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Case Vignette
A 4-year-old (17 kg) previously healthy female presents to your hospital in 
acute respiratory failure due to pulmonary hemorrhage. She is intubated and 
brought to your intensive care unit requiring high conventional ventilator set-
tings to maintain oxygenation and lung nodules are noted on chest X-ray. 
Initial labs obtained in the emergency department demonstrate anemia and 
hematuria. The patient has persistent hypoxia despite maximum ventilator 
support and she is cannulated onto veno-venous extracorporeal membrane 
oxygenation (VV-ECMO). Over the following day she is noted to have wors-
ening fluid overload, and rising creatinine requiring CRRT to be started. Her 
anticoagulation for ECMO puts her at higher risk for line placement related 
bleeding complications, so the decision is made to run the CRRT hemofilter 
in line with your ECMO circuit. She continues to clot off hemofilters and 
membrane oxygenators requiring a change out of the full extracorporeal cir-
cuit. Autoimmune workup was sent, and on Day 3 of VV-ECMO the patient 
comes back positive for cytoplasmic staining anti-neutrophil cytoplasm anti-
bodies (C-ANCA) confirming the diagnosis of granulomatosis with polyangi-
itis. After discussion with your apheresis physicians, you decide she meets 
criteria for therapeutic plasma exchange (TPE) due to severe renal vasculitis 
and a 7 day course is ordered.
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22.1	 Tandem Extracorporeal Therapies

Patient acuity in the pediatric intensive care unit (PICU) is increasing. This has 
been attributed to multiple factors, including, but not limited to, improved survival 
of extreme premature infants, increased rates of technology dependent patients, and 
improved technology leading to longer hospital stays. While improved survival of 
many diseases is to be celebrated, many of these survivors have long term comor-
bidities associated with their initial disease or treatment of it. This has created a 
new population of pediatric patients who have chronic co-morbidities, and have 
increased utilization of the PICU. In addition to this increasing chronic population 
of patients, standardized management of acute life threatening diseases such as 
sepsis and septic shock have led to improved survival of patients who just a few 
years before were “certain to die.” This combination has dramatically increased the 
number of patients with multiple organ failure who need to be supported in the 
PICU. Using individual extracorporeal therapies as a means for supporting indi-
vidual organs have been a mainstay of PICU care for the last two decades. Using 
these techniques, we have seen improved survival (compared to historical controls) 
in patients supported with extracorporeal membrane oxygenation (ECMO), ven-
tricular assist devices (VAD), and continuous renal replacement therapies (CRRT). 
For many of these therapies, the presence of multiple organ failure has been consid-
ered a contraindication for use. However, over in the last decade, centers have been 
willing to challenge that dogma, and have started using combinations of extracor-
poreal therapies to manage multiple organ failure patients and provide extracorpo-
real life support (ECLS).

This chapter will review the current state of the art of tandem use of multiple 
extracorporeal therapies for patients with multiple organ failure from the aspect of 
a patient who is already supported on ECMO. With that aim, several caveats should 
be stated. Progress in this field has been slow and difficult, because of multiple fac-
tors. From a very practical standpoint, these independent devices were never engi-
neered or designed to work together and just achieving forward flow of blood in 
them can be a significant hurdle. Additionally, when looking at this problem world-
wide, due to country specific regulations, there is a wide variety of devices that may 
or may not be available to any individual center. This vastly increases the number of 
permutations of choices that can be made when designing your multiple organ ther-
apy platform, and makes a discrete review of all possibilities difficult. In this chap-
ter, we will thus focus on the engineering, physics, and physiology that are 
commonly seen in currently available devices. We will leave it to the reader to deter-
mine how best to balance those factors based on the choices of devices that they 
have locally. Another important caveat to understand is that this field and these 
techniques are very young. There is little substantial medical literature that has been 
published, and what has been published tends to be from a small number of single 
centers, has been published in the last 5 years, and has small numbers of patients 
supported. Expert opinion remains a common source of information. Multiple clini-
cal trials need to be conducted to evaluate optimal design aspects, as well as clinical 
outcomes and complications.
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22.2	 �Acute Kidney Injury (AKI) During ECMO

AKI is commonly seen and has been demonstrated as a risk factor for death in criti-
cally ill patients of all ages in the ICU. As noted throughout previous chapters in 
this textbook, multiple assessments for this topic have spanned across neonatal, 
pediatric, and adult ICU patients [1–3]. Historically, AKI definitions have been 
highly variable, but now multiple standardized scoring systems exist which utilize 
both urine output and serum creatinine to allow classification of AKI [4–6]. Similar 
to variability in definitions, AKI during ECLS is highly variable and dependent on 
age, type of ECLS, and classification for AKI. Reports have demonstrated AKI in 
19–71% of neonates, 20–72% of pediatrics, and up to >70% of adult ECMO patients 
[7–11]. Many of these studies show a correlation between AKI and mortality for 
ECMO patients. Kidney injury can be demonstrated beyond traditional definitions 
of urine output and serum creatinine through the concept of fluid overload (FO). 
The systemic deleterious effects of FO have been demonstrated through an increased 
mortality for ECMO patients with FO, impaired oxygenation and increased dura-
tion of extracorporeal support [12–20]. As both AKI and FO negatively affect out-
comes, focus has shifted to treating these comorbidities as a goal to improve ECMO 
outcomes.

Both AKI and fluid overload have been treated in ECMO patients by the standard 
renal replacement therapies (acute intermittent hemodialysis, slow continuous ultra-
filtration, peritoneal dialysis, etc.). However, the most common way that AKI and 
fluid overload is treated in ECMO patients is by adding CRRT to the ECMO circuit. 
The timing and indication for CRRT to treat AKI and FO are not well established in 
ECMO. Recent consensus guidelines were published by the Acute Dialysis Quality 
Initiative (ADQI) on pharmacological and mechanical fluid removal [21, 22] and 
these principles are, in general, followed for ECMO patients. The Extracorporeal 
Life Support Organization (ELSO) also publishes a series guidelines (found at 
https://www.elso.org/Resources/Guidelines.aspx) to assist providers in ECMO 
treatment. These guidelines discuss the importance of fluid management in order to 
reach a homeostasis similar to the patient’s normal (dry weight) extracellular fluid 
volume. For ECMO patients, indications for CRRT are broadly divided into removal 
of drugs/toxins, FO, AKI and electrolyte imbalances refractory to medical therapy, 
with usage varying among institutions [12, 23]. The most comprehensive and up-to-
date evidence-based review of tandem CRRT and ECMO use can be found in Chen 
et al. [24].

