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Preface

Continuous renal replacement therapy (CRRT) has witnessed significant improvement since
the technique was implemented by Peter Kramer of Göttingen (Germany) in 1977. The tech‐
nique was established when Kramer was trying to introduce a catheter into the femoral vein
for initiating hemodialysis. Accidently, the catheter went into the femoral artery, but Kram‐
er realized the value of the arterial-venous pressure difference (i.e. blood flow driven by
mean arterial pressure) in providing an ultrafiltration and convection/hemofiltration con‐
cept and the need of replacement solutions, which came to be known as “continuous arterio-
venous hemofiltration.” Later, in 1987, Peter Robert Uldall (Toronto, Canada) introduced
“continuous veno-venous hemofiltration” by providing a pump and replacing the need for
arterial pressure; a technique that avoided the potential risks and complications of punctur‐
ing a major artery and the possible slow or altered blood flow rates due to frequent hypoten‐
sion in critically ill or shocked patients.

CRRT is a slow and smooth continuous extracorporeal blood purification process. It is usu‐
ally implemented over 24 hours to several days with gentle removal of fluid overload and
excess uremic toxins. CRRT has benefited lately from significant improvements in technolo‐
gy and quality performance in managing critically ill patients with acute kidney injury,
brain injury, and/or multiorgan failure in intensive care units. These advancements include
improved monitor technology, medical devices (dialyzers and adsorbers), disposables, and
a variety of different compositions of replacement solutions. Aspects in CRRT covers selected
and important topics in CRRT. These are “Principles and methods of acute therapies,”
“Acute kidney injury,” “Hemodiafiltration in acute kidney injury,” “Immunoadsorption
techniques and their current role in the intensive care unit,” and “CRRT specialized teams.”
Each of these chapters provides a clear description in a simple and easily understood layout.
All chapters are well referenced and updated, and supported by clear figures and ta‐
bles. Aspects in CRRT is written by distinguished and experienced authors, and their tremen‐
dous efforts and valued contributions are much appreciated.

Finally, my special thanks go to the Author Service Managers Ms. Danijela Sakic and Ms.
Marija Gojevic-Zrnic for their great efforts and professional secretarial expertise in collecting
and editing the manuscripts.

Ayman Karkar
Consultant Physician and Nephrologist

Baxter Head of Medical Affairs—Renal Care, Middle East and Africa
Baxter International, Deerfield, USA
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1. Introduction

Continuous renal replacement therapy (CRRT) is a slow and smooth continuous extracorpo-
real blood purification. CRRT is usually implemented over 24 h to several days with an aim 
of gentle removal of fluid overload and excess uremic toxins, where the continuous filtration 
simulates the continuity of kidney functions. It is usually indicated in critically ill and hemo-
dynamically unstable (adult and pediatric) patients with acute kidney injury (AKI) and/or 
multiorgan failure, sepsis/shock, acute brain injury, or other causes of increased intracranial 
pressure or generalized brain edema in intensive care unit (ICU), where such patients cannot 
tolerate the relatively fast removal of fluids (and solutes) by conventional hemodialysis (HD).

Continuous renal replacement therapy witnessed significant improvement since the tech-
nique was implemented by Peter Kramer of Göttingen (Germany) in 1977 [1]. The technique 
was established when Kramer was trying to introduce a catheter into the femoral vein for 
initiating HD. Accidently, the catheter went into the femoral artery, when Kramer realized 
the value of the arterial-venous pressure difference (i.e., blood flow driven by mean arterial 
pressure) in providing ultrafiltration and convection/hemofiltration concept and the need 
of replacement solutions, which was known as “continuous arterio-venous hemofiltration 
(CAVH)”. Later, in 1987, Peter Robert Uldall (Toronto, Canada) [2] introduced the “continu-
ous veno-venous hemofiltration (CVVH)” by providing a pump and replacing the need of 
the arterial pressure, a technique that avoided (a) the potential risks and complications of 
puncturing a major artery (e.g., infection, distal thrombosis, and disconnection/bleeding) and 
(b) the possible slow or altered blood flow rates due to frequent hypotension in critically ill 
or shocked patients.

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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Continuous renal replacement therapy is based on four main physiologic principles. These 
are (a) diffusion, (b) ultrafiltration, (c) convection, and (d) adsorption. In clinical practice, 
there is more than one principle implemented in achieving the goals of required treatment 
(e.g., diffusion, ultrafiltration, and convection). CRRT can be performed in one or more of the 
following four modalities: (1) slow continuous ultrafiltration (SCUF), (2) continuous veno-
venous hemofiltration (CVVH), (3) continuous veno-venous hemodiafiltration (CVVHDF), 
and (4) continuous veno-venous hemodialysis (CVVHD). Other therapeutic modalities 
that can be used in conjunction with CRRT include therapeutic plasma exchange and 
hemoperfusion/adsorption.

The performance and delivery of CRRT depends on an efficient vascular access (e.g., internal 
jugular or femoral vein), specifically designed HD machines and high-flux membranes/dia-
lyzers. Synthetic and biocompatible membranes/dialyzers are capable of efficiently removing 
excess fluids and clearing small and middle-larger-size uremic toxins [3], and some have high 
adsorptive affinity to proteins, endotoxins, and inflammatory mediators (e.g., cytokines) [4]. 
Following high convective volume of ultrafiltration, the replacement/substitution solutions, 
which can be infused before (predilution) or after the dialyzer (postdilution), are sterile physi-
ological fluids [5] that consist of balanced electrolyte solutions of either lactate or bicarbonate 
base, which resembles the composition of the ultrafiltrate (but without the removed uremic 
wastes). The long duration of this extracorporeal blood purification technique, where the 
blood is in direct contact with blood tubes and dialyzer membrane for longer period than con-
ventional HD, requires continuous anticoagulation to prevent clotting and extend the circuit 
life. Heparin has been widely used, but it has been associated with increased risk of bleeding. 
Regional citrate anticoagulation (RCA) is the more preferred and recommended method of 
anticoagulation, where it has been associated with significantly less bleeding [6], less blood 
transfusion [7], and extended life of the extracorporeal circuit [8].

Initiation of CRRT is indicated in patients with (a) hemodynamic instability/shock, (b) diuretic-
resistant fluid overload, (c) severe metabolic acidosis (pH < 7.2), and (d) refractory hyperkalemia 
(K+ > 6.5). CRRT has also been considered in drug toxicity and in prevention of radiocontrast-
induced nephropathy [5]. The goals of CRRT include (i) clearance of uremic toxins, (ii) correction 
of electrolytes disturbance, (iii) acid-base balance, (iv) hemodynamic stabilization, (v) fluid 
balance, (vi) nutritional support, and (vii) removal and/or modulation of inflammatory media-
tors in septic patients. The success of CRRT depends on the prescribed and achieved dose of 
replacement/substitution fluids, treatment duration, type of dialyzer, and method and dose of 
anticoagulation, in addition to a well-established CRRT management protocol (e.g., type, size, 
length, placement and care of central lines, indications, when to start, and when to stop CRRT). 
Furthermore, the delivery and performance of CRRT requires well-trained medical and nursing 
staff.

Despite the general safety and valuable advantages, CRRT has some limitations. These include 
the requirement of a large-bore central vascular access (a risk source of infection), hypoten-
sion (decreased organ perfusion), continuous anticoagulation (inappropriate doses or inad-
equate control of anticoagulants may lead to bleeding, which is associated with a decrease 
in hemoglobin level and/or drop in blood pressure and possible need of blood transfusion, 
or clot formation that is associated with short circuit life, interruption of prescribed dose, 

Aspects in Continuous Renal Replacement Therapy2

inadequate therapy, and increased cost), electrolyte imbalance (potassium, phosphorus, and 
magnesium), drug removal (e.g., antibiotics), and immobilization of the patient for prolonged 
periods [9].

However, most of these limitations can either be prevented or be controlled [10]. A drop-in 
blood pressure, though much less encountered than in intermittent HD, is usually compen-
sated for by the patient or, in some cases, requires inotropic support to maintain effective mean 
arterial pressure. Furthermore, CRRT prescription can be modified at any time during treat-
ment based on hemodynamic situation. A well-established protocol of RCA, for example, can 
help in maintaining the patency of the extracorporeal circuit for a longer period and in avoiding 
uncontrolled bleeding. Implementation of infection control policies and procedures, including 
aseptic techniques, can help in preventing or reducing the vascular access catheter-associated 
infection. Regular monitoring and assessment of electrolytes and blood gases and the selection 
of appropriate replacement solutions (e.g., bicarbonate-based buffer and required composition 
of electrolytes and supplements) not only can help in replacing plasma volume removed by 
ultrafiltration but can also ensure the correction of electrolyte and acid-base imbalances. Drug 
removal in CRRT depends on its molecular weight, the sieving coefficient, and the degree of 
protein binding. Drugs with significant protein binding are removed minimally. Some drugs 
may be removed by adsorption to the membrane. Most of the commonly used drugs, including 
antibiotics, require monitoring and dose adjustments [11]. Finally, CRRT patients are prone to 
hypothermia due to the significant volume of blood that is circulated outside the body, and 
the significant volumes of the substitution and dialysate fluid used. Although newer CRRT 
machines are equipped with blood warmers that can bring both dialysate and substitution 
fluids to 37°C (98.6°F), a close monitoring of body temperature of patients is recommended 
especially when larger volumes of substitution and dialysate solutions are used.

2. Conclusions

Severe acute kidney injury, especially when it is caused or associated with sepsis, carries 
increased risk of progression to chronic kidney disease and end-stage renal failure. In addi-
tion, it is associated with prolonged hospitalization, financial burden, and increased mortality 
rate. Critically ill patients with acute kidney injury and/or multiorgan failure in ICU require 
special modalities of therapies to ensure hemodynamic stability, euvolemic status, and acid-
base and electrolytes balance with an aim of speeding up renal recovery and avoiding del-
eterious consequences. CRRT stands as a valuable supportive therapeutic modality for such 
patients. CRRT management includes specific indications, adequate prescription, timing of 
initiation and termination, proper anticoagulation, and removal of endotoxins and inflamma-
tory mediators in different settings of associated sepsis.
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Acute kidney injury (AKI), previously named acute renal failure, is characterized by
abrupt deterioration in renal function. The incidence of AKI has increased lately, both in
the hospital and community setting. It is estimated that more than 13 million people are
affected by AKI annually worldwide. Despite all the advances in the field, AKI still carries
a high mortality rate. In addition to mortality, AKI is an important risk factor for the
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1. Introduction

Acute kidney injury (AKI) is a major public health concern and is associated with high
morbidity, mortality, and healthcare costs. The incidence of AKI has increased lately, both in
the hospital and community setting. It is estimated that more than 13 million people are
affected by AKI annually with an incidence of 21.6% in adults and 33.7% in children during a
single hospital episode of care [1, 2]. Despite all the advances in the field, the mortality of AKI
remains very high estimated at 23.9% in adults and 13.8% in children [2]. In addition to the
high mortality (1.7 million per year), AKI is associated with high morbidity and high costs [1].
In the United States, at least $5 billion in hospital costs are related to AKI, while in England
AKI consumes 1% of the National Health Service budget [3]. In the developed world, AKI
manifests mainly in older patients and in the intensive care settings; while in the developing
countries, adults and women are particularly more commonly affected [4, 5]. Recovery from
AKI is not always, as previously thought, complete and many patients progress to develop

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons

Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,

distribution, and eproduction in any medium, provided the original work is properly cited.

DOI: 10.5772/intechopen.80625

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



Author details

Ayman Karkar

Address all correspondence to: han94dan97@gmail.com

Baxter AG, Dubai, United Arab Emirates

References

[1] Kramer P, Wigger W, Reiger J, Matthaei D, Scheler F. Arteriovenous haemofiltration: A 
new and simple method for treatment of overhydrated patients resistant to diuretics [in 
German]. Klinische Wochenschrift. 1977;55:1121-1122

[2] deVeber GA. Peter Robert Uldall 1935-1995. Nephrology, Dialysis, Transplantation. 1996; 
11:902-903 https://renal.org/about-the-renal-association/history/obituaries/peter-robert- 
uldall/

[3] Karkar A. Introductory Chapter to “Aspects in Dialysis” Book. Editor: Ayman Karkar. 
Rijeka: Intech. ISBN 978-1-78923-025-3. https://www.intechopen.com/books/aspects- 
in-dialysis

[4] Malard B, Lambert C, Kellum JA. In vitro comparison of the adsorption of inflamma-
tory mediators by blood purification devices. Intensive Care Medicine Experimental. 
2018;6:12. DOI: 10.1186/s40635-018-0177-2

[5] KDIGO Acute Kidney Injury Work Group. Kidney International. Supplement. 2012; 
2:1-138

[6] Bai M, Zhou M, He L, Ma F, Li YY, Wang P, et al. Citrate versus heparin anticoagula-
tion for continuous renal replacement therapy: An updated meta-analysis of RCTs. ICM. 
2015;41(12):2098-2110

[7] Borg R, Ugboma D, Walker DM, Partridge R. Evaluating the safety and efficacy of regional 
citrate compared to systemic heparin as anticoagulation for continuous renal replacement 
therapy in critically ill patients: A service evaluation following a change in practice. Journal 
of the Intensive Care Soceity. 2017;18(3):184-192

[8] Zhang Z, Hongying N. Efficacy and safety of regional citrate anticoagulation in critically 
ill patients undergoing continuous renal replacement therapy. ICM. 2012;38(1):20-28

[9] Clark WR, Neri M, Garzotto F, Ricci Z, Goldstein SL, Ding X, et al. The future of critical 
care: Renal support in 2027. Critical Care. 2017;21:92. DOI: 10.1186/s13054-017-1665-6

[10] Sigwalt F, Bouteleux A, Dambricourt F, Asselborn T, Moriceau F, Rimmelé T. Clinical 
complications of continuous renal replacement therapy. Contributions to Nephrology. 
2018;194:109-117

[11] Lewis SJ, Mueller BA. Antibiotics dosing in critically ill patients receiving CRRT: Under 
dosing is over prevalent. Seminars in Dialysis. 2014;27(5):441-445

Aspects in Continuous Renal Replacement Therapy4

Chapter 2

Acute Kidney Injury

Ahmed M. Alkhunaizi

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.80625

Provisional chapter

Acute Kidney Injury

Ahmed M. Alkhunaizi

Additional information is available at the end of the chapter

Abstract

Acute kidney injury (AKI), previously named acute renal failure, is characterized by
abrupt deterioration in renal function. The incidence of AKI has increased lately, both in
the hospital and community setting. It is estimated that more than 13 million people are
affected by AKI annually worldwide. Despite all the advances in the field, AKI still carries
a high mortality rate. In addition to mortality, AKI is an important risk factor for the
development of chronic kidney disease. In this chapter, various aspects of AKI will be
discussed including definition and staging, etiology, pathophysiology, clinical presenta-
tion, diagnosis, management, prognosis, and prevention.

Keywords: acute kidney injury, renal failure, nephrotoxicity, pathophysiology,
biomarkers, management, prognosis, prevention

1. Introduction

Acute kidney injury (AKI) is a major public health concern and is associated with high
morbidity, mortality, and healthcare costs. The incidence of AKI has increased lately, both in
the hospital and community setting. It is estimated that more than 13 million people are
affected by AKI annually with an incidence of 21.6% in adults and 33.7% in children during a
single hospital episode of care [1, 2]. Despite all the advances in the field, the mortality of AKI
remains very high estimated at 23.9% in adults and 13.8% in children [2]. In addition to the
high mortality (1.7 million per year), AKI is associated with high morbidity and high costs [1].
In the United States, at least $5 billion in hospital costs are related to AKI, while in England
AKI consumes 1% of the National Health Service budget [3]. In the developed world, AKI
manifests mainly in older patients and in the intensive care settings; while in the developing
countries, adults and women are particularly more commonly affected [4, 5]. Recovery from
AKI is not always, as previously thought, complete and many patients progress to develop

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons

Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,

distribution, and eproduction in any medium, provided the original work is properly cited.

DOI: 10.5772/intechopen.80625

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



chronic kidney disease (CKD), end-stage renal disease (ESRD), or worsening of preexisting CKD
later on in life [6–9]. Treatment of AKI is needed to reduce the high morbidity and mortality and
improve recovery of renal function. A part of dialysis, there are no other interventions that
reliably improve survival, limit injury, or enhance recovery. The multifactorial etiology and the
heterogeneous patient population coupled with the complicated clinical course of patients with
AKI has created challenges in the search for effective pharmacological therapy [10]. In some
scenarios, such as surgery or administration of intravenous contrast, the onset of AKI can be
predicted providing a window of opportunity for intervention and prevention. In the majority of
cases, however, intervention takes place after the onset of AKI with the aim to shorten the course
and enhance recovery of renal function. In this chapter, various aspects of AKI will be discussed
with a particular focus on definition and staging, etiology, pathophysiology, clinical presentation,
diagnosis, management, prognosis, and prevention.

2. Definition and staging of acute kidney injury

The term AKI has replaced old terms such as acute renal failure and acute renal insufficiency,
which previously had been used to describe the same clinical condition. AKI is not just failure;
it also incorporates the entire spectrum of the syndrome, from minor changes in renal function
to the most severe form, where renal replacement therapy (RRT) may be required.

Over the last few decades, more than 35 different definitions have been used to define AKI
[11]. The most commonly used definition is based on urine output and/or serum creatinine
criteria. The most commonly used classifications of AKI are the “risk, injury, failure, loss of
kidney function, and end-stage kidney disease” (RIFLE) [12] and the Acute Kidney Injury
Network (AKIN) classifications [13].

The RIFLE classification is based on serum creatinine and urine output determinants, and
considers three severity classes of AKI (risk, injury and failure), according to the variations in
serum creatinine and or urine output, and two outcome classes (loss of kidney function and
end-stage kidney disease). The patient should be classified using the criteria which leads to the

Class GFR Urine output

Risk ↑ SCr � 1.5 or ↓ GFR >25% <0.5 mL/kg/h � 6 h

Injury ↑ SCr � 2 or ↓ GFR >50% <0.5 mL/kg/h � 12 h

Failure ↑ SCr � 3 or ↓ GFR >75% or if baseline SCr ≥353.6 μmol/L (≥4 mg/dL) ↑
SCr >44.2 μmol/L (>0.5 mg/dL)

<0.3 mL/kg/h � 24 h or
anuria � 12 h

Loss of kidney
function

Complete loss of kidney function >4 weeks

End-stage kidney
disease

Complete loss of kidney function >3 months

GFR, glomerular filtration rate; SCr, serum creatinine.

Table 1. Risk, injury, failure, loss of kidney function and end-stage kidney disease (RIFLE) classification of acute kidney
injury [12].
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worst classification (maximum RIFLE), Table 1. On the other hand, AKI is classified/staged by
the AKIN into three stages as shown in Table 2.

The Kidney Disease Improving Global Outcomes (KDIGO) work group has combined the RIFLE
and AKIN classifications in order to establish one classification of AKI for practice, research and
public health. Therefore, AKI is now defined as an abrupt reduction in renal function (within
48 h) based on an increase in serum creatinine level of more than or equal to 0.3 mg/dL
(≥26.4 μmol/L), a percentage increase in serum creatinine of more than or equal to 50% (1.5-fold
from baseline), or a reduction in urine output (documented oliguria of less than 0.5 mL/kg/h for
more than 6 h) or a combination of these factors [14].

3. Etiology of acute kidney injury

The etiology of AKI can be divided into three categories, Table 3 [15]:

1. Prerenal (caused by decreased renal perfusion, often due to volume depletion)

2. Intrinsic renal (caused by a process within the kidneys)

3. Postrenal (caused by a process distal to the kidneys such as obstruction)

Stage Change in serum creatinine Urine output

1 Increase ≥0.3 mg/dL (26.52 μmol/L) or ≥150–200% from baseline <0.5 mL/kg/h for more than
6 h

2 Increase >200–300% from baseline <0.5 mL/kg/h for more than
12 h

3 Increase >300% from baseline or ≥4.0 mg/dL (353.60 μmol/L) with an acute rise of at
least 0.5 mg/dL (44.20 μmol/L)

<0.3 mL/kg/h for 24 h or
anuria for 12 h

Table 2. Acute Kidney Injury Network (AKIN) classifications of acute kidney injury [13].

Prerenal

Intrarenal vasoconstriction (hemodynamically mediated):

Medications: nonsteroidal anti-inflammatory drugs, angiotensin system blockers, calcineurin inhibitors

Cardiorenal syndrome: advanced heart failure

Hepatorenal syndrome: liver cirrhosis

Abdominal compartment syndrome

Hypercalcemia

Systemic vasodilation: sepsis

Volume depletion:

Renal loss: diuretics, osmotic diuresis (severe hyperglycemia), salt wasting

Extrarenal loss: blood loss, gastrointestinal loss (vomiting, diarrhea), skin (burns, sweating)
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Of these three categories, only “intrinsic” AKI represents a true kidney disease, while pre- and
postrenal AKI are the consequence of extrarenal processes that lead to decreased glomerular
filtration rate (GFR). Both pre- and postrenal conditions, if persist and not managed in a timely
manner, may eventually evolve into intrinsic renal damage. Patients with CKD and those
admitted to the intensive care unit (ICU) are particularly prone to develop AKI. The AKI-EPI
study demonstrated that AKI occurred in more than half of the patients in ICU; mostly due to
sepsis and hypovolemia followed by nephrotoxic agents [16].

4. Pathophysiology of acute kidney injury

Despite the identification of several cellular mechanisms thought to underlie the development
of AKI, the pathophysiology of AKI is still poorly understood. Animal models of AKI
representing ischemia–reperfusion injury and drug nephrotoxicity have been instrumental in
understanding the pathophysiology of AKI in humans. Although the current in vivo models of
AKI in healthy rodents provide valuable information about the pathophysiological mecha-
nisms of renal injury, they do not reflect the complexity of disease in humans characterized by

Intrinsic renal

Glomerulonephritis (isolated or a part of systemic diseases)

Interstitial nephritis:

Medications: antibiotics (β lactams, sulfonamides, quinolones, rifampin), phenytoin, antiretrovirals, proton pump
inhibitors, nonsteroidal anti-inflammatory drugs

Infections: viruses (Epstein-Barr virus, cytomegalovirus, human immunodeficiency virus), bacteria (tuberculosis,
legionella species), fungi (candidiasis, histoplasmosis)

Systemic disease: sarcoidosis, connective tissue diseases

Tubular necrosis:

Ischemic: prolonged hypotension

Nephrotoxic: exogenous toxins (radiographic contrast agents, aminoglycosides, cisplatin, methotrexate,
amphotericin B)

Endogenous toxins: pigment induced (hemolysis and rhabdomyolysis), tumor lysis syndrome, multiple myeloma

Vascular

Renal artery and vein thrombosis, malignant hypertension, scleroderma renal crisis, atheroembolic disease,
microangiopathies

Post renal

Extrarenal obstruction: outlet obstruction (prostate hypertrophy, neurogenic bladder; malignancy of the urogenital tract),
retroperitoneal fibrosis

Intrarenal obstruction: stones, crystals (acyclovir, indinavir, ethylene glycol), blood clots, tumors

Adapted and modified from Rahman et al. [15].

Table 3. Etiology of acute kidney injury.
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population’s heterogeneity and preexisting comorbidities such as diabetes, hypertension, and
CKD. A few and not all mechanisms of AKI will be discussed.

4.1. Microvascular injury

The renal microvasculature plays a key role in the pathophysiology of AKI. The kidney is a
vascular organ receiving 25% of the cardiac output and has a high energy demand with rela-
tively low oxygen (O2) extraction. Under normal steady-state, the O2 supply to the kidney is well
regulated. Adequate O2 delivery is crucial for the production of mitochondrial adenosine tri-
phosphate (ATP), nitric oxide (NO), and reactive oxygen species (ROS) necessary for homeostatic
control of renal function [10, 17]. The vascular architecture of the outer medulla is particularly
susceptible to ischemic injury due to the marginal oxygenation of this part of the kidney.

With injury, the microcirculation is compromised leading to an imbalance in NO, ROS, and O2

supply and consumption. Subsequent pathogenic events follow including hypoxia and oxida-
tive stress. Injury to the microvascular endothelium and changes in the glycocalyx lead to
endothelial cell activation and expression of cell surface markers that promote recruitment
and adhesion of leukocytes and platelets, leading to further changes in perfusion and O2

delivery; and to additional endothelial cell injury and inflammation [18, 19]. As a result,
increased vascular permeability and development of interstitial edema lead to further compro-
mise of blood flow exacerbating the initial insult. In addition, production of vasoactive prosta-
glandins by damaged tubular cells coupled with oxidative stress further impairs O2 delivery
by worsening the local microvascular occlusion [18, 19]. The main long-term result of micro-
vascular injury is a reduction in peritubular capillary density, a response to decreased vascular
endothelial growth factor (VEGF) and increased transforming growth factor beta (TGF-β)
signaling, which contributes to ongoing hypoxia and development of renal fibrosis [20].

4.2. Changes in endoplasmic reticulum

The endoplasmic reticulum (ER) plays an important role in the maintenance of protein homeo-
stasis through its control of the concentration, conformation, folding, and trafficking of client
proteins. As a result of endothelial or epithelial cell stress, unfolded or misfolded proteins
accumulate in the ER, triggering the unfolded protein response (UPR) [21]. The UPR initially
serves as an adaptive response, but will also induce apoptosis in cells under severe or
prolonged ER stress. Accumulating evidence indicates that apoptosis in tubules resulting from
epithelial cell damage is caused, at least in part, by the proapoptotic UPR [22]. Therefore,
targeting the UPR may present a possible approach to prevent or treat AKI.

4.3. Mitochondrial dysfunction

The ER and mitochondria have multiple contact sites termed the mitochondrial-ER-associated
membrane (MAM). The MAM contains proteins from the two organelles and appears as ER
tubules closely apposed to the mitochondria on electron micrographs [23]. During cellular
stress situations, like an altered cellular redox state, the MAM alters its set of regulatory
proteins and thus alters MAM functions. In the pathogenesis of AKI, proximal tubules are
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especially vulnerable to mitochondrial dysfunction as they depend on aerobic metabolism and
their mitochondria are in a more oxidized state than those in the distal tubular cells which can
use glycolysis [24]. Following either ATP depletion or cisplatin treatment of rat renal tubular
cells, mitochondrial fragmentation was observed prior to cytochrome c release and apoptosis
[25]. Targeting mitochondrial dysfunction along with a better understanding of the regulation
of mitochondrial dynamics and its pathogenic changes may emerge as a new modality to treat
AKI [26].

4.4. Autophagy

Autophagy is a catabolic process in which proteins, organelles, and cytoplasmic components
are delivered to lysosomes for degradation and recycling. Autophagy is induced in renal
tubular cells during AKI [27]. It is initiated by encapsulating cytoplasmic proteins and organ-
elles in autophagosomes, which fuse with lysosomes for degradation. Once activated, it may
decrease cellular stress by removing ER membranes containing UPR sensors and/or clearing
abnormal proteins from the ER. In animal models, blocking the autophagic flux-enhanced
AKI, while activation of autophagy was found to be protective against cisplatin-induced AKI
[27]. In addition, resolution of autophagy may promote proliferation and regeneration of
tubular cells in the recovery phase of AKI [28]. Autophagy may be targeted as an inflamma-
tory modulator for the treatment of various kidney diseases [29].

