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CHAPTER 125 

Extracorporeal Membrane Oxygenation and 
Continuous Renal Replacement Therapy in 
Adults and Children
Stefano Romagnoli and Zaccaria Ricci

OBJECTIVES
This chapter will:
1. Approach the concept of multi-organ support therapy focusing 

on the combined pulmonary-renal dysfunction in terms of 
incidence, extracorporeal support, and outcomes.

2. Describe technologies available to combine extracorporeal 
membrane oxygenation (ECMO) systems with continuous 
renal replacement therapies (RRT) machines.

3. Explain the advantages and the limitations of respiratory 
and renal extracorporeal support interaction.

4. Appraise the impact of RRT on outcomes of patients under 
ECMO support.

The lung and kidney are among the most frequently involved 
organs in critically ill patients with multi-organ failure 
(MOF) syndrome, a progressive dysfunction of two or  
more organ systems after an acute threat to systemic 
homeostasis.1,2 Up to 60% of patients with MOF and respira-
tory support need renal replacement therapy (RRT)3–8 and, 
on the other hand, the majority of critically ill patients 
with severe acute kidney injury (AKI) develop an increased 
risk of death as a result of extrarenal complications, includ-
ing respiratory failure.7

Over the last 10 years, thanks to a significant improvement 
in the capacity to support MOF through extracorporeal 
techniques,9 the so-called multi-organ support therapy 
(MOST) has been hypothesized and practically realized.10 
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dedicated (additional) venous cannula, which can be 
risky in a patient receiving systemic anticoagulation.

2. Type 2 (Fig. 125.1A): Introduction of a filter into the 
ECMO circuit (in-line hemofilter). This generally is 
realized by shunting a small ECMO blood flow rate from 
the arterial line into a hemofilter and then back into the 
venous line (countercurrent flow). Infusion pumps are 
necessary to control the dialysate/replacement and 
effluent flows. This set-up, although being simple and 
easy to establish, is not considered an accurate method 
because nonintegrated pumps are necessary to control 
the replacement, dialysis, and effluent fluids. Further-
more, the existence of a “spontaneous” shunt within 
the ECMO circuit (the hemofilter blood flow rate) eventu-
ally creates a gap between the measured ECMO flow 
and the flow actually delivered to the patient. A defect 
of this configuration is the absence of pressure monitoring 
in the hemofiltration circuit, which may lead to delayed 
detection of filter failures.11

3. Type 3 (Fig. 125.1B): Connection of a CRRT machine to 
the ECMO circuit. Owing to the stability of the system 
and the optimal blood flow rate to the CRRT machine, 
longer filter lifespan and more accurate fluid management 
have been reported.16–18 The inlet line of the hemofilter 
can be connected after the ECMO pump and the outlet 
line before the pump. Alternative set-ups also have been 
described as depicted in Fig. 125.1B.19

4. Type 4: The last method, a variant of type 2, today 
considered obsolete, is based on gravity with two locks 
used to control the dialysis and ultrafiltrate flow speed.20

Until recent years, the majority of published data indicat-
ing modalities and indications of CRRT during ECMO have 
come from single-center experiences with uncertain external 
validity, and larger databases mostly report information 
from mixed (adult and children) populations. Among them, 
in 2012, the Kidney Intervention During Extracorporeal 

In this light, the extracorporeal membrane oxygenation 
(ECMO) circuit, applied for lung support, may serve as a 
platform for additional organ support therapies in adults 
and children. In addition, regardless of respiratory function, 
because of the heart-kidney cross-talk (i.e., cardiorenal 
syndromes), renal failure is very likely and continuous 
RRT (CRRT) frequently is applied11 in patients with car-
diogenic shock needing an extracorporeal support (venous-
arterial extracorporeal membrane oxygenation, [VA-ECMO]), 
or extracorporeal life support, ECLS). ECMO typically is 
employed as a temporary support, awaiting recovery of 
organ function or as bridge to an alternative therapy (e.g., 
organ transplantation or ventricular assist devices). AKI is 
a major comorbid condition in patients undergoing 
extracorporeal support, affecting up to 70% of ECMO 
patients,12,13 although incidences may vary because of the 
differences of AKI definitions.11,14,15

The present chapter focuses on theoretical and practical 
aspects of renal replacement techniques combined with 
ECMO in adult and pediatric patients with respiratory, 
cardiac, or cardiorespiratory insufficiency. Methodology, 
feasibility, efficacy, safety, and outcome measures of the 
combination of these two types of therapies are addressed.

CURRENT PRACTICE, MODALITY,  
AND INDICATIONS

From a technical point of view ECMO and CRRT can be 
combined in four different ways:
1. Type 1: CRRT performed through a dedicated venous 

access independent of the ECMO circuit. Principal 
advantages may reside in the absence of a connection 
between the two circuits, but it is necessary to place a 
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FIGURE 125.1 Possible schemes for ECMO and CRRT combined treatments. A, A hemofilter is placed within the ECMO circuit, with the 
arterial (inlet) line of the dialysis-circuit after the ECMO pump and the return line (outlet) before the ECMO pump. This system runs spontane-
ously without any specific control of dialysis-circuit blood flow because of the pressure gradient between the two segments of the ECMO-circuit. 
B, A dedicated CRRT machine is placed along the ECMO circuit. In this case dialysis-circuit blood flow is driven by a pump, and it does 
not interfere with the ECMO-circuit pressures. The CRRT machine lines can be placed in the venous (as depicted in the figure) and in the 
arterial limb of the ECMO circuit, depending on the connector’s availability and institutional preferences. CRRT, Continuous renal replacement 
therapy machine; D, dialysis fluid; E, effluent; GE, gas exchanger; H, hemofilter; P, pump; RF, replacement fluid. 
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technical aspects.16,18,36–38 VV-ECMO for pure respiratory 
failure and VA-ECMO for cardiac failure and cardiac arrest 
were included in the review.11 Nine out of the 14 clinical 
studies indicated AKI, FO, and metabolic-electrolytes 
disturbances as indications for CRRT. CVVH was applied 
in five studies, CVVHD in two, and CVVHDF in another 
two. In three studies multiple modalities (CVVH, CVVHD, 
CVVHDF, and SCUF) were used. Eleven studies described 
the in-line hemofilter method (type 2) to provide CRRT. 
Three studies employed type 3 method with a CRRT inserted 
into the ECMO circuit. Similarly to KIDMO survey, FO (or 
its prevention) represented the most recurrent indication 
for CRRT in patients during ECMO. Like in many critical 
illnesses and after major surgery, it has been reported that 
FO and weight gain with and without ECMO support are 
associated with worse oxygenation, prolonged ICU stay 
and duration of mechanical ventilation, and risk of mortality. 
FO has emerged as a major concern for these kind of patients 
because it secondarily leads to tissue edema and eventually 
may affect every organ system.39 In light of this, CRRT 
could be of great help in managing patients’ volume status 
and tissue edema.40 In fact, in adults and children, many 
studies have shown that a lower FO at CRRT was associated 
with improved outcome.40

In summary, a huge variability in technical combinations 
of ECMO and CRRT can be found in literature. Single-center 
experiences and institutional expertise seem to have the 
highest impact in the system set-up; one technique has not 
been demonstrated to be superior over the other. A list of 
indications for CRRT during ECMO can be identified over 
the studies with FO treatment or prevention as the most 
frequent.