22.3	 �Technical Aspects of CRRT During ECMO

Three main methods exist for providing CRRT to an ECMO patient [25, 26]. The 
first method involves a second vascular access point which utilizes a commercially 
available CRRT device without any connection to the ECLS circuit. This approach 
is the simplest method of simultaneous CRRT and ECMO, but is limited to those 
patients with vascular access prior to cannulation, as placing a new vascular access 
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catheter for dialysis has an elevated severe bleeding risk once systemic ECMO anti-
coagulation has begun. Using this method, CRRT is run similar to non-ECMO 
patients, with the notable exception that systemic anticoagulation for ECMO pre-
cludes the need for local CRRT circuit anticoagulation.

The second method for CRRT on ECMO patients involves creating a shunt of 
blood post-pump from the ECMO circuit which flows through an isolated hemofilter. 
The pressure created by the extracorporeal pump drives blood through the hemofilter 
creating ultrafiltrate. The amount of ultrafiltrate produced is limited by using a stan-
dard intravenous (IV) pump programmed for the number of mL/h of ultrafiltrate 
desired and then this volume is measured with a bedside urimeter. The ultrafiltrate 
can be discarded to provide slow continuous ultrafiltrate (SCUF), or a replacement 
fluid with an appropriate electrolyte composition can be delivered back into the cir-
cuit via an additional standard IV pump to provide continuous veno-venous hemofil-
tration (CVVH). The now processed blood is returned to the ECLS circuit pre-pump 
(Fig. 22.1a). This method of “in-line” hemofiltration was the earliest form of tandem 
extracorporeal support therapies and is advantageous due to ease of use, simplicity 
for all ECMO specialists, and low cost of supplies. However, many disadvantages 
were noted with the use of this method. Notably, the creation of the shunt returning 
blood pre-pump creates a discrepancy between the blood flow listed on the ECMO 
pump and what is actually being delivered to the patient. The difference between 
ECMO pump flow and patient delivered flow must be monitored and represents the 
flow through the hemofilter circuit. Patient flow rates are now more accurately mea-
sured in the distal arterial limb of the ECMO circuit just prior to entry back into the 
patient. Additionally, the delivery of the blood exiting the hemofilter back pre-pump 
makes the CVVH less efficient due to recirculation of the already processed blood 
back through the hemofilter circuit. While this is a theoretical concern, clinically, the 
ECMO flow rates greatly exceed the hemofilter circuit flow rates, making clinically 
significant recirculation negligible. Also, using this method to provide SCUF for 
smaller children may create multiple electrolyte disturbances and is not recom-
mended. The “in-line” circuit often has no pressure monitoring, which makes identi-
fying hemofilter malfunction, thrombosis, or rupture more challenging. The most 
important disadvantage to “in-line” hemofiltration of CRRT during ECMO relates to 
inaccuracy of fluid balance. The IV pumps being used for control of ultrafiltrate and 
replacement fluid were not engineered for this therapy and truly function as flow 
restrictors (and not pumps), having an inherent error rate (~12.5%) when used in this 
setting [27]. An in vitro setup of “in-line” CRRT with ECMO, demonstrated a mea-
sured versus prescribed flow error of up to 34 mL/h (>800 mL/day), which in a small 
patient (5 kg) could equal their daily fluid goals (~150 mL/kg/day) [28]. Careful 
monitoring of the replacement fluid volume as well as ultrafiltrate volumes is essen-
tial to the ECMO specialist duties when providing these therapies concomitantly. 
This can be done either via volume measure (mL) or based off highly accurate scales 
(±1 g). The need for hourly monitoring increases ECMO specialist workload and is 
contributing to a reduction of use of this “in-line” technique.

The third and preferred method for CRRT on ECMO patients is via introduc-
tion of a commercially available CRRT device into the ECMO circuit. Multiple 
factors contribute to determining the optimal method to connect these separate 
extracorporeal support devices including, but not limited to, type and placement 
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of pressure monitors, CRRT device software limitations for variables such as 
pressure and flow, type of ECMO pump, and ECMO circuit design. In general, the 
roller head pump driven ECMO circuit has more positive pressures in the venous 
limb, allowing for pre-pump venous limb placement and return of the CRRT 
device (Fig. 22.1b). The sole driving pressure for the CRRT circuit is based off 
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Fig. 22.1  Representative schematic diagram of multi-tandem extracorporeal procedures: ECMO, 
TPE and CRRT. ECMO extracorporeal membrane oxygenation, TPE therapeutic plasma exchange, 
CRRT continuous renal replacement therapy. ECMO, 3 way stopcock valve. Note: ECMO flow 
rates: 250 mL–5000 mL/min; TPE flow rates: 30 mL/min–70 mL/min; CRRT flow rates: 50 mL/
min–150 mL/min
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the CRRT device pump generating a negative pressure to pull blood from the 
ECMO circuit and then creating a positive displacement and pressure to drive it 
through the hemofilter and ultimately return it back to the ECMO circuit. The 
pressures in the venous limb of a roller head circuit are not very negative and are 
similar to what would be expected in a well-functioning dialysis catheter, thus 
allowing the CRRT device software to function in a normal fashion. Alternately, 
a centrifugal pump driven ECMO circuit has a much larger negative venous limb 
pressure, and so an alternative configuration is often required. A common issue is 
that the CRRT device’s software pressure limits will typically not allow it to func-
tion with the magnitude of negative pressures seen on the pre-pump venous limb 
of a centrifugal circuit. Additionally, when making the physical connections of 
the CRRT device to the ECMO circuit in this highly negative pressure environ-
ment the risk of air entrainment is large. For a centrifugal ECMO system, recom-
mendations include placing the CRRT device post-pump, but pre-oxygenator, to 
both move the CRRT device to a region of positive pressure where it is more 
likely to function more consistently, as well as decrease the risk of air entrainment 
(Fig.  22.1c). In this third configuration, the blood is returned from the CRRT 
device to the ECMO circuit post pump venous limb, just prior to the membrane 
oxygenator. Having both the CRRT drain and return post-pump but 
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Fig. 22.1  (continued)
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pre-oxygenator is optimal because this configuration allows the oxygenator to act 
as a clot and air trap, and decreases the amount of recirculation through the CRRT 
circuit. When compared to the “in-line” method, this third method allows for 
more accurate fluid balance, a longer hemofilter life, standard pressure and flow 
monitoring of the CRRT circuit and the ability to use a CRRT device has been 
engineered for the purpose of providing CRRT [28–30]. It should be noted that all 
commercially available CRRT devices are not specifically approved or designed 
for use in ECMO patients. This method has the disadvantages of higher cost and 
additional training for the user.