4.5. Inflammation

Inflammation plays a major role in the pathophysiology of AKI resulting from ischemia [30].
Changes in protein folding and mitochondrial function influence the innate immune response,
contributing to inflammation. In addition, several cytokines and inflammatory pathways are
activated in AKI [30]. Moreover, immune cells of both the innate and adaptive immune
systems, such as neutrophils, dendritic cells, macrophages, and lymphocytes, contribute to
the pathogenesis of renal injury after ischemia–reperfusion injury, and some cells also partici-
pate in the repair process [31]. Neutrophils and monocytes mediate the acute phase within the
first 24 h of injury [32], whereas T and B lymphocytes are important in the evolution phase of
renal injury [31]. Inhibition of leukocyte infiltration into the kidney ameliorates the loss in renal
function, decreases renal injury, cell death, and long-term fibrosis [33]. There is experimental
evidence that inducible nitric oxide synthase (iNOS) may contribute to tubular injury during
AKI [34]. It has been shown that hypoxia in isolated proximal tubules increases nitric oxide
release [35], and that iNOS protein expression is increased in ischemic kidneys [36]. In vivo use
of an antisense oligonucleotide to block the up-regulation of iNOS was protective against
ischemia induced renal injury in rat models [36]. Similarly, tubules from iNOS knockout mice
were protected against hypoxic injury [37].

Phospholipase A2 (PLA2) is a family of enzymes that hydrolyzes the acyl group from the sn-2
position of phospholipids, generating free fatty acids [38, 39]. PLA2 activity is increased during
hypoxic injury to the renal tubules. Inhibiting PLA2 by exogenous fatty acids such as
arachidonic acid has been shown to be protective against hypoxia-induced injury in isolated
proximal renal tubules [40, 41].
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4.6. Sepsis and acute kidney injury

Sepsis is a severe inflammatory response to infection characterized by a whole-body inflam-
matory state with severe consequences, including multiple organ failure [42]. AKI is a frequent
and serious complication of sepsis among ICU patients and is associated with a high in-
hospital and long-term mortality [43, 44]. The multinational AKI-EPI study has demonstrated
that AKI affected more than 50% of ICU patients, and increasing AKI severity was associated
with increased mortality [16].

4.6.1. Pathogenesis of sepsis-induced acute kidney injury

Although septic shock is a leading cause of AKI, the underlying mechanisms are not
completely understood. The pathophysiology of AKI in sepsis is complex and multifactorial
involving multiple processes including intrarenal hemodynamic perturbations, endothelial
dysfunction, infiltration of inflammatory cells, up-regulation of inflammatory cytokines,
intraglomerular thrombosis, induction of apoptosis, and tubular obstruction with necrotic
cells and debris [42, 45, 46]. Activation of pro- and anti-inflammatory mechanisms is
believed to play a key role in the induction of sepsis [47].

Activation of the innate immune response takes place after initial host-microbial encoun-
ter, which coordinates a defensive response involving both humoral and cellular compo-
nents [48]. This leads to activation and secretion of various cytokines, most importantly
interleukin-1 (IL-1), tumor necrosis factor-α (TNF-α), and IL-6 that progress to a state of
cytokine storm, hemodynamic instability, and eventually organ dysfunction and septic
shock [42].

Lipopolysaccharide (LPS), a component of the outer membrane of Gram-negative bacteria, is
a potent and rapid activator of a variety of cell types such as leukocytes, monocytes, and
macrophages [49]. Activation of inflammatory cells by LPS constitutes the first step in a
cascade of events that lead to the manifestation of Gram-negative sepsis. LPS initiates
multiple intracellular signaling events, including the activation of nuclear factor-κB (NF-κB),
which ultimately leads to the synthesis and release of a number of pro-inflammatory medi-
ators, including IL-1, IL-6,IL-8, and TNF-a. The pathway that leads to activation of NF-κB
has been shown to be mediated by members of the toll-like receptors (TLRs), a family of
transmembrane proteins that play an important role in the defense against pathogenic
microbial infection [50]. In the setting of sepsis, there is a significant up-regulation of TLRs,
in particular TLR-2 and TLR-4 expression [51]. Both TLR-2 and TLR-4 are activated by LPS in
a response that depends on LPS-binding protein and is enhanced by CD14 [49, 52]. An
overview of the TLR signaling pathway is depicted in Figure 1 [53]. Figure 2 depicts the
key pathways involved in the clinical course of sepsis that also have implications in the
pathophysiology of sepsis-induced AKI [42].

Modulation of TLRs may become a novel therapeutic target in the treatment of organ dysfunc-
tion associated with sepsis including AKI. Similarly, cytokine adsorption to the membrane
during continuous renal replacement therapy may emerge as a treatment modality in patients
with sepsis and AKI [54].
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Figure 1. Toll-like receptor (TLR) signaling pathway. When TLRs are stimulated by their respective ligands, they
dimerize and recruit downstream adaptor molecules, such as myeloid differentiation primary-response protein 88
(MyD88), MyD88-adaptor-like (MAL), toll/interleukin (IL)-1 receptor (TIR)-domain-containing adaptor-inducing
interferon-β (TRIF), TRIF-related adaptor molecule (TRAM), which activate other downstream molecules leading to
the activation of signaling cascades that converge at the nuclear factor-κB (NF-κB), interferon (IFN) response factors
(IRFs), and mitogen-activated protein (MAP) kinases. These molecules induce the transcription of several pro-
inflammatory molecules, such as interleukin (IL)-6, IL-8, IL-12, and tumor necrosis factor-α (TNF-α). AP1, activator
protein 1; ATF, activating transcription factor; dsRNA, double-stranded RNA; ERK, extracellular signal-regulated
kinase; IKK, inhibitor of kappa light polypeptide gene enhancer in B-cell kinase; IRAK, IL-1 receptor-associated
kinase; JNK, c-Jun N-terminal kinase; LPS, lipopolysaccharide; MD, myeloid differentiation factor; MKK, MAPK
kinase; NA, nucleic acid; TAB, transforming growth factor-β-activated kinase 1/MAP3K7-binding protein; TAK,
transforming growth factor-activated kinase; TRAF, tumor necrosis factor receptor-associated factor; RIP1, receptor-
interacting protein 1. Adapted from Anwar et al. [53].
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5. Clinical presentation of acute kidney injury

The clinical presentation of AKI depends on the cause and severity of renal insult. Mild
to moderate AKI is asymptomatic and patients are identified based on laboratory testing.
However, patients with severe AKI often present with a variety of symptoms including
fatigue, anorexia, nausea, vomiting, restlessness, confusion, fluid retention, and weight
gain. Severe and prolonged AKI may cause central nervous system manifestations such
as uremic encephalopathy with asterixis, confusion, and seizure; bleeding tendency due
to platelet dysfunction and severe anemia. Patients with AKI may have normal urine
output, oliguria (urine output less than 400 mL/24 h) or anuria (urine output less than
100 mL/24 h).

Figure 2. Key pathogenic pathways involved in sepsis that also have implications in the pathophysiology of sepsis-
induced acute kidney injury. Adapted from Zarjou and Agarwal [42].
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6. Diagnosis of acute kidney injury

History and physical examination, with an emphasis on assessing the patient’s volume status,
are crucial for determining the cause of AKI. The history should inquire about the use of nephr-
otoxic medications or presence of systemic illnesses that might impair renal perfusion or directly
impair renal function. Physical examination should assess the intravascular volume status and
any skin rashes that indicate systemic diseases. The initial laboratory evaluation should include
urinalysis, urine microscopy, complete blood count, electrolytes, serum creatinine or cystatin C
level, and fractional excretion of sodium (FENa). Urinalysis and urine microscopy are essential in
the initial work up of AKI. Findings on urinalysis and urine microscopy guide the differential
diagnosis and direct further investigation. Imaging studies in particular ultrasonography can
help in the initial work up of AKI. Ultrasonography is particularly important in older men with
AKI who may have bladder outlet obstruction as a result of prostate hypertrophy [55, 56]. Renal
biopsy is reserved for patients with AKI where the cause is not clear. Renal biopsy is particularly
important when there is suspicion of an underlying disease that requires specific therapy such as
glomerulonephritis or interstitial nephritis. Renal biopsy should be performed urgently in cases
of rapidly progressive glomerulonephritis as indicated by rising serum creatinine or cystatin C
and presence of red blood cell casts or dysmorphic red blood cells on urine microscopy.

7. New biomarkers for the quick detection of acute kidney injury

Although the RIFLE and AKIN criteria, based on serum creatinine and urine output, were a
step forward in diagnosing AKI, a reliable tool to differentiate between true parenchymal
and prerenal azotemia in clinical practice is still lacking [57]. Lately, several papers on the
use of new urinary and serum biomarkers for the diagnosis and prognostication of AKI have
been published with the hope that these biomarkers will lead to a new era of earlier diagno-
sis, better prognostication and treatment. Some of the studied biomarkers are listed in
Table 4. Although these biomarkers may help to understand some of the biochemical and
biological processes during AKI, their utility in preventing and treating AKI at present is at
most very limited [58].

Acronym Legend Main source

AP Alkaline phosphatase Liver, bone, intestine, placenta, brush border proximal convoluted tubules

α1MG Alpha 1 microglobulin Liver. Reabsorption by renal proximal tubular cells

α1acidGP Alpha 1 acid glycoprotein Liver. Reabsorption by renal proximal tubular cells

Β2MG Beta 2 microglobulin All nucleated cells. Reabsorption by renal proximal tubular cells

Cystatin C Cystatin C All nucleated cells. Reabsorption by renal proximal tubular cells

FENA Fractional excretion of
sodium

GGTP Gamma glutamyl
transpeptidase

All cells except myocytes. Mainly liver and kidney (brush border proximal
convoluted tubules and loop of Henle)
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8. Management of acute kidney injury

Management of AKI mandates close collaboration among nephrologists and other physicians
involved in the care of the patient. The clinical evaluation of AKI includes a careful history and
thorough physical examination. Drug history should include over-the-counter medications,
herbal remedies, and recreational drugs [59]. Once established, management of AKI is mainly

Acronym Legend Main source

αGST Alpha-glutathione S-
transferase

Expressed in almost all tissues. Kidney: proximal tubular cells
(cytoplasmatic)

πGST Pi glutathione S-transferase Expressed in almost all tissues. Kidney: distal tubular cells (cytoplasmatic)

HGF Hepatocyte growth factor Mesenchymal cells

IL-6 Interleukin 6 T lymphocytes, macrophages, endothelial cells, monocytes

IL-8 Interleukin 8 Monocytes, macrophages, epithelial cells, endothelial cells

IL-10 Interleukin 10 Monocytes, lymphocytes, macrophages

IL-18 Interleukin 18 Monocytes, dendritic cells, macrophages and epithelial cells

KIM-1 Kidney injury molecule 1 Kidney: proximal tubular cells

LFABP Liver-type fatty acid-binding
protein

Hepatocytes, kidney: proximal tubular cells

NGAL Neutrophil gelatinase-
associated lipocalin

Leucocytes, loop of Henle and collecting ducts

NAG N-Acetyl beta
glucosaminidase

Several tissues (liver, brain, spleen, etc.). Kidney: proximal tubular cells
(lysosomal)

PAI-1 Plasminogen activator
inhibitor 1

Endothelium

PCX Podocalyxin Podocytes

RBP Retinol-binding protein Liver. Reabsorption by renal proximal tubular cells

sTNFR-I Soluble tumor necrosis factor
receptor I

Most cells and tissues (cytotoxic, apoptotic, and pro-inflammatory effects)

sTNFR-II Soluble tumor necrosis factor
receptor II

Most cells and tissues (proliferative and anti-apoptotic effects)

TNF-α Tumor necrosis factor alpha Macrophages, lymphoid cells, renal parenchymal cells

11 k-TXB2 11-keto-Thromboxane B2 Platelets

vWF Von Willebrand factor Endothelium, megakaryocytes, subendothelial connective tissue

TIMP-2 Tissue inhibitor of
metalloproteinase-2

Ubiquitous expression. Renal tubular cells

IGFBP7 Insulin-like growth factor-
binding protein 7

Ubiquitous expression. Renal tubular cells

Adapted and modified from Vanmassenhove [57].

Table 4. Urinary and serum biomarkers for the diagnosis of acute kidney injury.
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supportive. Most patients with AKI should be hospitalized unless the condition is mild and
attributed to an easily reversible cause. The evaluation and initial management of patients with
AKI should include: (1) an assessment of the contributing causes of the kidney injury, (2) an
assessment of the clinical course including comorbidities, (3) a careful assessment of volume
status, and (4) the institution of appropriate therapeutic measures designed to reverse or
prevent worsening of functional or structural kidney abnormalities [60]. The initial assessment
of patients with AKI should include the differentiation between prerenal, renal, and postrenal
causes [34, 61–63]. In the majority of cases, the exclusion of postrenal causes using ultrasonog-
raphy is an established approach and sufficient for the initial assessment. Differentiation
between prerenal and renal causes is more challenging as renal hypoperfusion may coexist
with any stage of AKI.

Assuring adequate renal perfusion by achieving and maintaining hemodynamic stability and
avoiding hypovolemia is crucial in the initial management of AKI. Measurement of central
venous pressures may be helpful in case of difficulty in assessing intravascular volume.
Prerenal azotemia is rapidly reversible when the underlying cause is corrected [34, 60–63]. It
is important to point out that certain elements of the definition of prerenal azotemia have
diagnostic limitations. In the setting of renal hypoperfusion, compensatory mechanisms aimed
at maintaining GFR may become operative. These compensatory mechanisms include efferent
arteriolar vasoconstriction, afferent arteriolar dilation, and neuro/hormonal changes that lead
to increased tubular reabsorption of solutes and water [64]. This implies that patients with
renal hypoperfusion may be classified as having AKI by urine output criteria without having a
significant change in serum creatinine concentration.

Volume resuscitation can correct prerenal conditions resulting from absolute or relative
hypovolemia. However, renal hypoperfusion resulting from low cardiac output (severe car-
diomyopathy) and reduced renal perfusion pressure (sepsis, or end-stage liver disease) cannot
always be corrected by fluid administration [60]. Isotonic solutions (e.g., 0.9 sodium chloride)
are preferred over hyperoncotic solutions due to the detrimental effect of these solutions (e.g.,
dextrans, hydroxyethyl starch, and albumin) [65, 66]. The use of hydroxyethyl starch as a
plasma-volume expander has been shown to be an independent risk factor for AKI in patients
with severe sepsis or septic shock [65]. In patients with persistent hypotension, vasopressors
may be needed to maintain a mean blood pressure of 65 mmHg [66].

9. Pharmacologic interventions for management of acute kidney injury

A number of pharmacologic interventions have been evaluated in the early management of AKI.
Some have been designed to improve renal perfusion and others to modulate intrarenal patho-
physiology. In patients with hyperdynamic septic shock, both norepinephrine and terlipressin
were effective in raising mean arterial blood pressure (MAP) leading to an improvement in renal
function [67].

Low-dose (renal-dose) dopamine was frequently used in the ICU setting for its presumed
renoprotective effects. Low-dose dopamine may increase the urine output on the first day of
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use, but prospective and retrospective studies as well as several meta-analyses have not
shown positive effect in prevention of AKI or improvement in renal function in patients with
AKI [68–71]. To the contrary, low-dose dopamine has been shown to worsen renal perfusion
in patients with established AKI [72]. Therefore, the routine use of low-dose dopamine in
critically ill patients should be abandoned.

Randomized controlled trials of early AKI and contrast nephropathy studying fenoldopam, a
selective dopamine A1 agonist, proved this agent is ineffective at protecting renal function or
reducing the need for renal replacement [73, 74]. Fenoldopam has been shown, however, to
lower the risk of AKI in cardiac and major surgery patients according to some meta-analyses,
without an effect on renal replacement or hospital mortality [75, 76]. In most of these studies,
fenoldopam was associated with hypotension.

High-chloride fluids may be associated with increased risk of AKI and mortality in patients
with sepsis [77]. Early goal-directed therapy with close monitoring of central venous pressure,
mean arterial pressure, and oxygen saturation has been shown to be protective against AKI in
patients admitted to the intensive care unit with sepsis [78, 79].

Atrial natriuretic peptide (ANP) is produced by cardiac atrial myocytes in response to atrial
distension or increased atrial pressure. It induces afferent dilatation and efferent vasoconstriction,
thereby increasing glomerular filtration and urinary sodium excretion [80]. B-type (brain) natri-
uretic peptide (BNP) is primarily produced in the cardiac ventricles and has similar effects [81, 82].
Low doses of recombinant human ANP-enhanced renal excretory function, decreased the proba-
bility of dialysis, and improved dialysis-free survival in early, ischemic acute renal dysfunction
after complicated cardiac surgery [83]. Similar effects were observed in patients undergoing liver
transplantation [84, 85]. However, larger doses of ANP were not effective in improving dialysis-
free survival or reduction in dialysis in large randomized clinical trials [86, 87].

Theophylline, an adenosine antagonist has been shown in several preliminary reports to be
beneficial in the prevention of contrast nephropathy and cisplatin nephrotoxicity [88–90]. A
few adjunctive agents such as flavonoids (silymarin) and carotenoids (lycopene), have been
tried in pilot studies in cancer patients receiving cisplatin with limited success in some but not
all studies [91–93]. Adequately powered, controlled studies to support the efficacy of these
agents are lacking.

Levosimendan, a calcium sensitizer, has inodilator, cardioprotective, and anti-inflammatory
effects [94]. Two meta-analyses suggested that the use of levosimendan was associated with a
reduction of renal replacement therapy in critically ill patients and patients undergoing cardiac
surgery [95, 96]. The studies in both meta-analyses were small, heterogeneous, and AKI was
not always a predefined endpoint.

The role of loop diuretics and osmotic agents in the prevention and treatment of AKI in
humans has been disappointing despite their ability to decrease the tubular oxygen consump-
tion and relieve intratubular obstruction in animal models [97–99]. A metanalysis has shown
that frusemide was not associated with any significant clinical benefits in the prevention and
treatment of AKI in adults, in addition to the concern of increased risk of ototoxicity associated
with high doses [100].
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supportive. Most patients with AKI should be hospitalized unless the condition is mild and
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N-acetyl-cysteine, a thiol-containing antioxidant has been investigated in several trials, mainly in
the prevention of contrast-induced nephropathy. Despite some positive reports [101, 102], the
protective effect of N-acetyl-cysteine is still controversial [103–106]. Similarly, N-acetyl-cysteine
was not found to be protective against other causes of AKI particularly in hypotensive patients in
the ICU or patients undergoing cardiac surgery [107, 108]. Hydration with sodium bicarbonate,
as compared to normal saline, has been shown in some studies to be superior to normal saline in
the prevention of contrast-induced nephropathy [109–111]. Other studies have shown no supe-
riority of sodium bicarbonate over saline in the prevention of contrast nephropathy [112, 113].
Hydration with isotonic solutions either normal saline or sodium bicarbonate in addition to the
use of low osmolar contrast agents is the most effective strategy to prevent contrast-induced
nephropathy.

Statins may have a beneficial effect in high-risk patients exposed to contrast administration for
angiography. In a randomized multicenter clinical trial, the short-term use of rosuvastatin was
found to be protective against contrast nephropathy in diabetic patients with concomitant
CKD who underwent coronary/peripheral arterial angiography [114]. In another single center
trial high-dose rosuvastatin (40 mg on admission followed by 20 mg daily) given to statin-
naïve patients with acute coronary syndrome who were scheduled for an early invasive
procedure was protective against contrast-induced AKI and improved the short-term clinical
outcome [115]. 6.7% of patients in the early high-dose rosuvastatin group developed AKI
compared to 15.1% in the control group. The 30-day rate of adverse cardiovascular and renal
events was also reduced in the rosuvastatin group (3.6 versus 7.9%). In a subgroup analysis of
this study, rosuvastatin had a protective effect among female diabetic patients with CKD [116].
Similarly, a single high dose of atorvastatin (80 mg) administered within 24 h before exposure
to intravenous contrast was effective in reducing the rate of AKI in diabetic patients with renal
dysfunction [117, 118]. The protective effect of statins has been confirmed in multiple meta-
analyses [119–121]. However, the beneficial effect of statins in patients undergoing coronary
interventions was not observed in patients undergoing cardiac surgery. In this group of
patients, the use of statin either showed no benefit or was detrimental [122–124].

10. Renal replacement therapy for acute kidney injury

There is a wide variation in clinical practice relating to the indication for and timing of RRT for
patients with AKI. There is also no agreement on the selection of the specific modality of RRT
and prescription of intensity of therapy. Among the several modalities of RRT, continuous
renal replacement therapy has become very popular, especially in the ICU setting where
patients may be hemodynamically unstable to tolerate intermittent hemodialysis. There does
not appear to be a significant difference in either mortality or recovery of renal function
associated with the various modalities of RRT. This is discussed in details in other sections of
the book designated for RRT.

Aspects in Continuous Renal Replacement Therapy18

11. Prevention of acute kidney injury

Acute kidney injury is particularly common in ICU patients affecting more than 50% and is
associated with increased mortality and morbidity [16]. The Working Group on Prevention, AKI
section, European Society of Intensive Care Medicine has recently issued recommendations for
the prevention of AKI, specifically addressing the role of fluids, diuretics, inotropes, vasopres-
sors/vasodilators, hormonal and nutritional interventions, sedatives, statins, remote ischemic
preconditioning, and care bundles as shown in Table 5 [125]. The recommendations are summa-
rized as follows: timely resuscitation with fluids, vasopressors, and inotropic agents remains the
cornerstone in the prevention of AKI. Volume expansion with isotonic crystalloids is reserved for
true and suspected hypovolemia. The use of starches and dextrans should be avoided. In
hypotensive patients, vasoconstrictors, preferably norepinephrine, should be administered with
or following volume expansion. Mean arterial pressure (MAP) of 65–70 mmHg is adequate in
most patients except in cases of preexisting chronic hypertension where a higher MAP (80–
85 mmHg) should be targeted. Review of all medications and cessation of nephrotoxic agents is
mandatory. Diuretics should not be used for prevention of AKI but may benefit in cases of
volume overload and congestion. Hyperglycemia should be avoided. The effect of statins
appears to depend on the setting, with promising results in contrast administration but no effect
or even harm in cardiac surgery patients [125].

Volume expansion

Controlled fluid resuscitation in volume depletion, while, however, avoiding volume overload (1 C)

Avoidance of starches, gelatine, and dextrans (2C)

Correction of hypovolemia/dehydration using isotonic crystalloids in patients receiving intravascular contrast media (1 B)

Regular monitoring of chloride levels and acid–base status in situations where chloride-rich solutions are used (BPS)

Use of balanced crystalloids for large volume resuscitation (2C)

Use of human albumin if necessary for the treatment of patients with septic shock (2C).

Use of diuretics

No loop diuretics for the prevention of AKI (Grade 1B)

Diuretics to control or avoid fluid overload in patients that are diuretic-responsive (Grade 2D)

Use of vasopressors

Titrating vasopressors to a MAP of 65–70 mmHg (Grade 1B) in patients with septic shock and to (80–85 mmHg) for
patients with chronic HTN (Grade 1C).

lowering SBP to 140–190 mmHg in patients with acute cerebral hemorrhage with severe admission hypertension (Grade
1C)

Norepinephrine as the first-choice vasopressor to protect kidney function (Grade 1B) and vasopressin in patients with
vasoplegic shock after cardiac surgery (Grade 2C).

Individualizing target pressure when premorbid blood pressure is available (BPS)
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12. Prognosis of acute kidney injury

With the advent of agreed definition and classification of AKI based on changes in serum
creatinine and urine output, there is now increasing awareness of the poor prognosis following
AKI. Multiple studies have shown that patients with AKI are at high risk for progression to
advanced stage CKD and death following hospital discharge. In a meta-analysis of 13 cohort
studies comparing the risk of CKD, ESRD, and death in patients with and without AKI, the
pooled incidence of CKD and ESRD were 25.8/100 person-years and 8.6/100 person-years,
respectively [8]. Patients with AKI had higher risks of developing CKD (pooled adjusted
hazard ratio 8.8), ESRD (pooled adjusted HR 3.1), and mortality (pooled adjusted HR 2.0) than
patients without AKI [8]. In another meta-analysis of 48 studies containing 47,107 patients

Use of vasodilators

No low-dose dopamine for protection against AKI (Grade 1A)

No levosimendan for renal protection in patients with sepsis and in cardiac surgery patients with poor preoperative left
ventricular function (Grade 1B).

No fenoldopam or natriuretic peptides for renal protection in critically ill or cardiovascular surgery patients at risk of AKI
(Grade 2B).

Sedatives

Shorter sedation using propofol or dexmedetomidine (BPS)

Hormonal manipulation

Target a blood glucose level of at least below 180 mg/dL (10 mmol/l) (Grade 2B).

Use of erythropoietin or steroids (Grade 2 B)

Metabolic interventions

Avoid using high-dose IV selenium for renal protection in critically ill patients (1B)

Avoid using N-acetylcysteine to prevent contrast-associated AKI in critically ill patients (Grade 2B)

Provide adequate nutritional support preferably through the enteral route (BPS)

Statins

Avoid the use of high-dose statins to prevent postoperative AKI in cardiac surgery (Grade 1A)

Use atorvastatin or rosuvastatin to prevent contrast-associated AKI in high-risk patients undergoing coronary contrast
angiography (Grade 2B)

Remote ischemic preconditioning

Do not use remote ischemic preconditioning for prevention of AKI in critically ill patients

AKI care bundles

Use of the KDIGO recommendations to reduce the incidence of AKI after cardiac surgery (Grade 2C).

Use of AKI care bundles outside the intensive care unit has some benefits, including the potential to improve the outcome
of AKI (BPS).

AKI, acute kidney injury; HTN, hypertension; MAP, mean arterial pressure; BPS, best practice statement.

Table 5. Expert opinion of theWorking Group on Prevention, AKI section, European Society of Intensive Care Medicine [125].
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between 1985 and 2007 the incidence rate of mortality was 8.9 deaths/100 person-years in
survivors of AKI compared to 4.3 deaths/100 patient-years in survivors without AKI (rate ratio
2.59) [126]. The incidence rate of CKD after an episode of AKI was 7.8 events/100 patient-years,
and the rate of ESRD was 4.9 events/100 patient-years [126]. In an observational cohort study
with a median follow-up of 9 years the intermediate-term (30–364 days) adjusted mortality
HRs for AKI versus no AKI were 2.48, 2.50, 1.90, and 1.63 for baseline eGFRs ≥60, 45–59, 30–44,
and <30 mL/min/1.73 m2, respectively [127]. This indicates that baseline renal function is an
important determinant factor for outcome following an episode of AKI. A retrospective cohort
study showed that patients who developed AKI during a hospitalization were at substantial
risk for the development of CKD in the following year, and the timing of recovery was a strong
predictor, even for the mildest forms of AKI [128].