IMPACT OF RENAL FUNCTION AND  
RENAL REPLACEMENT THERAPY ON 
OUTCOME DURING EXTRACORPOREAL 
MEMBRANE OXYGENATION

The cause of AKI in patients supported with VV-ECMO or 
VA-ECMO is multifactorial, and its severity is mostly second-
ary to the interplay between the main critical illness and 
infections, low cardiac output syndrome, FO, elevated 
central venous pressure, exposure to nephrotoxic agents, 
all characterizing MODS. In an AKI patient undergoing 
VA-ECMO, although blood flow is quasi-nonpulsatile, kidney 
recovery may be improved by the optimized renal perfu-
sion.41 In VV-ECMO, renal metabolism may be restored by 
improving systemic oxygenation and reducing oxygen 
consumption.42 Nevertheless, at the same time, ECMO system 
may worsen renal function with a number of pathophysi-
ologic mechanisms, including ischemia/reperfusion, 
inflammation (related to blood contact with nonbiologic 
surfaces),43 the induction of a hypercoagulable state,44 and 
the development of hemolysis/hemoglobinuria.23 In addition, 
the initiation of ECMO (in neonates, children and adults) 
frequently leads to hemodynamic instability (reduced blood 
pressure and/or blood flow) that may further alter renal 
perfusion, already compromised by the severe systemic 
disease, leading to a further reduction of kidney reserve.42 
Third, high free-hemoglobin (Hb) levels were found in 
patients with ECMO and CRRT compared with patients 
with ECMO alone in two studies in which hemolysis was 
investigated.23,25 Free-Hb, released by hemolytic process 
dissociates into dimers, form the original tetrameric form, 
filtered by the glomeruli, in which it precipitates and causes 

Membrane Oxygenation (KIDMO) Group published an 
international 29-question Web-based survey based on an 
online electronic questionnaire regarding renal support 
during ECMO.21 A total of 65 (31%) of 210 international 
Extracorporeal Life Support Organization (ELSO) centers 
participated in the survey: 52 (80%) were US sites, 3 (4.6%) 
were Canadian, 7 (10.8%) were European, and 3 (4.6%) 
were from Australia or New Zealand. Sixty-one centers 
(94%) reported caring for neonatal or pediatric patients, 
26 (40%) cared for adults on ECMO, of which 2 (3%) centers 
cared exclusively for adults. Thirty (46%) centers reported 
an equal distribution of cardiac and respiratory indications 
for ECMO, 18 (27.7%) reported the majority indication was 
cardiac support only, 16 (24.6%) reported the majority 
indication was respiratory support only, and 1 center did 
not provide data. Two main aspects were evaluated by the 
survey: (1) indications for CRRT and (2) modalities of  
the extracorporeal systems’ interfaces. Among the users, 
the predominant mode of applied therapy was convection 
and included slow continuous ultrafiltration (SCUF) and 
continuous venovenous hemofiltration (CVVH). The most 
frequently reported indications for CRRT were the treatment 
of fluid overload (FO) (43%), prevention of FO (16%), AKI 
(35%), electrolyte disturbances (4%), and “other” (2%). A 
wide variation in practice arose from the results exploring 
the physicians who prescribe the treatments: nephrologists 
in SCUF 63% of the cases, especially in the United States, 
critical care physicians in 33%, and a dual authorship was 
declared by 4% of the centers. A significant difference 
between US centers and non-US centers was evident. The 
most used modalities were CVVH in 43.4% and SCUF 
in18%, the modality being influenced by the interface with 
the ECMO circuit: SCUF was applied mainly when an in-line 
filter group was used (filter only) (47%), whereas CVVH 
was the preferred method when a machine was interfaced 
(47%).21 Among the centers using the “filter-only” method, 
83% reported using standard intravenous pumps for 
ultrafiltrate control, with 17% using scales. Overall, 14 
(21.5%) centers connect to ECMO an in-line hemodiafilter, 
although published data show that inaccuracies with 
intravenous pumps may be as high as 40% when used to 
control CVVH,22 and 33 (50.8%) centers exclusively used 
a CRRT machine. According to the survey, AKI results as 
a complication were found more predominantly in the 
cardiac support group (VA-ECMO) than in respiratory one 
(veno-venous extracorporeal membrane oxygenation 
[VV-ECMO]); second, FO is a more prevalent indication in 
the respiratory support group; third, surprisingly, nearly 
one quarter of the centers reported not using any CRRT 
during ECMO despite a significant incidence of AKI; fourth, 
there is significant practice variation in how clinicians 
prescribe and perform CRRT during ECMO with additional 
differences between US and non-US centers.

Recently, Chen et al. in a review evaluating many different 
aspects related with the combination ECMO-CRRT, including 
indications and methodology, confirmed the high variability 
among the centers already showed in the previous survey.11 
All the modalities were included in the research: CVVH, 
continuous venovenous hemodialysis (CVVHD), continuous 
venovenous hemodiafiltration (CVVHDF), continuous 
arteriovenous hemofiltration (CAVH), continuous arterio-
venous hemodialysis (CAVHD), continuous arteriovenous 
hemodiafiltration (CAVHDF), and SCUF. Studies concerning 
ECMO plus intermittent RRT were excluded. The authors 
identified 19 studies meeting the eligibility criteria (includ-
ing studies on adults, neonates, and children): seven cohort 
studies,23–29 six case control studies,19,30–34 one historically 
controlled trial,35 and five additional studies limited to 
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p = .03), a higher creatinine on admission (104 vs. 74 µmol/L; 
p < .001), and a very higher percentage of preexisting renal 
failure (60.7 vs. 7.2; p < .001), than those not requiring 
RRT. The main authors’ conclusions were that the combina-
tion of ECMO treatment and RRT is associated with a high 
mortality, but most of the patients with this combination 
were either dialysis dependent before the start of ECMO 
treatment or within 48 hours after the start of ECMO therapy. 
In conclusion, these results show that the need for dialysis 
during ECMO therapy is a clear independent predictor of 
mortality in adult and pediatric patients.32,50,51 RRT seems 
to be a strong indicator of severity of disease as already 
pointed out by other authors.

Because data coming from neonates and children, who 
have specific characteristics, cannot be generalized com-
pletely to adult populations, different relationships between 
ECMO and kidney function must be considered. Among 
the substantially mixed populations, an interesting single-
center retrospective observational study performed on 
children on ECMO for cardiac and/or pulmonary dysfunction 
(low cardiac output syndrome, cardiogenic shock, post–
cardiac surgery complications, respiratory failure, meconium 
aspiration syndrome, congenital diaphragmatic hernia, acute 
respiratory distress syndrome, multi-organ dysfunction, 
malignancy, cardiac arrest, sepsis, pulmonary hypertension, 
cardiomyopathy, congenital diaphragmatic hernia, and 
intractable arrhythmias, refractory cardiac or pulmonary 
failure) by Gupta et al. demonstrated a renal function 
improvement early after ECMO support irrespective of the 
underlying disease or patient age.52 The studied cohort 
included 311 patients: 289 (94%) received VA-ECMO, 12 
(4%) received VV-ECMO, and 8 (3%) received VV-ECMO 
and VA-ECMO. A total of 109 patients (36%) received 
ultrafiltration on ECMO, 58 (19%) received hemodialysis, 
and 51 (16%) received peritoneal dialysis. Overall hospital 
mortality was 41%, ICU length of stay (LOS) from start of 
ECMO was 32 days (IQR 17–63 days), and ICU LOS after 
end of ECMO was 23 days (IQR 8–52 days). Indications for 
dialysis were worsening renal function, electrolyte distur-
bances, and/or FO. Mortality in patients receiving dialysis 
was 67% versus 30% in those who did not (p < .001). 
Interestingly, a steady and sustained improvement in 
estimated glomerular filtration rate (eGFR) during the ECMO, 
with the maximum improvement occurring in the oldest 
age group (9–18 years), was found. As expected, the baseline 
eGFR was significantly lower in patients receiving dialysis 
as compared with patients not receiving dialysis (44.5 ± 
25.2 mL/min/1.73 m2 vs. 54.3 ± 34.2 mL/min/1.73 m2, p < 
.001), but after ECMO initiation there was a steady improve-
ment in renal function in patients receiving dialysis 
demonstrating a global improvement in kidney perfusion-
oxygenation. In light of these results, it can be hypothesized 
that despite differences in underlying diseases, a significant 
improvement in eGFR is promoted by a well-performing 
ECMO treatment. Gupta et al.’s study results are in agreement 
with other studies showing improvement in renal function 
in patients supported with other mechanical cardiac 
devices.53 In view of these observations, it can be inferred 
that circulatory assistance obtained by VA-ECMO can 
improve renal perfusion with positive effects on kidney 
function, and continuous VV hemofiltration has been used 
with ECMO to optimize fluid status and lessen inflammatory 
support potentially leading to a global improvement.27