22.4	 �Outcomes of CRRT During ECLS

Although theoretical advantages and disadvantages of differing methods for provid-
ing simultaneous CRRT and ECLS exist, very little outcome data are available to 
compare methods. Prior studies which looked at “in-line,” commercial CRRT 
devices and stand alone, found all methods to be adequate for fluid and electrolyte 
control. Although, data have shown increased fluid accuracy when using commer-
cially available devices compared to an “in-line” system, and a decreased duration 
of use [29–31]. These studies also demonstrated a longer filter life when a CRRT 
device was incorporated into the ECLS circuit (138.4 h) compared to 36.8 h seen in 
non-ECLS children with stand-alone CRRT, and 27.2 h seen in CRRT during ECLS 
with citrate anticoagulation added [30, 31]. No difference was noted in intensive 
care unit (ICU) length of stay, hospital length of stay, or mortality.

Currently, the largest set of outcome data for concomitant CRRT on ECLS 
comes from the ELSO registry [32, 33]. “Renal Failure” is defined in the ELSO 
registry as a complication of ECLS, with three levels of injury coded: Creatinine 
(Cr) 1.5–3, Cr >3, and use of dialysis/hemofiltration/continuous arteriovenous 
hemodialysis. These definitions are very limited compared to modern scoring sys-
tems (e.g., KDIGO), and the registry only counts it once per run with no duration 
information available. This further complicates analysis of outcomes, because 
there is no way to differentiate a patient who, for example, received CRRT for their 
entire 14 day run versus someone who had it started 2 h before death. With those 
caveats, analysis of the ELSO registry demonstrates the presence of renal failure in 
each age category of respiratory failure has associated worse survival (Table 22.1) 
compared to the overall survivals of these categories (Neonatal 63%, Pediatric 
58%, Adult 61%). Similar data is noted in the cardiac population. As coded in the 
ELSO registry, both kidney injury and the use of renal replacement therapy (RRT) 
are risk factors for increased mortality. A subset of six ELSO centers across North 
America came together and formed the Kidney Injury During Membrane 
Oxygenation (KIDMO) research network to further investigate relationships 
between RRT use, AKI, and survival in pediatric patients (<19 years old) [12, 23]. 
They evaluated a cohort of 835 ECLS patients at their centers from 2007 to 2011 
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using the modern KDIGO definition of AKI. The data showed that AKI affects the 
majority of pediatric ECLS patients (50–69%), it occurs early (99% within first 
48 h) and it is associated with longer duration of ECLS (~48 h) and higher mortal-
ity (Odds Ratio = 2). There was a clear association in this data between increasing 
AKI stage being associated with increased risk of death. Fluid overload has also 
been assessed from this KIDMO cohort, and fluid overload of >10% is present in 
almost half (46.4%) and > 20% in almost one quarter (24.1%) of ECMO patients 
at the time of cannulation [34]. In this cohort, fluid overload was also found to 
worsen once a patient was placed onto ECMO. During extracorporeal membrane 
oxygenation, 84.8%, 67.2%, and 29% of patients had a peak fluid overload greater 
than or equal to 10%, 20%, and 50%, respectively. The magnitude of fluid overload 
was correlated with survival, with median peak fluid overload being lower in 
patients who survived to hospital discharge (24.8% vs. 43.3%; p < 0.0001). A mul-
tivariate model incorporating acute kidney injury score, pH at extracorporeal mem-
brane oxygenation initiation, nonrenal complications, extracorporeal membrane 
oxygenation mode, support type, center and patient age, demonstrated that the 
degree of fluid overload at extracorporeal membrane oxygenation initiation, and 
the peak fluid overload on extracorporeal membrane oxygenation predicted dura-
tion of extracorporeal membrane oxygenation in survivors. Further analysis of this 
large KIDMO cohort is ongoing, with a focus on specific patient populations, such 
as the pediatric cardiac population. In previous work, five case series have reviewed 
CRRT during ECMO for the pediatric cardiac population. All but one showed sta-
tistically higher mortality when CRRT was used on ECMO, with a combined odds 
ratio of 6.19 [24].

22.5	 �Summary of Concomitant CRRT and ECMO

The ECMO community commonly uses CRRT for the treatment of AKI and FO in 
their population. Methods of providing these tandem extracorporeal support thera-
pies are not standardized and no products are commercially designed for this use. In 
all critically ill patients, mortality of ECMO patients who develop AKI exceeds 
those patients without AKI.  In contrast to previous thinking, it has now been 

Table 22.1  Renal complications and survival from ELSO Registry International Report 2016

Renal 
complication 
category

Neonatal respiratory 
failure n (% reported, 
% survival)

Pediatric respiratory 
failure n (% reported, 
% survival)

Adult respiratory 
failure n (% reported, 
% survival)

Creatinine 1.5–3 1927 (6, 50) 702 (9, 35) 1947 (16, 47)
Creatinine >3 378 (1, 37) 327 (4, 34) 1106 (9, 45)
Renal 
replacement 
therapy

6387 (23, 50) 3475 (43, 42) 4661 (38, 49)

Note: ELSO extracorporeal life support organization
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demonstrated that the presence and degree of AKI is the risk factor for death, not the 
use of the CRRT device. Additionally, in this population fluid overload has also 
been shown to be correlated to higher mortality and longer ECMO duration. Both 
AKI and fluid overload remain potential clinical targets to improve mortality in 
ECMO patients. However, the details for optimal treatment of AKI and fluid over-
load for ECMO patients are not well defined and therefore vary among institutions. 
Additional multicenter data and trials with standardized protocols are needed to bet-
ter guide AKI management in ECMO patients.

22.6	 �Apheresis During ECMO

Therapeutic apheresis (TA) involves separating and removing individual constitu-
ents of blood. This is a well-established technology and many apheresis procedures 
are provided in the outpatient setting. Newer to the apheresis world, is providing TA 
to a critically ill population of children, especially those requiring ECMO. ECMO 
has often been considered a contraindication to TA as the patients were deemed “too 
sick/unstable.” As the use of multiple extracorporeal therapies has grown, physi-
cians are more regularly using TA procedures on ECMO patients and may even 
place patients on ECMO to achieve cardio-pulmonary stability in order to perform 
TA procedures. Details for indications and modalities of therapeutic apheresis are 
beyond the scope which will be covered in this chapter. The information in this 
chapter serves as a review for patients in multi-organ failure who require multiple 
tandem extracorporeal support therapies (TA, CRRT, and ECMO) and as a guide for 
how to provide these tandem procedures together successfully.