The multinational AKI-EPI study on ICU patients in 97 centers showed that increasing AKI
severity was associated with increased mortality, and AKI patients had worse renal function at
the time of hospital discharge [16].

According to the United States Renal Data System, acute tubular necrosis (ATN) without
recovery as a cause of ESRD increased from 1.2% in 1994 to 1998 to 1.7% in 1999 to 2003 [129].
The incidence will likely continue to rise with the aging population and increase in
comorbidities in patients admitted to the ICU.

Risk factors associated with progressing to CKD among AKI survivors have been identified
and include advanced age, diabetes mellitus, decreased baseline glomerular filtration rate,
severity of AKI, and a low concentration of serum albumin [6, 130].

13. Conclusion

Acute kidney injury, previously named acute renal failure, is characterized by abrupt deterio-
ration in renal function. The incidence of AKI has lately increased, both in the hospital and
community setting. Management of AKI involves fluid resuscitation, avoidance of nephrotoxic
agents, adjustment of medications, and correction of fluid, acid-base and electrolyte imbalance.
Depending on the severity of renal insult, AKI may require renal replacement therapy in the
form of dialysis or continuous renal replacement. Despite all the advances in the field, AKI still
carries a high mortality and long term consequences. Recognition of risk factors, early diagno-
sis, and management of AKI are crucial to improve the long-term patient’s outcome.
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Abstract

Acute kidney injury (AKI) is one of the most important complications during hospitaliza-
tion, especially in critically ill patients. Recent data demonstrated that certain biomarkers 
including pro-inflammatory cytokines are associated with high morbidity and mortality. 
These biomarkers, most of which have middle molecular weight, and protein-bound ure-
mic toxins are limitedly removed by diffusion mechanism in conventional hemodialysis. 
Hemodiafiltration (HDF), a new modality that combines convective clearance with diffu-
sion, could effectively enhance removal of middle molecule and protein-bound solutes. 
Therefore, HDF is increasingly used in several AKI settings such as septic AKI, rhab-
domyolysis-associated AKI, myeloma cast nephropathy, and contrast-induced AKI. This 
chapter summarizes the available HDF techniques including intermittent and continuous 
modes, and clinical data comprise the benefits of HDF on biomarkers and renal as well as 
cardiovascular outcomes. Additionally, the topic provides the proposed future directions 
of HDF in various AKI settings.

Keywords: acute kidney injury, hemodiafiltration, convection, diffusion, sepsis, 
rhabdomyolysis, myeloma

1. Background

Acute kidney injury (AKI) is one of the most serious complications of patients during 
hospitalization especially in critically ill patients [1]. The annual incidence and mortality 
of AKI have been escalating despite much improvement of patient cares [2]. Besides cor-
recting the underlying causes of AKI, there is no specific medication for effective treatment 
of AKI. Nowadays, the main treatment of AKI is still limited to supportive management. 
However, some patients had refractory volume overload and severe metabolic derangement; 
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therefore, renal replacement therapy (RRT) has become a key management in patients with 
AKI and multi-organ failure in order to normalize fluid, electrolyte, and acid–base status. 
Hemodiafiltration (HDF), one of the recently innovative RRT modalities, could provide ben-
efits in decreasing inflammatory markers and cytokines, which play an important role in 
various AKI entities.

2. Principles of renal replacement therapy (RRT)

There are two main transportation processes of solutes and fluid across a membrane during 
RRT, diffusion and convection [3].

2.1. Diffusion

Diffusion is the process of spontaneous migration of solutes from a higher concentration to 
a lower concentration across the semipermeable membrane until the concentration becomes 
equal throughout a space (Figure 1). Factors affecting diffusion are concentration gradients, 
molecular size and charge of the solutes, surface area, thickness, and solute permeability of 
the membrane. Diffusion is the main determinant mechanism of small solute clearance in 
hemodialysis (HD).

Figure 1. The processes of diffusion (top) and convection (bottom):  = Small solutes;  = Middle molecule and protein-
bound solutes;  = Large solutes.
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2.2. Convection (solvent drag)

Convection is the transportation process which the solutes migrate along with water flow 
(solvent) across the semipermeable membrane (Figure 1). Water flow or ultrafiltration is the 
movement of fluid across the membrane produced by transmembrane pressure gradients. 
There are many factors affecting the convection such as solute concentration gradients, 
sieving coefficient, surface area, pore size, and the permeability of membrane, but the most 
important one is ultrafiltration rate. Convection is able to remove protein-bound uremic tox-
ins and middle molecule solutes such as interleukins, complement, platelet-activating factors, 
and other cytokines. This process is the main determinant mechanism of solute clearance in 
hemofiltration (HF).

3. HDF techniques

HDF is an RRT modality which combines diffusion and convection techniques to enhance 
the removal of middle molecule solutes and protein-bound uremic toxins by using high-
flux dialyzer [4]. Therefore, this technique requires not only dialysate fluid but also sterile 
substitution fluid for replacement. There are various types of dilutional methods accord-
ing to the site of replacement fluid infusion pre-dilution, post-dilution, mid-dilution, and 
mixed-dilution.

3.1. Pre-dilution HDF

In pre-dilution HDF, the replacement fluid is infused before the dialyzer (Figure 2A). Pre-
dilution infusion reduces hemoconcentration across the membrane leading to prolongation 
of the extracorporeal circuit duration. However, this method provides less efficiency of solute 
clearance by diffusion.

3.2. Post-dilution HDF

Post-dilution HDF is the most efficient solute removal method of HDF due to high concentra-
tion gradient between blood and dialysate fluid. In post-dilution method, the replacement 
fluid is infused downstream the dialyzer (Figure 2B). An important disadvantage is that the 
increased hemoconcentration during high ultrafiltration rates would result in clogging of the 
membrane pores. Occlusion of the dialyzer leads to high transmembrane pressure gradient, 
reducing solute clearance, and, eventually, membrane leakage or clotting in the dialyzer.

3.3. Mid-dilution HDF

The replacement fluid is infused between two high-flux dialyzers placed in series resulting 
in a first post-dilution hemodiafiltration stage followed by a pre-dilution hemodiafiltration 
stage (Figure 2C). This technique can combine the advantage of both pre-dilution and post-
dilution. However, the high transmembrane pressure and clotting in the first part of dialyzer 
are the important limitation of this technique.
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3.4. Mixed-dilution HDF

The replacement fluid is infused both before and after the dialyzer (Figure 2D). To reduce 
the unfavorable components of pre- and post-dilution HDF, the ratio of upstream and down-
stream infusion rates can be adjusted to achieve the optimal balance between maximizing 
clearance and avoiding hemoconcentration.

Of note, the efficacy of convection transport mainly depends on convection volume which con-
sists of replacement fluid and ultrafiltration fluid. The classic HDF technique requires approxi-
mately 10 L of replacement fluid per session, while high-volume HDF uses at least 15 L per 
session for greater convection transport. Online HDF (OL-HDF) has been developed to reduce 
the high cost of commercial replacement fluid. OL-HDF is a technique using the dialysis fluid 
itself as the replacement fluid. After multiple steps of water purification process, the dialysis 
fluid becomes ultrapure before the final filtration and the last ultrafilter must have the capacity 
to create sterile substitutional fluid. This technique contributes a very high fluid turnover of 
25–30 L per session and significantly improves middle molecule solute clearance [5, 6].

In summary, HDF has higher potency of removal of middle molecule solutes and protein-
bound uremic toxins than the conventional HD [7]. Therefore, HDF would provide more 
benefits than conventional HD in patients with AKI particularly in certain situations, such as 
sepsis, rhabdomyolysis, and myeloma cast nephropathy, which requires more middle mol-
ecule solute clearance.

Figure 2. HDF modes according to the site of replacement fluid infusion: pre-dilution (A), post-dilution (B), mid-dilution 
(C), and mixed-dilution (D).
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4. HDF and sepsis-induced AKI

Sepsis is the most common cause of AKI in critically ill patients. A line of evidence shows that 
AKI may occur in the absence of overt hemodynamic instability. The novel concepts in the 
pathophysiology of sepsis-induced AKI are explained by several mechanisms, including inflam-
mation, alteration of microcirculatory flow, and cellular responses to the inflammatory insults 
(Figure 3) [8, 9].

Firstly, the pro-inflammatory cytokines produced in sepsis such as tumor necrosis factor 
(TNF), interleukin-1 (IL-1), interleukin-6 (IL-6), and interferon (IFN) could contribute direct 
renal tubular injury [10]. In addition to the large amount of pro-inflammatory cytokines, nitric 
oxide and vascular endothelial growth factor (VEGF) generated during sepsis are respon-
sible for the distortion of renal microcirculation and endothelial dysfunction [11], even with 
normal or increased global renal blood flow [12]. These alterations provide heterogeneity 
of regional blood flow distribution, impair renal autoregulation, and finally promote renal 
dysfunction [13, 14]. At the cellular level, mitochondria is the common target of inflammatory 
injury, which leads to its dysfunction, increased production of reactive oxygen species (ROS), 
and cell cycle arrest [15, 16].

According to these mechanisms, hemodynamic compromise does not seem to be very sig-
nificant to deteriorate renal function. A previous study demonstrated that hypotension does 
not correlate with AKI in patients with severe sepsis [17]. Meanwhile, the production of cyto-
kines, nitric oxide, and ROS may be the key pathogenesis of sepsis-induced AKI. Moreover, 
prolonged release of inflammatory mediators leads to severely impaired immunity which 
is followed by the secondary infection [18]. Therefore, this immunoparalysis state plays an 
important role in the mortality of patients with sepsis. Restoration of immune homeostasis 
might be able to improve the outcomes [19].

Figure 3. Pathophysiology of sepsis-induced AKI. Abbreviation: ROS, reactive oxygen species; TNF, tumor necrosis 
factor; IL-1, interleukin-1; IL-6, interleukin-6.
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Theoretically, HDF could provide significantly higher middle molecule clearance including 
pro-inflammatory cytokines when compared with conventional HD. Therefore, many stud-
ies have tried to determine the benefits of HDF in sepsis-induced AKI. Indeed, a number of 
theories trying to explain the effects of blood purification have been proposed. First, Ronco 
et al. postulated that eliminating the peaks of cytokine concentration from the blood circulation 
during the early phase of sepsis could stop the inflammatory cascade, limit organ damage, and 
consequently decrease multi-organ failure [20]. The second concept is called “threshold immu-
nomodulation hypothesis.” Honore et al. proposed that cytokine removal affects not only the 
cytokine concentrations in bloodstream but also the level in tissues [21]. This is caused by an 
equilibration of their concentrations between the two compartments. According to this hypoth-
esis, cytokines for the tissues replace those removed from the blood. Hence, no significant 
reduction in bloodstream cytokine concentration is observed during blood purification. The 
third concept is about immunomodulation. During blood purification therapy, the inflamma-
tory cell could restore the immune function through the regulation of monocytes, neutrophils, 
and lymphocytes [22]. HF and HDF could play a role at this point by reducing a large amount 
of cytokines, terminating the inflammatory cascade, and promoting the immune recovery. 
However, the benefits of these modalities have been demonstrated in only limited studies.

There have been several observational studies in critically ill patients with multiple organ failure 
demonstrating that high-volume HF (HVHF) which prescribed at least 35 mL/kg/hr. of ultrafil-
tration volume or intermittent HDF improved patients’ clinical outcomes [23–27]. Kron et al. per-
formed an extended daily online high-volume HDF (6–23 hours) with convective volume about 
173 L/treatment in patients with sepsis [28]. In this study, hemodynamics improved significantly 
during the treatment, and the 90-day survival rate compared with the survival rate predicted by 
severity scores (APACHE II and SAPS II) was 52 versus 19%. A previous prospective random-
ized controlled trial (RCT) in sepsis-induced AKI patients illustrated that pre-dilution intermit-
tent OL-HDF for 4 hours enhanced cytokine removal over intermittent high-flux HD [29]. The 
clearance and reduction ratio of either pro-inflammatory or anti-inflammatory cytokines such as 
IL-6 (26 kDa), IL-8 (8 kDa), IL-10 (40 kDa), VEGF (46 kDa), and TNF-a (51 kDa) was significantly 
greater in OL-HDF than high-flux HD modality. Moreover, OL-HDF showed some better clini-
cal outcomes including renal recovery and shorter length of hospital stay. Nevertheless, there 
was no significant difference in mortality between these two modalities. Another RCT, which 
compared every day or every alternate day of intermittent high-volume pre-dilution OL-HDF 
(the mean volume of replacement fluid is 81 L) to standard intermittent HD for 4 hours in criti-
cally ill ICU patients with AKI as part of multiple organ failure, failed to demonstrate the signifi-
cant difference in mortality and kidney function recovery [30].

Most of critically ill patients with septic shock or hemodynamic instability require continuous 
RRT (CRRT). In addition to the advantage in maintaining hemodynamic stability through 
slow continuous ultrafiltration, many studies have proposed its ability in removal of pro-
inflammatory cytokines and other middle molecule solutes through convection. Both contin-
uous venovenous hemodiafiltration (CVVHDF) and continuous venovenous hemofiltration 
(CVVH) could be performed to increase convective transport. A retrospective, longitudinal 
follow-up study for 12 months in severe sepsis with AKI patients who received CRRT includ-
ing CVVH and CVVHDF aiming at the dose of dialysis more than 35 mL/kg/hr. in ICU was 
performed [31]. There was no significant difference in survival rate between sepsis-induced 
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AKI patients treated with CVVH and CVVHDF. However, subgroup analysis in patients with 
oliguria/anuria showed significantly higher survival in patients treated with CVVHDF com-
pared with CVVH. However, this result could actually be explained by the effect of residual 
renal clearance. In patients who still preserved diuresis, some pro-inflammatory cytokines 
were removed from plasma into the urine. Therefore, different CRRT modes might not 
affect the clinical outcomes. On the other hand, after loss of renal function, a large number 
of cytokines were more rapidly accumulated. A combination of diffusion and convection by 
CVVHDF might better control the cytokines and other uremic toxin accumulations and pro-
vided better survival outcome. However, this hypothesis needs further investigations.

4.1. Dose prescription

Besides the modalities of CRRT, the CRRT dose utilized for sepsis-induced AKI is still 
unestablished. Prescribed and delivered doses of CRRT in AKI vary widely. Two large, mul-
ticenter RCTs were conducted in critically ill patients with AKI to investigate the effects of 
RRT dose on survival benefit. The US Department of Veterans Affairs/National Institutes of 
Health conducted Acute Renal Failure Trial Network (ATN) study by randomly assigning 
1124 critically ill patients with AKI who required RRT to high-intensity RRT (35 mL/kg/hr.  
of pre-dilution CVVHDF or six sessions per week of SLEDD/IHD) or low-intensity RRT 
(20 mL/kg/hr. of pre-dilutional CVVHDF or three sessions per week of SLEDD/IHD) [32]. 
The results showed survival rates after 60 days of 46% in high-intensity group and 48% in 
low-intensity group (p value = 0.47). In another RCT trial, the Randomized Evaluation of 
Normal versus Augmented Level (RENAL) of Replacement Therapy study of 1508 critically 
ill patients meeting the criteria for initiation RRT was included and randomly assigned to 
post-dilution CVVHDF with effluent rate of 40 or 25 mL/kg/hr [33]. There was no statistically 
significant difference of 90-day mortality between high- and low-dose RRT groups. Moreover, 
the secondary outcomes such as length of ICU and hospital stay, duration of mechanical 
ventilation therapy, and dialysis status at 90 days were not different. Both studies failed to 
demonstrate any benefits of using high-intensity RRT. Although the higher doses of CRRT 
are expected to provide more effective inflammatory cytokine removal in sepsis, subgroup 
analysis of patients with sepsis or organ failure revealed no significant differences in the mor-
tality between the high- and low-intensity RRT. In addition, a recent prospective study in 
sepsis-induced AKI patients failed to demonstrate improvement in clinical outcomes of the 
high-dose pre-dilution CVVHDF over the conventional dose (80 vs. 40 mL/kg/hr) despite 
significant influence of high-dose CVVHDF in removal of IL-6, IL-8, and IL-10 [34]. Therefore, 
the KDIGO guidelines [35] proposed the optimal dose of CRRT of 20–25 mL/kg/hr in patients 
with AKI regardless of the etiologies of AKI. The studies examining the effects of RRT dose 
and outcomes are summarized in Table 1. However, delivering of the prescribed dose may be 
compromised due to filter clotting, concentration polarization of the filter, and other factors 
including access-related problems which diminish the treatment time. Rolando et al. studied 
the actual delivered dose of RRT in critically ill patients with AKI requiring dialysis. The 
delivered clearance was derived from the ratio of mass removal rate to blood concentration 
and effluent volume rate. From this study, the prescribed clearance overestimated the actual 
delivered clearance by 23.8% [36]. Therefore, the effluent rate prescription should be increased 
by 20–25% to achieve an actual prescribed dose.
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tent OL-HDF for 4 hours enhanced cytokine removal over intermittent high-flux HD [29]. The 
clearance and reduction ratio of either pro-inflammatory or anti-inflammatory cytokines such as 
IL-6 (26 kDa), IL-8 (8 kDa), IL-10 (40 kDa), VEGF (46 kDa), and TNF-a (51 kDa) was significantly 
greater in OL-HDF than high-flux HD modality. Moreover, OL-HDF showed some better clini-
cal outcomes including renal recovery and shorter length of hospital stay. Nevertheless, there 
was no significant difference in mortality between these two modalities. Another RCT, which 
compared every day or every alternate day of intermittent high-volume pre-dilution OL-HDF 
(the mean volume of replacement fluid is 81 L) to standard intermittent HD for 4 hours in criti-
cally ill ICU patients with AKI as part of multiple organ failure, failed to demonstrate the signifi-
cant difference in mortality and kidney function recovery [30].

Most of critically ill patients with septic shock or hemodynamic instability require continuous 
RRT (CRRT). In addition to the advantage in maintaining hemodynamic stability through 
slow continuous ultrafiltration, many studies have proposed its ability in removal of pro-
inflammatory cytokines and other middle molecule solutes through convection. Both contin-
uous venovenous hemodiafiltration (CVVHDF) and continuous venovenous hemofiltration 
(CVVH) could be performed to increase convective transport. A retrospective, longitudinal 
follow-up study for 12 months in severe sepsis with AKI patients who received CRRT includ-
ing CVVH and CVVHDF aiming at the dose of dialysis more than 35 mL/kg/hr. in ICU was 
performed [31]. There was no significant difference in survival rate between sepsis-induced 

Aspects in Continuous Renal Replacement Therapy38

AKI patients treated with CVVH and CVVHDF. However, subgroup analysis in patients with 
oliguria/anuria showed significantly higher survival in patients treated with CVVHDF com-
pared with CVVH. However, this result could actually be explained by the effect of residual 
renal clearance. In patients who still preserved diuresis, some pro-inflammatory cytokines 
were removed from plasma into the urine. Therefore, different CRRT modes might not 
affect the clinical outcomes. On the other hand, after loss of renal function, a large number 
of cytokines were more rapidly accumulated. A combination of diffusion and convection by 
CVVHDF might better control the cytokines and other uremic toxin accumulations and pro-
vided better survival outcome. However, this hypothesis needs further investigations.

4.1. Dose prescription

Besides the modalities of CRRT, the CRRT dose utilized for sepsis-induced AKI is still 
unestablished. Prescribed and delivered doses of CRRT in AKI vary widely. Two large, mul-
ticenter RCTs were conducted in critically ill patients with AKI to investigate the effects of 
RRT dose on survival benefit. The US Department of Veterans Affairs/National Institutes of 
Health conducted Acute Renal Failure Trial Network (ATN) study by randomly assigning 
1124 critically ill patients with AKI who required RRT to high-intensity RRT (35 mL/kg/hr.  
of pre-dilution CVVHDF or six sessions per week of SLEDD/IHD) or low-intensity RRT 
(20 mL/kg/hr. of pre-dilutional CVVHDF or three sessions per week of SLEDD/IHD) [32]. 
The results showed survival rates after 60 days of 46% in high-intensity group and 48% in 
low-intensity group (p value = 0.47). In another RCT trial, the Randomized Evaluation of 
Normal versus Augmented Level (RENAL) of Replacement Therapy study of 1508 critically 
ill patients meeting the criteria for initiation RRT was included and randomly assigned to 
post-dilution CVVHDF with effluent rate of 40 or 25 mL/kg/hr [33]. There was no statistically 
significant difference of 90-day mortality between high- and low-dose RRT groups. Moreover, 
the secondary outcomes such as length of ICU and hospital stay, duration of mechanical 
ventilation therapy, and dialysis status at 90 days were not different. Both studies failed to 
demonstrate any benefits of using high-intensity RRT. Although the higher doses of CRRT 
are expected to provide more effective inflammatory cytokine removal in sepsis, subgroup 
analysis of patients with sepsis or organ failure revealed no significant differences in the mor-
tality between the high- and low-intensity RRT. In addition, a recent prospective study in 
sepsis-induced AKI patients failed to demonstrate improvement in clinical outcomes of the 
high-dose pre-dilution CVVHDF over the conventional dose (80 vs. 40 mL/kg/hr) despite 
significant influence of high-dose CVVHDF in removal of IL-6, IL-8, and IL-10 [34]. Therefore, 
the KDIGO guidelines [35] proposed the optimal dose of CRRT of 20–25 mL/kg/hr in patients 
with AKI regardless of the etiologies of AKI. The studies examining the effects of RRT dose 
and outcomes are summarized in Table 1. However, delivering of the prescribed dose may be 
compromised due to filter clotting, concentration polarization of the filter, and other factors 
including access-related problems which diminish the treatment time. Rolando et al. studied 
the actual delivered dose of RRT in critically ill patients with AKI requiring dialysis. The 
delivered clearance was derived from the ratio of mass removal rate to blood concentration 
and effluent volume rate. From this study, the prescribed clearance overestimated the actual 
delivered clearance by 23.8% [36]. Therefore, the effluent rate prescription should be increased 
by 20–25% to achieve an actual prescribed dose.
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Author/study Type Sample Comparison/intervention Outcomes

Comparing HDF and other modalities

Dario et al. [23] Multicenter, 
prospective, and 
comparative study

65 patients 
with AKI and 
sepsis

OL-HDF versus low-
intensity high-flux IHD

OL-HDF showed 
benefits statistically 
significant in intensive 
care unit stay

Chancharoenthana 
et al. [29]

Single-center RCT 28 patients 
with AKI and 
sepsis

OL-HDF versus high-flux 
IHD

OL-HDF showed 
significant higher 
inflammatory cytokine 
removal, better renal 
recovery, and shorter 
length of hospital stay

Skofic et al. [30] Single-center RCT 273 critically ill 
patients with 
AKI

High-volume OL-HDF 
(mean volume 81 L) 
versus

standard IHD

No significant 
difference of mortality

Premuzic et al. [31] Retrospective, 
longitudinal follow-up 
study for 12 months 
duration

137 patients 
with AKI and 
sepsis

CVVHDF versus CVVH 
aiming at the dose of 
dialysis >35 mL/kg/hr

No significant 
difference in survival 
rate

Subgroup analysis in 
patients with oliguria/
anuria showed 
significantly higher 
survival in patients 
treated with CVVHDF 
compared with CVVH

Effect of HDF dose and outcomes

Kron et al. [28] Prospective 
observational study

21 patients 
with AKI and 
sepsis

Extended daily online 
high-volume HDF 
(6–23 hours) with 
convective volume 
about 173 L/treatment in 
patients with sepsis

Significantly lower 
predicted mortality by 
APACHEII and SAPSII 
scores

ATN trial [32] Multicenter RCT 1124 critically 
ill patients 
with AKI

Pre-dilution CVVHDF 
35 ml/kg/r or six sessions/
week of SLEDD/IHD 
versus pre-dilution 
CVVHDF 20 ml/kg/hr or 
three sessions/week of 
SLEDD/IHD

No significant 
difference of survival 
rate (46 and 48%)

RENAL trial [33] Multicenter RCT 1508 critically 
ill patients 
with AKI

Post-dilution CVVHDF 
40 ml/kg/hr versus 25 ml/
kg/hr

No significant 
difference of survival 
rate (55 and 55%)

Park et al. [34] Single-center RCT 212 patients 
with AKI and 
sepsis

High-dose pre-dilution 
CVVHDF 80 mL/kg/hr 
versus conventional dose 
pre-dilution CVVHDF 
40 mL/kg/hr

Significant influence 
of high-dose CVVHDF 
in removal of 
inflammatory cytokines

No significant difference 
of mortality

Table 1. Clinical trials using HDF in critically ill patients with AKI.
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5. HDF and rhabdomyolysis-induced AKI

Myoglobin is an oxygen-binding protein found in cardiac and skeletal muscle. It has a molec-
ular mass of 17.9 kDa. In patients with normal renal function, a rapid rise in blood myoglobin 
levels would be followed by a rapid disappearance within 6 hours due to high renal clear-
ance. Myoglobin clearance decreases in renal impairment and myoglobin elimination half-life 
could be extended to 21 hours (range 17–29 hours) in dialyzed patients [37].

In rhabdomyolysis, myoglobin, released from injured muscle into circulation, induces renal 
vasoconstriction, oxidative stress, direct tubular injury, and tubular obstruction. Besides pro-
moting urine and renal clearance of myoglobin, effective removal by extracorporeal therapies 
might reduce renal injuries [38]. High-flux membranes typically allow clearance of molecules 
up to 20 kDa, while high cutoff (HCO) membranes permit molecules with 20–50 kDa. Some 
larger molecules such as albumin (65 kDa) and clotting factors may also be removed when 
convection is applied in HCO.

There was a case series reporting on HDF with a HCO membrane applied in the treatment 
of acute myoglobinuric renal failure [39]. Highly efficient myoglobin removal was demon-
strated. By measuring myoglobin content in the collected effluent, the single HCO-HDF for 
12 hours resulted in nearly 5 grams of myoglobin removal, with a mean myoglobin clearance 
of 80.7 mL/min. However, a high rebound in serum myoglobin on average to 244% of the 
post-procedure myoglobin level was observed. Several studies also reported mass myoglo-
bin removal on CVVHF with high-flux or HCO membranes [40–43]. However, there was no 
strong evidence displaying the effects of myoglobin removal on renal recovery and mortality 
outcome in myoglobinuric renal failure patients.