Overall, however, some studies have shown an improved 
outcome in patients receiving RRT during ECMO,52 others 
have shown no significant differences in mortality rates,26 
and still others demonstrated increased mortality in adults 
and children.49,54 Han et al. published a large systematic 

intratubular obstruction, especially under acidic conditions, 
worsening ongoing AKI. In children receiving ECMO 
complicated by hemolysis it has been shown that a higher 
mortality rate and longer ECMO duration was observed.45 
Although the risk of hemolysis is higher when CRRT is 
associated with ECMO, the recovery of renal function is 
shown to be generally satisfactory. In the absence of primary 
renal disease presentation, chronic renal failure did not 
occur in ECMO patients treated concomitantly with CRRT. 
In a retrospective study including 35 children undergoing 
ECMO and CRRT, recovery of renal function occurred in 
93% of survivors, whereas one patient with a primary renal 
disease did not recover independently of either ECMO or 
CRRT.46

Many studies have investigated the impact of AKI and 
RRT on the outcome of patients with ECMO support, and 
in spite of the high heterogeneity, useful information can 
be found in the literature.11 Chen et al. evaluated the 
outcomes of 102 ECMO patients (the most common indica-
tion for ECMO was cardiogenic shock) and analyzed the 
relationship between prognosis and Acute Kidney Injury 
Network (AKIN) scores at three time points: before ECMO 
(AKIN0), 24h (AKIN24), and 48h (AKIN48).47 The overall 
in-hospital mortality rate was 57.8%. Severity of renal 
dysfunction was found to be a significant predictor of 
mortality in ECMO patients with a receiver operating 
characteristic (ROC) curve for AKIN0, AKIN24 and AKIN48, 
of 0.804 ± 0.046, 0.811 ± 0.045, and 0.858 ± 0.040 at T0, 
T24 hours, and T48 hours, respectively. Moreover, the 
multiple logistic regression analysis indicated that AKIN48, 
age, and Glasgow Coma Scale score on day 1 of ICU admis-
sion were independent risk factors for hospital mortality. 
Interestingly, cumulative survival rates at the 6-month 
follow-up after hospital discharge differed significantly for 
AKIN48 stage 0 versus AKIN48 stages 1, 2, and 3; and AKIN48 
stage 1 and 2 versus AKIN48-hour stage 3.3 (p < .05) showing 
AKIN48 as useful prognostic indicator for these complex 
patients.

Thajudeen et al. recently published a retrospective study 
on 40 patients who were treated concurrently with ECMO 
and CRRT.48 The most common indications for initiation 
of CRRT was combined FO and electrolyte imbalance 
(82.5%), treatment of FO only (12.5%), and treatment of 
electrolyte imbalance only (5%). Anticoagulation (mainly 
heparin) was followed strictly with thromboelastography. 
Forty percent of patients (16/40) were initiated on CRRT 
within 24 h of initiation of ECMO. Twenty-three patients  
out of 40 (57.5%) had late initiation of CRRT (24 hours or 
more). Final analysis demonstrated a mortality rate at 1 
month as high as 80% (32/40). Among the 20% surviving 
patients (8/40), three patients required continuation of 
hemodialysis, and five patients were independent of dialysis 
at 30 days. Interestingly, the authors’ conclusions were that 
initiation of CRRT in these patients is simply an indicator 
of severity of illness and it does not independently increase 
mortality. Better survival was associated with younger age, 
higher arterial pH, higher left ventricular function, and use 
of VA-ECMO.

Kielstein et al. retrospectively investigated 200 patients 
undergoing ECMO and evaluated how AKI affects the 
survival. Sixty percent of the patients required RRT for 
AKI and in most of the cases within 48 hours from ECMO 
initiation.49 The 90-day survival of the whole cohort was 
31% with a significant difference between patients with 
and without RRT: 3-month survival was 53% without RRT 
and 17% with (p = .001). Moreover, longer duration of RRT 
was associated with a higher mortality. The patients undergo-
ing RRT had a significantly higher SAPS score (46 vs. 40; 
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are high regardless of age or the indication for ECMO; (2) 
the higher the mortality in the control population, the lower 
the relative mortality in ECMO-RRT patients (suggesting 
that this is more likely caused by the disease severity than 
the RRT); (3) the mortality rates of ECMO-RRT patients 
tended to decrease in the studies that corrected for disease 
severity to some degree and initiated RRT early; (4) in 
critically ill patients receiving ECMO with high RRT use 
rates, the use of RRT may result in a decrease in mortality 
rates.

In a recent retrospective study on 135 adult ECMO 
patients (79 VA-ECMO and 56 VV-ECMO)56 70.4% patients 
developed AKI, according to AKIN criteria,57 and CRRT 
was applied in about 50% of the patients with the following 
indications: metabolic acidosis, electrolyte disturbances 
(especially hyperkalemia), FO (primarily pulmonary edema) 
with oliguria (i.e., urine output < 400 mL/day), and elevated 
blood urea levels (>200 mg/dL). All the CRRT were con-
nected to a dedicated venous (subclavian, femoral, or internal 
jugular vein) double-lumen catheter and not directly to the 
ECMO circuit. Global ICU mortality was 53% (58% in 
VA-ECMO and 46% in VV-ECMO), and there were no 
significant differences in ICU mortality between patients 
without AKI, those with AKI but without CRRT, and those 
with AKI and CRRT even when different AKI stages were 
analyzed separately or VA-ECMO and VV-ECMO were 
assessed separately.56 Interestingly, CRRT was applied more 
commonly in more severely ill patients (i.e., higher SOFA 
score and lactate levels on ECMO initiation, more frequent 
inotropic therapy) and in case of VA-ECMO. Nonetheless, 
ICU mortality was not influenced significantly by the pres-
ence of AKI or CRRT.56 Similarly, in a recent study by Kim 
et al.58 hemoglobin concentration after 24 hours on ECMO 
and base excess after 48 hours were important predictors 
of death, but the AKIN score was not.

In view of this huge amount of data, it is possible to 
conclude that patients who need both ECMO and RRT are 
generally sicker than those with a single support system and 
that any additional organ failure (and not the support itself) 
has deleterious effects on the outcome of critically ill patients. 
The need for RRT may reflect inadequate renal perfusion or 
direct injury to the kidney either because of disease process 
itself or ECMO-associated side effects (e.g., hemolysis, 
multiple transfusion, inflammation). Where outcome in 
patients treated with RRT was shown to be worst of that of 
patients without renal support, the authors agree with the 
consideration that RRT is an indicator of global severity 
rather than a cause of increased mortality. Furthermore, the 
combination of ECMO and CRRT seems to be as safe as in 
the case of ECMO alone. Finally, when RRT in MOF is able 
to counteract fluid, metabolic, and electrolytes imbalance 
and remove inflammatory mediators from the blood, it leads 
to a general improvement of organ function and potential 
outcome advantages. Related risks of each method should 
be considered in a patient-tailored approach, without avoiding 
timely renal replacement to more severe ECMO patients; it 
is likely that centers with the highest volumes of ECMO 
treatments do achieve the best overall outcomes.