One method of therapeutic apheresis is via therapeutic plasma exchange (TPE). 
TPE is the separation, removal, and replacement of plasma from the blood. The goal 
of TPE is removal of large molecular weight constituents (e.g., antibodies, cyto-
kines) or highly protein bound molecules while restoring depleted coagulation fac-
tors, and proteins to return homeostasis needed for recovery [35]. This is the most 
common form of TA utilized in ECMO patients, although no specific ELSO guide-
lines exist for indications of apheresis procedures while on ECMO.  Instead, the 
decision to proceed is based on evidence of effectiveness for underlying disease 
based on the general guidelines set forth by the American Society for Apheresis 
(ASFA). Periodically, a set of evidence based guidelines are published by ASFA, 
with the last being in 2016 [36]. These guidelines review all medical evidence for 
apheresis by disease, and present a one-page summary with highlighted prescribed 
recommendations.

Regardless of indication, an anticoagulant is required to avoid excessive throm-
bosis due to the activation of blood through an apheresis device and its extracorpo-
real circuit. Although most patients on ECMO have systemic anticoagulation and no 
longer need local anticoagulation of either the apheresis and/or CRRT devices via 
citrate or other regional anticoagulation techniques However, one must be aware the 
effects of citrate toxicity may still be seen. Large amounts of plasma (which 
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contains citrate as an anticoagulant for storage) utilized in TPE potentially expose a 
patient to citrate toxicity, with depletion of free, ionized extracellular calcium. The 
ECLS patient’s cardiac function (especially in the neonatal population) may be 
negatively affected by low ionized calcium. This could become a relative contrain-
dication for TPE utilizing fresh frozen plasma replacement, and physicians may 
decide to utilize albumin replacement or forgo therapy altogether due to the hypo-
calcemia risks. Alternatively, either a continuous infusion of exogenous calcium or 
increasing veno-arterial ECMO flow rate during the procedure may mitigate these 
adverse effects of large citrate exposure.

22.7	 �Indications for TA with CRRT and ECLS

No ELSO guidelines currently exist for the use of therapeutic apheresis while on 
ECLS. Instead, the decision to proceed with TA should be made based on evidence 
of underlying disease and not based off ECLS and CRRT support for the patient. It 
should be understood that there is very little evidence presented in these guidelines 
for patients who are receiving ECMO. ECMO is only mentioned once in the 190 
page guideline document, in the setting of describing a case series TPE use during 
ECMO of pediatric patients with sepsis-associated multiple organ failure. However, 
these guidelines remain the best summary of evidence for the effectiveness of thera-
peutic apheresis procedures to correct the underlying diseases that have caused the 
patient to need ECLS. As defined by the ASFA (7th Special Issue) Category I indi-
cations are for disorders where apheresis is first-line therapy either alone or in con-
junction with other treatments. Category II indications are defined as second-line 
therapy either in conjunction with or as stand-alone treatment. Category III indica-
tions include disorders for which the optimum role of apheresis therapy is not estab-
lished and decision making should be individualized. Category IV are considered 
harmful to the patient. As mentioned above, little data exist regarding the use of 
therapeutic apheresis in the setting of ECMO. In the largest cohort of 53 pediatric 
patients (<21 years old) receiving tandem TA with ECMO reported, Sirignano et al. 
found the vast majority of these 180 procedures were conducted for patients requir-
ing solid organ transplant (51% cardiac, 13% renal) and sepsis induced thrombocy-
topenia-associated multiple organ failure (TAMOF) (26%) (Table 22.2) [37]. Other 
case series have similarly noted the use of TPE and CRRT during ECMO for the 
management of sepsis with multi-organ dysfunction syndrome (MODS) and 
TAMOF [35, 37].

As often occurs at the frontier of medical care, diseases and clinical scenarios 
will exist with either no or little evidence to support the use of therapeutic apheresis. 
Essentially all cases of multi-tandem extracorporeal support (TA, CRRT, and ECLS) 
fall into this category. Although guidance can be found through the ASFA guide-
lines, prior to starting any treatment for uncategorized diseases, the treatment clini-
cians should carefully document their reasoning behind a chosen apheresis 
procedure, provide a mechanism of action to address the current disease, how TA 
will improve the patient’s condition, a proposed therapeutic plan and duration, and 
how the clinician will assess for efficacy of therapy.

R. Sirignano et al.
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22.8	 �Technical Aspects of TPE During Concomitant CRRT 
and ECMO

Similar to the concomitant CRRT and ECMO methods described above, apheresis 
procedures can be provided as stand-alone therapy through a separate vascular 
access or provided through the ECMO circuit. As seen with CRRT on ECMO the 
risks of bleeding for patients already anticoagulated on ECLS drive more providers 
to use TPE in line with ECMO circuit. No evidence suggests superiority to either 
stand-alone or in circuit use.

The first method of stand-alone therapy involves utilizing a second vascular access 
point for therapeutic apheresis for patients on CRRT and ECMO. As TA often has 
lower flower rates than CRRT, this can be achieved through two large bore peripheral 
catheters, or a preexisting apheresis compatible subcutaneous port but preferentially 
is done through a double lumen central venous line. As with all extracorporeal thera-
pies, consideration must be made to the extracorporeal volume in relation to the 
patient’s total blood volume. This is especially important in pediatric apheresis, 
where there often are not pediatric sized extracorporeal circuits. First, the apheresis 
device’s extracorporeal volume (often being ~350 mL) needs to be accounted for in 
patients <20 kg, and in these patients a blood prime is preferred over crystalloid to 
avoid dilutional anemia. Blood prime could also be used in larger patients with inad-
equate oxygen delivery or unstable hemodynamics. In this stand-alone therapy, atten-
tion should be made to the temperature of the products being delivered as significant 
hypothermia can occur in smaller patients (<10 kg). Warming of the apheresis circuit 
to meet ECMO targets may also be required. The need of a regional anticoagulant 
during a therapeutic apheresis through a separate vascular is controversial, and no 
evidence exists to guide decision making. There is wide practice variation, with some 
centers relying only on the ECMO systemic anticoagulation, others who always 