6. HDF and myeloma cast nephropathy

AKI in patients with multiple myeloma is mostly related to myeloma cast nephropathy char-
acterized by monoclonal light chain and uromodulin obstructions in distal tubules of the 
kidney. Cast nephropathy is generated by massive light chain secretion in the tubules and 
precipitated with reduction of tubular flow. There was an RCT comparing between intensive 
HD (eight 5-hour sessions over 10 days) with a HCO dialyzer (HCO-HD) and conventional 
HD among patients who were newly diagnosed with myeloma cast nephropathy and treated 
with a bortezomib-based chemotherapy regimen [44]. HCO-HD allowed higher clearance 
of both kappa (κ) and lambda (λ) light chains. Moreover, a rapid reduction of circulating 
monoclonal light chains by intensive HCO-HD resulted in a statistically significant difference 
in HD independence at 6 and 12 months (56.5 vs. 35.4%; p = 0.04 and 60.9 vs. 37.5%; p = 0.02, 
respectively). However, the HD-independent rate at 3 months which was the primary out-
come was not significantly different. Although using HCO membrane was likely to improve 
the renal outcome, higher albumin loss during HCO-HD should be considered.

Regarding HDF, there was a case series demonstrating the efficacy of supra-hemodiafiltration 
with endogenous reinfusion (supra-HFR) which is a subtype of HDF that utilizes separated 
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convective volume 
about 173 L/treatment in 
patients with sepsis
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ATN trial [32] Multicenter RCT 1124 critically 
ill patients 
with AKI

Pre-dilution CVVHDF 
35 ml/kg/r or six sessions/
week of SLEDD/IHD 
versus pre-dilution 
CVVHDF 20 ml/kg/hr or 
three sessions/week of 
SLEDD/IHD

No significant 
difference of survival 
rate (46 and 48%)

RENAL trial [33] Multicenter RCT 1508 critically 
ill patients 
with AKI

Post-dilution CVVHDF 
40 ml/kg/hr versus 25 ml/
kg/hr

No significant 
difference of survival 
rate (55 and 55%)

Park et al. [34] Single-center RCT 212 patients 
with AKI and 
sepsis

High-dose pre-dilution 
CVVHDF 80 mL/kg/hr 
versus conventional dose 
pre-dilution CVVHDF 
40 mL/kg/hr

Significant influence 
of high-dose CVVHDF 
in removal of 
inflammatory cytokines

No significant difference 
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ular mass of 17.9 kDa. In patients with normal renal function, a rapid rise in blood myoglobin 
levels would be followed by a rapid disappearance within 6 hours due to high renal clear-
ance. Myoglobin clearance decreases in renal impairment and myoglobin elimination half-life 
could be extended to 21 hours (range 17–29 hours) in dialyzed patients [37].

In rhabdomyolysis, myoglobin, released from injured muscle into circulation, induces renal 
vasoconstriction, oxidative stress, direct tubular injury, and tubular obstruction. Besides pro-
moting urine and renal clearance of myoglobin, effective removal by extracorporeal therapies 
might reduce renal injuries [38]. High-flux membranes typically allow clearance of molecules 
up to 20 kDa, while high cutoff (HCO) membranes permit molecules with 20–50 kDa. Some 
larger molecules such as albumin (65 kDa) and clotting factors may also be removed when 
convection is applied in HCO.

There was a case series reporting on HDF with a HCO membrane applied in the treatment 
of acute myoglobinuric renal failure [39]. Highly efficient myoglobin removal was demon-
strated. By measuring myoglobin content in the collected effluent, the single HCO-HDF for 
12 hours resulted in nearly 5 grams of myoglobin removal, with a mean myoglobin clearance 
of 80.7 mL/min. However, a high rebound in serum myoglobin on average to 244% of the 
post-procedure myoglobin level was observed. Several studies also reported mass myoglo-
bin removal on CVVHF with high-flux or HCO membranes [40–43]. However, there was no 
strong evidence displaying the effects of myoglobin removal on renal recovery and mortality 
outcome in myoglobinuric renal failure patients.

6. HDF and myeloma cast nephropathy

AKI in patients with multiple myeloma is mostly related to myeloma cast nephropathy char-
acterized by monoclonal light chain and uromodulin obstructions in distal tubules of the 
kidney. Cast nephropathy is generated by massive light chain secretion in the tubules and 
precipitated with reduction of tubular flow. There was an RCT comparing between intensive 
HD (eight 5-hour sessions over 10 days) with a HCO dialyzer (HCO-HD) and conventional 
HD among patients who were newly diagnosed with myeloma cast nephropathy and treated 
with a bortezomib-based chemotherapy regimen [44]. HCO-HD allowed higher clearance 
of both kappa (κ) and lambda (λ) light chains. Moreover, a rapid reduction of circulating 
monoclonal light chains by intensive HCO-HD resulted in a statistically significant difference 
in HD independence at 6 and 12 months (56.5 vs. 35.4%; p = 0.04 and 60.9 vs. 37.5%; p = 0.02, 
respectively). However, the HD-independent rate at 3 months which was the primary out-
come was not significantly different. Although using HCO membrane was likely to improve 
the renal outcome, higher albumin loss during HCO-HD should be considered.

Regarding HDF, there was a case series demonstrating the efficacy of supra-hemodiafiltration 
with endogenous reinfusion (supra-HFR) which is a subtype of HDF that utilizes separated 
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convection, diffusion, and adsorption [45]. The sorbent cartridge has a high affinity for both 
κ and λ free light chains without the drawback of albumin loss. In this report, more than 
50% reduction of the serum free light chain levels occurred within only 1 week of supra-HFR 
treatment, and three out of four cases became dialysis independent after 2–6 weeks with no 
significant loss of albumin.

7. HDF and contrast-induced nephropathy (CIN)

CIN is a common cause of AKI which can range from a minor or transient elevation of serum 
creatinine to severe renal failure requiring dialysis. These injuries are associated with signifi-
cant inhospital and long-term morbidity and mortality [46, 47]. Although various strategies 
in preventing CIN, such as acetylcysteine, theophylline, and other renoprotective drugs, have 
been evaluated, only intravenous administration of normal saline and sodium bicarbonate 
seem to be a useful method [48, 49].

Prophylactic HD starting immediately after administration of the contrast in patients with previ-
ous renal dysfunction failed to demonstrate the benefit in CIN prevention [50]. Nevertheless, 
Marenzi et al. reported the efficacy and safety of periprocedural CVVHF in chronic kidney 
disease patients undergoing coronary interventions (4–6 hours before coronary procedure and 
continued for 18–24 hours) [51]. The explanation for the discrepancy is that HD might induce 
hypovolemia, leading to renal hypoperfusion and renal ischemia which are important risk fac-
tors of CIN. On the contrary, CVVHF is corresponding with enhanced hemodynamic stability. In 
addition, CVVHF provides controlled high-volume hydration and could remove more contrast 
agent from the circulation, resulting in reduction of kidney exposure to the contrast agent. There 
was a study which compared the contrast media removing the ability of different extracorporeal 
treatments as low-flux HD, high-flux HD, HF, and HDF [52]. In this study, HDF and high-flux 
HD could effectively remove contrast media more effectively than low-flux HD and HF.

Katoh et al. performed HDF with blood suction from the right atrium (RA-HDF) in patients 
with renal dysfunction undergoing coronary angiography (CAG) or percutaneous coronary 
intervention (PCI) [53]. RA-HDF was started 30 minutes before the scheduled coronary pro-
cedure and continued until 30 minutes after the procedure. By this method, the blood was 
drawn from the right atrium near the orifice of the coronary sinus. Therefore, the contrast 
media injected into a coronary artery could be removed effectively before entering the sys-
temic circulation. Although there was no statistically significant difference, the frequency 
of CI-AKI was lower in the patients receiving normal saline hydration in combination with 
RA-HDF compared with those administered only normal saline (12 vs. 27%). Another study 
investigated the use of prophylactic HDF for 3 hours after emergency or urgent CAG in acute 
coronary syndrome patients with severe renal (eGFR <30 mL/min/1.73 m2) and cardiac dys-
functions (LVEF < 40%) [54]. Patients who were dialyzed with HDF had a lower incidence of 
severe AKI (10 vs. 40%) and lower requirement for RRT during hospitalization (7 vs. 27%). 
Moreover, they experienced significantly lower 1-year mortality rates than the controls. Taken 
together, prophylactic HDF is likely to provide salutary benefit in patients with very high 
risks who are undergoing coronary interventions. However, certain limitations should be 
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considered. First, these reports are prospective observational studies with quite small number 
of patients. Second, prophylactic HDF is associated with high expense, and the cost-effec-
tiveness should be evaluated. Table 2 details the comparison of outcomes between HDF and 
conventional HD in various AKI entities.

8. Conclusion

By combining diffusive and convective clearances, HDF is one of the most effective modalities 
in clearance of middle molecule solutes and protein-bound uremic toxins. In addition to the 
benefit of conventional uremic toxin clearance, HDF provides a significantly higher elimina-
tion of other nephrotoxic substances. This clearance capacity seems to be associated with the 
improvement of renal recovery and clinical outcomes in some special entities of AKI such as 
sepsis, rhabdomyolysis, myeloma cast nephropathy, and CIN. However, the reduction in the 
mortality of patients undergoing HDF is quite difficult to be evaluated. In conclusion, while 
there is rising of clinical evidence favoring HDF in AKI, further large-scale prospective RCTS 
are essentially required to confirm its benefits.
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Etiology of AKI HDF vs. conventional HD

Sepsis-induced AKI

Cytokine removal

Renal recovery

Mortality

Significantly higher cytokine removal than HD

Probable benefits

No benefit

Rhabdomyolysis Significantly higher myoglobin removal

No evidence of renal recovery and mortality benefit

Myeloma cast nephropathy Significantly higher free light chain removal

No evidence of renal recovery and mortality benefit

Prophylaxis of contrast-induced nephropathy Periprocedure HDF reduce incidence if CIN

Abbreviations: AKI: acute kidney injury; HDF: hemodiafiltration; HD: hemodialysis; CIN-AKI: contrast-induced 
nephropathy-acute kidney injury.

Table 2. Comparison of outcomes between HDF and conventional HD in various AKI settings.
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Abstract

Immunoadsorption is an extracorporeal technique used for the removal of antibodies 
and molecules from the blood. A large number of different adsorbents are now avail-
able allowing for the non-selective removal of all subclasses of immunoglobulins such 
as IgG or more selective removal of disease specific molecules such as lipoprotein(a) and 
CRP. This selectivity, coupled with its highly efficient removal of the molecule, along 
with a favourable side-effect profile, has made immunoadsorption an attractive option 
in a range of autoimmune diseases. Here we discuss the mechanism and technique of 
immunoadsorption and review the current evidence and indications for its use, particu-
larly in relation to sepsis.

Keywords: sepsis, immunoadsorption, extracorporeal therapy, autoimmune disease

1. Introduction

Immunoadsorption (IA) was developed in the 1990s as a method of extracorporeal removal 
of molecules from the blood, in particular molecules of the immune system. There are now 
a large number of devices/columns on the market, each with a different active component to 
which the molecule of interest attaches, allowing for selectivity in the molecules removed. 
This selectivity is one of immunoadsorption’s significant advantages over other apheresis 
techniques, in that it negates the need for replacement of factors such as albumin and plasma. 
With the vast majority of IA systems directed against components of the immune system, 
its use has traditionally been in autoimmune conditions and transplantation, although new 
systems are increasingly being used for other indications such as sepsis (Figure 1).
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2. Procedure

Despite the large number of IA columns available the basic principle of the procedure is simi-
lar throughout. As with other extracorporeal therapies central venous access is required in 
order to ensure an adequate blood flow of ~100–150 ml/min through the system. The system 
itself is a closed system using single use tubing passing the blood from the central venous 
catheter to a plasma or cell separator, through the column, before combining with the blood 
components and back into the body via the central venous catheter (Figure 2).

Figure 1. Range of conditions in which therapeutic apheresis has been used.

Figure 2. Immunoadsorption schematic. Blood first passes to plasma filter. Plasma then passes on to immunoadsorption 
column before returning to patient. Schematic shown is dual column system. As the plasma is passing through one column, 
the second column is being regenerated. Once the first column is saturated the flow switches to the second column whilst 
the first is then regenerated.
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The initial step in immunoadsorption is therefore separation of plasma from the blood cells. 
Currently there are a number of machines available for this; the Art Universal plasma separa-
tor (Fresenius Medical Care), Octo Nova plasma separator (Diamed Medizintechnik), COBE 
Spectra Apheresis system (Terumo), Plasmaflo OP plasma separator (Asahi Kasei Medical 
Co.) and the COMTEC cell separator (Fresenius Medical Care).

The plasma then flows through to a second machine and into the immunoadsorption column. 
A number of machines are on the market for this stage of the procedure in order to monitor 
and regulate the plasma flow through the column; the Adsorption-Desorption-Automated 
system (ADAsorb, Medicap Clinic GmbH) being the most common dual column system in 
use today.

In dual column systems, the plasma passes through one column whilst the second column is 
being regenerated. Once the active column has been saturated, the plasma flow switches to 
the second column whilst the first column itself undergoes regeneration. This system allows 
for continuous treatment of the plasma with no theoretical upper limit on the number of 
plasma volumes that can be treated.

All columns share the same fundamental basics, with a matrix containing the molecule used 
to bind the required immunoglobulin. It is through this matrix that the plasma flows with 
immunoglobulin binding as it passes. The binding molecule in each adsorber come from a 
number of different sources both synthetic and organic and this heterogeneity adds to the 
versatility of the treatment. For example, protein A is found in the cell wall of Staphylococcus 
aureus and has been shown to bind immunoglobulins and in particular IgG with high affinity. 
It has the ability to bind all the subclasses of IgG with very little binding of other immuno-
globulins [1]. The Globaffin adsorber, in contrast, uses a synthetic peptide (Peptid-GAM) to 
bind IgG with high affinity, and again, all subclasses [2] (Table 1).

Treatment prescriptions for immunoadsorption are based on plasma volumes with dif-
fering recommendations for each condition as discussed below. Depending on the condi-
tion being treated, sessions can be daily or intermittent, again discussed below for each 
indication. For most patients, plasma volume can be calculated using the Kaplan formula; 
estimated plasma volume = (0.065 × Weight (kg)) × (1 − Haematocrit) [3]. This formula how-
ever does assume a normal body mass index with decreasing accuracy for outliers. In these 
situations, particularly relevant in patients with nephrotic syndrome and morbid obesity, 
body composition monitoring may be of benefit to assess a patient’s normohydration/ideal 
body weight (IW). This can then be used in the Kaplan formula for a more accurate plasma 
volume:

  Estimated plasma volume =  (0.065 × IW  (kg) )  ×  (1 − Haematocrit) .  (1)

All patients undergoing IA need anticoagulation. This usually takes the form of citrate sodium 
with IV calcium replacement. In our centre we use 10 ml 10% calcium gluconate for every 
2 L of plasma treated. Heparin can also be used as an anticoagulation although generally in 
combination with sodium citrate and not as the sole agent.
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All columns are single patient use only. However, the number of times a column can be used 
differs from single use, such as the Ligasorb (Fresenius Medical Care) up to 2 years for the 
Globaffin column (Fresenius Medical Care).

Due to the disposable single use consumables and patient specific columns along with the fact 
that there is no reliance on blood component replacement, the risk of blood borne disease is 
minimal. However, there is still a theoretical risk cross-infection and pre-therapy screening 
for blood borne viruses is advisable.

Of note is the contraindication for the use of concomitant angiotensin-converting enzyme 
inhibitors (ACEi) with the use of columns using a native peptide such as tryptophan immuno-
adsorption [4]. This is due to the ACEi induced reduction of bradykinin metabolism following 
its release during IA. In columns using a synthetic peptide such as the Globaffin, this appears 
to be less of a concern and the use of ACEi is not contraindicated.

Immunoadsorption type Binding material Available columns

Selective Sepsis and septic shock Pocard Toxipak

CRP PentraSorb CRP

C1q Miro

ABO Gylcosorb ABO and ABO Adsopak

PDCM075 and PDCM349 Coraffin

IgE IgEnio

Cholesterol DALI

Lipoproteins and macromolecules MONET

LDL cholesterol Pocard LDL Lipopak

Lipoprotein(a) Pocard Lp (a) Lipopak

Semi-selective Staphylococcal protein A Immunosorba

Sheep anti-human Ig Therasorb and Ig-Adsopak

Peptide-GAM Globaffin and Ligasorb

Non-selective Phenylalanine Immunosorba PH

Tryptophan Immunosorba TR-350

Dextran sulphate Selesorb

Extracorporeal devices oXiris Endotoxins and cytokines

CytoSorb Cytokines

Toraymyxin Endotoxins

Table 1. Immunoadsorption and extracorporeal columns from non-selective to selective showing the wide range of 
systems available.
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3. Immunoadsorption therapy prescription: example

4. Immunoadsorption therapy and its use in sepsis

4.1. Definition

Sepsis is defined as life-threatening organ dysfunction caused by a dysregulated host 
response to infection. The previously used diagnostic criteria of the presence of two or more 
features of the Systemic Inflammatory Response Syndrome (SIRS) was replaced in 2016 with 
new consensus definitions (see Box 1) to provide a more reliable diagnostic criteria, improve 
consistency across clinical trials and facilitate earlier diagnosis and management [5].

Patient name ……………………………

Date of birth ……………………………

Hospital number ……………………………

Primary disease for treatment ……………………………

Dates of therapy ……………………………

Frequency Daily/weekly

Plasma volumes to treat ……………………………

Weight ………….kg

Plasma volume (PV) [Body weight (kg) × 0.065] × [1 − Haematocrit] = …………. L

Treatment volume Plasma volumes to treat × PV = …………. L

Flow rate 25 ml/min (1.5 L/h)

Expected time Treatment volume/1.5 L = …………. h and …………. min

Anticoagulation Citrate sodium/heparin

Calcium infusion as per local guidelines

Name of prescriber ……………………………

Signature of prescriber ……………………………

Date ……………………………

Box 1. Diagnosis of Sepsis and Septic Shock according to the “Third International Consensus Definitions for Sepsis 
and Septic Shock” [5].

• Sepsis is defined as life-threatening organ dysfunction caused by a dysregulated host response to infection.

• Organ dysfunction can be identified as an acute change in total SOFA score_2 points consequent to the infection.
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4.2. Incidence

As a result of these changing definitions and the inherent clinical heterogeneity of sepsis 
syndromes, precise incidences are often difficult to estimate. A point prevalence study from 
the Netherlands in 2004 using the older diagnostic criteria found an incidence of 0.054% of the 
population, 0.61% of hospital admissions but 11% of ICU admissions [6]. A post hoc analysis 
of patients in Australian and New Zealand Intensive Care Units found that a significantly 
larger proportion of patients met the criteria for diagnosis of sepsis when using the new 
(SOFA) versus the old (SIRS) definitions, 87.1 versus 58.9% [7]. It is apparent that despite 
these difficulties in classification, the incidence of sepsis is increasing, likely secondary to an 
ageing population and the increase in risk factors such as cancer, chemotherapy and other 
chronic diseases.

4.3. Pathophysiology

The pathogenesis of sepsis remains incompletely understood. The progression of a simple 
localised infection through to septic shock and multiorgan dysfunction involves a complex 
interplay of proinflammatory and anti-inflammatory cytokines and coagulation factors 
which result in endothelial disruption, alterations in fluid homeostasis, tissue oedema, 
reduced end organ perfusion and eventually multiorgan failure. These interactions and 
their ultimate clinical sequelae depend on factors related to the antecedent infection, the 
host’s response, the presence of comorbidity and the extremes of age, and are mitigated 
by, and often worsened by, iatrogenic interventions aimed at halting and reversing these 
conditions. A not infrequent clinical syndrome ensues, familiar to most Intensive Care 
Physicians, of a patient mechanically ventilated on the intensive care unit, requiring high 
dose vasopressors and renal replacement therapy. Inoculation with a virulent pathogen 
triggers a cascade of events resulting in the activation of the innate immune response 
and the release of proinflammatory cytokines. The initial host response is triggered by 

• The baseline SOFA score can be assumed to be zero in patients not known to have pre-existing organ dysfunction.

• ASOFAscore_2 reflects an overall mortality risk of approximately10%in a general hospital population with 
suspected infection. Even patients presenting with modest dysfunction can deteriorate further, emphasizing 
the seriousness of this condition and the need for prompt and appropriate intervention, if not already being 
instituted.

• In lay terms, sepsis is a life-threatening condition that arises when the body’s response to an infection injures its 
own tissues and organs.

• Patients with suspected infection who are likely to have a prolonged ICU stay or to die in the hospital can 
be promptly identified at the bedside with qSOFA, ie, alteration in mental status, systolic blood pressure_100 
mmHg, or respiratory rate_22/min.

• Septic shock is a subset of sepsis in which underlying circulatory and cellular/metabolic abnormalities are pro-
found enough to substantially increase mortality.

• Patients with septic shock can be identified with a clinical construct of sepsis with persisting hypotension requir-
ing vasopressors to maintain MAP_65 mmHg and having a serum lactate level >2 mmol/L (18 mg/dL) despite 
adequate volume resuscitation. With these criteria, hospital mortality is in excess of 40%.
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recognition of the invading pathogen’s molecular signatures (Pathogen Associated 
Molecular Patterns) or the tissue damage caused by the cellular apoptosis such as ATP 
and mitochondrial DNA (Damage Associated Molecular Patterns). These activate recep-
tors (Toll-like receptors and C-type lectin receptors) and result in the systemic release of 
proinflammatory cytokines, predominantly interleukin-1 (Il-1), Il-6 and tumour necrosis 
factor alpha [8].

This release of cytokines triggers further activation of the hosts immune response, resulting 
in migration of macrophages and activating further cells of the innate immune systems to 
release more cytokines, proteases and reactive oxygen species. Coagulation pathways are also 
activated with widespread activation by tissue factor and by impaired intrinsic anticoagu-
lants such as protein C. It is thought that protease-activated receptors (PAR’s) that result from 
widespread thrombin deposition may play a role in endothelial-cell barrier function break-
down and widespread inflammation [9]. Activation of these pathways results in widespread 
endothelial release of inducible nitric oxide synthase and this along with other mechanisms 
causes vasoplegia resulting in systemic hypotension and compensatory activation of the renin 
angiotensin pathway. These perturbations and the responding compensatory pathways result 
in a high incidence of acute kidney injury in sepsis with estimates ranging from 19% in ‘mod-
erate sepsis’ to 51% in ‘septic shock’ [10].

4.4. Treatment

The mainstay of management for sepsis continues to be early recognition and the institu-
tion of appropriate antimicrobial therapy and supportive care. A retrospective cohort study 
in 2006 demonstrated an increase in mortality associated with a delay in antibiotics beyond 
1 h after the recognition of septic shock and an increasing mortality associated with further 
delay [11]. The institution of the sepsis six 1-h bundle by the Surviving Sepsis Campaign 
(www.survivingsepsis.org) aimed to enforce the time critical nature of these interventions 
with delay in administration of antibiotics associated with an increasing mortality (see Box 2). 
Despite early enthusiasm and uptake for the use of goal directed therapies in critical care, 
more recent randomised controlled trials have not demonstrated their superiority to standard 
care in patients admitted to the ICU with sepsis. Supportive management will often involve 
the use of vasopressor and inotropic support, mechanical ventilation and continuous renal 
replacement therapy.

Box 2. Surviving Sepsis Campaign Hour-1 bundle of care.

• Measure lactate level

• Obtain blood cultures before administering antibiotics.

• Administer broad-spectrum antibiotics.

• Begin rapid administration of 30 mL/kg crystalloid for hypotension or lactate level ≥ 4 mmol/L.

• Apply vasopressors if hypotensive during or after fluid resuscitation to maintain MAP ≥ 65 mm Hg.
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There is ongoing debate as to the role of corticosteroid therapy in sepsis and septic shock. 
Recent randomised controlled trials have demonstrated that hydrocortisone improves the 
resolution of septic shock in patients who are refractory to vasopressors but the evidence 
for improvement in mortality is mixed. In the Activated Protein C and Corticosteroids for 
Human Septic Shock (APROCCHS) Trial there was evidence of an improvement in 90 day 
mortality in patients treated with hydrocortisone 200 mg daily with fludrocortisone compared 
to placebo (43.0 versus 49.1%) [12]. The Adjunctive Corticosteroid Treatment in Critically Ill 
Patients with Septic Shock (ADRENAL) trial however failed to demonstrate a mortality differ-
ence in patients treated with hydrocortisone 200 mg daily versus placebo (27.9 versus 28.8%) 
[13]. Both trials however showed that the use of hydrocortisone was associated with a faster 
resolution of septic shock and the use of vasopressors as secondary outcomes. It is possible 
that the difference in the primary outcome of mortality between these two landmark studies 
may be the additional use of mineralocorticoid therapy but it may also be related to the dif-
fering patient groups and predicted mortality between the two trials, with the APROCCHS 
trial demonstrating an improvement in 90 day mortality in patients who were more unwell 
and with a higher overall mortality [14]. There remains large clinical variation in the use of 
hydrocortisone therapy in septic shock but it is likely that some clinicians will continue their 
use judiciously in patients with septic shock refractory to vasopressor support. Beyond the 
use of steroids there has been much interest in the use of immunomodulatory therapies in the 
treatment of sepsis. Perhaps the most well studied of these is the use of recombinant human 
activated protein C (rhAPC). Initially encouraging trials showed a mortality benefit of the use 
of rhAPC in patients with sepsis and multiorgan dysfunction, felt in part due to its anticoagu-
lant effect mitigating the procoagulant and frequent disseminated intravascular coagulation 
seen in more severe forms of sepsis [15]. It was also favoured for its anti-inflammatory prop-
erties. Unfortunately, despite these early positive trials, subsequent randomised controlled 
trials failed to show a benefit of rhAPC and it was quickly removed from the market by its 
manufacturer [16]. Despite improvements in supportive care, sepsis remains a heavy burden 
on intensive care units worldwide and continues to be associated with a high mortality in 
critically ill patients with an ongoing need for novel, effective treatments.

4.4.1. Extracorporeal therapy

Given the active role of immune system factors in sepsis there has, over the years, an interest 
in the use of extracorporeal devices for the removal of these perceived pathogenic compo-
nents. Toraymyxin is an extracorporeal method of removing endotoxins using the polypep-
tide polymyxin-B immobilised onto polystyrene fibres. Also known as PMX haemoperfusion 
(PMX-HP), it was developed in the early 1990s in Japan and approved for use in Europe in 
2002. Since that time, it has been used in a significant number of patients with sepsis or septic 
shock in ICU. However, evidence for its benefit has been inconsistent and a recent meta-
analysis has concluded that there is no strong evidence for its routine use [17].

Other extracorporeal systems for use in the setting of sepsis include CytoSorb and oXiris. 
CytoSorb is a single use column designed for the removal of excessive cytokines. Despite 
showing a significant reduction in circulating cytokine levels, there is a lack of evidence to 
show an improvement in outcomes and as such its use it not currently recommended by 
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regulatory bodies such as the National Institute for Health and Care Excellence (NICE) in the 
United Kingdom [18, 19]. oXiris is an acrylonitrile and methalylsulfonate (AN69) membrane 
that has been shown to remove both endotoxins and cytokines in vitro and is now the subject 
of a number of randomly controlled trials investigating its benefit clinically [20].