CONCLUSION

AKI is a common complication or comorbidity during ECMO 
support. Its incidence and impact on prognosis is extremely 
variable and depends largely on the definitions used to classify 
renal failure, the indications for ECMO, and the studied 
populations.15 Comparison among studies is complex for many 

review and meta-analysis, including a total of 43 studies 
and 21,624 patients, focused on this topic.55 Most studies 
were retrospective observational studies, VA-ECMO or a 
combination of VV-ECMO and VA-ECMO primarily were 
applied, and CRRT was the most preferred RRT method. 
The mean RRT use rate in patients receiving ECMO was 
34.72% (±15.49%), indications for ECMO were respiratory 
in 35.86% (±16.46%), cardiac in 40.32% (±15.01%), and 
extracorporeal cardiopulmonary resuscitation (ECPR) in 
23.47% (±13.18%). The overall mortality rates were low 
among the studies that used RRT in less than 30% of cases 
(effect size, 0.25; 95% confidence interval [CI], 0.24–0.26 
in RRT use < 20%; effect size, 0.30; 95% CI, 0.29–0.31 in 
20% < RRT use < 30%) and when RRT use was 30% or 
more, there was a trend toward a decrease in the total 
mortality rate with higher RRT use rates (effect size, 0.62; 
95% CI, 0.59–0.64 in 30% < RRT use < 40%; effect size, 
0.53; 95% CI, 0.52–0.55 in 40% < RRT use < 50%; effect 
size, 0.48; 95% CI, 0.44–0.51 in 50% < RRT use < 70%). 
The risk of mortality in patients receiving ECMO with RRT 
is 89% higher than with ECMO alone (control group) but, 
interestingly, because of the high heterogeneity if the enrolled 
studies, the authors stratified them according to the mortality 
rates of the control groups. This new analysis showed that 
the relative risk (RR) for RRT mortality in patients receiving 
ECMO decreased as the mortality rate of the control group 
increased; in other words, RRT application to the most severe 
ECMO patients does not appear as a factor associated with 
additional mortality risk, and it may be considered as a 
potentially beneficial variable. Moreover, the authors per-
formed an additional analysis based on the indications for 
ECMO and patient age: the RR for RRT in patients receiving 
ECMO was highest for respiratory causes, with a control 
mortality rate of less than 30% (RR 3.07; 95% CI, 2.50–3.78; 
I2, 80.4%; p < .00001) and lowest for ECPR, with a control 
mortality rate greater than 50% (RR 1.29; 95% CI, 1.20–1.38; 
I2, 0%; p <.00001). However, there was no difference with 
regard to age. An additional analysis based on timing (six 
studies reported the time that RRT was initiated) showed 
that if RRT was initiated earlier, there was a trend toward 
a decrease in RR for RRT (RR 1.31 for <3 hours, RR 1.92 
for 24–72 hours, RR 5.00 for >72 hours). The final sensitivity 
analysis did not demonstrate any significant difference in 
RRT mortality rates based on the total population, type of 
study, ELSO registration status, or the type of ECMO. An 
interesting observation was that studies dated after January 
2000 showed a lower RR (1.92; 95% CI, 1.59–2.32; I2 62%; 
p < .00001) compared with those conducted before 2000 
(2.64; 95% CI, 2.05–3.40; I2, 68%; p < .00001). The comments 
on the analysis were that the mortality rates for patients 
undergoing RRT while receiving ECMO were 89% higher 
than those who were not receiving RRT, but because patients 
with AKI or FO already have a poor prognosis for the severity 
of the underlying, it is difficult to isolate the effects of RRT 
irrespective of the differences in disease severity. Notably, 
the authors clearly stated that based on the observed results, 
the high RR among the patients who had received RRT was 
not caused by the RRT itself but rather resulted from the 
severity of the patient’s specific disease. As a matter of fact, 
the majority of studies included in the meta-analysis were 
retrospective, and the intervention group consisted of patients 
with disease that was more severe than that in the control 
group. However, in analysis of the studies that were well-
matched based on age, severity, and diagnosis (two studies), 
the RR for RRT mortality was lower with respect to mortality 
including all studies. In view of all the subanalyses, the 
authors concluded that, among the more than 20,000 included 
patients: (1) RRT mortality rates in patients receiving ECMO 



overload, prevention of fluid overload, AKI, and 
electrolyte disturbances with the first one prevailing 
over the others.

4. CRRT can be applied safely in patients under ECMO 
support with and without AKI, and it may help to 
optimize patient status without significantly increas-
ing the risk of mortality and generally improve fluid 
balance and electrolyte disturbances.

Key References
8. Kuiper JW, Groeneveld ABJ, Slutsky AS, et al. Mechanical  

ventilation and acute renal failure. Crit Care Med. 2005;33: 
1408-1415.

9. McCunn M, Reed AJ. Critical care organ support: a focus 
on extracorporeal systems. Curr Opin Crit Care. 2009;15: 
554-559.

11. Chen H, Yu R, Yin N, et al. Combination of extracorporeal 
membrane oxygenation and continuous renal replacement 
therapy in critically ill patients: a systematic review. Crit Care. 
2014;18:675.

21. Fleming G, Askenazi D, Bridges B, et al. A multicenter 
international survey of renal supportive therapy during ECMO: 
the Kidney Intervention During Extracorporeal Membrane 
Oxygenation (KIDMO) group. ASAIO J. 2012;58:407-414.

40. Selewski DT, Cornell TT, Blatt NB, et al. Fluid overload and 
fluid removal in pediatric patients on extracorporeal membrane 
oxygenation requiring continuous renal replacement therapy. 
Crit Care Med. 2012;40:2694-2699.

A complete reference list can be found online at ExpertConsult.com.

reasons, including the patients’ ages and the criteria for starting 
RRT; nevertheless, the most common indications are FO, 
prevention of FO, AKI, and electrolytes/acid-base distur-
bances.21 The majority of the studies suggest that CRRT can 
be applied safely in patients under ECMO support with and 
without AKI, and it probably may help to optimize patient 
status without increasing the risk of mortality and generally 
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Key Points
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under respiratory support are the treatment of fluid 



Chapter 125 / Extracorporeal Membrane Oxygenation and Continuous Renal Replacement Therapy in Adults and Children  764.e1

22. Sánchez C, López-Herce J, García E, et al. Continuous Veno-
venous Renal Replacement Therapy Using a Conventional 
Infusion Pump.pdf. ASAIO J. 2001;47:321-324.

23. Betrus C, Remenapp R, Charpie J, et al. Enhanced hemolysis 
in pediatric patients requiring extracorporeal membrane 
oxygenation and continuous renal replacement therapy. Ann 
Thorac Cardiovasc Surg. 2007;13:378-383.

24. Cavagnaro F, Kattan J, Godoy L, et al. Continuous renal 
replacement therapy in neonates and young infants during 
extracorporeal membrane oxygenation. Int J Artif Organs. 
2007;30:220-226.

25. Gbadegesin R, Zhao S, Charpie J, et al. Significance of hemolysis 
on extracorporeal life support after cardiac surgery in children. 
Pediatr Nephrol. 2009;24:589-595.

26. Hoover NG, Heard M, Reid C, et al. Enhanced fluid manage-
ment with continuous venovenous hemofiltration in pediatric 
respiratory failure patients receiving extracorporeal membrane 
oxygenation support. Intensive Care Med. 2008;34:2241-2247.

27. Paden M, Warshaw B, Heard M, et al. Recovery of renal function 
and survival after continuous renal replacement therapy during 
extracorporeal membrane oxygenation. Pediatr Crit Care Med. 
2011;12:153-158.

28. Ricci Z, Morelli S, Favia I, et al. Neutrophil gelatinase-associated 
lipocalin levels during extracorporeal membrane oxygenation in 
critically ill children with congenital heart disease: preliminary 
experience. Pediatr Crit Care Med. 2012;13:e51-e54.

29. Wolf MJ, Chanani NK, Heard ML, et al. Early renal replace-
ment therapy during pediatric cardiac extracorporeal support 
increases mortality. Ann Thorac Surg. 2013;96:917-922.

30. Goto T, Suzuki Y, Suzuki Y, et al. The impact of extracorporeal 
membrane oxygenation on survival in pediatric patients with 
respiratory and heart failure: review of our experience. Artif 
Organs. 2011;35:1002-1009.

31. Hamrick SEG, Gremmels DB, Keet CA, et al. Membrane 
Oxygenation After Cardiac Surgery. Pediatrics. 2003;111: 
671-675.

32. Kolovos NS, Bratton SL, Moler FW, et al. Outcome of pediatric 
patients treated with extracorporeal life support after cardiac 
surgery. Ann Thorac Surg. 2003;76:1432-1435.