Table 22.2  ASFA (7th Special Issue) indications

Indication category # Patients (% of Total) # Procedures
Category I 8 (15) 42
 �   Renal transplantationa 7 35
 �   ANCA-associated RPGN 1 7
Category II 22 (42) 35
 �   Cardiac transplantation desensitization 21 32
 �   Hyperleukocytosis (Leukostasis) 1 3
Category III 23 (43) 103
 � �  Cardiac transplantation antibody mediated 

rejection
6 30

 �   TAMOF 14 60
 �   AIHA 1 7
 �   Acute liver failure 2 6

Note: ASFA American Society for Apheresis, ANCA anti-neutrophil cytoplasmic antibody, RPGN 
rapidly progressive glomerulonephritis, TAMOF thrombocytopenia-associated multiple organ fail-
ure, AIHA autoimmune hemolytic anemia
aAntibody-mediated rejection and desensitization
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additionally provide regional anticoagulation, and those who assess each patient at 
the time of the procedure and determine a plan for that individual procedure only. As 
TPE is an intermittent procedure, when using a separate vascular access point, an 
anticoagulant solution should be used to lock the venous access points, per a center’s 
usual policy, to avoid thrombosis.

The second method involves connecting the apheresis circuit to the ECMO cir-
cuit is done in a similar manner to CRRT as noted above (Fig. 22.1) [38]. Multiple 
configurations are possible, and dependent upon the type of ECMO pumping sys-
tem. As with CRRT, none of the commercially available apheresis devices have 
been validated or designed for use concomitant with ECLS circuits. Similar to what 
is seen during CRRT during ECMO, a common complication includes a venous 
limb negative pressure alarm on the apheresis device. This can be ameliorated by 
adjustment of ECMO cannula position to improve drainage, reducing ECMO flow 
(if hemodynamically tolerable), changing parameters for alarms on the apheresis 
device, or altering the position of apheresis drainage from ECMO circuit (e.g., 
Fig. 22.1a, b). For patients already receiving concomitant ECMO and CRRT, a com-
mon configuration is that the apheresis device is placed in series to the CRRT device 
[26, 39]. Multiple three way stopcocks may be connected to the pigtail connection 
coming off the pre-pump venous limb of the ECLS circuit (Fig. 22.1b). During the 
procedure, the apheresis device pulls blood from the first stopcock and returns to the 
second one, where the blood then continues on into the CRRT circuit and ultimately 
back to the ECMO circuit (Fig.  22.2). In this configuration, it is important the 

citrate TPE inlet TPE ReturnCalcium

ECMO 
Pump

ECMO
Oxygenator

Fig. 22.2  Representative standardized connectors to TPE and CRRT from ECLS circuit. TPE 
therapeutic plasma exchange, CRRT continuous renal replacement therapy, ECLS extracorporeal 
life support
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apheresis device and CRRT devices which are run in series, have matching flow 
rates to avoid pressure alarms and recirculation.

ASFA guidelines help determine the indication, duration, and dose of therapy 
required for therapeutic plasma exchange, however certain alterations are required 
when doing in tandem to CRRT and ECMO circuits. According to guidelines, dos-
ing is presented as based off a multiplier of “plasma volume” (PV) or “whole blood 
volume” [36]. Typically these volumes are based off equations calculating from 
weight or body surface area and standard hematocrit (Nadler’s equation). However, 
these equations are not valid when concomitant to other extracorporeal support sys-
tems. During ECLS, you must calculate both the total blood volume of the patient 
as well as the total extracorporeal circuit(s) volume. The total extracorporeal circuit 
includes a sum of each individual circuit, in this case, CRRT + Apheresis + ECMO
.  Failure to account for these volumes will under calculate the plasma volume 
involved and provide inadequate dosing of TPE. For example, using the standard 
calculations our 17 kg case report would have a total blood and plasma volume of 
1700 mL and 714 mL. But if we accounted for an ECLS volume of 400 mL, CRRT 
volume of 250 mL, and apheresis volume of 350 mL, with a recent hematocrit of 
40%, the same child has a total blood and plasma volume of 2700  mL and 
1755 mL. Not accounting for the volumes of each of the extracorporeal circuits 
would lead to 40% underdosing in this child.

Depending on the indication of TPE, the ASFA guidelines recommend processing 
of 1–1.5 PV, which are replaced with either fresh frozen plasma (FFP) or albumin 
[36]. Strict dosing by mL is not necessary, and it can be rounded to the nearest unit 
of product. This is because for a solely plasma based molecule removed by TPE, you 
remove 63.2% with 1 PV, 77.7% with 1.5 PV, and 95% with 3 PV. Recommendations 
do not call for a full removal of 3 PV on the first therapy because many of the tar-
geted molecules are not solely confined to the blood compartment, and redistribute 
with time necessitating repeat therapies. When providing TPE, one must be mindful 
that although the removal target is removed, many other blood components are 
removed simultaneously. Drug dosing is particularly challenging with the use of 
multiple extracorporeal elimination methods such as ECMO, CRRT, and TA in tan-
dem. While some pharmacokinetics data exists, much additional work is needed in 
this field and careful, repeated, clinical assessment of the effect of each prescribed 
drug is required to evaluate for signs of sub- or supra-therapeutic dosing [40, 41].

Similar to CRRT, local anticoagulation with citrate can be utilized of the apheresis 
circuit during ECMO, however complications of hypotension and hypocalcemia 
have been described in both adults and children [38] due to citrate toxicity. The sys-
temic anticoagulation (e.g., heparin or direct thrombin inhibitors) required for ECMO 
is typically sufficient for anticoagulation of all extracorporeal support devices. 
Although, as discussed prior, pharmacokinetics can alter significantly pre- and post-
therapeutic plasma exchange and close monitoring is recommended both during and 
immediately after TA. As these procedures are being performed as an “off label” use 
of these devices in a setting they were not designed for, complications can and do 
arise. For example, many commercially available apheresis devices are engineered to 
only work when an anticoagulant solution is hung and running. As systemic 
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anticoagulation for ECLS precludes the need for local anticoagulation, a bag of crys-
talloid solution can be substituted for citrate allowing the apheresis device to function 
in the ECMO setting. Similarly, many of the commercially available apheresis 
devices utilize Nadler’s formula to calculate the prescribed volumes required for TPE 
based off of inputted height and weight of patient. As noted above, much large vol-
umes are required for patients on tandem extracorporeal circuits, and the devices will 
often alarm over concern that a very large exchange has been ordered. They may fail 
to run, or default to providing the procedure over extended periods of time (>8 h). In 
this scenario, the provider may choose to run therapy over an extended period, or 
more commonly, adjust the patient’s weight programmed to reflect a patient with 
similar native (non-ECLS) blood volume. For example, our 17 kg patient was calcu-
lated to have 2700 mL of total blood volume (all circuits accounted) could be pro-
grammed as a 39 kg patient and this would allow processing of a similar volume of 
plasma over a shorter time course (~2  h). Whenever an institution is considering 
over-riding or altering a manufacturer’s recommended practices, a formal written 
protocol should be established and closely followed, with multiple independent prac-
titioners checking calculations and adherence to the protocol prior to initiating the 
procedure.