4.4.2. Immunoadsorption in sepsis

In a recent study, IA was used to selectively remove LSP, IL-6 and C5a in 11 adult patients 
(and 22 controls) with severe sepsis admitted to ICU. The treatment was well tolerated and 
patients had no ongoing anticoagulation abnormalities following IA therapy. All three factors 
were markedly reduced following treatment in the IA group, in addition to which C-reactive 
protein (CRP) and fibrinogen were reduced to 27 and 36% of their initial values. There was 
no change to the inflammatory factors in the control group. Using a number of markers of 
disease severity, those patients in the treatment group showed a meaningful improvement 
compared to the control group. Number of days ventilated and the number of days in ICU 
were both significantly less in the treatment group as was the amount of norepinephrine 
needed. There was a tendency to a reduction in the number needing renal replacement 
therapy although this was not statistically significant. Acute Physiology and Chronic Health 
Evaluation II (APACHE II), mean Sequential Organ Failure Assessment (SOFA) and mean 
Multiple Organ Failure (MOF) scores all improved significantly more in the treatment group 
compared to the control group [21].

This pilot study shows that IA appears to be safe and tolerated well in patients with severe 
sepsis with significant objective improvements as measure both biochemically and clinically.

5. Other indications for the use of immunoadsorption

5.1. Nephrology

5.1.1. Transplantation

As patients reach end-stage renal disease (ESRD) and require renal replacement therapy 
(RRT), dialysis can be a lifeline but long-term outcomes remain poor. Renal transplantation 
can not only improve a patients’ quality of life but also extend it beyond that of dialysis 
[22–24]. Traditionally renal transplantation matching has been based on a close Human 
Leukocyte Antigen (HLA) match and ABO compatibility. With an ever-increasing popula-
tion reaching ESRD and necessitating RRT but with the continued donor kidney shortage, 
methods to allow for a relaxation of these matching criteria can greatly increase the uptake of 
renal transplantation [25].

5.1.1.1. ABO-incompatibility

Early attempts to use transplantation in the presence of ABO-incompatibility (ABOi) proved 
unsuccessful and its use was contraindicated for many years due to the risk of hyperacute 
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There is ongoing debate as to the role of corticosteroid therapy in sepsis and septic shock. 
Recent randomised controlled trials have demonstrated that hydrocortisone improves the 
resolution of septic shock in patients who are refractory to vasopressors but the evidence 
for improvement in mortality is mixed. In the Activated Protein C and Corticosteroids for 
Human Septic Shock (APROCCHS) Trial there was evidence of an improvement in 90 day 
mortality in patients treated with hydrocortisone 200 mg daily with fludrocortisone compared 
to placebo (43.0 versus 49.1%) [12]. The Adjunctive Corticosteroid Treatment in Critically Ill 
Patients with Septic Shock (ADRENAL) trial however failed to demonstrate a mortality differ-
ence in patients treated with hydrocortisone 200 mg daily versus placebo (27.9 versus 28.8%) 
[13]. Both trials however showed that the use of hydrocortisone was associated with a faster 
resolution of septic shock and the use of vasopressors as secondary outcomes. It is possible 
that the difference in the primary outcome of mortality between these two landmark studies 
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analysis has concluded that there is no strong evidence for its routine use [17].
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CytoSorb is a single use column designed for the removal of excessive cytokines. Despite 
showing a significant reduction in circulating cytokine levels, there is a lack of evidence to 
show an improvement in outcomes and as such its use it not currently recommended by 
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regulatory bodies such as the National Institute for Health and Care Excellence (NICE) in the 
United Kingdom [18, 19]. oXiris is an acrylonitrile and methalylsulfonate (AN69) membrane 
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of a number of randomly controlled trials investigating its benefit clinically [20].
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(and 22 controls) with severe sepsis admitted to ICU. The treatment was well tolerated and 
patients had no ongoing anticoagulation abnormalities following IA therapy. All three factors 
were markedly reduced following treatment in the IA group, in addition to which C-reactive 
protein (CRP) and fibrinogen were reduced to 27 and 36% of their initial values. There was 
no change to the inflammatory factors in the control group. Using a number of markers of 
disease severity, those patients in the treatment group showed a meaningful improvement 
compared to the control group. Number of days ventilated and the number of days in ICU 
were both significantly less in the treatment group as was the amount of norepinephrine 
needed. There was a tendency to a reduction in the number needing renal replacement 
therapy although this was not statistically significant. Acute Physiology and Chronic Health 
Evaluation II (APACHE II), mean Sequential Organ Failure Assessment (SOFA) and mean 
Multiple Organ Failure (MOF) scores all improved significantly more in the treatment group 
compared to the control group [21].

This pilot study shows that IA appears to be safe and tolerated well in patients with severe 
sepsis with significant objective improvements as measure both biochemically and clinically.

5. Other indications for the use of immunoadsorption

5.1. Nephrology

5.1.1. Transplantation

As patients reach end-stage renal disease (ESRD) and require renal replacement therapy 
(RRT), dialysis can be a lifeline but long-term outcomes remain poor. Renal transplantation 
can not only improve a patients’ quality of life but also extend it beyond that of dialysis 
[22–24]. Traditionally renal transplantation matching has been based on a close Human 
Leukocyte Antigen (HLA) match and ABO compatibility. With an ever-increasing popula-
tion reaching ESRD and necessitating RRT but with the continued donor kidney shortage, 
methods to allow for a relaxation of these matching criteria can greatly increase the uptake of 
renal transplantation [25].

5.1.1.1. ABO-incompatibility

Early attempts to use transplantation in the presence of ABO-incompatibility (ABOi) proved 
unsuccessful and its use was contraindicated for many years due to the risk of hyperacute 
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and acute allograft rejection [26–30]. The ABO blood group system was first described by 
Landsteiner in 1901 [31]. Patients can have A, B, both or neither antigens on their erythrocytes 
along with antibodies to the antigens they do not possess. For example, patients with blood 
group A will have A antigens on their erythrocytes, and antibodies to B antigen (anti-B) in 
their plasma. Since the 1980s there has been an increased understanding of the underlying 
mechanisms of ABOi rejection. This rejection is triggered by the recognition by the recipient 
antibodies (anti-A or anti-B) of the corresponding A and/or B blood group antigen on the graft 
endothelium. Earlier attempts at removing these antibodies to allow for ABOi transplanta-
tion involved intensive perioperative plasma exchange, splenectomy and judicious immu-
nosuppression with resulting high mortality and morbidity but with little improvement in 
outcomes [26].

Given the anti-A/B blood group antigens are of the IgG and IgM subclass, the use of immu-
noadsorption offers the ability to selectively remove these antibodies and there is now strong 
evidence for it use with long-term follow up [26, 32].

In 2001, Tydén et al. published a protocol utilising immunoadsorption and rituximab as an 
adjunct to standard triple therapy immunosuppression to significantly reduce the blood 
group antigens prior to transplantation. This regimen has now been used extensively, par-
ticularly in Europe, with excellent long-term outcomes, comparable to ABO compatible trans-
plantation [33–38].

5.1.1.2. HLA mismatch

In a similar manner to ABOi, recipient antibodies directed against donor HLA are a major 
cause of graft rejection [39, 40]. Unfortunately, a large number of patients on the transplant 
waiting list will have these antibodies as a result of blood transfusions, pregnancy or previous 
transplants [41–44]. As with ABOi, the presence of these antibodies can reduce the chance of 
a patient receiving a transplant and increase time on the waiting list. Methods have therefore 
been sought to desensitise patients in order to improve their chances of a suitable match 
and to improve outcomes post transplantation. Most strategies at present employ plasma 
exchange and IVIg with good results showing that the removal of these antibodies can confer 
a favourable outcome for the patient [45]. Given its more selective nature, IA offers an alterna-
tive to plasma exchange and has been used in a number of small studies with varying degrees 
of success.

In 1996, Higgins et al. used IA in 13 highly sensitised patients prior to transplantation. Three 
patients’ grafts failed due to rejection and six of the remaining 10 patients had reversible 
episodes of rejection [46]. Since that time there have been a number of studies showing IA is 
a viable therapy for desensitisation prior to transplantation [47, 48].

5.1.2. Autoimmune membranous nephropathy

Despite being a rare disease, autoimmune membranous nephropathy (MN) is among the most 
common causes of adult nephrotic syndrome worldwide [49–54]. In the majority of patients, it 
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is associated with the M-Type Phospholipase 2 Receptor autoantibody (Anti-PLA2R), discov-
ered in 2009 [55]. Since that time there has been a tremendous increase in our understanding 
of the disease process although this has yet to translate into disease specific therapies for 
patient. At present, the current standard of care involves the use of a rotating regimen involv-
ing high dose steroids and cyclophosphamide over a 6 month period, known as the Ponticelli 
regimen, and has been in use in various forms for almost 20 years [56–58]. This regimen was 
developed before the discovery of the anti-PLA2R but with the belief that the condition was 
an autoimmune disease. It takes a blunderbuss approach to suppressing the immune system 
with good clinical response but with a significant side-effect burden both in the short term 
and the long term.

The anti-PLA2R antibody itself is an IgG antibody and current evidence appears to suggest 
that it is a pathogenic antibody [55, 59–62]. This makes it not only a good biomarker for dis-
ease activity and response to treatment but potentially a target of treatment in itself.

Before the discovery of anti-PLA2R, Esnault et al. use protein A immunoadsorption on four 
patients with membranous nephropathy. All four patients had an improvement in their pro-
teinuria with very little side-effects. However, the study only had a short follow up period of 
4 weeks and no antibody data [63].

A clinical trial using the Fresenius Peptide GAM immunoadsorption column Globaffin has at 
the time of writing completed recruitment and treatment of 12 patients. The Globaffin column 
has a specificity for IgG antibodies of all subclasses and as such is expected to render the 
patients anti-PLA2R negative. Follow up is ongoing but unpublished reports suggest that this 
is a promising new therapy for autoimmune membranous nephropathy with a drastically 
reduced side-effect burden when compared to the Ponticelli regimen [64].

5.1.3. Anti-glomerular basement membrane disease

Anti-glomerular basement membrane disease (anti-GBM), also known as Goodpasture’s syn-
drome, is a rare life-threatening autoimmune disease, typically presenting as rapidly progres-
sive crescentic glomerulonephritis and lung haemorrhage. It is invariably fatal unless treated 
promptly with an intensive regime of immunomodulation with high dose steroids, immuno-
suppression and plasma exchange. With current treatment standards mortality has improved 
although renal impairment remains a significant challenge [58, 65]. Patients who are dialysis 
dependent on presentation unfortunately rarely recover renal function [58, 66, 67].

The disease is associated with the pathogenic anti-GBM autoantibodies which are directed 
against the glomerular basement membrane [68] and in particular the non-collagenous 
domain 1 (NC1) of α3 chain of type IV collagen. These antibodies are predominantly IgG, 
occasionally IgM, and can be readily detected in the circulation as well as being demonstrated 
along the glomerular basement membrane on histology, a combined finding that is confirma-
tion of the diagnosis [65].

Treatment strategies are aimed at the removal of the pathogenic antibody with oral pred-
nisolone at the earliest clinical suspicion of the disease. Once a diagnosis has been confirmed, 
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nosuppression with resulting high mortality and morbidity but with little improvement in 
outcomes [26].

Given the anti-A/B blood group antigens are of the IgG and IgM subclass, the use of immu-
noadsorption offers the ability to selectively remove these antibodies and there is now strong 
evidence for it use with long-term follow up [26, 32].

In 2001, Tydén et al. published a protocol utilising immunoadsorption and rituximab as an 
adjunct to standard triple therapy immunosuppression to significantly reduce the blood 
group antigens prior to transplantation. This regimen has now been used extensively, par-
ticularly in Europe, with excellent long-term outcomes, comparable to ABO compatible trans-
plantation [33–38].
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In a similar manner to ABOi, recipient antibodies directed against donor HLA are a major 
cause of graft rejection [39, 40]. Unfortunately, a large number of patients on the transplant 
waiting list will have these antibodies as a result of blood transfusions, pregnancy or previous 
transplants [41–44]. As with ABOi, the presence of these antibodies can reduce the chance of 
a patient receiving a transplant and increase time on the waiting list. Methods have therefore 
been sought to desensitise patients in order to improve their chances of a suitable match 
and to improve outcomes post transplantation. Most strategies at present employ plasma 
exchange and IVIg with good results showing that the removal of these antibodies can confer 
a favourable outcome for the patient [45]. Given its more selective nature, IA offers an alterna-
tive to plasma exchange and has been used in a number of small studies with varying degrees 
of success.

In 1996, Higgins et al. used IA in 13 highly sensitised patients prior to transplantation. Three 
patients’ grafts failed due to rejection and six of the remaining 10 patients had reversible 
episodes of rejection [46]. Since that time there have been a number of studies showing IA is 
a viable therapy for desensitisation prior to transplantation [47, 48].

5.1.2. Autoimmune membranous nephropathy

Despite being a rare disease, autoimmune membranous nephropathy (MN) is among the most 
common causes of adult nephrotic syndrome worldwide [49–54]. In the majority of patients, it 
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is associated with the M-Type Phospholipase 2 Receptor autoantibody (Anti-PLA2R), discov-
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of the disease process although this has yet to translate into disease specific therapies for 
patient. At present, the current standard of care involves the use of a rotating regimen involv-
ing high dose steroids and cyclophosphamide over a 6 month period, known as the Ponticelli 
regimen, and has been in use in various forms for almost 20 years [56–58]. This regimen was 
developed before the discovery of the anti-PLA2R but with the belief that the condition was 
an autoimmune disease. It takes a blunderbuss approach to suppressing the immune system 
with good clinical response but with a significant side-effect burden both in the short term 
and the long term.

The anti-PLA2R antibody itself is an IgG antibody and current evidence appears to suggest 
that it is a pathogenic antibody [55, 59–62]. This makes it not only a good biomarker for dis-
ease activity and response to treatment but potentially a target of treatment in itself.

Before the discovery of anti-PLA2R, Esnault et al. use protein A immunoadsorption on four 
patients with membranous nephropathy. All four patients had an improvement in their pro-
teinuria with very little side-effects. However, the study only had a short follow up period of 
4 weeks and no antibody data [63].

A clinical trial using the Fresenius Peptide GAM immunoadsorption column Globaffin has at 
the time of writing completed recruitment and treatment of 12 patients. The Globaffin column 
has a specificity for IgG antibodies of all subclasses and as such is expected to render the 
patients anti-PLA2R negative. Follow up is ongoing but unpublished reports suggest that this 
is a promising new therapy for autoimmune membranous nephropathy with a drastically 
reduced side-effect burden when compared to the Ponticelli regimen [64].

5.1.3. Anti-glomerular basement membrane disease

Anti-glomerular basement membrane disease (anti-GBM), also known as Goodpasture’s syn-
drome, is a rare life-threatening autoimmune disease, typically presenting as rapidly progres-
sive crescentic glomerulonephritis and lung haemorrhage. It is invariably fatal unless treated 
promptly with an intensive regime of immunomodulation with high dose steroids, immuno-
suppression and plasma exchange. With current treatment standards mortality has improved 
although renal impairment remains a significant challenge [58, 65]. Patients who are dialysis 
dependent on presentation unfortunately rarely recover renal function [58, 66, 67].

The disease is associated with the pathogenic anti-GBM autoantibodies which are directed 
against the glomerular basement membrane [68] and in particular the non-collagenous 
domain 1 (NC1) of α3 chain of type IV collagen. These antibodies are predominantly IgG, 
occasionally IgM, and can be readily detected in the circulation as well as being demonstrated 
along the glomerular basement membrane on histology, a combined finding that is confirma-
tion of the diagnosis [65].

Treatment strategies are aimed at the removal of the pathogenic antibody with oral pred-
nisolone at the earliest clinical suspicion of the disease. Once a diagnosis has been confirmed, 
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cyclophosphamide is started as is plasma exchange. Plasma exchange continues for 14 ses-
sions or until the serum antibody is negative. If a patient goes into remission, unlike many 
other autoimmune diseases, patients rarely have a return of the antibody or relapse of the 
condition [58].

Given its superiority in removing antibodies compared to plasma exchange, immunoadsorp-
tion provides a promising alternative to the rapid reduction of the offending autoantibodies. 
Currently there are no RCTs investigating the efficacy of IA versus standard of care and for 
many years evidence was conflicting based on small case series from around the world using 
different adsorbers.

The first published treatment of Goodpastures using IA was in 1985 by Bygren et al. using 
protein A immunoadsorption resulting in a dramatic clinical improvement in a patient who 
had failed to respond to plasma exchange [69]. In four Chinese patients using protein A IA, 
all saw a reduction in their antibody levels and resolution of their pulmonary haemorrhage. 
One patient managed to recover renal function in order to stop haemodialysis but the three 
others remained dialysis dependent. All three of these had 100% crescent formation on biopsy 
[70]. However, two patients with dialysis dependent anti-GBM disease treated with protein A 
immunoadsorption by Esnault et al. showed no clinical improvement at all [71].

Two patients treated in Spain showed a reduction in the circulating antibody and improve-
ment in respiratory symptoms but no renal improvement [72]. A Swedish study treating 
three patients with Goodpasture’s also showed no clinical improvement using IA (Excorim, 
Sweden) although all patients were dialysis dependent on initiation of the treatment [73]. Two 
patients from Vienna were successfully treated using the TheraSorb adsorber, one of whom 
regained renal function despite presenting with 100% crescents on histology [74].

The largest series to date though, reveals some encouraging results. Biesenbach et al. treated 10 
consecutive patients using either the TheraSorb (Miltenyi Biotec, Germany) or the Immunosorba 
(Fresenius Medical Care, Germany), treating 2.5–3.0 PV per session. All patients had adjunctive 
prednisolone and cyclophosphamide. All 10 patients were rendered anti-GBM antibody nega-
tive within nine sessions and with greater efficiency than demonstrated in PE. Two patients 
were initially treated with plasma exchange but switched to IA when the antibody failed to 
reduce. Clinical improvement was seen in both pulmonary haemorrhage and in renal impair-
ment, with three of six patients who had initially presented with dialysis dependency man-
aging to recover renal function. One patient died of fungal infection after the antibody had 
become negative but otherwise the safety profile was acceptable with no major adverse events 
recorded [75].

5.1.4. Lupus nephritis

Systemic lupus erythematous (SLE) is an autoimmune disease affecting multiple organs with 
up to 60% of patients having renal involvement (Lupus Nephritis) [76]. SLE is caused by a loss 
of immune tolerance leading to the production of autoantibodies, such as anti-double-stranded 
DNA (anti-dsDNA) autoantibodies, and the development of immune complexes [77–79].  
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The current standard of care is the use of intravenous cyclophosphamide therapy and is aimed 
at the inhibition of formation, and reduction of, these pathogenic antibodies [58].

There are now multiple case series, showing a favourable response to IA with a reduction 
in proteinuria and anti-dsDNA levels, and disease activity as characterised by the Systemic 
Lupus Activity Measure (SLAM) and the Systemic Lupus Erythematosus Disease Activity 
Index (SLEDAI) [80–89]. Many of these studies have treated patients with severe disease 
activity resistant to immunosuppression with very few side effects. As yet there are no RCTs 
investigating the use of IA versus immunosuppression alone or in combination. Despite this, 
the use of IA has shown promise as an alternative or adjunctive treatment in lupus nephritis 
in both the short and long term.

5.1.5. Focal segmental glomerulosclerosis

Focal segmental glomerulosclerosis (FSGS) is a histological diagnosis of a heterogeneous 
group of conditions. It is the most common cause of adult nephrotic syndrome in the US and 
one of the most common causes worldwide and its incidence is rising [54, 90]. It is separated 
into either primary or idiopathic FSGS or secondary FSGS. Secondary FSGS can be further 
subdivided into genetic, virus-associated, drug-induced or adaptive FSGS [91].

Given this heterogeneity, a sound pathogenic basis of the disease has been elusive. The 
initiation of the disease process undoubtedly follows a number of different routes, all with 
resultant podocyte injury. In primary FSGS an immunologic cause has long been suspected 
with a number of circulating factors now identified as potential candidates such as the IgG 
anti-CD40 autoantibody although further work is needed in this area [92].

Based on this supposition, the use of immunoadsorption both for primary disease and for 
recurrent disease post-transplant has been used with varying degrees of success [93, 94].

Haas et al. used IA in five patients with native kidney disease and three patients with recurrent 
disease in their grafts. Six patients used protein-A IA (Immuno-adsorba, Excorim, Sweden) 
and two patients with an anti-IgG column (Ig-TheraSorb, Germany). Patients initially had 
five sessions within 10 days at 2.5 plasma volumes per session. If proteinuria did not improve 
by more than 50% in this time they underwent another cycle. In four of the eight patients, 
proteinuria reduced by more than 50% although the mean time to relapse was only 21 days. 
Following relapse, patients had a further cycle of IA which did appear to provide a benefit 
with one patient having stable remission for 1.5 years and a second patient being stable for 
2 years. However, of the two others who had initially responded, one became resistant to 
treatment and the other lost his graft after 3 months [93].

LDL-apheresis has also shown some promise with reports from Japan suggesting it may 
have a role in not only reducing cholesterol, triglycerides and low-density lipoprotein but 
also proteinuria and an improvement in renal function [95–97]. This has led the ASFA to 
classify FSGS as a category III condition with grade 2C evidence (Optimum role of apheresis 
therapy is not yet established based on weak evidence and decision making should be indi-
vidualized) [98].
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others remained dialysis dependent. All three of these had 100% crescent formation on biopsy 
[70]. However, two patients with dialysis dependent anti-GBM disease treated with protein A 
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patients from Vienna were successfully treated using the TheraSorb adsorber, one of whom 
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(Fresenius Medical Care, Germany), treating 2.5–3.0 PV per session. All patients had adjunctive 
prednisolone and cyclophosphamide. All 10 patients were rendered anti-GBM antibody nega-
tive within nine sessions and with greater efficiency than demonstrated in PE. Two patients 
were initially treated with plasma exchange but switched to IA when the antibody failed to 
reduce. Clinical improvement was seen in both pulmonary haemorrhage and in renal impair-
ment, with three of six patients who had initially presented with dialysis dependency man-
aging to recover renal function. One patient died of fungal infection after the antibody had 
become negative but otherwise the safety profile was acceptable with no major adverse events 
recorded [75].

5.1.4. Lupus nephritis

Systemic lupus erythematous (SLE) is an autoimmune disease affecting multiple organs with 
up to 60% of patients having renal involvement (Lupus Nephritis) [76]. SLE is caused by a loss 
of immune tolerance leading to the production of autoantibodies, such as anti-double-stranded 
DNA (anti-dsDNA) autoantibodies, and the development of immune complexes [77–79].  
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in proteinuria and anti-dsDNA levels, and disease activity as characterised by the Systemic 
Lupus Activity Measure (SLAM) and the Systemic Lupus Erythematosus Disease Activity 
Index (SLEDAI) [80–89]. Many of these studies have treated patients with severe disease 
activity resistant to immunosuppression with very few side effects. As yet there are no RCTs 
investigating the use of IA versus immunosuppression alone or in combination. Despite this, 
the use of IA has shown promise as an alternative or adjunctive treatment in lupus nephritis 
in both the short and long term.
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group of conditions. It is the most common cause of adult nephrotic syndrome in the US and 
one of the most common causes worldwide and its incidence is rising [54, 90]. It is separated 
into either primary or idiopathic FSGS or secondary FSGS. Secondary FSGS can be further 
subdivided into genetic, virus-associated, drug-induced or adaptive FSGS [91].

Given this heterogeneity, a sound pathogenic basis of the disease has been elusive. The 
initiation of the disease process undoubtedly follows a number of different routes, all with 
resultant podocyte injury. In primary FSGS an immunologic cause has long been suspected 
with a number of circulating factors now identified as potential candidates such as the IgG 
anti-CD40 autoantibody although further work is needed in this area [92].

Based on this supposition, the use of immunoadsorption both for primary disease and for 
recurrent disease post-transplant has been used with varying degrees of success [93, 94].

Haas et al. used IA in five patients with native kidney disease and three patients with recurrent 
disease in their grafts. Six patients used protein-A IA (Immuno-adsorba, Excorim, Sweden) 
and two patients with an anti-IgG column (Ig-TheraSorb, Germany). Patients initially had 
five sessions within 10 days at 2.5 plasma volumes per session. If proteinuria did not improve 
by more than 50% in this time they underwent another cycle. In four of the eight patients, 
proteinuria reduced by more than 50% although the mean time to relapse was only 21 days. 
Following relapse, patients had a further cycle of IA which did appear to provide a benefit 
with one patient having stable remission for 1.5 years and a second patient being stable for 
2 years. However, of the two others who had initially responded, one became resistant to 
treatment and the other lost his graft after 3 months [93].

LDL-apheresis has also shown some promise with reports from Japan suggesting it may 
have a role in not only reducing cholesterol, triglycerides and low-density lipoprotein but 
also proteinuria and an improvement in renal function [95–97]. This has led the ASFA to 
classify FSGS as a category III condition with grade 2C evidence (Optimum role of apheresis 
therapy is not yet established based on weak evidence and decision making should be indi-
vidualized) [98].
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5.1.6. ANCA associated vasculitis

Antineutrophil cytoplasmic autoantibody (ANCA)-associated vasculitis (AAV) is an autoim-
mune disorder affecting small vessels. It can involve any organ although has a predilection 
for the upper airways, lungs and kidneys. It is a chronic relapsing-remitting disease following 
the general pattern of many autoimmune diseases with a genetic component, environmental 
or infective trigger and the formation of autoantibodies resulting in an immune cascade and 
subsequent injury [99, 100].

Prior to the introduction of steroids and immunosuppression, the disease was invariably fatal 
[101]. Nowadays the vast majority of patients will survive but given the judicious amounts of 
steroids and immunosuppression required for remission, many patients will have iatrogenic 
complications of the treatment itself [102–106].

The disease is associated with the formation of autoantibodies to either myeloperoxidase 
(MPO) or proteinase 3 (PR3) found on the granules of neutrophils and the lysosomes of 
monocytes in 90% of patients. As well as being a biomarker for the disease, there is evidence 
to suggest that it has at least some pathogenic features, particularly in animal models of the 
disease [99]. Along with this and the fact that it is an IgG antibody [107], a number of groups 
have investigated the use of immunoadsorption in the treatment of AAV. There does appear 
to be effective removal of the antibodies, however numbers in these studies are limited, there 
is concomitant use of immunosuppression and the results inconsistent [71, 73, 108, 109].

5.2. Cardiology

5.2.1. Hyperlipidaemia

Familial hypercholesterolaemia (FH) is an autosomal dominant genetic defect resulting in 
raised serum cholesterol and an increased risk of cardiovascular disease. Patients can pres-
ent as either homozygous or heterozygous FH, with homozygous patients exhibiting a more 
severe phenotype. If left untreated patients with FH have a significantly increased risk of car-
diovascular disease. The majority of patients exhibit a mutation in the LDL receptor, although 
mutations in the Apo B and proprotein convertase subtilisin/kexin type 9 genes have also 
been detected [110–112].