33. Luo XJ, Wang W, Sun HS, et al. Extracorporeal cardiopulmonary 
resuscitation in adult patients with cardiac arrest. Zhongguo 
Wei Zhong Bing Ji Jiu Yi Xue. 2010;22:82-84.

34. Luo XJ, Wang W, Hu SS, et al. Extracorporeal membrane 
oxygenation for treatment of cardiorespiratory function failure 
in adult patients. Zhongguo Wei Zhong Bing Ji Jiu Yi Xue. 
2009;47:1563-1565.

35. Blijdorp K, Cransberg K, Wildschut ED, et al. Haemofiltration in 
newborns treated with extracorporeal membrane oxygenation: 
a case-comparison study. Crit Care. 2009;13:R48.

36. Ricci Z, Morelli S, Vitale V, et al. Management of fluid 
balance in continuous renal replacement therapy: technical 
evaluation in the pediatric setting. Int J Artif Organs. 2007;30: 
896-901.

37. Rubin S, Poncet A, Wynckel A, et al. How to perform a haemo-
dialysis using the arterial and venous lines of an extracorporeal 
life support. Eur J Cardiothorac Surg. 2010;37:967-968.

38. Sucosky P, Dasi LP, Paden ML, et al. Assessment of Current 
Continuous Hemofiltration Systems and Development of a Novel 
Accurate Fluid Management System for Use in Extracorporeal 
Membrane Oxygenation. J Med Device. 2008;2:35002.

39. Prowle JR, Echeverri JE, Ligabo EV, et al. Fluid balance and 
acute kidney injury. Nat Rev Nephrol. Nature Publishing Group, 
2010;6:107-115.

40. Selewski DT, Cornell TT, Blatt NB, et al. Fluid overload and 
fluid removal in pediatric patients on extracorporeal membrane 
oxygenation requiring continuous renal replacement therapy. 
Crit Care Med. 2012;40:2694-2699.

41. Paden ML, Rycus PT, Thiagarajan RR. Update and outcomes 
in extracorporeal life support. Semin Perinatol. Elsevier, 
2014;38:65-70.

42. Askenazi DJ, Selewski DT, Paden ML, et al. Renal replacement 
therapy in critically Ill patients receiving extracorporeal mem-
brane oxygenation. Clin J Am Soc Nephrol. 2012;7:1328-1336.

43. Kurundkar AR, Killingsworth CR, McIlwain RB, et al. 
Extracorporeal Membrane Oxygenation Causes Loss of 

References
1. Tilney N, Bailey G, Morgan A. Sequential system failure after 

rupture of abdominal aortic aneurysms: an unsolved problem 
in postoperative care. Ann Surg. 1973;178:117-122.

2. Bone R, Balk R, Cerra F, et al. Definitions for sepsis and organ 
failure and guidelines for the use of innovative therapies in 
sepsis. The ACCP/SCCM Consensus Conference Committee. 
American College of Chest Physicians/Society of Critical Care 
Medicine. 1992. Chest. 2009;136:e28.

3. Liu KD, Matthay MA. Advances in critical care for the 
nephrologist: acute lung injury/ARDS. Clin J Am Soc Nephrol. 
2008;3:578-586.

4. Esteban A. clinical investigations in critical care Prospective 
Randomized Trial Ventilation and Volume-Controlled Ventila-
tion in ARDS. Chest. 2000;117:1690-1696.

5. Dasta JF, McLaughlin TP, Mody SH, et al. Daily cost of an 
intensive care unit day: the contribution of mechanical ventila-
tion. Crit Care Med. 2005;33:1266-1271.

6. Bagshaw SM, Wald R, Barton J, et al. Clinical factors associated 
with initiation of renal replacement therapy in critically ill 
patients with acute kidney injury — A prospective multicenter 
observational. J Crit Care Elsevier Inc., 2012;27:268-275.

7. Vieira JM, Castro I, Curvello-Neto A, et al. Effect of acute kidney 
injury on weaning from mechanical ventilation in critically 
ill patients. Crit Care Med. 2007;35:184-191.

8. Kuiper JW, Groeneveld ABJ, Slutsky AS, et al. Mechanical venti-
lation and acute renal failure. Crit Care Med. 2005;33:1408-1415.

9. McCunn M, Reed AJ. Critical care organ support: a focus on 
extracorporeal systems. Curr Opin Crit Care. 2009;15:554-559.

10. Ronco C, Bellomo R. Acute renal failure and multiple organ 
dysfunction in the ICU: from renal replacement therapy (RRT) 
to multiple organ support therapy (MOST). Int J Artif Organs. 
2002;25:733-747.

11. Chen H, Yu R, Yin N, et al. Combination of extracorporeal 
membrane oxygenation and continuous renal replacement 
therapy in critically ill patients: a systematic review. Crit Care. 
2014;18:675.

12. Aubron C, Cheng AC, Pilcher D, et al. Factors associated with 
outcomes of patients on extracorporeal membrane oxygenation 
support: a 5-year cohort study. Crit Care. 2013;17:R73.

13. Zwiers AJM, de Wildt SN, Hop WCJ, et al. Acute kidney injury 
is a frequent complication in critically ill neonates receiving 
extracorporeal membrane oxygenation: a 14-year cohort study. 
Crit Care. 2013;17:R151.

14. Lin C, Chen Y, Tsai F, et al. Original Article RIFLE classification 
is predictive of short-term prognosis in critically ill patients 
with acute renal failure supported by extracorporeal membrane 
oxygenation. 2867–2873, 2006.

15. Yan X, Jia S, Meng X, et al. Acute kidney injury in adult post-
cardiotomy patients with extracorporeal membrane oxygenation: 
evaluation of the RIFLE classification and the Acute Kidney Injury 
Network criteria. Eur J Cardiothorac Surg. 2010;37:334-338.

16. Santiago MJ, Sánchez A, López-Herce J, et al. The use of continu-
ous renal replacement therapy in series with extracorporeal 
membrane oxygenation. Kidney Int. 2009;76:1289-1292.

17. del Castillo J, López-Herce J, Cidoncha E, et al. Circuit life 
span in critically ill children on continuous renal replacement 
treatment: a prospective observational evaluation study. Crit 
Care. 2008;12:R93.

18. Symons JM, McMahon MW, Karamlou T, et al. Continuous renal 
replacement therapy with an automated monitor is superior to 
a free-flow system during extracorporeal life support. Pediatr 
Crit Care Med. 2013;14:e404-e408.

19. Yap H-J, Chen Y-C, Fang J-T, et al. Combination of continu-
ous renal replacement therapies (CRRT) and extracorporeal 
membrane oxygenation (ECMO) for advanced cardiac patients. 
Ren Fail. 2003;25:183-193.

20. Ponte B, Tenorio M, Hiller R, et al. Continuous dialysis by 
gravity through the filter of extracorporeal membrane oxygen-
ation. Nephrol Dial Transplant. 2007;22:3674-3676.

21. Fleming G, Askenazi D, Bridges B, et al. A multicenter 
international survey of renal supportive therapy during ECMO: 
the Kidney Intervention During Extracorporeal Membrane 
Oxygenation (KIDMO) group. ASAIO J. 2012;58:407-414.



764.e2  Section 19 / Interaction of the Lung and Kidney

Intestinal Epithelial Barrier in the Newborn Piglet. Pediatr 
Res. 2010;68:128-133.

44. Reed RC, Rutledge JC. Laboratory and clinical predictors of 
thrombosis and hemorrhage in 29 pediatric extracorporeal 
membrane oxygenation nonsurvivors. Pediatr Dev Pathol. 
2010;13:385-392.

45. Lou S, MacLaren G, Best D, et al. Hemolysis in pediatric 
patients receiving centrifugal-pump extracorporeal membrane 
oxygenation: prevalence, risk factors, and outcomes. Crit Care 
Med. 2014;42:1213-1220.

