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Abstract

Extracorporeal membrane oxygenation (ECMO) is a life-saving therapy utilized for
patients with severe life-threatening cardiorespiratory failure. Patients treated with
ECMO are among the most severely ill encountered in critical care and are at high-
risk of developing multiple organ dysfunction, including acute kidney injury (AKI) and
fluid overload. Continuous renal replacement therapy (CRRT) is increasingly utilized
inpatients on ECMO to manage AKI and treat fluid overload. The indications for renal
replacement therapy for patients on ECMO are similar to those of other critically ill
populations; however, there is wide practice variation in how renal supportive thera-
pies are utilized during ECMO. For patients requiring both CRRT and ECMO, CRRT
may be connected directly to the ECMO circuit, or CRRT and ECMO may be per-
formed independently. This review will summarize current knowledge of the epidemi-

ology of AKI, indications and timing of CRRT, delivery of CRRT, and the outcomes of

1 | INTRODUCTION

Extracorporeal membrane oxygenation (ECMO) is a life-saving
therapy utilized for patients of all ages with severe life-threatening
cardiopulmonary failure.! The indications for ECMO include revers-
ible conditions with a high predicted mortality of 280%. Although
ECMO was originally developed as a rescue therapy for neonates
with respiratory failure, in recent years the number of adults
placed on ECMO has surpassed the number of pediatric and neo-
natal patients combined.’® Patients treated with ECMO represent
the sickest patients encountered in critical care and are at high-
risk of developing multiple organ dysfunction and associated se-
quelae, including acute kidney injury (AKI) and fluid overload (FO).
Continuous renal replacement therapy (CRRT) is being increasingly
utilized in patients on ECMO to manage AKI, prevent and treat FO.
This review will summarize our current understanding of the epide-
miology and impact of AKI, indications and timing for CRRT, deliv-
ery of CRRT, and the outcomes associated with CRRT for patients
on ECMO.

patients requiring CRRT with ECMO.

2 | PATHOPHYSIOLOGY, EPIDEMIOLOGY,
AND OUTCOMES ASSOCIATED WITH AKI

The pathophysiology and high incidence of AKI in those on ECMO
is multifactorial in nature with significant contributions from the
underlying disease and additional factors inherent to ECMO.
Individuals being placed on ECMO are among the highest risk pa-
tients to develop AKI prior to cannulation related to their severity of
illness as well as the etiology and treatment of their primary disease
(respiratory failure, cardiac failure, hypotension requiring vasopres-
sor support, cardiac arrest, ischemia, nephrotoxic exposures).“’5
There are a multitude of pathophysiologic mechanisms inherent
to ECMO that potentially contribute to the exacerbation of exist-
ing and/ or development of new AKI. The hemodynamic changes
around the time of ECMO cannulation can impact renal blood flow
resulting in ischemic/ reperfusion injury.®” Additional variables as-
sociated with ECMO that can predispose to AKI include systemic

10,11

inflammation,®? hemolysis, microcirculatory dysfunction, and

platelet/ coagulation abnormalities.*?*3
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Acute kidney injury has been shown to occur commonly in pa-
tients of all ages treated with ECMO (Table 1). AKI occurs commonly
across all populations treated with ECMO with incidence ranging
from 42% to 85%.42% The existing data show clearly that a signifi-
cant amount of AKIl is present at the time of ECMO cannulation and
the majority develops within 48 h of ECMO initiation.?>6181922 The
data evaluating outcomes associated with AKI consistently shows that
the highest stage of AKI is associated with increased morbidity and
mortality across populations. The small size, low power and single cen-
ter nature of these studies likely explains the inconsistent association
with low stages of AKI with outcomes. The only multicenter study
to date has been performed by the KIDMO study group and clearly
shows that AKI of any stage is associated with increased morbidity
(increase length of ECMO in those with AKI, 149 vs 121 h) and mortal-
ity (adjusted odds ratio, 1.52; 1.04-2.21) in a cohort 832 pediatric and
neonatal patients from six centers.*® Further multicenter collaborative

work is needed to understand the problem across medicine.

TABLE 1 Incidence and outcomes associated with AKI on ECMO

Author/year (N) Study design/details

Incidence of AKI

2.1 | Indications and Timing for CRRT
The indications for renal replacement therapy for patients on ECMO
are similar to those of other critically ill populations and include:
acidosis, electrolyte abnormalities, intoxications, FO, and uremia.*>
In 2010, the Kidney Interventions During Membrane Oxygenation
(KIDMO) study group surveyed 65 participating Extracorporeal Life
Support Organization (ELSO) centers and showed that the most
common indications for initiating CRRT on ECMO were: FO (43%),
FO prevention (16%), and AKI (35%).%* In 2020, the KIDMO study
group performed a similar survey focused on pediatric and neonatal
centers and showed the treatment and/ or prevention of FO was
the primary indication for CRRT on ECMO in 85% of centers (in
press ASAIO). These data highlight the importance of FO in decision
making surrounding the initiation of CRRT on ECMO.