Initially patients should be treated with lifestyle changes and aggressive statin therapy, how-
ever, in many patients this will not suffice. In the United Kingdom, the National Institute 
for Health and Care Excellence (NICE) suggests considering the use of IA for adults and 
young patients with homozygous familial hypercholesterolaemia (FH) and in heterozygous 
FH progressive, symptomatic coronary heart disease despite maximal medical therapy. This 
is generally on a weekly or biweekly regimen and given the frequency, an arterio-vascular 
fistula is recommended [113].

In the United States (US), LDL-apheresis is approved for use by the Food and Drug 
Administration (FDA) in patients who have not responded to treatment after 6 months. In 
homozygous FH non-response is defined patients with an LDL cholesterol of above 300 mg/dL 
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or a non-HDL-cholesterol level of above 330 mg/dL. In heterozygous FH, non-response is 
defined as HDL-cholesterol above 300 mg/dL and 0-1 risk factors. In patients with established 
coronary heart disease, cardiovascular disease or diabetes, an HDL-cholesterol level of above 
160 mg/dL is used [114].

Lipoprotein(a) is a plasma protein consisting of a low-density lipoprotein (LDL) covalently 
bonded to an apolipoprotein(a) molecule. Elevated lipoprotein(a) levels have consistently 
been reported as an association for increased risk of cardiovascular disease although much 
of this has been a causal link. However, given the weight of evidence for its involvement in 
cardiovascular disease, the European Atherosclerosis Society Consensus Panel on the treat-
ment of lipoprotein(a) recommends treatment to ensure the serum level is below 50 mg/dL 
[115]. Therapeutic agents are limited with the standard therapy being niacin, alone or in com-
bination with statins, with little impact from lifestyle changes. In patients unresponsive to or 
intolerant of pharmacological solutions immunoadsorption provides an alternative therapy. 
European Atherosclerosis Society Consensus Panel also suggests considering IA therapy in 
young or middle-aged patients with progressive coronary disease and significantly raised 
plasma lipoprotein(a) levels [115]. In the US, apheresis is approved for use by the FDA in 
heterozygous FH patients unresponsive to medical therapy after 6 months with an LDL-
cholesterol level of above 200 mg/dL and lipoprotein(a) above 50 mg/dL [114].

Homozygous FH is a category I condition whilst heterozygous FH is a category II condition 
with both having a grade 1A recommendation as per the American Society for Apheresis 
(ASFA) guidelines on the use of therapeutic apheresis in clinical practice. Lipoprotein(a) 
hyperproteinaemia is a category II condition with a 1B grade recommendation. A category 
I condition is a disorder in which apheresis is the accepted first line therapy and a category 
II condition is one in which apheresis is the accepted second line therapy, as a stand-alone 
modality or as an adjunct to other treatment. A grade 1A recommendation is defined as a 
strong recommendation based on high quality evidence and applicable to most patients with-
out reservation. A grade 1B recommendation is a strong recommendation based on moderate 
quality evidence and can be applied to the majority of patients in most circumstances [98].

5.2.2. Dilated cardiomyopathy

Dilated cardiomyopathy (DCM) is a progressive disease that is a major cause of heart failure 
worldwide with a high mortality and morbidity. Despite treatment it remains one of the main 
precipitants to heart transplants in adults [116, 117]. In most patients the cause is unknown, 
but for a significant proportion it is an autoimmune disease. After years of speculation that 
there was an autoimmune component to condition, a number of autoantibodies have now 
been discovered. Evidence now suggests that these autoantibodies, particularly β1-adreno-
receptor autoantibodies (β1-AAB), are pathogenic in nature [118, 119]. Given they are gen-
erally of the IgG class, removal of the antibody is particularly amenable to IA and it has 
now been used successfully in DCM for over 2 decades with a significant body of evidence 
supporting its use. The first reported case series from 1996 used the Ig-TheraSorb (Baxter, 
Germany) column to treat eight patients with severe DCM and NYHA class II-IV [120].

Immunoadsorption Techniques and Its Current Role in the Intensive Care Unit
http://dx.doi.org/10.5772/intechopen.84890

63
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for the upper airways, lungs and kidneys. It is a chronic relapsing-remitting disease following 
the general pattern of many autoimmune diseases with a genetic component, environmental 
or infective trigger and the formation of autoantibodies resulting in an immune cascade and 
subsequent injury [99, 100].

Prior to the introduction of steroids and immunosuppression, the disease was invariably fatal 
[101]. Nowadays the vast majority of patients will survive but given the judicious amounts of 
steroids and immunosuppression required for remission, many patients will have iatrogenic 
complications of the treatment itself [102–106].

The disease is associated with the formation of autoantibodies to either myeloperoxidase 
(MPO) or proteinase 3 (PR3) found on the granules of neutrophils and the lysosomes of 
monocytes in 90% of patients. As well as being a biomarker for the disease, there is evidence 
to suggest that it has at least some pathogenic features, particularly in animal models of the 
disease [99]. Along with this and the fact that it is an IgG antibody [107], a number of groups 
have investigated the use of immunoadsorption in the treatment of AAV. There does appear 
to be effective removal of the antibodies, however numbers in these studies are limited, there 
is concomitant use of immunosuppression and the results inconsistent [71, 73, 108, 109].

5.2. Cardiology

5.2.1. Hyperlipidaemia

Familial hypercholesterolaemia (FH) is an autosomal dominant genetic defect resulting in 
raised serum cholesterol and an increased risk of cardiovascular disease. Patients can pres-
ent as either homozygous or heterozygous FH, with homozygous patients exhibiting a more 
severe phenotype. If left untreated patients with FH have a significantly increased risk of car-
diovascular disease. The majority of patients exhibit a mutation in the LDL receptor, although 
mutations in the Apo B and proprotein convertase subtilisin/kexin type 9 genes have also 
been detected [110–112].

Initially patients should be treated with lifestyle changes and aggressive statin therapy, how-
ever, in many patients this will not suffice. In the United Kingdom, the National Institute 
for Health and Care Excellence (NICE) suggests considering the use of IA for adults and 
young patients with homozygous familial hypercholesterolaemia (FH) and in heterozygous 
FH progressive, symptomatic coronary heart disease despite maximal medical therapy. This 
is generally on a weekly or biweekly regimen and given the frequency, an arterio-vascular 
fistula is recommended [113].

In the United States (US), LDL-apheresis is approved for use by the Food and Drug 
Administration (FDA) in patients who have not responded to treatment after 6 months. In 
homozygous FH non-response is defined patients with an LDL cholesterol of above 300 mg/dL 
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or a non-HDL-cholesterol level of above 330 mg/dL. In heterozygous FH, non-response is 
defined as HDL-cholesterol above 300 mg/dL and 0-1 risk factors. In patients with established 
coronary heart disease, cardiovascular disease or diabetes, an HDL-cholesterol level of above 
160 mg/dL is used [114].

Lipoprotein(a) is a plasma protein consisting of a low-density lipoprotein (LDL) covalently 
bonded to an apolipoprotein(a) molecule. Elevated lipoprotein(a) levels have consistently 
been reported as an association for increased risk of cardiovascular disease although much 
of this has been a causal link. However, given the weight of evidence for its involvement in 
cardiovascular disease, the European Atherosclerosis Society Consensus Panel on the treat-
ment of lipoprotein(a) recommends treatment to ensure the serum level is below 50 mg/dL 
[115]. Therapeutic agents are limited with the standard therapy being niacin, alone or in com-
bination with statins, with little impact from lifestyle changes. In patients unresponsive to or 
intolerant of pharmacological solutions immunoadsorption provides an alternative therapy. 
European Atherosclerosis Society Consensus Panel also suggests considering IA therapy in 
young or middle-aged patients with progressive coronary disease and significantly raised 
plasma lipoprotein(a) levels [115]. In the US, apheresis is approved for use by the FDA in 
heterozygous FH patients unresponsive to medical therapy after 6 months with an LDL-
cholesterol level of above 200 mg/dL and lipoprotein(a) above 50 mg/dL [114].

Homozygous FH is a category I condition whilst heterozygous FH is a category II condition 
with both having a grade 1A recommendation as per the American Society for Apheresis 
(ASFA) guidelines on the use of therapeutic apheresis in clinical practice. Lipoprotein(a) 
hyperproteinaemia is a category II condition with a 1B grade recommendation. A category 
I condition is a disorder in which apheresis is the accepted first line therapy and a category 
II condition is one in which apheresis is the accepted second line therapy, as a stand-alone 
modality or as an adjunct to other treatment. A grade 1A recommendation is defined as a 
strong recommendation based on high quality evidence and applicable to most patients with-
out reservation. A grade 1B recommendation is a strong recommendation based on moderate 
quality evidence and can be applied to the majority of patients in most circumstances [98].

5.2.2. Dilated cardiomyopathy

Dilated cardiomyopathy (DCM) is a progressive disease that is a major cause of heart failure 
worldwide with a high mortality and morbidity. Despite treatment it remains one of the main 
precipitants to heart transplants in adults [116, 117]. In most patients the cause is unknown, 
but for a significant proportion it is an autoimmune disease. After years of speculation that 
there was an autoimmune component to condition, a number of autoantibodies have now 
been discovered. Evidence now suggests that these autoantibodies, particularly β1-adreno-
receptor autoantibodies (β1-AAB), are pathogenic in nature [118, 119]. Given they are gen-
erally of the IgG class, removal of the antibody is particularly amenable to IA and it has 
now been used successfully in DCM for over 2 decades with a significant body of evidence 
supporting its use. The first reported case series from 1996 used the Ig-TheraSorb (Baxter, 
Germany) column to treat eight patients with severe DCM and NYHA class II-IV [120].
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Since that time a number of studies have reported on the benefits of IA in DCM both short and 
long term, with a reduction in circulating antibodies and with clinical improvement [121–128].

Dörffel et al. treated nine patients with NYHA class III or IV and ejection fraction <25%, on 5 
consecutive days with the Ig-TheraSorb (Baxter). Here there was a marked reduction in circu-
lating antibody level and an improvement in the patients’ dyspnoea. There was no improve-
ment in LVEF in this study although this is likely due to the very short follow up [129]. A 
longer prospective case control study with a 1-year follow-up expanded on this earlier work. 
Here 34 patients with an NYHA class II or above significant LV dysfunction and considered 
candidates for heart transplantation were enrolled. 17 patients received standard medical 
treatment whilst 17 received adjunctive IA for 5 consecutive days. β1-AAB levels had a highly 
significant mean reduction of 93.2% at month three with no significant increase within the 
1 year follow up. Antibody levels remained unchanged in the control group [123].

At 1 year follow up there was also a marked improvement in the cardiac performance of 
patients in the control group with a significant increase in their LVEF and a reduction in 
the left ventricular internal diameter in diastole (LVIDd). At 5 years post-IA there was also 
a statistically significant improvement in survival for those patients in the treatment group 
compared to the control group [123].

Long-term data also suggests that the antibodies are slow to reappear. In a study of 108 
patients, only 16 (14.6%) had detectable antibodies 3 years post-IA and a further nine (8.3%) 
had detectable antibodies after 3 years post-IA. In the majority of these patients (76%), the 
reappearance of the antibody correlated with a deterioration in their clinical symptoms. With 
this continued antibody remission there continues to be long-term clinical improvement. 
Some studies show a mortality rate similar to post-transplantation, although with a lower 
LVEF [119, 121, 128].

Many of these studies have utilised replacement intravenous immunoglobulins at the end 
of the IA treatment. There has been some suggestion that much of the benefits seen are due 
to this although there does appear to be clinical and biochemical improvement without IVIg 
replacement [130].

IA use in dilated cardiomyopathy has a level II category and 1B grade recommendation as per 
the American Society for Apheresis (ASFA) guidelines on the use of therapeutic apheresis in 
clinical practice. A level II category is defined as a disorder in which apheresis is the accepted 
second line therapy or first line in conjunction with other treatments. A grade 1B recommen-
dation is defined as a strong recommendation with moderate quality of evidence and can be 
applied to the majority of patients without reservation [98].

5.2.3. Myocardial infarction

Despite ever increasing survival following acute MI, post-MI morbidity continues to present 
patients with a modest prognosis. Interest in the inflammatory response following an MI has 
gained traction in recent years and in particular the role C-reactive protein (CRP) plays in 
ongoing myocardial damage. Along with this, elevated CRP is a poor risk factor for all-cause 
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mortality, major adverse cardiac events and recurrent MIs [131, 132]. Experimental animal 
models have shown that inhibition of CRP following induced MI results in a smaller infarct 
area although this therapeutic molecule is still in early development and not yet humanised 
[133, 134]. Immunoadsorption now offers the ability to remove CRP with specific adsorb-
ers in early animal models suggesting a benefit. In a study of 10 pigs (five receiving IA and 
five controls) with induced MI, those pigs who underwent IA had a reduction in the post-
MI infarct size and preservation of their cardiac output as measured by LVEF [135]. Given 
these promising results a clinical trial is now underway in Germany to investigate the benefit 
of using CRP-specific immunoadsorption in acute ST-elevation MI (STEMI). Unpublished 
interim analysis suggests that the therapy is safe and well tolerated post-STEMI with promis-
ing results on infarct size in relation to CRP reduction. The results of this study have the 
potential to change management following an MI and subsequent PCI with an improvement 
in patient morbidity and mortality long-term.

5.2.4. Chagas cardiomyopathy

Chagas disease, caused by Trypanosoma cruzi (T. cruzi), affects ~10 million people per year, 
predominantly in South America where it is endemic. Of those affected, many have no long-
term sequelae but up to 40% can develop Chagas Cardiomyopathy with arrhythmias, heart 
failure and an increased mortality [136, 137]. The vast majority of patients with Chagas car-
diomyopathy are known to possess IgG autoantibodies suggesting an autoimmune compo-
nent to the disease with the potential to respond to IA therapy. A clinical trial is currently 
underway to investigate this.

5.3. Neurology

5.3.1. Multiple sclerosis

Multiple sclerosis (MS) is the most common chronic inflammatory condition of the central 
nervous system (CNS) worldwide. It is characterised by demyelination of differing parts of 
the CNS (space) with different lesions appearing over time. A majority of patients present with 
visual loss due to optic neuritis although depending on where the lesion is can also present 
with symptoms such as limb weakness, sensory loss, ataxia or cognitive impairment [138–140]. 
It is estimated to affect 50–300 per 100,000 with ~2 million people diagnosed worldwide. It is 
generally a disease of early adulthood and given the impact on mobility and quality of life the 
disease confers, it represents a significant healthcare burden [141]. There are currently four 
recognised phenotypes of the condition. Many patients present with a single episode that 
resolves over time known as a clinically isolated syndrome. Patients who then go on to have 
further episodes (relapses) are described as having remitting-relapsing MS. Approximately 
15% of patients will present with a progressive disease course from onset known as primary 
progressive MS. The fourth category is the development over time of secondary progressive 
MS in a proportion of patients with relapsing-remitting MS. The pathogenesis of MS is still 
not clearly defined although genetic, lifestyle and autoimmune factors are all understood to 
play a role in the disease [139, 140, 142].
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Since that time a number of studies have reported on the benefits of IA in DCM both short and 
long term, with a reduction in circulating antibodies and with clinical improvement [121–128].

Dörffel et al. treated nine patients with NYHA class III or IV and ejection fraction <25%, on 5 
consecutive days with the Ig-TheraSorb (Baxter). Here there was a marked reduction in circu-
lating antibody level and an improvement in the patients’ dyspnoea. There was no improve-
ment in LVEF in this study although this is likely due to the very short follow up [129]. A 
longer prospective case control study with a 1-year follow-up expanded on this earlier work. 
Here 34 patients with an NYHA class II or above significant LV dysfunction and considered 
candidates for heart transplantation were enrolled. 17 patients received standard medical 
treatment whilst 17 received adjunctive IA for 5 consecutive days. β1-AAB levels had a highly 
significant mean reduction of 93.2% at month three with no significant increase within the 
1 year follow up. Antibody levels remained unchanged in the control group [123].

At 1 year follow up there was also a marked improvement in the cardiac performance of 
patients in the control group with a significant increase in their LVEF and a reduction in 
the left ventricular internal diameter in diastole (LVIDd). At 5 years post-IA there was also 
a statistically significant improvement in survival for those patients in the treatment group 
compared to the control group [123].

Long-term data also suggests that the antibodies are slow to reappear. In a study of 108 
patients, only 16 (14.6%) had detectable antibodies 3 years post-IA and a further nine (8.3%) 
had detectable antibodies after 3 years post-IA. In the majority of these patients (76%), the 
reappearance of the antibody correlated with a deterioration in their clinical symptoms. With 
this continued antibody remission there continues to be long-term clinical improvement. 
Some studies show a mortality rate similar to post-transplantation, although with a lower 
LVEF [119, 121, 128].

Many of these studies have utilised replacement intravenous immunoglobulins at the end 
of the IA treatment. There has been some suggestion that much of the benefits seen are due 
to this although there does appear to be clinical and biochemical improvement without IVIg 
replacement [130].

IA use in dilated cardiomyopathy has a level II category and 1B grade recommendation as per 
the American Society for Apheresis (ASFA) guidelines on the use of therapeutic apheresis in 
clinical practice. A level II category is defined as a disorder in which apheresis is the accepted 
second line therapy or first line in conjunction with other treatments. A grade 1B recommen-
dation is defined as a strong recommendation with moderate quality of evidence and can be 
applied to the majority of patients without reservation [98].

5.2.3. Myocardial infarction

Despite ever increasing survival following acute MI, post-MI morbidity continues to present 
patients with a modest prognosis. Interest in the inflammatory response following an MI has 
gained traction in recent years and in particular the role C-reactive protein (CRP) plays in 
ongoing myocardial damage. Along with this, elevated CRP is a poor risk factor for all-cause 
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mortality, major adverse cardiac events and recurrent MIs [131, 132]. Experimental animal 
models have shown that inhibition of CRP following induced MI results in a smaller infarct 
area although this therapeutic molecule is still in early development and not yet humanised 
[133, 134]. Immunoadsorption now offers the ability to remove CRP with specific adsorb-
ers in early animal models suggesting a benefit. In a study of 10 pigs (five receiving IA and 
five controls) with induced MI, those pigs who underwent IA had a reduction in the post-
MI infarct size and preservation of their cardiac output as measured by LVEF [135]. Given 
these promising results a clinical trial is now underway in Germany to investigate the benefit 
of using CRP-specific immunoadsorption in acute ST-elevation MI (STEMI). Unpublished 
interim analysis suggests that the therapy is safe and well tolerated post-STEMI with promis-
ing results on infarct size in relation to CRP reduction. The results of this study have the 
potential to change management following an MI and subsequent PCI with an improvement 
in patient morbidity and mortality long-term.

5.2.4. Chagas cardiomyopathy

Chagas disease, caused by Trypanosoma cruzi (T. cruzi), affects ~10 million people per year, 
predominantly in South America where it is endemic. Of those affected, many have no long-
term sequelae but up to 40% can develop Chagas Cardiomyopathy with arrhythmias, heart 
failure and an increased mortality [136, 137]. The vast majority of patients with Chagas car-
diomyopathy are known to possess IgG autoantibodies suggesting an autoimmune compo-
nent to the disease with the potential to respond to IA therapy. A clinical trial is currently 
underway to investigate this.

5.3. Neurology

5.3.1. Multiple sclerosis

Multiple sclerosis (MS) is the most common chronic inflammatory condition of the central 
nervous system (CNS) worldwide. It is characterised by demyelination of differing parts of 
the CNS (space) with different lesions appearing over time. A majority of patients present with 
visual loss due to optic neuritis although depending on where the lesion is can also present 
with symptoms such as limb weakness, sensory loss, ataxia or cognitive impairment [138–140]. 
It is estimated to affect 50–300 per 100,000 with ~2 million people diagnosed worldwide. It is 
generally a disease of early adulthood and given the impact on mobility and quality of life the 
disease confers, it represents a significant healthcare burden [141]. There are currently four 
recognised phenotypes of the condition. Many patients present with a single episode that 
resolves over time known as a clinically isolated syndrome. Patients who then go on to have 
further episodes (relapses) are described as having remitting-relapsing MS. Approximately 
15% of patients will present with a progressive disease course from onset known as primary 
progressive MS. The fourth category is the development over time of secondary progressive 
MS in a proportion of patients with relapsing-remitting MS. The pathogenesis of MS is still 
not clearly defined although genetic, lifestyle and autoimmune factors are all understood to 
play a role in the disease [139, 140, 142].
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There are now a large number of approved disease modifying medications for the treat-
ment of MS with apheresis reserved for non-responders. In many national guidelines for 
the treatment of MS, TPE is considered a second line therapy for steroid resistant relapsing-
remitting MS [143]. The American Society for Apheresis (ASFA) gives TPE for MS a category 
II (Disorders for which apheresis is accepted as second-line therapy, either as a standalone 
treatment or in conjunction with other modes of treatment) based on grade 1B evidence 
(Strong recommendation, moderate quality evidence) [98]. As early as 1989, IA has been 
shown to be as effective as TPE in the treatment of MS with an ever-growing body of evi-
dence to support its role [144–149]. However, given the lack of RCTs there has been limited 
uptake of the therapy. This has led relapsing-remitting MS to be an indication for IA by the 
ASFA although the lack of RCTs has resulted in it being designated a category III disease 
with Grade 2C evidence (optimum role of apheresis therapy is not established. Decision 
making should be individualized. Weak recommendation with low-quality or very low-
quality evidence) [98].

5.3.2. Guillain-Barré syndrome

Guillain-Barré syndrome (GBS) is one of the most common causes of acute polyneuropathy 
worldwide with an incidence of ~1 per 100,000. It is considered an autoimmune disease gener-
ally found in association with a preceding infection, initiating an immune cascade that results 
in an inflammatory demyelinating polyneuropathy or acute motor axonal neuropathy [150]. 
TPE has been used for a number of years with robust evidence. The ASFA have designated 
GBS a category I condition with grade 1A evidence (disorders for which apheresis is accepted 
as first-line therapy, either as a primary standalone treatment or in conjunction with other 
modes of treatment. Strong recommendation, high-quality evidence) [98]. This has inevitably 
led researchers to consider IA in GBS.

Evidence for IA suggests that it is a treatment that should be considered as a viable alternative 
to TPE. Most published studies comparing IA to the standard of therapy, be it TPE, double 
filtration plasma exchange or IVIG has shown that not only is safety comparable or better, but 
also efficacy is as comparable. This has led a number of researchers to suggest, given its safety 
record, that it should be considered instead of TPE as a first line treatment [151–154].

5.3.3. Autoimmune encephalitis

Autoimmune encephalitis is an acute neurological inflammatory condition now known to 
be caused by a variety of antibodies. Treatment therefore generally takes the form of immu-
nomodulation using steroids, IVIG and TPE. As yet there are no randomly controlled trials 
investigating the efficacy of IA in autoimmune encephalitis and only retrospective trials.

Dogan Onugoren et al. treated 14 patients with autoimmune encephalitis caused by leucine-
rich glioma inactivated 1 (LGI1), contactin-associated protein-2 (CASPR2), N-methyl-d-
aspartate receptor (NMDAR) and intracellular glutamic acid decarboxylase (GAD) antibodies 
using either tryptophan and protein A adsorbers. Directly after follow up, nine patients (64%) 
had improved their Modified Rankin Scale (mRS) score by one or more point and five (35%) 
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became seizure free. At late follow up, several months after IA therapy, 12 (86%) patients had 
improved mRS scores [155].

Köhler et al. treated 13 patients with antibodies to NMDAR, GAD, Lgl1 and γ-amino-butyric-
acid (GABA) using tryptophan IA. Eleven patients (85%) were noted to have a clinical 
improvement following IA with a good side effect profile [156].

In a prospective observational case control study treating 10 patients with tryptophan IA and 
11 with TPE. 60% of patients in the IA group compared to 67% in the TPE showed a clinical 
improvement with a reduction of their mRS score of one or more points. There were more 
adverse events in the TPE group (three in the TPE group and zero in the IA group) [157].

A recent review analysed the published studies comparing IA (25 patients in total) to TPE 
therapy (57 patients), used alone or in combination with steroids. Here they found that 88% 
of patients improved following IA treatment with 77% of patients improving with TPE treat-
ment. The effect seemed to be more pronounced for antibodies against the neuronal cell sur-
face compared to intracellular antigens. It was also found to be the safer option with fewer 
side-effects [158].

Despite the lack of RCTs, the evidence for IA in autoimmune encephalitis is encouraging and 
would suggest that it should be considered as a therapy.

5.3.4. Chronic inflammatory demyelinating polyradiculoneuropathy

Chronic inflammatory demyelinating polyradiculoneuropathy (CIDP) is among the most com-
mon chronic neuropathies worldwide. Although the exact pathogenesis remains unknown, 
it is considered an autoimmune disorder directed against, and causing demyelination of, the 
myelin sheath. This results in progressive or relapsing distal and peripheral weakness. The 
condition has a multitude of phenotypes, and with this heterogeneity many consider it a 
spectrum of disease, as opposed to a single disease [159]. Current treatment aims at immu-
nomodulation with IVIG and steroids the first line therapy with consideration of TPE in non-
responders. ASFA guidelines consider CIDP as a category I disorder for treatment with TPE 
(disorders for which apheresis is accepted as first-line therapy, either as a primary standalone 
treatment or in conjunction with other modes of treatment) with grade 1B evidence (strong 
recommendation, moderate quality evidence) [98]. Given the efficacy of TPE, a number of 
studies have investigated the use of IA in CIDP.

Galldiks et al. treated 10 patients with CIDP unresponsive to standard therapy using a 
 tryptophan-linked polyvinyl alcohol adsorber. Response as measured by the inflammatory 
neuropathy cause and treatment disability (INCAT) score and improvements in strength, sen-
sation and performance of activities of daily living. Improvements in the INCAT was seen in 
all but one of the patients. Four of the patients received long-term IA in an outpatient setting 
with clinical improvement. In three of these four patients, they had previously been treated 
with TPE and noted no clinical decline on switching to IA [160].

Zinman et al. conducted a randomised, single-blinded study investigating the efficacy of pro-
tein A immunoadsorption versus IVIG. Here they treated nine patients with high dose IVIG, 
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There are now a large number of approved disease modifying medications for the treat-
ment of MS with apheresis reserved for non-responders. In many national guidelines for 
the treatment of MS, TPE is considered a second line therapy for steroid resistant relapsing-
remitting MS [143]. The American Society for Apheresis (ASFA) gives TPE for MS a category 
II (Disorders for which apheresis is accepted as second-line therapy, either as a standalone 
treatment or in conjunction with other modes of treatment) based on grade 1B evidence 
(Strong recommendation, moderate quality evidence) [98]. As early as 1989, IA has been 
shown to be as effective as TPE in the treatment of MS with an ever-growing body of evi-
dence to support its role [144–149]. However, given the lack of RCTs there has been limited 
uptake of the therapy. This has led relapsing-remitting MS to be an indication for IA by the 
ASFA although the lack of RCTs has resulted in it being designated a category III disease 
with Grade 2C evidence (optimum role of apheresis therapy is not established. Decision 
making should be individualized. Weak recommendation with low-quality or very low-
quality evidence) [98].