46. Meyer RJ, Brophy PD, Bunchman TE, et al. Survival and 
renal function in pediatric patients following extracorporeal 
life support with hemofiltration. Pediatr Crit Care Med. 
2001;2:238-242.

47. Chen Y-C, Tsai F-C, Chang C-H, et al. Prognosis of patients on 
extracorporeal membrane oxygenation: the impact of acute 
kidney injury on mortality. Ann Thorac Surg. Elsevier Inc., 
2011;91:137-142.

48. Thajudeen B, Kamel M, Arumugam C, et al. Outcome of 
patients on combined extracorporeal membrane oxygenation 
and continuous renal replacement therapy: a retrospective 
study. Int J Artif Organs. 2015;38:133-137.

49. Kielstein JT, Heiden AM, Beutel G, et al. Renal function and 
survival in 200 patients undergoing ECMO therapy. Nephrol 
Dial Transplant. 2013;28:86-90.

50. Lan C, Tsai PR, Chen YS, et al. Prognostic factors for adult 
patients receiving extracorporeal membrane oxygenation as 
mechanical circulatory support–a 14-year experience at a 
medical center. Artif Organs. 2010;34:E59-E64.

51. Wu MY, Lin PJ, Tsai FC, et al. Impact of preexisting organ dys-
function on extracorporeal life support for non-postcardiotomy 
cardiopulmonary failure. Resuscitation. 2008;79:54-60.

52. Gupta P, Carlson J, Wells D, et al. Relationship between renal 
function and extracorporeal membrane oxygenation use: a 
single-center experience. Artif Organs. 2015;39:369-374.

53. Prodhan P, Bhutta AT, Gossett JM, et al. Comparative effects 
of ventricular assist device and extracorporeal membrane 
oxygenation on renal function in pediatric heart failure. Ann 
Thorac Surg. Elsevier Inc., 2013;96:1428-1434.

54. Askenazi DJ, Ambalavanan N, Hamilton K, et al. Acute kidney 
injury and renal replacement therapy independently predict 
mortality in neonatal and pediatric noncardiac patients on 
extracorporeal membrane oxygenation. Pediatr Crit Care Med. 
2011;12:e1-e6.

55. Han S-S, Kim HJ, Lee SJ, et al. Effects of Renal Replacement 
Therapy in Patients Receiving Extracorporeal Membrane 
Oxygenation: A Meta-Analysis. Ann Thorac Surg. The Society 
of Thoracic Surgeons, 2015;100:1485-1495.

56. Antonucci E, Lamanna I, Fagnoul D, et al. The Impact of Renal 
Failure and Renal Replacement Therapy on Outcome During 
Extracorporeal Membrane Oxygenation Therapy. Artif Organs. 
2016;[Epub ahead of print].

57. Mehta RL, Kellum JA, Shah SV, et al. Acute Kidney Injury 
Network: report of an initiative to improve outcomes in acute 
kidney injury. Crit Care. 2007;11:R31.

58. Kim T-H, Lim C, Park I, et al. Prognosis in the patients with 
prolonged extracorporeal membrane oxygenation. Korean J 
Thorac Cardiovasc Surg. 2012;45:236-241.