For patients on ECMO the fluid status of the patient should be
evaluated daily on rounds. The daily fluid balance and cumulative

Findings

Adults
Tsai, 2017 (n = 167)**

Antonucci, 2016 (n = 135)*

Haneya, 2015 (n = 262)*8

Lee, 2015 (n =322)*

Chen, 2011 (n = 102)*°

Yan, 2010 (n = 67)%?

Pediatric and neonatal

Fleming, 2016 (n = 832)*¢

Zwiers, 2013 (n = 242)?°

Smith et al, 2013 (n = 46)%°

Gadepalli, 2009 (n = 68)"7

Retrospective, single-center
2002-2011

Retrospective, single-center
2008-2013

Retrospective, single-center
2008-2013
ECMO Indication: Acute

Respiratory Distress Syndrome

Retrospective, single-center
2005-2014

Retrospective, single-center
2002-2008

Retrospective single-center
Cardiac surgery
2004 to 2008

Retrospective multicenter
Pediatric and Neonates
2007-2011

Retrospective single-center
Neonates (<28 days)
1992-2006

Retrospective single-center
Infants congenital heart
surgery

Neonates with congenital
diaphragmatic hernia
1999-2009

Incidence of AKI within 48 h
of ECMO initiation: 85%

70%

e AKIl at initiation: 43%

e AKI at 24 hours of ECMO:
44%

e AKI at 48 hours of ECMO:
42%

Incidence of AKI within 24 h
of ECMO initiation: 82%

e AKI atinitiation: 75%
e AKI at 24 h of ECMO: 81%
o AKI at 48 h of ECMO: 61%

85% within 48 h of ECMO
initiation

74%

64%

71%

71%

Multivariable analysis: AKI, Glasgow
Coma Scale on first ECMO day, Hg
on first ECMO day associated with
mortality

Multivariable analysis: ICU mortality was
not associated with AKI or RRT

e AKIl requiring CRRT prior to ECMO
increased mortality

e CRRT after ECMO initiation did not
increase mortality

Stage 3 AKI was associated with in-
hospital mortality, with a hazard ratio
(HR) (95% Cl) of 2.690 (1.472-4.915)

AKI at 48 predicted in hospital mortality

Stage 3 AKIl associated with increased
mortality

e 93% of AKl occurred within 48 h of
ECMO initiation

e AKlindependently associated with
increase mortality and increased length
of ECMO

AKI stage F: Increased mortality (65%)

Increased mortality (aOR 4.7)

AKI stage F associated with Increased
mortality, length of stay, less
ventilator free days
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fluid balance should be utilized in medical decision making. The fol-
lowing equations can be utilized to describe the fluid status of pa-
tients on ECMO?%2¢;

Daily fluid balance = Daily intake — Daily output *

* Calculated over a 24 - h period

Cumulative fluid balance = Z (Daily intake - Daily output) s
#% Calculated since ICU admission
Percent FO=

Y Dailyintake since ICU admission L — Daily output since ICU L
ICU Admission weight kg

X 100% sk

##x Calculated since ICU admission

Studies evaluating the impact of FO in patients on ECMO have com-
monly utilized these equations to describe the epidemiology of FO
and impact of FO on outcomes. Changes in daily weight have also
been reliably utilized to calculate fluid balance in pediatric patients
and neonates on ECM0O.27-30

The deleterious impact of FO on outcomes for patients on
ECMO was recognized early in the history of neonatal and pediat-
ric ECMO. In 2000, Swaniker et al?’ reported that a failure to return
to “dry weight” was associated with adverse outcomes in a cohort
of 128 children treated with ECMO, which confirmed earlier reports
in neonatal populations.® In recent years, there has been an expan-
sion of our understanding of the epidemiology and impact of fluid
accumulation and subsequent FO in patients on ECMO (Table 2).
The KIDMO study group recently showed that FO occurs commonly
(Peak FO: 210% in 84.8%, 220% in 67.2%, and 250% in 29%) and is
independently associated with increase mortality (aOR per 10% rise
in peak FO, 1.09; 95% Cl, 1.04-1.15) and length of ECMO in a mul-
ticenter cohort of 656 pediatric and neonatal patients treated with
ECMO.% Ina planned secondary analysis of the KIDMO study, this
group showed that the degree of FO at CRRT initiation consistently
predicted adverse outcomes confirming earlier pediatric single center
studies.?®%! Fluid balance in the first 3-5 days on ECMO and cumu-
lative fluid balance on ECMO have consistently been shown to be
associated with outcomes in adult populations on ECMO.%>3%34 The
ELSO has provided the following recommendation surrounding vol-
ume management on ECMO, “return the extracellular fluid volume to
normal (dry weight) and maintain it there.”*> The current literature
shows that fluid status and the development of FO adversely impacts
outcomes across ECMO populations. Taken together this data sug-
gests that there may be a role for early initiation of CRRT in volume
management for patient on ECMO.