5.3.2. Guillain-Barré syndrome

Guillain-Barré syndrome (GBS) is one of the most common causes of acute polyneuropathy 
worldwide with an incidence of ~1 per 100,000. It is considered an autoimmune disease gener-
ally found in association with a preceding infection, initiating an immune cascade that results 
in an inflammatory demyelinating polyneuropathy or acute motor axonal neuropathy [150]. 
TPE has been used for a number of years with robust evidence. The ASFA have designated 
GBS a category I condition with grade 1A evidence (disorders for which apheresis is accepted 
as first-line therapy, either as a primary standalone treatment or in conjunction with other 
modes of treatment. Strong recommendation, high-quality evidence) [98]. This has inevitably 
led researchers to consider IA in GBS.

Evidence for IA suggests that it is a treatment that should be considered as a viable alternative 
to TPE. Most published studies comparing IA to the standard of therapy, be it TPE, double 
filtration plasma exchange or IVIG has shown that not only is safety comparable or better, but 
also efficacy is as comparable. This has led a number of researchers to suggest, given its safety 
record, that it should be considered instead of TPE as a first line treatment [151–154].

5.3.3. Autoimmune encephalitis

Autoimmune encephalitis is an acute neurological inflammatory condition now known to 
be caused by a variety of antibodies. Treatment therefore generally takes the form of immu-
nomodulation using steroids, IVIG and TPE. As yet there are no randomly controlled trials 
investigating the efficacy of IA in autoimmune encephalitis and only retrospective trials.

Dogan Onugoren et al. treated 14 patients with autoimmune encephalitis caused by leucine-
rich glioma inactivated 1 (LGI1), contactin-associated protein-2 (CASPR2), N-methyl-d-
aspartate receptor (NMDAR) and intracellular glutamic acid decarboxylase (GAD) antibodies 
using either tryptophan and protein A adsorbers. Directly after follow up, nine patients (64%) 
had improved their Modified Rankin Scale (mRS) score by one or more point and five (35%) 
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became seizure free. At late follow up, several months after IA therapy, 12 (86%) patients had 
improved mRS scores [155].

Köhler et al. treated 13 patients with antibodies to NMDAR, GAD, Lgl1 and γ-amino-butyric-
acid (GABA) using tryptophan IA. Eleven patients (85%) were noted to have a clinical 
improvement following IA with a good side effect profile [156].

In a prospective observational case control study treating 10 patients with tryptophan IA and 
11 with TPE. 60% of patients in the IA group compared to 67% in the TPE showed a clinical 
improvement with a reduction of their mRS score of one or more points. There were more 
adverse events in the TPE group (three in the TPE group and zero in the IA group) [157].

A recent review analysed the published studies comparing IA (25 patients in total) to TPE 
therapy (57 patients), used alone or in combination with steroids. Here they found that 88% 
of patients improved following IA treatment with 77% of patients improving with TPE treat-
ment. The effect seemed to be more pronounced for antibodies against the neuronal cell sur-
face compared to intracellular antigens. It was also found to be the safer option with fewer 
side-effects [158].

Despite the lack of RCTs, the evidence for IA in autoimmune encephalitis is encouraging and 
would suggest that it should be considered as a therapy.

5.3.4. Chronic inflammatory demyelinating polyradiculoneuropathy

Chronic inflammatory demyelinating polyradiculoneuropathy (CIDP) is among the most com-
mon chronic neuropathies worldwide. Although the exact pathogenesis remains unknown, 
it is considered an autoimmune disorder directed against, and causing demyelination of, the 
myelin sheath. This results in progressive or relapsing distal and peripheral weakness. The 
condition has a multitude of phenotypes, and with this heterogeneity many consider it a 
spectrum of disease, as opposed to a single disease [159]. Current treatment aims at immu-
nomodulation with IVIG and steroids the first line therapy with consideration of TPE in non-
responders. ASFA guidelines consider CIDP as a category I disorder for treatment with TPE 
(disorders for which apheresis is accepted as first-line therapy, either as a primary standalone 
treatment or in conjunction with other modes of treatment) with grade 1B evidence (strong 
recommendation, moderate quality evidence) [98]. Given the efficacy of TPE, a number of 
studies have investigated the use of IA in CIDP.

Galldiks et al. treated 10 patients with CIDP unresponsive to standard therapy using a 
 tryptophan-linked polyvinyl alcohol adsorber. Response as measured by the inflammatory 
neuropathy cause and treatment disability (INCAT) score and improvements in strength, sen-
sation and performance of activities of daily living. Improvements in the INCAT was seen in 
all but one of the patients. Four of the patients received long-term IA in an outpatient setting 
with clinical improvement. In three of these four patients, they had previously been treated 
with TPE and noted no clinical decline on switching to IA [160].

Zinman et al. conducted a randomised, single-blinded study investigating the efficacy of pro-
tein A immunoadsorption versus IVIG. Here they treated nine patients with high dose IVIG, 
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four with low IVIG and five with IA. One patient in the high dose IVIG withdrew consent 
prior to treatment and two patients in the low dose IVIG group died of illness not thought 
to be related to treatment. Six-month data was not available for one patient in the IA group 
and two in the IVIG arm. Two months following treatment, four patients (80%) in the IA 
group were considered responders compared to four out of eight (50%) in the IVIG arm. At 
6 months, all four of the patients in the IA group were considered responders compared with 
three out of six in the IVIG group (100 versus 50%) [161].

More recently a prospective randomly controlled study investigating the efficacy and safety 
of IA versus TPE, again using the tryptophan-linked polyvinylalcohol adsorber. There were 
nine patients in each group with no significant differences in baseline characteristics. Clinical 
improvement was assessed using the INCAT score and the Medical Research Council (MRC) 
sum score. It was found that four patients (44.4%) in the TPE group responded to treatment 
compared to six patients (66.7%) in the IA group. In the IA group, 100% of the patients had 
an improvement in their MRC sum scores and four patients out of six patients (66.7%) [162].

Despite these small numbers, IA has shown promising results especially when considering 
the majority of the patients included in the studies were patients who had already failed 
standard therapy. The safety profile was comparable to TPE and IVIG and albeit with lim-
ited study populations, appeared to be as, if not more, efficacious than the current standard 
therapy.

5.3.5. Dementia

Dementia represents an increasing problem for healthcare systems worldwide, exacerbated 
by an aging problem. The most common form, Alzheimer’s disease, is characterised by the 
deposition of β-amyloid plaques and neurofibrillary tangles. The exact cause of the disease 
remains unknown and given the heterogenous nature of the condition it is likely to be mul-
tifactorial. There can also be some overlap in patients with both Alzheimer’s disease and 
Vascular dementia, a disease resulting from damage to the vasculature of the brain. Research 
has suggested there can be an autoimmune component to some dementia patients with the 
discovery of autoantibodies against the β1-adrenergic receptor (β1-AR) and the β2-adrenergic 
receptor (β2-AR) present in up to 59% of dementia patients [163, 164].

Hempel et al. treated eight patients with immunoadsorption; all patients were anti-β1-AR 
positive and five were also anti-β2-AR positive. Patients treated for 4 consecutive days saw a 
reduction in anti-β1-AR levels of 96% compared to only 78% in those treated for 2–3 consecu-
tive days. Those patients treated with 4 days of IA also saw a sustained elimination of antibody 
over the course of the study but in those treated for a shorter time period saw a rebound of 
the antibody level. Cognitive function was assessed using a range of tests including the Mini-
Mental State Examination (MMSE), Alzheimer’s Disease Assessment scale (ADAS; cognitive 
and non-cognitive), Bayer Activities of Daily Living (Bayer-ADL), Clinical Global Impression 
Scale (CGI), Geriatric Depression Scale (GDS) and the Short Cognitive Performance Test (SKT). 
They found that over the course of the study, those treated for 4 days had stabilisation of their 
cognitive function. Those treated for only 2–3 days suffered from declining cognition [165]. 
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This is a limited study with a small number of patients but its promise has led to a number of 
current ongoing studies to investigate further.

5.3.6. Lambert-Eaton myasthenic syndrome

Lambert-Eaton myasthenic syndrome (LEMS) is a rare autoimmune disease resulting in muscle 
weakness, autonomic dysfunction and areflexia. Up to 60% of patients with LEMS will also be 
found to have a carcinoma, with small cell lung cancer (SCLC) making up the vast majority 
of these patients. Pathogenic antibodies to voltage-gated calcium channels (VGCC) have been 
found in 80–90% of patients and up to 100% in patients with SCLC. Current therapy consists of 
3,4-diaminopyridine as first line and treatment of any underlying malignancy. Second line treat-
ment involves the addition of pyridostigmine to the 3,4-diaminopyridine or converting to azathio-
prine and prednisolone. In the case of severe weakness TPE or IVIG can also be considered [166]. 
There are also a number of very small case series describing the use of IA in refractory LEMS.

Sauter et al. describe the case of a young man with rapidly progressive weakness, muscular 
atrophy and cerebellar dysfunction initially treated with thymectomy for presumed malig-
nancy and pulsed prednisolone with some resolution of symptoms and a reduction in anti-
VGCC antibodies titres. Further treatment with Azathioprine and IVIG was initiated with 
some improvement clinically although this was not sustained and corresponded with a rise in 
his antibody titre. IA was performed on 3 consecutive days every 6 weeks with a decrease in 
antibody level over this time and an improvement symptomatically, especially in regards to 
gait [167]. Baggi et al. treated three patients unresponsive to immunosuppression and plasma 
exchange with IA. All patient showed clinical improvement with one patient regaining the 
ability to walk and one reaching pharmacological remission [168]. Batchelor et al. treated 13 
paraneoplastic patients one of whom had LEMS characterised as bilateral ptosis and proximal 
limb weakness. They received a total of six IA sessions (two per week for 3 weeks) with a 
protein A adsorber. In the patient with LEMS, clinical improvement was seen with resolu-
tion of the ptosis and the recovery of muscle strength allowing her to climb stairs and walk 
unaided again. There was also a significant reduction in the anti-VGCC antibody titre from 
458 to 25 pmol/L [169]. Ishikawa et al. treated a 75 year-old man with gait disturbance and 
somnolence diagnosed as LEMS. Anti-VGCC titre was initially over 11,000 pmol/L but the 
use of a phenylalanine adsorber column along with concomitant prednisolone resulted in a 
significant reduction in his antibody titre and subsequent clinical improvement [170].

There are currently no RCT or prospective trial data for the use of IA in LEMS. However, in 
patients who are non-responsive to standard therapy or in whom immunosuppression or TPE 
are contraindicated, there is limited data to suggest that IA can be considered an alternative.

5.4. Dermatology

5.4.1. Pemphigoid vulgaris

Pemphigoid vulgaris (PV) is a potentially fatal autoimmune blistering condition of the skin and 
mucous membranes. It is associated with pathogenic IgG autoantibodies to the desmosomal 
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four with low IVIG and five with IA. One patient in the high dose IVIG withdrew consent 
prior to treatment and two patients in the low dose IVIG group died of illness not thought 
to be related to treatment. Six-month data was not available for one patient in the IA group 
and two in the IVIG arm. Two months following treatment, four patients (80%) in the IA 
group were considered responders compared to four out of eight (50%) in the IVIG arm. At 
6 months, all four of the patients in the IA group were considered responders compared with 
three out of six in the IVIG group (100 versus 50%) [161].

More recently a prospective randomly controlled study investigating the efficacy and safety 
of IA versus TPE, again using the tryptophan-linked polyvinylalcohol adsorber. There were 
nine patients in each group with no significant differences in baseline characteristics. Clinical 
improvement was assessed using the INCAT score and the Medical Research Council (MRC) 
sum score. It was found that four patients (44.4%) in the TPE group responded to treatment 
compared to six patients (66.7%) in the IA group. In the IA group, 100% of the patients had 
an improvement in their MRC sum scores and four patients out of six patients (66.7%) [162].

Despite these small numbers, IA has shown promising results especially when considering 
the majority of the patients included in the studies were patients who had already failed 
standard therapy. The safety profile was comparable to TPE and IVIG and albeit with lim-
ited study populations, appeared to be as, if not more, efficacious than the current standard 
therapy.

5.3.5. Dementia

Dementia represents an increasing problem for healthcare systems worldwide, exacerbated 
by an aging problem. The most common form, Alzheimer’s disease, is characterised by the 
deposition of β-amyloid plaques and neurofibrillary tangles. The exact cause of the disease 
remains unknown and given the heterogenous nature of the condition it is likely to be mul-
tifactorial. There can also be some overlap in patients with both Alzheimer’s disease and 
Vascular dementia, a disease resulting from damage to the vasculature of the brain. Research 
has suggested there can be an autoimmune component to some dementia patients with the 
discovery of autoantibodies against the β1-adrenergic receptor (β1-AR) and the β2-adrenergic 
receptor (β2-AR) present in up to 59% of dementia patients [163, 164].

Hempel et al. treated eight patients with immunoadsorption; all patients were anti-β1-AR 
positive and five were also anti-β2-AR positive. Patients treated for 4 consecutive days saw a 
reduction in anti-β1-AR levels of 96% compared to only 78% in those treated for 2–3 consecu-
tive days. Those patients treated with 4 days of IA also saw a sustained elimination of antibody 
over the course of the study but in those treated for a shorter time period saw a rebound of 
the antibody level. Cognitive function was assessed using a range of tests including the Mini-
Mental State Examination (MMSE), Alzheimer’s Disease Assessment scale (ADAS; cognitive 
and non-cognitive), Bayer Activities of Daily Living (Bayer-ADL), Clinical Global Impression 
Scale (CGI), Geriatric Depression Scale (GDS) and the Short Cognitive Performance Test (SKT). 
They found that over the course of the study, those treated for 4 days had stabilisation of their 
cognitive function. Those treated for only 2–3 days suffered from declining cognition [165]. 
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This is a limited study with a small number of patients but its promise has led to a number of 
current ongoing studies to investigate further.

5.3.6. Lambert-Eaton myasthenic syndrome

Lambert-Eaton myasthenic syndrome (LEMS) is a rare autoimmune disease resulting in muscle 
weakness, autonomic dysfunction and areflexia. Up to 60% of patients with LEMS will also be 
found to have a carcinoma, with small cell lung cancer (SCLC) making up the vast majority 
of these patients. Pathogenic antibodies to voltage-gated calcium channels (VGCC) have been 
found in 80–90% of patients and up to 100% in patients with SCLC. Current therapy consists of 
3,4-diaminopyridine as first line and treatment of any underlying malignancy. Second line treat-
ment involves the addition of pyridostigmine to the 3,4-diaminopyridine or converting to azathio-
prine and prednisolone. In the case of severe weakness TPE or IVIG can also be considered [166]. 
There are also a number of very small case series describing the use of IA in refractory LEMS.

Sauter et al. describe the case of a young man with rapidly progressive weakness, muscular 
atrophy and cerebellar dysfunction initially treated with thymectomy for presumed malig-
nancy and pulsed prednisolone with some resolution of symptoms and a reduction in anti-
VGCC antibodies titres. Further treatment with Azathioprine and IVIG was initiated with 
some improvement clinically although this was not sustained and corresponded with a rise in 
his antibody titre. IA was performed on 3 consecutive days every 6 weeks with a decrease in 
antibody level over this time and an improvement symptomatically, especially in regards to 
gait [167]. Baggi et al. treated three patients unresponsive to immunosuppression and plasma 
exchange with IA. All patient showed clinical improvement with one patient regaining the 
ability to walk and one reaching pharmacological remission [168]. Batchelor et al. treated 13 
paraneoplastic patients one of whom had LEMS characterised as bilateral ptosis and proximal 
limb weakness. They received a total of six IA sessions (two per week for 3 weeks) with a 
protein A adsorber. In the patient with LEMS, clinical improvement was seen with resolu-
tion of the ptosis and the recovery of muscle strength allowing her to climb stairs and walk 
unaided again. There was also a significant reduction in the anti-VGCC antibody titre from 
458 to 25 pmol/L [169]. Ishikawa et al. treated a 75 year-old man with gait disturbance and 
somnolence diagnosed as LEMS. Anti-VGCC titre was initially over 11,000 pmol/L but the 
use of a phenylalanine adsorber column along with concomitant prednisolone resulted in a 
significant reduction in his antibody titre and subsequent clinical improvement [170].

There are currently no RCT or prospective trial data for the use of IA in LEMS. However, in 
patients who are non-responsive to standard therapy or in whom immunosuppression or TPE 
are contraindicated, there is limited data to suggest that IA can be considered an alternative.

5.4. Dermatology

5.4.1. Pemphigoid vulgaris

Pemphigoid vulgaris (PV) is a potentially fatal autoimmune blistering condition of the skin and 
mucous membranes. It is associated with pathogenic IgG autoantibodies to the desmosomal 
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cadherins; desmoglein 1 (Dsg1) and desmoglein 3 (Dsg3) [171–173]. Treatment and man-
agement of PV can be challenging. Currently treatment consists of oral steroids alone or in 
combination with dapsone and immunosuppression such as azathioprine, methotrexate or 
cyclophosphamide. This has dramatically improved survival but there is significant morbidity 
as a result of the side-effects from these therapies [174].

A number of groups have now used IA with differing adsorbers and protocols. A tryptophan-
linked polyvinylalcohol adsorber was used to treat seven patients with severe PV. There was 
a significant reduction in circulating antibodies and clinical improvement seen in the pem-
phigoid lesions and a reduction in steroid and immunosuppression required [175]. Protein 
A immunoadsorption has also been used with the first study describing its use in 2003. 
Here four patients were treated using IA as an additional treatment to steroids. All patients 
saw an improvement in their pemphigoid lesions and significant reduction in their antibody 
titres [176]. Further, nine patients were treated with a modified protocol by Shimanovich 
et al. with a higher dose of adjunctive steroids and either azathioprine or mycophenolate 
mofetil. All patients showed a significant reduction in antibody levels and clinically, with 
remission reported up to 26 months after treatment [177]. Protein A immunoadsorption has 
also been used in combination with Rituximab and IVIg with positive results [178] and in 
patients with longstanding disease resistant to multiple therapies [179]. In the largest trial 
for IA in PV, IA was used in combination with Rituximab in 23 patients. Seventeen patients 
using protein A IA (Immunosorba) and six patients using polyclonal anti-human IgG sheep 
antibodies coupled to sepharose (Thera-Sorb). IA was given more frequently than previous 
protocols with 1000 mg Rituximab given on days 4 and 24. This resulted in a significant 
reduction in antibody tires in all patients. At 6 months, 16 (70%) of the patients were in com-
plete remission and five (22%) were in partial remission. A relatively low relapse rate of six 
patients was seen over the follow up period requiring either retreatment with IA, Rituximab 
or immunosuppression [180].

Given the antibodies to Dsg1 and Dsg3 are IgG, Eming et al. used the Globaffin (Fresenius, 
Germany), an IgG specific column to treat PV in four patients. All patients experienced a 
reduction in antibody levels of up to 70% and a marked improvement clinically [181]. Behzad 
et al. used the Globaffin column in combination with Rituximab in 10 difficult to control PV 
patients in a retrospective study. Six months after treatment, 8 out of the 10 patients were 
in remission, one had a partial response and one patient did not respond at all [182]. In one 
study comparing adjunctive IA versus Rituximab therapy, antibody levels, clinical improve-
ment as assessed by the Autoimmune Bullous Skin Disorder Intensity Score (ABSIS) and oral 
steroid doses all reduced faster in the IA group compared to the Rituximab group. However, 
there were more relapses in the IA group requiring further treatment [183].

Despite the evidence for IA in PV, an autoimmune disease with well-defined pathogenic 
IgG autoantibodies, its widespread adoption has been limited. This has been hampered by 
the small study numbers, lack of RCTs and multiple treatment protocols. Given this PV is 
a recommended indication for the use of IA by the ASFA where it is classified as a category 
III disease (optimum role of apheresis therapy is not established) with 2C evidence (weak 
recommendation, low-quality or very low-quality evidence) [98]. The British Association of 

Aspects in Continuous Renal Replacement Therapy70

Dermatologists guidelines for the treatment of pemphigus vulgaris also state that IA could be 
considered in patients unresponsive or intolerant to standard treatment [174].

5.4.2. Bullous pemphigoid

Bullous pemphigoid (BP) is an autoimmune condition resulting in the development of sub-
epidermal blisters or bullae and is the most common of the autoimmune blistering conditions. 
It is caused by IgG autoantibodies directed against the BP180 and the BP230 antigens found 
in the hemidesmosomes. The mainstay of treatment is the use of topical or systemic steroids 
with or without oral immunosuppression [184, 185]. In patients refractory to this, IA has been 
used with varying success.

Herrero-González et al. used tryptophan IA to treat two patients with BP initially unrespon-
sive to methylprednisolone, dapsone and in one patient, additional azathioprine and topical 
clobetasol propionate. Both patients saw dramatic improvement in their skin lesions after 
2 weeks with all active lesions disappearing by 6 weeks [186]. Kasperkiewicz et al. treated 
seven patients with severe disease using protein A immunoadsorption. Here four patients 
had previously failed treatment with oral steroids, topical clobetasol propionate and either 
dapsone or mycophenolate mofetil and three were immunosuppression naïve. All patients 
saw a significant reduction in circulating antibodies and had no active lesions 1–3 months 
after therapy. Six of the seven patients remained in clinical remission at the end of follow up 
with two of the patients requiring no adjuvant medication [187]. Ino et al. used dextran sulfate 
conjugated cellulose columns to treat two patients who had not responded to steroids or dap-
sone. In one patient the lesions disappeared 2 weeks after treatment however in the second 
patient the skin lesions returned after 6 weeks and despite a second course of IA continued to 
have active blistering [188].

Given the pathogenicity of the IgG antibodies involved in BP and the positive results, albeit 
from very limited published data, IA has the potential to provide adjunctive therapy in refrac-
tory BP.

5.4.3. Atopic dermatitis

Atopic dermatitis (AD) is a chronic inflammatory condition affecting up to 20% of the popula-
tion [189]. It is characterised by recurrent pruritic eczematous lesions and generally presents 
in childhood. Its pathogenesis is not completely understood, exacerbated by the heteroge-
neous nature of the disease, but genetic, environmental and humoral factors are all associated 
with its development. The disease itself can be associated with other atopic and inflamma-
tory conditions such as asthma, allergic rhinitis and inflammatory bowel disease. Far from 
being a typical type I hypersensitivity reaction as initially thought it now appears to be a 
complex combination of epidermal barrier dysfunction, T helper 2 (Th2) cell-mediated and 
IgE immune regulated pathways. The majority of patients show a raised serum IgE titre with 
some circumstantial evidence suggesting it plays a pathogenic role [190, 191].

The first published study used IA in 12 patients with severe AD and total serum IgE levels of 
>4500 kU/L. Patients saw a significant improvement in their mean Scoring Atopic Dermatitis 
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cadherins; desmoglein 1 (Dsg1) and desmoglein 3 (Dsg3) [171–173]. Treatment and man-
agement of PV can be challenging. Currently treatment consists of oral steroids alone or in 
combination with dapsone and immunosuppression such as azathioprine, methotrexate or 
cyclophosphamide. This has dramatically improved survival but there is significant morbidity 
as a result of the side-effects from these therapies [174].

A number of groups have now used IA with differing adsorbers and protocols. A tryptophan-
linked polyvinylalcohol adsorber was used to treat seven patients with severe PV. There was 
a significant reduction in circulating antibodies and clinical improvement seen in the pem-
phigoid lesions and a reduction in steroid and immunosuppression required [175]. Protein 
A immunoadsorption has also been used with the first study describing its use in 2003. 
Here four patients were treated using IA as an additional treatment to steroids. All patients 
saw an improvement in their pemphigoid lesions and significant reduction in their antibody 
titres [176]. Further, nine patients were treated with a modified protocol by Shimanovich 
et al. with a higher dose of adjunctive steroids and either azathioprine or mycophenolate 
mofetil. All patients showed a significant reduction in antibody levels and clinically, with 
remission reported up to 26 months after treatment [177]. Protein A immunoadsorption has 
also been used in combination with Rituximab and IVIg with positive results [178] and in 
patients with longstanding disease resistant to multiple therapies [179]. In the largest trial 
for IA in PV, IA was used in combination with Rituximab in 23 patients. Seventeen patients 
using protein A IA (Immunosorba) and six patients using polyclonal anti-human IgG sheep 
antibodies coupled to sepharose (Thera-Sorb). IA was given more frequently than previous 
protocols with 1000 mg Rituximab given on days 4 and 24. This resulted in a significant 
reduction in antibody tires in all patients. At 6 months, 16 (70%) of the patients were in com-
plete remission and five (22%) were in partial remission. A relatively low relapse rate of six 
patients was seen over the follow up period requiring either retreatment with IA, Rituximab 
or immunosuppression [180].

Given the antibodies to Dsg1 and Dsg3 are IgG, Eming et al. used the Globaffin (Fresenius, 
Germany), an IgG specific column to treat PV in four patients. All patients experienced a 
reduction in antibody levels of up to 70% and a marked improvement clinically [181]. Behzad 
et al. used the Globaffin column in combination with Rituximab in 10 difficult to control PV 
patients in a retrospective study. Six months after treatment, 8 out of the 10 patients were 
in remission, one had a partial response and one patient did not respond at all [182]. In one 
study comparing adjunctive IA versus Rituximab therapy, antibody levels, clinical improve-
ment as assessed by the Autoimmune Bullous Skin Disorder Intensity Score (ABSIS) and oral 
steroid doses all reduced faster in the IA group compared to the Rituximab group. However, 
there were more relapses in the IA group requiring further treatment [183].

Despite the evidence for IA in PV, an autoimmune disease with well-defined pathogenic 
IgG autoantibodies, its widespread adoption has been limited. This has been hampered by 
the small study numbers, lack of RCTs and multiple treatment protocols. Given this PV is 
a recommended indication for the use of IA by the ASFA where it is classified as a category 
III disease (optimum role of apheresis therapy is not established) with 2C evidence (weak 
recommendation, low-quality or very low-quality evidence) [98]. The British Association of 
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Dermatologists guidelines for the treatment of pemphigus vulgaris also state that IA could be 
considered in patients unresponsive or intolerant to standard treatment [174].

5.4.2. Bullous pemphigoid

Bullous pemphigoid (BP) is an autoimmune condition resulting in the development of sub-
epidermal blisters or bullae and is the most common of the autoimmune blistering conditions. 
It is caused by IgG autoantibodies directed against the BP180 and the BP230 antigens found 
in the hemidesmosomes. The mainstay of treatment is the use of topical or systemic steroids 
with or without oral immunosuppression [184, 185]. In patients refractory to this, IA has been 
used with varying success.