22.9	 �Use and Outcomes of Therapeutic Apheresis with CRRT 
During ECMO

Upon review of the current literature, the published experience is comprised of 67 
patients across the world have received TPE simultaneous to CRRT and ECMO 
(Table 22.3). No randomized clinical trials have been published on disease process 
for the use of therapeutic apheresis on these extracorporeal support systems. All 
literature is currently based off individual case report and case series. The most 
common indications for use were sepsis with either thrombocytopenia-associated 
multi-organ failure (TAMOF) or multi-organ dysfunction syndrome [35, 37, 41, 43, 
45, 47, 54]. Rationale for the use of TPE in this cohort of patients is best summa-
rized by Nguyen et al., which includes removing ultra-large von Willebrand factor 
multimers, removal of antibodies to ADAMTS13, and replacement of ADAMTS13 
with fresh frozen plasma [55]. The next most prevalent category is for antibody 
removal in active autoimmune diseases [26, 37, 42, 48–53, 55, 56] and organ trans-
plantation [37]. Individual case reports exist for ingestions/poisonings [46] as well.

Significant heterogeneity exists in case reports for tandem extracorporeal sup-
ports due to the variety of rare diseases, differentiation in technique for TA, differ-
ences in technique for ECMO, and lack of severity of illness scoring. Together, 
these factors make commenting about complications and survival difficult. While 
center specific and regional registries exist, there is no international registry for 
these patients. As has been done with the ELSO registry for ECMO, capturing data 
about device related factors, therapy prescribed and patient related factors to an 
international database would allow for accrual of data which would be required to 
make definitions of best practices and improve outcomes for the patients with mul-
tiple extracorporeal therapy needs.
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22.10	 �Summary of TA During ECMO

Use of TA during ECMO technologically is feasible although is rarely used. 
Guidance related to the appropriateness of TA, timing, and prescribed therapy 
should be supported based on the underlying disease through the ASFA guidelines. 
When evidence is lacking, reliance on knowledge of the underlying pathophysiol-
ogy of the disease is necessary to guide and support treatment options. Variation 
exists on how and when to perform TA during CRRT and ECLS, including variable 
anticoagulation strategies. A worldwide registry approach is needed to describe the 
potential harms and benefits of this rare combination of extracorporeal support.

Box: Key Learning Points of Extracorporeal Tandem Therapies
Key Learning Points
•	 A growing number of pediatric patients meet criteria for multiple extracor-

poreal support therapies (e.g., ECMO, CRRT, TPE).
•	 Multiple permutations exist to connect extracorporeal devices together. 

Knowledge of the pump flow and device pressure limitations can help 
guide optimal placement for each circuit.

•	 Size of patient and volume of extracorporeal circuits must be accounted for 
when calculating total body volume for therapeutic apheresis.

•	 The systemic anticoagulation required for ECLS can be utilized for CRRT 
and TPE, and supercedes the need for individual local circuit 
anticoagulation.

Note: ECMO extracorporeal membrane oxygenation, CRRT continuous renal replace-
ment therapy, TPE therapeutic plasma exchange, ECLS extracorporeal life support

References

	 1.	Selewski DT, Charlton JR, Jetton JG, Guillet R, Mhanna MJ, Askenazi DJ, et al. Neonatal 
acute kidney injury. Pediatrics. 2015;136(2):e463–73.

	 2.	Fortenberry JD, Paden ML, Goldstein SL. Acute kidney injury in children: an update on diag-
nosis and treatment. Pediatr Clin N Am. 2013;60(3):669–88.

	 3.	Honore PM, Jacobs R, Hendrickx I, Bagshaw SM, Joannes-Boyau O, Boer W, et al. Prevention 
and treatment of sepsis-induced acute kidney injury: an update. Ann Intensive Care. 
2015;5(1):51.

	 4.	Bellomo R, Kellum JA, Ronco C. Defining and classifying acute renal failure: from advocacy 
to consensus and validation of the RIFLE criteria. Intensive Care Med. 2007;33(3):409–13.

	 5.	Bellomo R, Ronco C, Kellum JA, Mehta RL, Palevsky P, Acute Dialysis Quality Initiative 
workgroup. Acute renal failure—definition, outcome measures, animal models, fluid therapy 
and information technology needs: the second international consensus conference of the acute 
dialysis quality initiative (ADQI) group. Crit Care. 2004;8(4):R204–12.

	 6.	Mehta RL, Kellum JA, Shah SV, Molitoris BA, Ronco C, Warnock DG, et al. Acute kidney 
injury network: report of an initiative to improve outcomes in acute kidney injury. Crit Care. 
2007;11(2):R31.

22  Tandem Therapies in Extracorporeal Support



354

	 7.	Askenazi DJ, Ambalavanan N, Hamilton K, Cutter G, Laney D, Kaslow R, et al. Acute kidney 
injury and renal replacement therapy independently predict mortality in neonatal and pedi-
atric noncardiac patients on extracorporeal membrane oxygenation. Pediatr Crit Care Med. 
2011;12(1):e1–6.

	 8.	Smith AH, Hardison DC, Worden CR, Fleming GM, Taylor MB. Acute renal failure during 
extracorporeal support in the pediatric cardiac patient. ASAIO J. 2009;55(4):412–6.

	 9.	Lou S, MacLaren G, Paul E, Best D, Delzoppo C, Butt W. Hemofiltration is not associated with 
increased mortality in children receiving extracorporeal membrane oxygenation. Pediatr Crit 
Care Med. 2015;16(2):161–6.

	10.	Gadepalli SK, Hirschl RB.  Extracorporeal life support: updates and controversies. Semin 
Pediatr Surg. 2015;24(1):8–11.

	11.	Luo XJ, Wang W, Hu SS, Sun HS, Gao HW, Long C, et al. Extracorporeal membrane oxy-
genation for treatment of cardiac failure in adult patients. Interact Cardiovasc Thorac Surg. 
2009;9(2):296–300.