To date there has not been a systematic trial evaluating the timing
of the initiation of CRRT on ECMO. Single center studies in pediatric
and neonatal populations have suggested that the early initiation of
CRRT in patients on ECMO is feasible and associated with improved
outcomes (fluid balance, nutrition, improved chest X-rays, and de-
creased length of ECMO).2¢4° A meta-analysis performed in 21,642
adults on ECMO found an association between earlier initiation of
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CRRT in those that go on to require CRRT and improved survival.*!

Further study and clinical trials are greatly needed to better define
the role and optimal timing of the initiation of CRRT in patients on
ECMO. Until more definitive studies are available, the authors sug-
gest that the need for CRRT be evaluated at initiation of ECMO and
daily on rounds based on the patient's clinical course and fluid status.
CRRT should be instituted when FO is anticipated or has developed

and medical management (diuretics) are unlikely to be successful.#>%°

3 | DELIVERY OF CRRT TO ECMO
PATIENTS

There is wide practice variation in how renal supportive thera-
pies are utilized during ECMO.?* For patients requiring both CRRT
and ECMO, the CRRT machine may be connected directly to the
ECMO circuit, or CRRT and ECMO may be performed indepen-
dently. There are advantages and disadvantages to both options,
but it is important to note that connecting CRRT with ECMO is
not currently a US Food and Drug Administration (FDA)-approved
strategy. CRRT can be performed by adding a hemofilter or CRRT
device into the ECMO circuit (integrated system) or by placing
a separate catheter for independent renal support.*>*>47 Any
CRRT modality—continuous veno-venous hemofiltration (CVVH),
continuous veno-venous hemodialysis (CVVHD), continuous
veno-venous hemodiafiltration (CVVHDF) or slow continuous ul-
trafiltration (SCUF)—can be combined with ECMO. CRRT devices
are designed to connect to venous pressures ranging from O to
20 mm Hg, while negative pressures are generated by the centrifu-
gal pump (-20 to =100 mm Hg) in the drainage limb of the ECMO
circuit, and positive pressures (100-500 mm Hg) are present in
the limbs distal to the pump.*® The CRRT machine may alarm due
to a low inlet pressure and potentially stop dialysis. Occasionally,
CRRT alarm ranges need to be modified to accommodate these
pressure differences, although some newer CRRT devices can be
programmed at start-up to recognize the ECMO circuit. Overriding
alarm limits may result in low negative pressures, hemolysis, flow
turbulence, and air embolization.

The approach to initiating RRT with ECMO is the same for both
VA- and VV-circuits and can be classified as separate or integrated
systems. Options for CRRT delivery with ECMO are further detailed
below:

3.1 | Independent CRRT and ECMO circuits

A separate vascular access is established, and the CRRT and ECMO
circuits operate independently. A main advantage is the ability to
adjust the settings and performance of each device without (or
minimally) interfering with the function of the other. Disadvantages
include the possibility of having limited sites for CRRT vascular ac-
cess, particularly if remaining vascular sites are needed for ECMO
support.®®>! There may also be some increased bleeding risk during
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Author, year (N)

Adults

Dado, 2020
(n=48)"

Fong, 2020
(n=123)*

Besnier, 2020
(n=101)*

McCanny, 2019
(n = 24)%

Schmidt, 2014
(n=172)%

Study population
details

Seminars in Dialysis
TABLE 2 Studies evaluating the impact of fluid overload and the timing of the initiation of CRRT on Outcomes in ECMO
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Study design

Patients undergoing Retrospective

ECMO and
CRRT

All patients treated
with ECMO

All patients treated
with VA ECMO

Patients treated
with VV ECMO
and CRRT,
2010-2015

All patients treated
with ECMO

Pediatric and neonatal

Gorga, 2020
(n=357)%

Selewski, 2017
(n=756)%

Selewski, 2015
(n=53)%®

Blijdorp, 2009
(n=61)%

All patients
<18 year
old treated
with ECMO
and CRRT,
2007-2011

All patients treated
with ECMO,
2007-2011

All patients treated
with CRRT
and ECMO,
2006-2010

Pre-emptive CRRT
during ECMO,
<28 days, NICU

single-center

Retrospective
single-center

Retrospective
single-center

Retrospective
single-center

Retrospective
single-center

Retrospective
multicenter, 6
centers

Retrospective
multicenter, 6
centers

Retrospective,
single-center

Retrospective
case-
comparison
study

Method of FO
measurement Main findings
Fluid balance on
ECMO over
3 days
Fluid balance e Non-survivors had a greater cumulative fluid balance
while on (p < 0.001) and a lower cumulative fluid output (p = 0.006)
ECMO than survivors on day 7
e Multivariate analysis, the cumulative fluid balance (per litre) on
day 7, but not on day 3, was associated with increased hospital
mortality (adjusted OR: 1.17, 95% Cl: 1.06-1.29, p = 0.001)
Fluid balance e Cumulative fluid-balance over the first 5 days was higher in
and weight non-survivors (107.3 [40.5-146.2] vs 53.0 [7.5-74.3] ml/kg,

changes over
first 5 days .

