and
multiorgan dysfunction.** Kidneys are a target of coagulation
derangement and inflammation storm induced by ECMO,
which may alter their perfusion and function, more or less
reversibly.

ORGANS CROSS-TALK

Acute kidney injury often occurs, in the setting of multiorgan
failure, in combination with acute lung injury. The

combination of the two reaches mortality rates as high as
80%. A model of self-propagating cycle of AKI and acute
lung injury has been proposed, in which AKI induces
pathophysiologic effects on the lung and ALIL in turn,
exacerbates kidney injury. The effects of acute lung injury
on AKI are mediated by hypoxia, hypercapnia, positive
pressure ventilation, and biotrauma. This leads to reduced
renal perfusion, impaired kidneys excretory function,
blood-gas disturbances, and inflammation-apoptois.***

Patients undergoing VV-ECMO with respiratory failure
and receiving lung protective ventilation often have
suffered prolonged hypercapnia before connection to ECMO,
which can alter hemodynamics and renal blood flow
significantly.

Finally, invasive mechanical ventilation is a risk factor
for acute kidney injury in the critically ill patients.*® Thus,
in patients requiring ECMO, timely initiation may mitigate
pre-ECMO risk factors for renal dysfunction.”® Raised
intrathoracic pressure secondary to high PEEP on ECMO
may induce renal hypoperfusion and impair the kidneys’
excretory function. The more severe the ARDS, the higher
is the risk of ventilator-induced lung injury (VILI) and
systemic inflammation linked to mechanical ventilation
(biotrauma). This induces kidney injury directly by mechani-
cal factors (high intrathoracic pressures) and by the release
of inflammatory mediators from the mechanically injured
lung. ECMO has the capability of decreasing the need for
alveolar ventilation down to levels potentially as low as
zero. This effect allows tidal volume and respiratory rate
to be tailored to minimize ventilator-induced lung injury
to the lowest possible level (superprotective ventilation),
and sometimes may allow for complete liberation from
ventilator assistance.

RENAL REPLACEMENT THERAPY
DURING EXTRACORPOREAL
MEMBRANE OXYGENATION

Another chapter in this section extensively reviews renal
replacement therapy (RRT) strategies during ECMO. In this
paragraph, we briefly underline only the main points for
completeness.

As previously told, recent studies report that nearly 50%
of the patients treated with ECMO require RRT""*' and that
RRT in ECMO patients is used as treatment for FO (43%),
prevention of FO (16%), supportive treatment of AKI (35%),
and to correct electrolyte disturbances (4%).*

Several RRT treatments are available during ECMO,
including intermittent hemodialysis (IHD), peritoneal
dialysis (PD), continuous renal replacement therapies
(CRRT), the most commonly used being CRRT.** Despite
the absence of precise guidelines recommending a particular
technique, there are three main modalities of combining
CRRT and ECMO:

Classic independent CRRT access requiring an additional
vascular access. This is the most commonly used modality
when the CRRT had been initiated before ECMO institution,
and it has the advantage of no interference with ECMO.
However, if the indications for RRT arise during ECMO,
introduction of another large venous catheter in a patient
receiving high doses of anticoagulation is associated with
high risk of multiple complications.

Introduction of an in-line hemofilter in the ECMO circuit.
The connection of the dialysis inlet to the ECMO circuit
is made after the ECMO pump, before or after the oxygenator,
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while the outlet is pre-ECMO pump or to the ECMO bladder.
This is a relatively simple and economic technique requiring
smaller amounts of priming volumes and no need of an
additional external pump. However, in this technique,
ultrafiltrate measurement can have significant errors and,
if the inlet is after the oxygenator, it decreases ECMO
efficiency by recirculation.

Introduction of an external CRRT machine in the ECMO
circuit. Different configurations have been reported in
literature. Usually, the CRRT inlet is connected to the venous
line of the ECMO circuit before the roller pump and the
blood then is returned from the CRRT machine to the ECMO
circuit before the roller pump (before or directly to the
bladder). If a centrifugal pump is used, the inlet of the
CRRT machine should be connected after the pump to
avoid air entrainment and the blood returned to the venous
limb of the ECMO circuit before the pump.'®*°

Other studies, reporting the combined use of VV-ECMO
and CRRT, connected the CRRT machine to the luer port
on the outlet of the oxygenator and the blood returned to
the luer port on the inlet of the oxygenator.””** Finally,
other authors connected the inflow of the CRRT machine
to the venous limb of the ECMO circuit before the pump
and the outflow to the venous limb of the circuit pre-
oxygenator.*”” The substantial risks are blood loss during
the connection of CRRT to the ECMO circuit because of
the high positive pressures and air entrapment in the pump
and oxygenator when the connection is made within the
negative pressure line.

Details, advantages, and disadvantages of the various
techniques are reported in reviews and meta-analysis.””*!
One of the problems of positioning an external CRRT
machine in the ECMO circuit is the access pressure alarms
on the CRRT machine. Typically, the default access pressure
alarms are set at negative values while the blood presenting
at the entry point of the CRRT machine is at pressures close
to zero or positive. If these pressures lie outside the default
pressures of the machine, the alarm settings may have to
be changed or flow restrictors are needed. This solution,
however, is not recommended because it increases the risk
of thrombosis and hemolysis."’

Despite being outside of the purpose of this chapter, we
like to mention that, recently, devices combining extra-
corporeal CO, removal (ECCO,R) and renal-replacement
technologies have been used successfully for the manage-
ment of patients suffering from acute respiratory failure.”
This technique has been used to partially remove carbon
dioxide sufficient to buffer the respiratory acidosis associated
to low tidal volume ventilation (lower than 6 mL/kg) in
the framework of more protective ventilatory settings.”
Some of these devices use ultrafiltrate recirculation to the
inflow of the membrane lung, a technique that did not
affect CO, removal of an ECCO,R device’ providing a
suitable modular platform for coupling CO, removal therapy
with various forms of dialysis and blood purification.

CONCLUSION

Impairment of the renal function is common in patients
undergoing ECMO. It can develop before or after ECMO
institution, and it can have a significant impact on patient

outcome. The interaction between ECMO and renal recovery
is a delicate equilibrium with complex, specific pathways.
In particular, the use of ECMO in patients with ARDS has
major effects on renal function, potentially positive and
negative. Between the possible negative effects, we have
to consider the systemic coagulation and inflammation
caused by the contact with foreign surfaces and the activation
of humoral and cellular mechanisms. Hemolysis is another
major factor that may alter kidney function during ECMO,
even if it can be minimized by the use of modern technology.
Nonetheless, positive effects appear very important: they
are manly related to (1) the relief of ventilation with high
volume and pressure made possible by ECMO, (2) the
beneficial effects on right ventricular afterload and preload,
and, finally, (3) the reduction of the systemic inflammatory
effects of VILL. Moreover, the presence of the ECMO circuit
makes the application of CRRT easier and simpler in most
occasions.

Key Points

1. Acute kidney injury is a common complication in
critically ill patients treated with extracorporeal
membrane oxygenation (ECMO) and may be associ-
ated with worse outcomes.

2. The need for renal replacement therapy in patients
treated with ECMO may reflect inadequate renal
perfusion and/or direct injury to the kidney because
of the disease process or ECMO-associated side
effects.

3. Patients starting ECMO support frequently already
have multiple organ dysfunction, including renal
failure.

4. It is very difficult to identify the ultimate cause
of renal failure developing during ECMO.

5. The presence of the extracorporeal circuit for ECMO
provides an easy way to add an additional circuit
for renal replacement.
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