	12.	Selewski DT, Askenazi DJ, Bridges BC, Cooper DS, Fleming GM, Paden ML, et al. The impact 
of fluid overload on outcomes in children treated with extracorporeal membrane oxygenation: 
a multicenter retrospective cohort study. Pediatr Crit Care Med. 2017;18(12):1126–35.

	13.	Arikan AA, Zappitelli M, Goldstein SL, Naipaul A, Jefferson LS, Loftis LL. Fluid overload is 
associated with impaired oxygenation and morbidity in critically ill children. Pediatr Crit Care 
Med. 2012;13(3):253–8.

	14.	Sutherland SM, Zappitelli M, Alexander SR, Chua AN, Brophy PD, Bunchman TE, et  al. 
Fluid overload and mortality in children receiving continuous renal replacement therapy: 
the prospective pediatric continuous renal replacement therapy registry. Am J Kidney Dis. 
2010;55(2):316–25.

	15.	Davison D, Basu RK, Goldstein SL, Chawla LS. Fluid management in adults and children: 
core curriculum 2014. Am J Kidney Dis. 2014;63(4):700–12.

	16.	Roy BJ, Cornish JD, Clark RH. Venovenous extracorporeal membrane oxygenation affects 
renal function. Pediatrics. 1995;95(4):573–8.

	17.	Swaniker F, Kolla S, Moler F, Custer J, Grams R, Barlett R, et al. Extracorporeal life support 
outcome for 128 pediatric patients with respiratory failure. J Pediatr Surg. 2000;35(2):197–202.

	18.	Weber TR, Kountzman B. Extracorporeal membrane oxygenation for nonneonatal pulmonary 
and multiple-organ failure. J Pediatr Surg. 1998;33(11):1605–9.

	19.	Kelly RE Jr, Phillips JD, Foglia RP, Bjerke HS, Barcliff LT, Petrus L, et al. Pulmonary edema 
and fluid mobilization as determinants of the duration of ECMO support. J Pediatr Surg. 
1991;26(9):1016–22.

	20.	Selewski DT, Cornell TT, Blatt NB, Han YY, Mottes T, Kommareddi M, et al. Fluid overload 
and fluid removal in pediatric patients on extracorporeal membrane oxygenation requiring 
continuous renal replacement therapy. Crit Care Med. 2012;40(9):2694–9.

	21.	Goldstein S, Bagshaw S, Cecconi M, Okusa M, Wang H, Kellum J, et al. Pharmacological 
management of fluid overload. Br J Anaesth. 2014;113(5):756–63.

	22.	Rosner MH, Ostermann M, Murugan R, Prowle JR, Ronco C, Kellum JA, et al. Indications and 
management of mechanical fluid removal in critical illness. Br J Anaesth. 2014;113(5):764–71.

	23.	Fleming GM, Askenazi DJ, Bridges BC, Cooper DS, Paden ML, Selewski DT, et al. A multi-
center international survey of renal supportive therapy during ECMO: the kidney intervention 
during extracorporeal membrane oxygenation (KIDMO) group. ASAIO J. 2012;58(4):407–14.

	24.	Chen H, Yu RG, Yin NN, Zhou JX. Combination of extracorporeal membrane oxygenation and 
continuous renal replacement therapy in critically ill patients: a systematic review. Crit Care. 
2014;18(6):675.

	25.	Askenazi DJ, Selewski DT, Paden ML, Cooper DS, Bridges BC, Zappitelli M, et al. Renal 
replacement therapy in critically ill patients receiving extracorporeal membrane oxygenation. 
Clin J Am Soc Nephrol. 2012;7(8):1328–36.

	26.	Laverdure F, Masson L, Tachon G, Guihaire J, Stephan F. Connection of a renal replacement 
therapy or plasmapheresis device to the ECMO circuit. ASAIO J. 2017;64(1):122–5.

R. Sirignano et al.



355

	27.	Jenkins R, Harrison H, Chen B, Arnold D, Funk J. Accuracy of intravenous infusion pumps in 
continuous renal replacement therapies. ASAIO J. 1992;38(4):808–10.

	28.	Sucosky P, Dasi LP, Paden ML, Fortenberry JD, Yoganathan AP. Assessment of current con-
tinuous hemofiltration systems and development of a novel accurate fluid management sys-
tem for use in extracorporeal membrane oxygenation. J Med Dev, Transactions of the ASME. 
2008;2(3):035002.

	29.	Symons JM, McMahon MW, Karamlou T, Parrish AR, McMullan DM.  Continuous renal 
replacement therapy with an automated monitor is superior to a free-flow system during extra-
corporeal life support. Pediatr Crit Care Med. 2013;14(9):e404–8.

	30.	Santiago MJ, Sanchez A, Lopez-Herce J, Perez R, del Castillo J, Urbano J, et al. The use of 
continuous renal replacement therapy in series with extracorporeal membrane oxygenation. 
Kidney Int. 2009;76(12):1289–92.

	31.	Shum HP, Kwan AM, Chan KC, Yan WW. The use of regional citrate anticoagulation con-
tinuous venovenous hemofiltration in extracorporeal membrane oxygenation. ASAIO J. 
2014;60(4):413–8.

	32.	Barbaro RP, Paden ML, Guner YS, Raman L, Ryerson LM, Alexander P, et  al. Pediatric 
extracorporeal life support organization registry international report 2016. ASAIO J. 
2017;63(4):456–63.

	33.	Thiagarajan RR, Barbaro RP, Rycus PT, McMullan DM, Conrad SA, Fortenberry JD, 
et  al. Extracorporeal life support organization registry international report 2016. ASAIO J. 
2017;63(1):60–7.

	34.	Selewski DT, Askenazi DJ, Bridges BC, Cooper DS, Fleming GM, Paden ML, Verway M, 
Sahay R, King E, Zappitelli M. The impact of fluid overload on outcome of children treated 
with extracorporeal membrane oxygenation: a multicenter retrospective cohort study. Pediatr 
Crit Care Med. 2017;18(12):1126–35.

	35.	Kawai Y, Cornell TT, Cooley EG, Beckman CN, Baldridge PK, Mottes TA, et al. Therapeutic 
plasma exchange may improve hemodynamics and organ failure among children with sepsis-
induced multiple organ dysfunction syndrome receiving extracorporeal life support. Pediatr 
Crit Care Med. 2015;16(4):366–74.