on ECMO
L]
Fluid balance .
L]
[ ]
L]
Fluid balance .
L]
Fluid balance .
while on .
ECMO
L]
[ ]
Fluid balance .
while on
ECMO .
[ ]
Changeinin .
daily weight

Fluid balance
while on
ECMO

p =0.04)

Administration of unintentional fluids represented a
significant of the administrated fluids (15-23 ml/kg/day)
Day-1 fluid-balance was independently associated with
mortality (aOR =14.34 [1.58-129.79], p = 0.02) Day-1 and
day-2 with time to death (HR =8.26 [1.12-60.98], p = 0.04 and
2.89 [1.26-6.65],p = 0.01)

Negative cumulative daily fluid balance was strongly
associated with improved pulmonary compliance (2.72 ml/
cmH,0 per 1 L negative fluid balance; 95% confidence interval
[Cl]: 1.61-3.83; p < 0.001)

79% placed on CRRT day 1 of ECMO

Early CRRT with fluid removal is associated with “trend” to
survival

Fluid removal associated with increased pulmonary
compliance

Survivors exhibited lower daily FB from days 3-5
Multivariable analysis: Positive FB on Day3 associated with
increase mortality

Median FO at CRRT initiation was 20.1% (IQR 5, 40)

Median FO at CRRT initiation was lower in hospital survivors
(13.5% vs 25.9%, p = 0.004)

Median FO at CRRT discontinuation was lower in hospital
survivors (22.6% vs 36.1%, p = 0.002)

Multivariable analysis, FO at CRRT initiation was associated
with in-hospital mortality (a@OR 1.09 per 10% increase in fluid
balance, 95% Cl 1.00-1.18, p = 0.045)

Median peak FO on ECMO was 30.9% (interquartile range,
15.4-54.8)

Median peak FO was lower in hospital survivors (24.8% vs
43.3%; p < 0.0001).

Multivariable analysis: Peak FO (aOR 1.18 per 10% increase in
peak FO; 95% Cl, 1.12-1.24) predicted hospital morality

Median FO at CRRT initiation was lower in survivors (24.5% vs
38%, p = 0.006)

Median FO at CRRT discontinuation was lower in survivors
(7.1% vs 17.5%, p = 0.006)

Models evaluating fluid removal showed that the degree of FO
at CRRT initiation consistently predicted mortality

Pre-emptive CRRT improves outcomes by decreasing time on

ECMO because of improved fluid management

(Continues)
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TABLE 2 (Continued)

Study population Method of FO
Author, year (N) details Study design measurement Main findings
Hoover, 2008 All patients Retrospective Fluid balance Use of CRRT with ECMO was associated with:
(n=52)% receiving case-matched while on o Improved fluid balance
ECMO, Age study ECMO e Improved nutrition
1 month old- (Patients e Decreased diuretic exposure
18 years, PICU, receiving
1992-2006 CRRT +ECMO
vs. ECMO
alone)
< < y \
< T | Blood Flow
emofilter .
Venous (Outflow) To Patient
Limb
Hemofilter
Blood Flow
TOECMO == mm s mm o o Em o oEm s oEm o o o oEm
|
Hemofilter |
L Arterial (Inflow) ‘B
" Limb (A or B) I
; ' >
Membrane
Blood Pump Oxygenator
FIGURE 1 Inline Hemofilter combined with ECMO. The inflow to the hemofilter is typically distal to the blood pump, either between the

pump and oxygenator or distal to the oxygenator. The outflow from the hemofilter typically returns prior to the blood pump, but can also

return prior to the oxygenator

catheter insertion, or other procedures, due to anticoagulation use
for the ECMO circuit.

3.1.1 | Addition of an in-line hemofilter into the
ECMO circuit

An in-line hemofilter or CRRT circuit may be integrated into the
ECMO circuit. The inlet limb (access port) of a hemofilter can
be connected after the blood pump, and the outlet limb (return
port) is typically connected prior to the membrane oxygenator
(Figure 1). This approach is less costly compared to CRRT, but
disadvantages include a lack of pressure alarms and poor control

of net ultrafiltration. A stopcock or similar instrument to restrict
blood flow can be added but may increase the risk of thrombosis
or hemolysis. SCUF is typically the most common modality used
for RRT with a hemofilter, the blood flow through which is driven
by the ECMO pump.