	Chapter 000 - Cover.pdf
	a.pdf
	b.pdf
	c.pdf
	d.pdf
	e.pdf

	Chapter 001 - The Critically Ill Patient.pdf
	Chapter 002 - The Pathophysiologic Foundations of Critical Care.pdf
	Chapter 003 - Mechanical Ventilation.pdf
	Chapter 004 - Hemodynamic Support in the Critically Ill Patient.pdf
	Chapter 005 - Monitoring Organ Dysfunction in Critical Care.pdf
	Chapter 006 - Kidney-Specific Severity Scores.pdf
	Chapter 007 - The Physiology of the Glomerulus.pdf
	Chapter 008 - The Physiology of the Loop of Henle.pdf
	Chapter 009 - Glomerular Filtration Rate, Renal Functional Reserve, and Kidney Stress Testing.pdf
	Chapter 010 - Renal Energy Consumption and Metabolism.pdf
	Chapter 011 - Acute Kidney Injury_ From Clinical to Molecular Diagnosis.pdf
	Chapter 012 - Community- and Hospital-Acquired Acute Kidney Injury.pdf
	Chapter 013 - Epidemiology of Acute Kidney Injury in Critically Ill Patients.pdf
	Chapter 014 - Acute Kidney Injury in Patients With Chronic Kidney Disease.pdf
	Chapter 015 - Genetic Predisposition for Acute Kidney Injury (AKI).pdf
	Chapter 016 - Risk Factors and Risk Assessment in Acute Kidney Injury.pdf
	Chapter 017 - Experimental Models of Acute Kidney Injury.pdf
	Chapter 018 - Renal Blood Flow and Perfusion Pressure.pdf
	Chapter 019 - Humoral Mediators in Sepsis.pdf
	Chapter 020 - Cell Death Pathways_ Apoptosis and Regulated Necrosis.pdf
	Chapter 021 - Pathogen-Associated Molecular Patterns, Damage-Associated Molecular Patterns, and Their Receptors in Acute Kidney Injury.pdf
	Chapter 022 - Acute Kidney Disease.pdf
	Chapter 023 - Acute Kidney Disease, Renal Recovery, and Post–Acute Kidney Injury Care.pdf
	Chapter 024 - The Role of Biomarkers in the Diagnosis and Management of Acute Kidney Injury.pdf
	Chapter 025 - Functional Biomarkers.pdf
	Chapter 026 - Damage Biomarkers.pdf
	Chapter 027 - Kidney Stress Biomarkers.pdf
	Chapter 028 - Renal Repair and Recovery.pdf
	Chapter 029 - Maladaptive Repair and Progression to CKD.pdf
	Chapter 030 - Biomarkers of Recovery and_or Repair Following Acute Kidney Injury.pdf
	Chapter 031 - Practical Considerations of Renal Biopsies in Critical Care Patients.pdf
	Chapter 032 - Localization of Injury and Repair Pathways.pdf
	Chapter 033 - Ultrasonography and Doppler Techniques.pdf
	Chapter 034 - Contrast-Enhanced Renal Ultrasound.pdf
	Chapter 035 - Traditional Radiology, Computed Tomography, and Magnetic Resonance Imaging in Critical Care Nephrology.pdf
	Chapter 036 - Radionuclides Diagnostic Techniques.pdf
	Chapter 037 - Multiple Organ Dysfunction.pdf
	Chapter 038 - Acute Kidney Injury in Burns and Trauma.pdf
	Chapter 039 - Drug-Induced Acute Kidney Injury.pdf
	Chapter 040 - Acute Kidney Injury in Pregnancy.pdf
	Chapter 041 - Acute Kidney Injury in Oncology and Tumor Lysis Syndrome.pdf
	Chapter 042 - Acute Kidney Injury in Cardiac Surgery.pdf
	Chapter 043 - Acute Kidney Injury in Major Surgery.pdf
	Chapter 044 - Acute Kidney Injury in Heart Failure.pdf
	Chapter 045 - Acute Kidney Injury in Cirrhosis.pdf
	Chapter 046 - Acute Renal Failure in Kidney Transplant Recipients.pdf
	Chapter 047 - Acute Glomerulonephritis.pdf
	Chapter 048 - Contrast-Induced Acute Kidney Injury.pdf
	Chapter 049 - Abdominal Compartment Syndrome.pdf
	Chapter 050 - Hemolytic Uremic Syndrome.pdf
	Chapter 051 - Nonpharmacologic Management of Acute Renal Injury.pdf
	Chapter 052 - Novel Drugs for Acute Kidney Injury.pdf
	Chapter 053 - Remote Ischemic Preconditioning.pdf
	Chapter 054 - Blood Biochemistry_ Measuring Major Plasma Electrolytes.pdf
	Chapter 055 - Assessment of Urine Biochemistry.pdf
	Chapter 056 - Disorders of Sodium and Water Balance.pdf
	Chapter 057 - Disorders of Potassium and Magnesium.pdf
	Chapter 058 - Calcium and Phosphate Physiology.pdf
	Chapter 059 - Principles of Fluid Therapy.pdf
	Chapter 060 - Blood Transfusion Therapy.pdf
	Chapter 061 - Loop and Thiazide Diuretics.pdf
	Chapter 062 - Vaptans and the Treatment of Hyponatremia.pdf
	Chapter 063 - Aldosterone Antagonists, Amiloride, and Triamterene.pdf
	Chapter 064 - Laboratory Tests_ Blood Gases, Anion Gap, and Strong Ion Gap.pdf
	Chapter 065 - Acid-Base Physiology and Diagnosis of Disorders.pdf
	Chapter 066 - Metabolic Acidosis.pdf
	Chapter 067 - Hyperlactatemia and Lactic Acidosis.pdf
	Chapter 068 - Renal Tubular Acidosis.pdf
	Chapter 069 - Metabolic Alkalosis.pdf
	Chapter 070 - Respiratory Acid-Base Disorders.pdf
	Chapter 071 - Iatrogenic and Poison-Derived Acid Base Disorders.pdf
	Chapter 072 - Energy Requirement and Consumption in the Critically Ill Patient.pdf
	Chapter 073 - Impact of Renal Replacement Therapy on Metabolism and Nutrient Requirements in the Critically Ill Patient.pdf
	Chapter 074 - Amino Acid Turnover, Protein Metabolism, and Nitrogen Balance in Acute Kidney Injury.pdf
	Chapter 075 - Carbohydrates and Lipids.pdf
	Chapter 076 - Endocrinology of the Stress Response During Critical Illness.pdf
	Chapter 077 - Anemia of Critical Illness.pdf
	Chapter 078 - Management of Nutrition in Acute Kidney Injury and Renal Replacement Therapy.pdf
	Chapter 079 - Blood Glucose Control in Critical Care.pdf
	Chapter 080 - Enteral Nutrition.pdf
	Chapter 081 - Microbiologic Considerations in the Intensive Care Patient.pdf
	Chapter 082 - Innate Immunity and the Kidney.pdf
	Chapter 083 - Adaptive Immunity and Critical Illness.pdf
	Chapter 084 - Spontaneous Bacterial Peritonitis and Hepatorenal Syndrome.pdf
	Chapter 085 - Tropical Infections Causing Acute Kidney Injury.pdf
	Chapter 086 - Sepsis and Septic Shock.pdf
	Chapter 087 - Complement and Its Consequences in Sepsis.pdf
	Chapter 088 - Coagulation Abnormalities in Sepsis.pdf
	Chapter 089 - Endothelial Dysfunction of the Kidney in Sepsis.pdf
	Chapter 090 - Sepsis-Induced Acute Kidney Injury.pdf
	Chapter 091 - Recommendations for Sepsis Management.pdf
	Chapter 092 - Principles of Antimicrobial Prescription in Intensive Care Unit Patients With Acute Kidney Injury.pdf
	Chapter 093 - Renal Replacement Therapy for Septic Acute Kidney Injury.pdf
	Chapter 094 - Blood Purification for Sepsis.pdf
	Chapter 095 - Management of Infection in Patients With Kidney Transplant.pdf
	Chapter 096 - Critical Care Viral Infections.pdf
	Chapter 097 - Principles of Antibiotic Prescription in Intensive Care Unit Patients and Patients With Acute Renal Failure.pdf
	Chapter 098 - Drugs and Antidotes in Acute Intoxication.pdf
	Chapter 099 - Extracorporeal Therapies in Acute Intoxication and Poisoning.pdf
	Chapter 100 - Plasmapheresis in Acute Intoxication and Poisoning.pdf
	Chapter 101 - Poisoning_ Kinetics to Therapeutics.pdf
	Chapter 102 - Bleeding and Hemostasis in Acute Renal Failure.pdf
	Chapter 103 - Gastrointestinal Problems in Acute Kidney Injury.pdf
	Chapter 104 - Cardiovascular Problems in Acute Kidney Injury.pdf
	Chapter 105 - Water and Electrolyte Disturbances in Acute Renal Failure.pdf
	Chapter 106 - Neurologic Problems in Acute Renal Failure.pdf
	Chapter 107 - Immunologic and Infectious Complications of Acute Kidney Injury.pdf
	Chapter 108 - Cellular Response to Acute Kidney Injury.pdf
	Chapter 109 - Heart-Kidney Cross-Talk.pdf
	Chapter 110 - Classification of Cardiorenal Syndrome.pdf
	Chapter 111 - Cardiorenal Syndrome Type 1.pdf
	Chapter 112 - Cardiorenal Syndrome Type 2.pdf
	Chapter 113 - Cardiorenal Syndrome Type 3.pdf
	Chapter 114 - Cardiorenal Syndrome Type 4.pdf
	Chapter 115 - Cardiorenal Syndrome Type 5.pdf
	Chapter 116 - Renal Function During Cardiac Mechanical Support and Artificial Heart.pdf
	Chapter 117 - The Kidney in Diastolic Dysfunction.pdf
	Chapter 118 - Principles of Diuretic Management in Heart Failure.pdf
	Chapter 119 - Management of Overhydration in Heart Failure Patients.pdf
	Chapter 120 - Recent Advances for Stroke Prevention in Patients With Atrial Fibrillation and Advanced Kidney Disease.pdf
	Chapter 121 - Lung-Kidney Cross-Talk.pdf
	Chapter 122 - The Kidney During Mechanical Ventilation.pdf
	Chapter 123 - Extracorporeal Membrane Oxygenation and Renal Function.pdf
	Chapter 124 - Extracorporeal Carbon Dioxide Removal.pdf
	Chapter 125 - Extracorporeal Membrane Oxygenation and Continuous Renal Replacement Therapy in Adults and Children.pdf
	Chapter 126 - Pulmonary-Renal Syndrome.pdf
	Chapter 127 - Liver-Kidney Interaction.pdf