	36.	Schwartz J, Padmanabhan A, Aqui N, Balogun RA, Connelly-Smith L, Delaney M, et  al. 
Guidelines on the use of therapeutic apheresis in clinical practice-evidence-based approach 
from the writing committee of the American society for apheresis: the seventh special issue. J 
Clin Apher. 2016;31(3):149–62.

	37.	Sirignano RM, Meyer EK, Fasano R, Paden ML. Pediatric tandem therapeutic apheresis: a mul-
tidisciplinary approach. ASAIO J. 2017. https://doi.org/10.1097/MAT.0000000000000641.

	38.	Nguyen TC, Cruz MA, Carcillo JA. Thrombocytopenia-associated multiple organ failure and 
acute kidney injury. Crit Care Clin. 2015;31(4):661–74.

	39.	Dyer M, Neal MD, Rollins-Raval MA, Raval JS. Simultaneous extracorporeal membrane oxy-
genation and therapeutic plasma exchange procedures are tolerable in both pediatric and adult 
patients. Transfusion. 2014;54(4):1158–65.

	40.	Bridges BC, Hardison D, Pietsch J. A case series of the successful use of ECMO, continuous 
renal replacement therapy, and plasma exchange for thrombocytopenia-associated multiple 
organ failure. J Pediatr Surg. 2013;48(5):1114–7.

	41.	Jamal JA, Economou CJ, Lipman J, Roberts JA. Improving antibiotic dosing in special situa-
tions in the ICU: burns, renal replacement therapy and extracorporeal membrane oxygenation. 
Curr Opin Crit Care. 2012;18(5):460–71.

	42.	Hohenforst-Schmidt W, Petermann A, Visouli A, Zarogoulidis P, Darwiche K, Kougioumtzi I, 
et al. Successful application of extracorporeal membrane oxygenation due to pulmonary hem-
orrhage secondary to granulomatosis with polyangiitis. Drug Des Devel Ther. 2013;7:627–33.

	43.	Patel P, Nandwani V, Vanchiere J, Conrad SA, Scott LK. Use of therapeutic plasma exchange 
as a rescue therapy in 2009 pH1N1 influenza A--an associated respiratory failure and hemody-
namic shock. Pediatr Crit Care Med. 2011;12(2):e87–9.

	44.	Tabbutt S, Leonard M, Godinez RI, Sebert M, Cullen J, Spray TL, et al. Severe influenza B 
myocarditis and myositis. Pediatr Crit Care Med. 2004;5(4):403–6.

22  Tandem Therapies in Extracorporeal Support

https://doi.org/10.1097/MAT.0000000000000641


356

	45.	Mok Q, Butt W. The outcome of children admitted to intensive care with meningococcal sep-
ticaemia. Intensive Care Med. 1996;22(3):259–63.

	46.	Maclaren G, Butt W, Cameron P, Preovolos A, McEgan R, Marasco S. Treatment of poly-
pharmacy overdose with multimodality extracorporeal life support. Anaesth Intensive Care. 
2005;33(1):120–3.

	47.	Nasir S, Kilic YA, Karaaltin MV, Erdem Y. Lessons learned from the first quadruple extremity 
transplantation in the world. Ann Plast Surg. 2014;73(3):336–40.

	48.	Barnes SL, Naughton M, Douglass J, Murphy D. Extracorporeal membrane oxygenation with 
plasma exchange in a patient with alveolar haemorrhage secondary to Wegener’s granuloma-
tosis. Intern Med J. 2012;42(3):341–2.

	49.	Ahmed SH, Aziz T, Cochran J, Highland K. Use of extracorporeal membrane oxygenation in 
a patient with diffuse alveolar hemorrhage. Chest. 2004;126(1):305–9.

	50.	Yusuff H, Malagon I, Robson K, Parmar J, Hamilton P, Falter F. Extracorporeal membrane 
oxygenation for life-threatening ANCA-positive pulmonary capillaritis. A review of UK expe-
rience. Heart Lung Vessel. 2015;7(2):159–67.

	51.	Joseph M, Charles AG. Early extracorporeal life support as rescue for Wegener granulomatosis 
with diffuse alveolar hemorrhage and acute respiratory distress syndrome: a case report and 
literature review. Pediatr Emerg Care. 2011;27(12):1163–6.

	52.	Di Maria MV, Hollister R, Kaufman J. Case report: severe microscopic polyangiitis success-
fully treated with extracorporeal membrane oxygenation and immunosuppression in a pediat-
ric patient. Curr Opin Pediatr. 2008;20(6):740–2.

	53.	Dalabih A, Pietsch J, Jabs K, Hardison D, Bridges BC. Extracorporeal membrane oxygenation 
as a platform for recovery: a case report of a child with pulmonary hemorrhage, refractory 
hypoxemic respiratory failure, and new onset goodpasture syndrome. J Extra Corpor Technol. 
2012;44(2):75–7.

	54.	Hites M, Dell’Anna AM, Scolletta S, Taccone FS. The challenges of multiple organ dysfunc-
tion syndrome and extra-corporeal circuits for drug delivery in critically ill patients. Adv Drug 
Deliv Rev. 2014;77:12–21.

	55.	Nguyen TC, Han YY, Kiss JE, Hall MW, Hassett AC, Jaffe R, et al. Intensive plasma exchange 
increases a disintegrin and metalloprotease with thrombospondin motifs-13 activity and 
reverses organ dysfunction in children with thrombocytopenia-associated multiple organ fail-
ure. Crit Care Med. 2008;36(10):2878–87.

	56.	Kolovos NS, Schuerer DJ, Moler FW, Bratton SL, Swaniker F, Bartlett RH, et  al. 
Extracorporal life support for pulmonary hemorrhage in children: a case series. Crit Care Med. 
2002;30(3):577–80.

R. Sirignano et al.


	22: Tandem Therapies in Extracorporeal Support
	22.1	 Tandem Extracorporeal Therapies
	22.2	 Acute Kidney Injury (AKI) During ECMO
	22.3	 Technical Aspects of CRRT During ECMO
	22.4	 Outcomes of CRRT During ECLS
	22.5	 Summary of Concomitant CRRT and ECMO
	22.6	 Apheresis During ECMO
	22.7	 Indications for TA with CRRT and ECLS
	22.8	 Technical Aspects of TPE During Concomitant CRRT and ECMO
	22.9	 Use and Outcomes of Therapeutic Apheresis with CRRT During ECMO
	22.10	 Summary of TA During ECMO
	References