3.1.2 | CRRT combined with ECMO

Combining CRRT with the ECMO circuit avoids additional catheter-
associated complications, including risks associated with catheter
insertion, infection, and mechanical complications. However, com-
bined CRRT and ECMO may result in abnormal pressures in the
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ECMO circuit (low-pressure alarms when the CRRT drainage or
return access is placed before the blood pump, and high-pressure
alarms when placed after the blood pump).52 High pressures in the
CRRT circuit may result in treatment interruptions or stop the cir-
cuit. As aresult, alarm adjustments may be necessary on some CRRT
devices. Newer generation CRRT devices can be programmed to ac-
count for pressure changes when connecting to the ECMO circuit
or automatically recognize an ECMO connection. Whether connect-
ing CRRT to the ECMO circuit ultimately reduces complications, as
compared to providing each independently, is yet to be examined in
a prospective manner.

Strategies for combining CRRT and ECMO have previously been
described.*>#44>4849.52 The CRRT and ECMO circuits can be joined,
thereby allowing for circuit pressure monitoring and better net ultra-
filtration control. Depending on the ECMO device utilized, the inflow
to the CRRT device can be placed before or after the blood pump, or
in some cases between the blood pump and oxygenator when these
components are separated (Figures 2-4). Blood from the CRRT de-
vice is typically returned to the ECMO circuit before the membrane
oxygenator to reduce the risk of systemic emboli. Extracorporeal
carbon dioxide removal can also be achieved by inserting a mem-
brane oxygenator, rather than full ECMO support, into the CRRT
circuit.>*** This technique has been used to permit protective lung
ventilation in severe acute respiratory distress syndrome (ARDS)
and to improve acidosis in hypercapnic respiratory failure.

There are several ways that a CRRT circuit can be combined
with an ECMO circuit. The CRRT inflow line can be connected to

the ECMO circuit before or after the centrifugal pump. The CRRT
outflow line can be connected before the centrifugal pump or be-
tween the centrifugal pump and membrane oxygenator. There is an
increased risk of clot or air embolism when the CRRT outflow line is
connected prior to the centrifugal pump, where the pressure is neg-
ative. Beyond the centrifugal pump, ECMO circuit pressure changes
from negative to positive. Some ECMO circuits have a blood flow
limb separating the pump and the oxygenator, while other circuits
may have an integrated pump and oxygenator (and thus no blood
flow limb in-between). Where the pump and oxygenator are sep-
arated, the CRRT inflow line may arise after the centrifugal pump,
and the CRRT outflow may return to the ECMO circuit proximal to
the oxygenator. The advantage of this configuration is that the ox-
ygenator serves as a bubble trap, while the positive circuit pressure
at this site should lower the risk of air entry. Third, the CRRT inlet
line can be connected distal to the oxygenator, and the CRRT outlet
line returns to a site prior to the centrifugal pump. This configuration
offers optimal blood flow into the CRRT circuit and no resistance to

outflow.

4 | ANTICOAGULATION
Giani et al®®
tients who received CRRT while on VV-ECMO support between
2009 and 2018. They examined the safety and efficacy of add-
ing regional citrate anticoagulation (RCA + UFH group) for CRRT

performed a retrospective review of 48 adult pa-

< < y \
Blood Flow Blood Flow
To ECMO CRRT To Patient
Arterial (Inflow)
< .
CRRT Limb
Venous (Outflow)
Limb
Yy |
» > y
* - >
Membrane
Blood Pump Oxygenator

FIGURE 2 CRRT combined with ECMO. In this example, the inflow to the CRRT machine is distal to the oxygenator, and the outflow from
the CRRT machine returns to the ECMO circuit proximal to the blood pump
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Blood Flow Blood Flow
To ECMO To Patient
< CRRT
CRRT Arterial (Inflow)
Venous (Outflow) Limb
Limb
4 v
Membrane
Blood Pump Oxygenator

FIGURE 3 CRRT combined with ECMO. In this example, the inflow to the CRRT machine is between the blood pump and the oxygenator,
and the outflow from the CRRT machine returns to the ECMO circuit proximal to the blood pump

R A
CRRT
Venous (Outflow) Limb
<
CRRT
Arterial (Inflow) Limb
Blood Flow i . Blood Flow
To ECMO To Patient
>
Membrane
Blood Pump Oxygenator

FIGURE 4 CRRT combined with ECMO. In this example, both the inflow to and outflow from the CRRT machine are connected proximal
to the blood pump
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anticoagulation, compared with anticoagulation with systemic
heparin alone (UFH group). The study's end points included filter
life span, occurrence of CRRT circuit clotting, coagulation param-
eters, and any citrate-related complications. The median dura-
tion of ECMO support was 16 (7-26) days, and 18 (37%) patients
were on CRRT before ECMO. By their protocol, CVVHDF was
used when UFH is the sole anticoagulant, while CVVHD was used
when RCA was added and UFH remained unchanged. They found
fewer CRRT clotting events in the RCA +UFH group (11% vs 38%,
p < 0.001). Survival analysis showed a longer circuit lifetime for
the RCA + UFH group. There were no significant complications re-
lated to the use of citrate anticoagulation. In-hospital mortality for
ECMO with CRRT patients was 38% and did not differ significantly
from the other cohorts.