	Chapter 128 - Pathophysiology and Management of the Hepatorenal Syndrome.pdf
	Chapter 129 - Kidney Dysfunction After Liver Transplantation.pdf
	Chapter 130 - Extracorporeal Liver Support Devices.pdf
	Chapter 131 - Treatment of Combined Acute Renal Failure and Cerebral Edema.pdf
	Chapter 132 - Renal Protection in the Organ Donor.pdf
	Chapter 133 - Effect of Extracorporeal Therapies on the Brain.pdf
	Chapter 134 - Components of Fluid Balance and Monitoring.pdf
	Chapter 135 - Noninvasive Methods of Fluid Status Assessment in Critically Ill Patients.pdf
	Chapter 136 - Management of Fluid Overload in Cardiorenal Patients_ The Five B Approach.pdf
	Chapter 137 - Mechanical Fluid Removal.pdf
	Chapter 138 - Indications for Renal Replacement Therapy in the Critically Ill.pdf
	Chapter 139 - Principles of Extracorporeal Circulation and Transport Phenomena.pdf
	Chapter 140 - Membranes and Filters for Use in Acute Renal Failure.pdf
	Chapter 141 - Continuous Renal Replacement Therapy Machine Technology.pdf
	Chapter 142 - Principles of Anticoagulation in Extracorporeal Circuits.pdf
	Chapter 143 - Dialysis Solutions and Replacement Fluids.pdf
	Chapter 144 - Starting and Stopping Renal Replacement Therapy in the Critically Ill.pdf
	Chapter 145 - The Concept of Renal Replacement Therapy Dose and Efficiency.pdf
	Chapter 146 - Quantification of Acute Renal Replacement Therapy.pdf
	Chapter 147 - Principles of Pharmacodynamics and Pharmacokinetics of Drugs Used in Extracorporeal Therapies.pdf
	Chapter 148 - Ethical Considerations in Acute Renal Replacement Therapy.pdf
	Chapter 149 - Intermittent Techniques for Acute Dialysis.pdf
	Chapter 150 - Solute and Water Transport in Hemodialysis_ Dialyzers, Flow Distribution, and Cross-Filtration.pdf
	Chapter 151 - Biocompatibility of the Dialysis System.pdf
	Chapter 152 - Composition of Hemodialysis Fluid.pdf
	Chapter 153 - Indications for and Contraindications to Intermittent Hemodialysis in Critically Ill Patients.pdf
	Chapter 154 - Technical and Clinical Complications of Intermittent Hemodialysis in the Intensive Care Unit.pdf
	Chapter 155 - Correction of Water, Electrolyte, and Acid-Base Derangements by Hemodialysis and Derived Techniques.pdf
	Chapter 156 - Urea Kinetics, Efficiency, and Adequacy of Hemodialysis and Other Intermittent Treatments.pdf
	Chapter 157 - Assessment of Fluid Status and Body Composition and Control of Fluid Balance With Intermittent Hemodialysis in the Critically Ill Patient.pdf
	Chapter 158 - Outcomes of Intermittent Hemodialysis in Critically Ill Patients With Acute Kidney Injury.pdf
	Chapter 159 - Hybrid Dialysis Techniques in the Intensive Care Unit.pdf
	Chapter 160 - The Role of Plasmapheresis in Critical Illness.pdf
	Chapter 161 - Cascade Filtration for ABO Incompatible Transplant.pdf
	Chapter 162 - Nursing Issues and Procedures in Continuous Renal Replacement Therapy.pdf
	Chapter 163 - Indications for Continuous Renal Replacement Therapy_ Renal Replacement Versus Renal Support.pdf
	Chapter 164 - Beginning and Ending Continuous Renal Replacement Therapy in the Intensive Care Unit.pdf
	Chapter 165 - Solute and Water Kinetics in Continuous Therapies.pdf
	Chapter 166 - Continuous Renal Replacement Therapy_ Modalities and Their Selection.pdf
	Chapter 167 - Vascular Access for Acute Renal Replacement Therapy.pdf
	Chapter 168 - Anticoagulation Strategies for Continuous Renal Replacement Therapy.pdf
	Chapter 169 - Nursing Strategies to Prevent Coagulation of the Extracorporeal Circuit.pdf
	Chapter 170 - Adequacy of Continuous Renal Replacement Therapy_ Prescription and Delivery.pdf
	Chapter 171 - High-Volume Hemofiltration in the Intensive Care Unit.pdf
	Chapter 172 - Pulse High-Volume Hemofiltration in Management of Critically Ill Patients With Severe Sepsis or Septic Shock.pdf
	Chapter 173 - High Cutoff Membranes for Mediators Removal.pdf
	Chapter 174 - Clinical Effects of Continuous Renal Replacement Therapies.pdf
	Chapter 175 - Antibiotic Adjustment in Continuous Renal Replacement Therapy.pdf
	Chapter 176 - Nomenclature_ Basic Principles.pdf
	Chapter 177 - Nomenclature_ Techniques.pdf
	Chapter 178 - Peritoneal Dialysis System.pdf
	Chapter 179 - Indications, Contraindications, and Complications of Peritoneal Dialysis in Acute Renal Failure.pdf
	Chapter 180 - Solute and Water Transport Across the Peritoneal Barrier.pdf
	Chapter 181 - Choice of Peritoneal Dialysis Technique_ Intermittent or Continuous.pdf
	Chapter 182 - Correction of Fluid, Electrolyte, and Acid-Base Derangements by Peritoneal Dialysis in Acute Kidney Injury.pdf
	Chapter 183 - Feasibility, Efficiency, and Adequacy of Peritoneal Dialysis in Acute Kidney Injury.pdf
	Chapter 184 - Clinical Results and Complications of Peritoneal Dialysis in Acute Kidney Injury.pdf
	Chapter 185 - Treatment of Peritonitis and Other Clinical Complications of Peritoneal Dialysis in the Critically Ill Patient.pdf
	Chapter 186 - Comparison of Peritoneal Dialysis With Other Treatments for Acute Kidney Injury.pdf
	Chapter 187 - Continuous-Flow Peritoneal Dialysis as Acute Therapy.pdf
	Chapter 188 - Nursing and Procedure Issues in Peritoneal Dialysis.pdf
	Chapter 189 - Sorbents_ From Basic Structure to Clinical Application.pdf
	Chapter 190 - Therapeutic Apheresis in Critically Ill Patients_ Indications, Modalities and Techniques, Clinical Results.pdf
	Chapter 191 - Extracorporeal Blood Purification Techniques Beyond Dialysis_ Coupled Plasmafiltration-Adsorption.pdf
	Chapter 192 - Prometheus System.pdf
	Chapter 193 - Toraymyxin and Other Endotoxin Adsorption Systems.pdf
	Chapter 194 - Plasmafiltration-Adsorption-Dialysis System.pdf
	Chapter 195 - Extracorporeal Membrane Oxygenation for Cardiac Support.pdf
	Chapter 196 - Extracorporeal Membrane Oxygenation for Pulmonary Support.pdf
	Chapter 197 - Cell-Based Therapies.pdf
	Chapter 198 - Cellular and Molecular Mechanisms of Acute Kidney Injury.pdf
	Chapter 199 - Epidemiology of Pediatric Acute Kidney Injury.pdf
	Chapter 200 - Treatment of Acute Kidney Injury in Children_ Conservative Management to Renal Replacement Therapy.pdf
	Chapter 201 - Technical Aspects of Pediatric Continuous Renal Replacement Therapy.pdf
	Chapter 202 - Multiple Organ Dysfunction in the Pediatric Intensive Care Unit.pdf
	Chapter 203 - Drug Dosing in Pediatric Acute Kidney Insufficiency and Renal Replacement Therapy.pdf
	Chapter 204 - Nutrition of Critically Ill Children With Acute Renal Failure.pdf
	Chapter 205 - Outcome of Pediatric Acute Kidney Injury.pdf
	Chapter 206 - Renal Replacement Therapy for the Critically Ill Infant.pdf
	Chapter 207 - Neonatal Hyperammonemia and Continuous Renal Replacement Therapy.pdf
	Chapter 208 - Modified Ultrafiltration in Pediatric Heart Surgery.pdf
	Chapter 209 - Techniques and Machines for Pediatric Renal Replacement Therapy.pdf
	Chapter 210 - Antibiotics in Critically Ill Newborns and Children_ Nephrotoxicity and Management During Renal Replacement Therapy.pdf
	Chapter 211 - Patient Selection and Pretransplantation Care for Kidney Transplant Recipients.pdf
	Chapter 212 - Kidney Support and Perioperative Care in Kidney Transplantation.pdf
	Chapter 213 - Acute Renal Failure in Kidney Transplant Recipients.pdf
	Chapter 214 - Management of Chronic Kidney Disease and End-Stage Kidney Disease Patients in the Intensive Care Unit.pdf
	Chapter 215 - Management of Patients with Diabetes in the Intensive Care Unit.pdf
	Chapter 216 - Diagnosis and Management of Acute Kidney Injury in the Emergency Department.pdf
	Chapter 217 - Anticancer Drugs and the Kidney.pdf
	Chapter 218 - Antiinflammatory Drugs and the Kidney.pdf
	Chapter 219 - Calcineurin Inhibitors and Other Immunosuppressive Drugs and the Kidney.pdf
	Chapter 220 - Alternative Medicine and Chinese Herbs and the Kidney.pdf
	Chapter 221 - Environment, Smoking, Obesity, and the Kidney.pdf
	Chapter 222 - Lead and Heavy Metals and the Kidney.pdf
	Chapter 223 - Statins and the Kidney.pdf
	Chapter 224 - Erythropoietin Therapy in Critically Ill and Acute Kidney Injury Patients.pdf
	Chapter 225 - Vasoactive Drugs, Renal Function, and Acute Kidney Injury.pdf
	Chapter 226 - End Points for Clinical Trials in Acute Kidney Injury.pdf
	Chapter 227 - Hypothermia and the Kidney.pdf
	Chapter 228 - Renin-Angiotensin System Blockers and Acute Kidney Injury.pdf