When using UFH anticoagulation alone for both the CRRT and
ECMO circuits, UFH is administered systemically, and anticoagu-
lation is targeted to an aPTT level of 60-80 s (1.5-2.0 x baseline)
or anti-factor Xa level of 0.3-0.7.%¢ Thromboelastography reac-
tion (R) times have also been used to monitor anticoagulation with
ECMO.>7%® However, the anticoagulation goal and frequency of
monitoring may vary according to the desired intensity of anticoag-
ulation and center-specific protocols.”®¢*7% Antithrombin 11l (ATIII)
levels should also be monitored occasionally, with levels maintained
>50%. In situations where UFH cannot be used, anticoagulation
for ECMO has been achieved using direct thrombin inhibitors. 7484
There is no change in the management of systemic anticoagulation
for ECMO whether RCA is used for the CRRT circuit or not. Use
of RCA allows for continued anticoagulation of the CRRT circuit,
should systemic anticoagulation need to be reduced or suspended.
ECMO without use of therapeutic anticoagulation has been re-
ported, but this has not yet included patients on combined CRRT
with ECMQ.%5°88

5 | COMPLICATIONS

Complications related to CRRT include problems with vascular
access, bleeding, electrolyte disturbances, nutrient losses, ar-
rhythmias, and hypothermia. Vascular access complications may
be varied and include vascular injury, arterial puncture or dila-
tion, hematoma, fistula formation, or thrombosis. Additionally,
placement of a cannula may (depending on the location) result in
pneumothorax, hemothorax, cardiac perforation, pericardial tam-
ponade, or retroperitoneal hemorrhage. The most common elec-
trolyte disturbances include hypokalemia and hypophosphatemia,
which may contribute to cardiac rhythm abnormalities, hemolysis,
or rhabdomyolysis. When CRRT is combined with ECMO, precau-
tions must be taken to minimize the risk of air embolization into
the circuit, which may result during central venous line placement,
connecting or disconnecting CRRT to or from the ECMO circuit,
or connecting infusions to the lines or circuit. Often, ECMO blood
flow rates may be lowered, thereby reducing the negative circuit
access pressure and risk of air entry.

6 | OUTCOMES

An important consideration surrounding CRRT and ECMO manage-
ment is whether combining the two modalities is safe. Studies have
consistently demonstrated the safety and feasibility of combining
CRRT with ECMO. Chen et al*? performed a systematic review to
examine the combination of CRRT and ECMO in critically ill patients.
Nineteen studies were identified that described the methods for
performing CRRT with ECMO: independent CRRT access, placement
of a hemofiltration filter into the ECMO circuit, and placement of a
CRRT device into the ECMO circuit. For ECMO survivors receiving
CRRT, overall fluid balance was less than that in non-CRRT survi-
vors. They identified a higher mortality (OR 5.89; 95% Cl 4.38-7.92;
p < 0.0001) and longer ECMO duration when CRRT was added to
ECMO but concluded that the two modalities could be combined
and performed together in a safe manner.

Studies examining factors predictive of outcome for patients
receiving CRRT with ECMO are emerging in the literature. Lee

et al®

studied the impact of different CRRT modalities on sur-
vival in patients receiving ECMO using claims data from Taiwan's
National Health Insurance Research Database. The authors iden-
tified 1077 patients, of which 849 received CVVH and 228 re-
ceived CVVHD. An important study limitation included a lack of
data on whether CRRT and ECMO were performed independently
or combined, and while the ECMO indication was reported,
ECMO modality (VA vs VV) was unknown. The most common
ECMO indication was post-cardiotomy shock (49.2%), followed
by respiratory—non-pneumonia (13.0%), CV—non-ischemia (myo-
carditis) (11.5%), and respiratory—pneumonia (10.7%). The CVVH
group had a lower risk of in-hospital mortality (68.4% vs 76.9%;
OR 0.65; 95% Cl 0.50-0.85) compared with the CVVHD group.
The CVVH group also had a shorter mean ICU stay as compared
with the CVVHD group (mean difference -4.59 days, 95% Cl -9.15
to -0.03 days). While the authors concluded that CVVH may be
associated with a lower risk of in-hospital mortality in ECMO pa-
tients with AKI, this finding has not yet been validated in larger,
prospective studies.

He et al’® analyzed 32 patients that received CRRT with ECMO
between 2007 and 2017. Patients received VA-ECMO support,
and CRRT was provided as CVVH or CVVHD. For all patients,
CRRT was combined with the ECMO circuit, rather than per-
formed independently. Multivariable analysis identified fluid bal-
ance at day 3 (median value for survivors vs non-survivors, 210 ml
vs 1090 ml; OR 5.27; 95% Cl 1.38-20.09; p = 0.015) and lactate at
CRRT initiation (mean value for survivors vs. non-survivors, 4.66
vs 7.07; OR 2.12; 95% Cl 1.10-4.06; p = 0.024) as independently
associated with survival. The authors suggest that earlier CRRT
initiation into the ECMO circuit may reduce the harmful effects of
fluid accumulation and improve outcomes. The deleterious effect
of early fluid accumulation on mortality has also been reported for
children receiving ECMO.?

Initial reports suggested a high mortality, up to 80%, associated
with the combination of CRRT with ECMO.”2 More recently, Dado
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et al. evaluated 92 patients who underwent ECMO support between
2012 and 2018 at a single institution.”® They identified 48 (53.3%)
patients supported by CRRT (CVVH) with ECMO (a majority of
which had combined circuits) and compared them with 42 patients
supported by ECMO alone. Seventy-three of 90 (81.1%) patients re-
ceived VV ECMO. Of those patients receiving CRRT with ECMO,
the mortality rate was 39.5%. The mortality rate for those receiving
ECMO alone was 31.4% (p = 0.074). Of 29 survivors, 6 (20.7%) were
dialysis-dependent at hospital discharge. In a multivariable analysis,
increasing age (OR 1.07; 95% CI 1.01-1.13; p = 0.01) and positive net
fluid balance (OR 1.02; 95% Cl 1.01-1.04; p = 0.0009) were inde-
pendently associated with mortality.

Deatrick et al’ reported outcomes for 187 patients who re-
ceived VV ECMO from 2014 to 2018 at a specialty center. The
most common indications for VV ECMO were bacterial pneumonia
(22.5%), ARDS not postop (19.8%), viral pneumonia (18.2%), and
aspiration pneumonia (17.0%). Overall survival to hospital dis-
charge was 74.6%. Ninety-four (50.3%) patients had CRRT (CVVH)
while on VV ECMO, with 57 (61.0%) surviving to hospital dis-
charge. By comparison, 82 (88%) patients in the VV ECMO-alone
group survived to discharge (p < 0.001). Patients requiring CRRT
had a lower pH (7.16 vs 7.25), lower Respiratory ECMO Survival
Prediction (RESP) score (2 vs 4), higher Sequential Organ Failure
Assessment (SOFA) score (14 vs 10), more pre-existing CKD (7 vs
0), and a higher median serum creatinine (2.2 mg/dl vs 0.98 mg/dl),
(for all comparisons, p < 0.001). Notably, there was a 93% (n = 53)
rate of renal recovery before hospital discharge, with only 4 (6.8%)
patients needing IHD at discharge. Devasagayaraj et al?” reported
similar outcomes in 54 patients supported by VV ECMO for ARDS.
ECMO survival in the presence of AKI was lower compared to
the non-AKI group (56% vs 87%, p = 0.014). The AKI group also
had more ECMO-related complications, including liver failure and
bleeding, despite comparable ECMO durations (14 and 12 days, re-
spectively, p = 0.31).

In one of the largest series to date, Kuo et al identified 2272
patients the Taiwan National Insurance Research Database who
received first-time CRRT with ECMO between 2007 and 2013.7°
Their aim was to assess outcomes and complications according to
the duration of CRRT received: <3 days, 4-6 days, and 27 days.
Survival did not significantly differ among the CRRT duration
groups; however, patients receiving CRRT 27 days had a higher
risk of ESRD (aHR 3.46; 95% Cl 1.47-8.14), ventilator dependence
(@aHR 2.45; 95% Cl 1.32-4.54), and readmission rate (aHR 1.67; 95%
Cl 1.13-2.47), compared to patients receiving <3 days of CRRT.
These findings raise questions regarding how prolonged CRRT with
ECMO may affect post-discharge quality of life and risk for long-
term disability.

While prediction scores are available to estimate ECMO sur-
vival and presumably help select appropriate candidates for ECMO
support, current models do not reliably factor the mortality con-
tribution related to AKI or need for CRRT. The Predicting Death
for Severe ARDS on VV-ECMO (PRESERVE) index, published by
Schmidt et al in 2013, utilized data from 140 ARDS patients at 3

French ICUs and identified factors independently associated with
death by 6 months post-ICU discharge: age, body mass index, im-
munocompromised status, prone positioning, days of mechanical
ventilation, sepsis-related organ failure assessment, plateau pres-
sure, and positive end-expiratory pressure.”’ Survival differed by
PRESERVE score classification—97% (score 0-2), 79% (score 3-
4), 54% (score 5-6), and 16% (score 7). While renal insufficiency
was recorded, it was not associated with mortality in this cohort.
The RESP score utilized ELSO registry data from 2000 to 2012 to
develop a model for predicting hospital survival at the initiation
of ECMO for respiratory failure.”® The authors identified 12 pre-
ECMO variables (age, immunocompromised status, mechanical
ventilation duration before ECMO initiation, acute respiratory
failure diagnosis group, CNS dysfunction, acute non-pulmonary-
associated infection, neuromuscular blocking agent use, nitric
oxide use, bicarbonate infusion, cardiac arrest, PaCO2, and peak
inspiratory pressure) associated with survival and developed a
scoring system that predicted survival, with a step-wise decline in
survival by RESP score risk class (ranging from 92% at RESP class |
to 18% at RESP class V). While renal dysfunction was initially iden-
tified for potential inclusion, it was not independently predictive of
survival and thus not included in the final RESP score. The Survival
after Veno-arterial ECMO (SAVE) score, by contrast, utilizes pre-
ECMO factors associated with survival for patients with refrac-
tory cardiogenic shock requiring VA ECMO to create a predictive
survival model.”” SAVE incorporates both acute renal dysfunction
(Cr >1.5 mg/dl, with or without RRT) and chronic renal failure (kid-
ney damage or glomerular filtration rate <60 ml/min/1.73 m? for
>3 months) into the score, and in-hospital survival decreases with
increasing risk class (ranging from 75% at SAVE class | to 18% at
SAVE class V). Additional predictive scoring models have been
published for acute myocardial infarction with cardiogenic shock
(ENCOURAGE), VA-ECMO use and cardiopulmonary resuscitation
patients (PREDICT-VA ECMO), and after coronary artery bypass
grafting (REMEMBER), with measures of renal function variably in-
corporated in the models.1°0102

To date, there is limited data on the impact of SARS-CoV-2
(COVID-19) on ECMO-related AKI outcomes. Barbaro et al uti-
lized data from the ELSO Registry to describe the epidemiology,
course, and outcomes of patients 16 years of age and older with
confirmed COVID-19 who underwent ECMO support at 213
hospitals in 36 countries. In patients with COVID-19 receiving
VV-ECMO and characterized as having ARDS), the estimated cu-
mulative incidence of in-hospital mortality at 90 days after ECMO
initiation was 38.0% (95% Cl: 34.6-41.5). While only 2% of pa-
tients had pre-existing renal insufficiency, AKI was present in 247
of 779 (32%), and renal replacement therapy was ultimately used
during ECMO support in 444 of 1006 (44%) patients (with data
missing for 29 patients). Multivariable Cox modeling identified
AKI (along with increasing age, immunocompromise, chronic re-
spiratory disease, pre-ECMO cardiac arrest, and initial mode VA)
as associated with in-hospital mortality (for AKI, HR 1.38; 95% Cl:
1.08-1.76).13
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Renal recovery data in patients who have received ECMO with CRRT
are limited. Baek et al'®* performed a retrospective observational
study of 124 patients that received CRRT for AKI at their institution
between January and December 2014. Their aim was to identify clini-
cal factors that may predict CRRT duration for AKI survivors. There
was a total of 21 patients that received ECMO support, 18 of which
required long-duration (>6 days) CRRT. ECMO duration ranged from
1 to 9 days and included patients supported by VA and VV modalities.
While a minority of patients received ECMO, a multivariable analy-
sis identified oliguria (<0.5 ml/kg/h) (OR 3.45; 95% Cl 1.34-8.86;
p = 0.01), mechanical ventilation use (OR 7.89; 95% Cl 2.40-25.92;
p = 0.001), and ECMO use (OR 6.52; 95% Cl 1.57-27.16; p = 0.01) as
predictors of long-duration CRRT. In their study of 48 patients requir-
ing CRRT with VV-ECMO, Giani et al*® found that renal recovery oc-
curred in 23 of 30 survivors, whereas seven patients were discharged
from the ICU with an ongoing requirement for renal replacement
therapy. Other studies of neonate and pediatric as well as adult survi-
vors observed higher rates (>90%) of renal recovery.”?1%51% |n their
study, Thajudeen et al’? found that all patients that had renal recov-
ery received VA ECMO, and they proposed that VA ECMO facilitated
this recovery by increasing oxygen delivery to the renal vessels.

8 | FUTURE DIRECTIONS

With continued growth in the use of ECMO for critically ill patients,
several opportunities arise that may help improve the safety and ef-
ficacy of this technology, particularly when CRRT is also required.
An optimal anticoagulation strategy for ECMO patients requiring
CRRT is yet to be defined. Similarly, the intensity of anticoagulation—
standard vs low-dose—and best strategies for monitoring efficacy
and complications have not been widely studied. There is also limited
data on pharmacokinetics and medication dosing, particularly with
combined circuits. Given the effects of respiratory failure, hemo-
dynamic compromise, mechanical ventilation, and ECMO initiation
on the incidence of AKI, studies that aim to determine best man-
agement methods are warranted. Developing and validating better
AKI predictive models for ECMO patients, and identifying factors
predictive of survival and renal recovery, are needed for this popula-
tion. How ECMO affects the reliability and utility of AKI biomarkers
is unclear and not yet widely studied in this population.!” While the
deleterious impact of AKI and FO on outcomes for ECMO patients
is clear, critical questions warranting further study remain regarding
the role of CRRT in patient management, including device, modality,
and optimal timing of initiation. Finally, management strategies that
ultimately prevent the occurrence of AKl in the setting of ECMO and

lower AKIl-associated morbidity and mortality are desired.
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