Herrero-González et al. used tryptophan IA to treat two patients with BP initially unrespon-
sive to methylprednisolone, dapsone and in one patient, additional azathioprine and topical 
clobetasol propionate. Both patients saw dramatic improvement in their skin lesions after 
2 weeks with all active lesions disappearing by 6 weeks [186]. Kasperkiewicz et al. treated 
seven patients with severe disease using protein A immunoadsorption. Here four patients 
had previously failed treatment with oral steroids, topical clobetasol propionate and either 
dapsone or mycophenolate mofetil and three were immunosuppression naïve. All patients 
saw a significant reduction in circulating antibodies and had no active lesions 1–3 months 
after therapy. Six of the seven patients remained in clinical remission at the end of follow up 
with two of the patients requiring no adjuvant medication [187]. Ino et al. used dextran sulfate 
conjugated cellulose columns to treat two patients who had not responded to steroids or dap-
sone. In one patient the lesions disappeared 2 weeks after treatment however in the second 
patient the skin lesions returned after 6 weeks and despite a second course of IA continued to 
have active blistering [188].

Given the pathogenicity of the IgG antibodies involved in BP and the positive results, albeit 
from very limited published data, IA has the potential to provide adjunctive therapy in refrac-
tory BP.

5.4.3. Atopic dermatitis

Atopic dermatitis (AD) is a chronic inflammatory condition affecting up to 20% of the popula-
tion [189]. It is characterised by recurrent pruritic eczematous lesions and generally presents 
in childhood. Its pathogenesis is not completely understood, exacerbated by the heteroge-
neous nature of the disease, but genetic, environmental and humoral factors are all associated 
with its development. The disease itself can be associated with other atopic and inflamma-
tory conditions such as asthma, allergic rhinitis and inflammatory bowel disease. Far from 
being a typical type I hypersensitivity reaction as initially thought it now appears to be a 
complex combination of epidermal barrier dysfunction, T helper 2 (Th2) cell-mediated and 
IgE immune regulated pathways. The majority of patients show a raised serum IgE titre with 
some circumstantial evidence suggesting it plays a pathogenic role [190, 191].
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>4500 kU/L. Patients saw a significant improvement in their mean Scoring Atopic Dermatitis 
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(SCORAD), reducing from 78.6 ± 3.9 to 32.4 ± 3.5 at the end of the study at week 13. There were 
also significant improvements seen in the mean Eczema Area and Severity Index (EASI) and 
the pruritus score by the end of the study [192]. Since that time there has been a large number 
of patients treated in clinical trials with promising results [193–196]. Reich et al. treated 26 
severe AD patients with IgE specific IA and 24 patients with a Pan-immunoglobulin IA. Both 
groups reported an equal improvement in their EASI scores with almost 50% of patients 
reporting a >50% improvement. There were also improvements seen in the Dermatology Life 
Quality Index (DLQI), the SCORAD and the Patient-Oriented Eczema Measure (POEM). In 
this study the IgE specific adsorber was better tolerated with less adverse events than the 
pan-immunoglobulin adsorber with similar clinical outcomes [196].

Given the weight of evidence now accumulating and the safety profile of the IgE specific 
adsorbers, IA should be considered in the case of AD unresponsive to standard care or in 
those in whom it is contraindicated.

5.5. Respiratory

5.5.1. Asthma

Asthma is one of the world’s most prevalent chronic diseases affecting an estimated 300 
million people worldwide and rising. A variant of asthma, allergic asthma is classified as a 
type 1 hypersensitivity reaction. Here IgE binds to high-affinity FcεRI receptors on Mast cells 
and Basophils leading to degranulation and the release of inflammatory mediators. There is 
now increasing evidence that the incidence of IgE-mediated allergies is on the rise. In allergic 
asthma, as in other allergen related disease, the severity is progressive as patients come into 
contact with the allergen over time [197–199].

The IgEnio is a single use IgE specific adsorber developed by Fresenius Medical Care. The 
ESPIRA trial (Extracorporeal IgE Immunoadsorption in Allergic Asthma: Safety and Efficacy) 
is a randomized controlled trial investigating the efficacy of IA in 14 adult patients with aller-
gic asthma and raised IgE titres. Patients were treated for three cycles with each cycle consist-
ing of three sessions. Mean IgE levels reduced by 87% per cycle for total IgE with similar 
reductions in IgE specific for seasonal and perennial allergens. A steady improvement in peak 
flow levels, overall allergy symptoms as assessed by the Visual Analogue Scale (VAS) and 
lung specific symptoms were also seen. In the US, omalizumab is only indicated in patients 
with an IgE titre of below 700 U/ml and in the EU below 1500 U/ml. Along with the clinical 
and biochemical improvements seen with the treatment, interestingly it also allowed three of 
the patients, who were previously ineligible for omalizumab due to their high titres, to qualify 
for omalizumab treatment. Further work is needed given this is the first reported use of IA in 
allergic asthma but the initial findings are promising [199].

6. Conclusion

Despite recent healthcare advances, sepsis remains a significant cause of morbidity, mortality 
and admission to ICU. However, new technologies with the ability to remove damaging factors 
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in the pathogenesis of sepsis may help to improve patient outcomes. Since its development 
over 2 decades ago, immunoadsorption therapy has proven to be a highly efficient method of 
removing antibodies with a remarkably safe side effect profile. As our understanding of not 
only sepsis but also autoimmune disease increases, the range of conditions that are amenable to 
IA will also increase. With the development of columns for more specific antibodies and mol-
ecules such as those for sepsis, its use can reasonably be expected to become more ubiquitous.
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Abstract

Acute kidney injury is a common condition in critical care, and continuous extracorporeal
therapies have become part of the requirement for multiorgan support in critically ill
patients. Availability of continuous renal replacement therapy (CRRT) in a healthcare
center can influence the therapy performance and patient’s results, and it is challenging
to attain high-quality standards in centers without previous experience in CRRT and with
new therapy users. This chapter describes the experience of a highly specialized acute
renal care service model with emphasis on timely interventions by an exclusive CRRT
team, education and training, protocol development, quality performance improvement,
and its impact on optimal clinical and pharmacoeconomic outcomes.

Keywords: renal replacement therapy, acute kidney injury, renal rapid response teams,
interprofessional care, multidisciplinary care, patient safety, quality improvement,
cost-effectiveness

1. Introduction

Acute kidney injury (AKI) is a clinical syndrome characterized by the abrupt decrease in the
glomerular filtration rate (GFR), severe enough to compromise the elimination of waste products
and uremic toxins. AKI is common in critically ill patients and has been documented in 30–60%
of the hospitalized patients in intensive care unit (ICU) [1]. Its pathophysiology involves complex
processes including hemodynamics and inflammation disarrangements, many of which are not
entirely understood. AKI has multiple etiologies and clinical manifestations; patients may

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons

Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,

distribution, and eproduction in any medium, provided the original work is properly cited.

DOI: 10.5772/intechopen.79853

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



[188] Ino N, Kamata N, Matsuura C, Shinkai H, Odaka M. Immunoadsorption for the treat-
ment of bullous pemphigoid. Therapeutic Apheresis. 1997;1(4):372-376

[189] Deckers IAG, McLean S, Linssen S, Mommers M, van Schayck CP, Sheikh A. Investigating 
international time trends in the incidence and prevalence of atopic eczema 1990-2010: A 
systematic review of epidemiological studies. PLoS One. 2012;7(7):e39803

[190] Kasperkiewicz M, Schmidt E, Ludwig RJ, Zillikens D. Targeting IgE antibodies by 
immunoadsorption in atopic dermatitis. Frontiers in Immunology. 2018;9:254

[191] Weidinger S, Beck LA, Bieber T, Kabashima K, Irvine AD. Atopic dermatitis. Nature 
Reviews. Disease Primers. 2018;4(1):1

[192] Kasperkiewicz M, Schmidt E, Frambach Y, Rose C, Meier M, Nitschke M, et al. 
Improvement of treatment-refractory atopic dermatitis by immunoadsorption: A pilot 
study. The Journal of Allergy and Clinical Immunology. 2011;127(1):267-270.e6

[193] Kasperkiewicz M, Süfke S, Schmidt E, Zillikens D. IgE-specific immunoadsorption for 
treatment of recalcitrant atopic dermatitis. JAMA Dermatology. 2014;150(12):1350-1351

[194] Daeschlein G, Scholz S, Lutze S, Eming R, Arnold A, Haase H, et al. Repetitive immuno-
adsorption cycles for treatment of severe atopic dermatitis. Therapeutic Apheresis and 
Dialysis. 2015;19(3):279-287

[195] Zink A, Gensbaur A, Zirbs M, Seifert F, Suarez IL, Mourantchanian V, et al. Targeting 
IgE in severe atopic dermatitis with a combination of immunoadsorption and omali-
zumab. Acta Dermato-Venereologica. 2016;96(1):72-76

[196] Reich K, Deinzer J, Fiege A-K, von Gruben V, Sack A-L, Thraen A, et al. Panimmunoglobulin 
and IgE-selective extracorporeal immunoadsorption in patients with severe atopic der-
matitis. The Journal of Allergy and Clinical Immunology. 2016;137(6):1882-1886

[197] Dhami S, Kakourou A, Asamoah F, Agache I, Lau S, Jutel M, et al. Allergen immu-
notherapy for allergic asthma: A systematic review and meta-analysis. Allergy. 
2017;72(12):1825-1848

[198] Holgate ST. Innate and adaptive immune responses in asthma. Nature Medicine. 2012; 
18(5):673-683

[199] Lupinek C, Derfler K, Lee S, Prikoszovich T, Movadat O, Wollmann E, et al. Extracorporeal 
IgE immunoadsorption in allergic asthma: Safety and efficacy. EBioMedicine. 2017 
Mar;17:119-133. DOI: 10.1016/j.ebiom.2017.02.007

Aspects in Continuous Renal Replacement Therapy88

Chapter 5

Continuous Renal Replacement Therapy Specialized
Teams: A Challenge to Improve Quality Performance

Jorge Echeverri, Carolina Larrarte and
Manuel Huerfano

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.79853

Provisional chapter

Continuous Renal Replacement Therapy Specialized
Teams: A Challenge to Improve Quality Performance

Jorge Echeverri, Carolina Larrarte and
Manuel Huerfano

Additional information is available at the end of the chapter

Abstract

Acute kidney injury is a common condition in critical care, and continuous extracorporeal
therapies have become part of the requirement for multiorgan support in critically ill
patients. Availability of continuous renal replacement therapy (CRRT) in a healthcare
center can influence the therapy performance and patient’s results, and it is challenging
to attain high-quality standards in centers without previous experience in CRRT and with
new therapy users. This chapter describes the experience of a highly specialized acute
renal care service model with emphasis on timely interventions by an exclusive CRRT
team, education and training, protocol development, quality performance improvement,
and its impact on optimal clinical and pharmacoeconomic outcomes.

Keywords: renal replacement therapy, acute kidney injury, renal rapid response teams,
interprofessional care, multidisciplinary care, patient safety, quality improvement,
cost-effectiveness

1. Introduction
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entirely understood. AKI has multiple etiologies and clinical manifestations; patients may
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present a wide spectrum of symptoms ranging from asymptomatic through anuria to multiple
organ dysfunctions [2, 3].

Early recognition and timely interventions are important for the prognosis of AKI, as well as
controlling associated hospital morbidity and preventing the development of long-term out-
comes, such as chronic kidney disease and chronic cardiovascular conditions [4–6]. Approxi-
mately 13.3 million cases of AKI are estimated per year worldwide, with 1.7 million
attributable deaths and a high health burden associated to the increase of the hospital and
ICU length of stay (LOS), days of mechanical ventilation, and dialysis dependence [7].

International registries show that about 13% of ICU patients with AKI may require renal
replacement therapies, and the mortality rate in this group could be up to 50% [8, 9]. The high
mortality rate in this population reflects the critical state and the development of multiorgan
failure. Several years ago, acute renal failure requiring dialysis was one of the most difficult
conditions to treat in ICU, especially in patients with hemodynamic instability and risks of
tissue hypoperfusion during extracorporeal interventions, due to lack of experience in therapy
performing and the side effects related to circuit anticoagulation [10, 11].

The introduction of continuous renal replacement therapy (CRRT) allowed for the possibility of
performing safely extracorporeal therapies in ICU, with less specific requirement for dialysis
infrastructure and improved medical care in patients with access barriers to dialysis or hemody-
namic tolerance concerns [11–13]. From the first continuous arteriovenous hemofiltration, CRRT
evolves to veno-venous systems up to the modern integrated full-volume pump monitors, thus
becoming a preferred, safe extracorporeal therapy in many critical care patients [14–16].

The success in the implementation of continuous renal replacement therapy (CRRT) in
ICU does not depend only on its availability and technological advances, but on the develop-
ment of excellent programs, where the intervention of specialized doctors and highly trained
nurses complement one another. Specialized teams allow for a standardized care with the
highest quality safety, facilitating the recognition of specific needs on the critical AKI popula-
tion, improving decision-making and individualized management. In 1998, Ronco and
Bellomo introduced the term “critical nephrology” to highlight the importance of a multidis-
ciplinary approach in the critical patient with AKI, emphasizing the need for training, collab-
oration, and communication between various clinical teams [17, 18]. Currently, this approach
is still valid and the role of the specialized renal care teams becomes relevant [19]. This chapter
aims to explain, by means of the experience of a specialized network of critical nephrology
teams, the most relevant guidelines in the construction of a rapid renal response team and
its expected benefits.

2. Renal emergency team (RET) and a critical nephrology program
(CNP): a rationale for critically ill patients

Delay in recognition of serious diseases or their associated complications has been identified in
hospital care and ICU as one of the most important factors that could affect clinical outcomes
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and the consumption of health resources. AKI is a disease with difficult early recognition, high
health burden due to its important rate of complications in the short and long term, lack of
knowledge of its pathophysiological processes and lack of a specific treatment.

Despite the progress in knowledge achieved in recent years, concerning biomarkers and their
incorporation in therapeutic protocols [20, 21], incremental innovations in technology with an
emphasis on multi-organic support [22, 23], patients outcomes continue to be suboptimal [24].
AKI is a complex phenomenon that rarely affects only the kidney, it encompasses multiple
complex organic dysfunction and alterations in cross-talk between organs [25]; hence, an inter-
disciplinary approach allows for the knowledge leverage across different specialties. Participa-
tion of experts in each area, a specialist in critical nephrology and a highly trained group of
CRRT/intermittent hemodialysis (IHD) nurses, potentially helps in priority establishment, imple-
mentation of standardized actions, and implementation of quality control processes [26, 27].

Specialized providers external to traditional intensive care staff, but with experience in
critically ill patients, is not a recent practice. Areas such as respiratory care practitioners, a
nutritional support team, clinical pharmacology, diagnostic and interventional radiology,
cardiology, rehabilitation, and physiotherapy are examples of external groups involved in
interprofessional care [28]. Requirements of complex patients, incorporation of IT systems
and continuous improvement policies, together with advances in health care, are part of the
institutional framework necessary to incorporate groups of excellence, facilitate cooperative
work, and increase healthcare benefits.

Collaborative work experiences vary between nephrologists and intensivists. Nephrology
has maintained leadership in the principles of extracorporeal techniques, while intensive
care has deepened multisystemic management of AKI patients. However, at the moment, it
is necessary to increase leadership in educational aspects, risk control, and vulnerability
management in AKI patients. The critical nephrology team leader works as a medical direc-
tor and also does clinical follow-up work; medical direction is essential to ensure compliance
with the infrastructure, logistics, care staff, diagnostic tools, and treatment and technology
standards required for patients. The RET leader manages to engage all the professionals
under the same established strategy to overcome the complications associated with AKI
and overcome institutional obstacles.

The responsibilities of the critical nephrology team are identification of AKI etiology and
severity assessment; AKI prevention strategy; drugs adjustment and identification of
nephrotoxins; nutritional prescription adjustment; fluid balance planning and fluid overload
monitoring; leadership in the planning, placement, use, and care of vascular access; timing for
extracorporeal therapies; strict monitoring during the implementation of the different modal-
ities to ensure compliance with clinical objectives; avoiding dialytrauma; and comprehensive
clinical strategy after ICU discharge.

In recent years, there have been some before-after studies documenting the benefits of the
interventions performed by a specialized and dedicated CRRT team (SCT) after the implemen-
tation of an educational and quality improvement program. Two observational studies in Asia
showed that the SCT has a positive impact on outcomes such as improving CRRT filters
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consumption (42 vs. 23 min, decrease of down time per day (4.8 vs. 3.3 h, p < 0.001), fewer days
of stay in the ICU (27.5 vs. 21.1d, p = 0.027), decrease in red blood cell transfusions (70.7 vs.
63.5%, p = 0.043), and improving 90-day survival (29.3 vs. 40.7%, p = 0.039) [29, 30].

3. How to implement a CNP and a specialized team: the ARTIST model

After identifying an opportunity to implement a critical nephrology program and consolidate a
specialized team, it is essential to develop an integrated caremodel tomeet the fundamental aspects
for success in a highly complex system. Below is a description of what we call the ARTISTmodel:

Alarm systems and risk prediction, Ready to evaluate and act, Timing Interventions, Systems
for quality improvement, Transferring knowledge.

3.1. Alarm systems and risk prediction scores

Early AKI recognition begins with risk stratification in specific populations (cardiovascular
surgery, surgery, exposure to contrast media), where easy-to-use risk assessment scales have
been developed (Tables 1–3). IT systems facilitate the identification of high-risk patients in
electronic medical records (EMRs) for the RET to evaluate preventive measures, previous to
the exposure, and to plan the follow-up.

Risk factor Score

• Hypotension 5

• Intra-aortic balloon counterpulsation (IABC) 5

• Congestive heart failure (CHF) 5

• Age > 75 years 4

• Anemia 3

• Diabetes mellitus (DM) 3

• The volume of contrast media 1 per 100 mL

Baseline GFR MDRD (mL/min/1.73 m2) Score

40–60 2

20–40 4

<20 6

Groups of risk Total score CIN risk (%) Dialysis risk (%)

1 0–5 7.5 0.04

2 6–10 14 0.12

3 11–15 26.1 1.09

4 16 or higher 57.3 12.6

GFR, glomerular filtration rate; MDRD, modification of diet in renal disease equation.

Table 1. Contrast-induced nephropathy (CIN) risk scale [31].
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Risk factor Score

• Female 1

• CHF 1

• LVEF < 35% 1

• IABC 2

• Chronic obstructive pulmonary disease 1

• Diabetes mellitus on insulin 1

• Previous coronary artery bypass grafting (CABG) 1

• Emergent surgery 2

• Valve 1

• Valve + CABG 2

• Another type of surgery 2

• Preoperative creatinine

1.2–2.1 mg/dL 2

>2.1 mg/dL 5

Risk group Total score CSA-AKI risk (%)

I 0–2 0.4

II 3–5 2

III 6–8 8

IV 9–13 21

CHF: congestive heart failure; LVEF: left ventricular ejection fraction; IABC: intra-aortic balloon counterpulsation.

Table 2. Cardiovascular surgery-associated AKI (CSA-AKI) risk scale [33].

Risk factor (RF) Groups of risk (n) P-AKI risk (%) Hazard ratio (IC)

Age > 56 years

Male I (<2RF) 0.2 —

CHF II (3 RF) 0.8 3.1 (1.9–5.3)

Ascites III (4RF) 2.0 8.5 (5.3–13.7)

Hypertension IV (5RF) 3.6 15.4 (9.4–25.2)

Urgent surgery V (6RF) 9.5 46.2 (26.3–70.9)

Preoperative creatinine >1.2 mg/dL

DM

CHF: congestive heart failure.

Table 3. Perioperative-associated AKI risk (P-AKI) scale [37].
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The primary prevention activities in AKI include the restriction of identified nephrotoxic
agents, prescription of alternatives with lower renal impact, or active renal therapeutic inter-
ventions such as nephroprotection protocols for contrast medium or ischemic preconditioning
in patients at high risk of CSA-AKI [32].

Sometimes, it is necessary to perform studies with contrast agents in critical patients. It is
recommended, as far as possible, to defer exposure in patients with shock or heart failure until
the hemodynamic state is restored. Repeated exposure to contrast medium should be avoided.
Cases of contrast-induced nephropathy should be postponed for additional exposure to the
contrast agent until the glomerular filtration rate (GFR) returns to the baseline.

Several studies have shown that the expansion of intravascular volume and the treatment of
dehydration prevent AKI; however, the rate of infusion or the best type of fluid is still
unknown [34]. Once the patient is exposed to a toxic agent, it is important to assess the renal
injury severity. Controlling AKI-related complications is part of secondary prevention, one
common example is fluid overload related to fluid resuscitation in patients with absence of
diuresis response [35]. Research on novel AKI biomarkers opens up future possibilities to
determine the moment of kidney injury before the GFR impairment. It will be possible to
validate the effectiveness of timely medical interventions and potentially control the progres-
sion of the AKI in its early phases [36].

However, renal insult is not always possible to anticipate. In recent years, researchers have
conducted studies to find scales that involve both preexisting conditions associated with AKI
and clinical signs of daily monitoring, such as respiration rate and assessment of consciousness
(Table 4). The prediction score of acute renal injury (APS) has been validated in the medical and
surgical population, reaching a negative predictive value of 94%. Also, patients with APS greater
than 5 have a significant increase in the risk of death, 1.9 (CI95 1.1–2.0, p = 0.015) [38, 39].

In the pediatric population, other predictive scales of severe AKI have been developed, such as
the renal angina index. Recently validated in the adult population, it is a combination of risk
conditions and signs of kidney injury; a score greater than 6 has an AUC of 0.76 for the
development of severe AKI [40, 41].

Once it is clear how to perform the screening to identify high-risk populations, it is ideal to
activate the RET either by healthcare professionals at the bedside, or by electronic alert sys-
tems. Several studies have shown that EMR designed to identify patients with AKI and to
generate an electronic alert could affect the quality of hospital care, improve the control of this
disease, its incidence and progression, and associated complications [42–44].

A critical factor, in keeping the high commitment of the RET in the priority assessment of high-
risk patients, is to understand when to trigger the alert and initiate care to avoid phenomena
such as habituation and fatigue due to the high workload in low-risk population [45].

3.2. Ready to evaluate and act

Once the alarm system has been defined and the setup criteria determined, a logistical structure
must be established considering both human resources and required supplies to guarantee the
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level of compliance and a sustainable care system. Rapid response teams should have autonomy
and independence regarding budget, staff structure, implementation, and supply chain. Elec-
tronic health systems are essential to ensure the traceability of each process and further evalua-
tion of the pharmacoeconomic results, clinical and operational efficiencies obtained by a highly
specialized team.

The RET should have a portable module of supplies that could be taken to the bedside, including
diagnosis (i.e., point-of-care), tubes for sampling, disposables, personal protection equipment,
disinfectants, specific drugs, solutions, vascular assessment (i.e., ultrasound), catheters, and
document formats. An additional portable module for patients in renal replacement therapies
(RRTs) can include filters, circuits, solutions, quality tests, and the rest of dialysis supplies. The
program should simplify the supply chain and inventory control, minimize unnecessary con-
sumption, and optimize administrative processes. Nurses must be empowered in each of these
processes [46].

Regarding healthcare staff, the RET must have team players with strong communication skills
and a highly ethical commitment. Professionals must comply with training and certifications
for AKI risk assessment, comprehensive assessment in intensive care and hospital care
patients, monitoring and support in critical conditions, and training for acute extracorporeal
renal support techniques [47]. In our institutions, we have managed to consolidate the RET
with professionals with either experience in intensive care or trained nurses in dialysis. Train-
ing programs for new staff should guarantee a combination of nursing knowledge in both the
expertise of primary-secondary-tertiary prevention activities and extracorporeal therapies
(Table 5).

Risk factor (RF) Score

0 1 2 3

Age <60 60–79 ≥80

Respiratory rate <20 ≥20

AVPU (not alert) Alert Other

Chronic kidney disease stage 3–5 N Y

CHF N Y

DM N Y

Liver disease N Y

Total APS score HA AKI risk (%) Odds ratio (IC)

0–3 4 0.4 (0.3–0.5)

3–4 8 2.2 (1.6–2.9)

5–6 14 2.3 (1.8–2.9)

7 28 4.7 (3.1–7.2)

AVPU: alert, voice, pain, unresponsive scale; CHF: chronic heart failure; DM: diabetes mellitus; Y: Yes; N: No.

Table 4. Acute prediction score (APS) for hospital-acquired (HA) AKI.
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A specialist in critical nephrology is essential to consolidate the RET. Models with the partici-
pation of general practitioners with specific training or residents in nephrology that can
support some of the medical care processes may be reasonable depending on the volume and
complexity of the care processes, and the academic nature of some institutions. It is essential to
guarantee the scope and level of participation in these cases; for actions to be timely executed,
the specialist should always participate in the decision-making processes.

The timely involvement of the nephrologist correlates with better outcomes in AKI patients.
Soares et al. found in their meta-analysis that the delay in nephrology consultation signifi-
cantly increases the risk of death with a log OR 0.79 (95CI 0.48–1.1, p < 0.05). The log OR
controls the overall effect of the sample size, a result greater than 0 represents an increased risk
of the measured outcome [48].

The specialist in critical nephrology must know in depth the fundamentals associated with the
AKI patient. To understand the context of the critical patient, the specialist should perform a
multisystemic approach to be able to align the ICU priorities with AKI interventions. As in the
nursing group, the specialist must provide an environment of ongoing dialog and interaction
with the ICU consultants, establishing agreements for joint interventions and periodic re-
evaluation. Real teamwork between ICU healthcare professionals and the specialized team
will enhance the collective learning resulting from the interdisciplinary interaction, improving
patient health care [49].

3.3. Timing interventions

Preventive measures would impact the incidence and progression of AKI. The five standards
of the AKI bundle are: (1) identify the etiology and try to control it, (2) maintain the best renal
protection measures (i.e., mean arterial pressure, glucose control, and euvolemia), (3) avoid

Clinical training RRT training

Pathophysiology of acute kidney injury Acute RRT basic principles and modalities

Risk scales for acute kidney injury and clinical
assessment in high-risk patients

Monitors and risk management during acute RRT

How to measure and interpret fluid balance Dialyzers and set up the circuit

Diagnostics on the AKI patient Programming and navigation through screens

Primary, secondary and tertiary AKI prevention
protocols

Pumps, flows and interpreting pressures during acute RRT

Monitoring systems in the critical patient Troubleshooting alarms and hands-on skills

Hemodynamic and ventilatory support in the critical
patient

Protocols for circuit preservation and identifying the coagulation
of the circuit

Best clinical practices in vascular access use and care Follow-up and EMR; roles and responsibilities; and guidelines
and protocols of the program

Infection control Ethics and compliance

Table 5. Specialized nursing training program.
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new toxicity (contrast agents and daily evaluation for interruption or appropriate adjustment
of drugs), (4) evaluate the progression of the injury and control of renal function, and (5)
intensify the measures if there is progression. The intensity of invasive monitoring and inter-
vention should be adjusted to multi-organ dysfunction and AKI severity.

The emergence of early AKI biomarkers and the development of AKI care bundles have
allowed assessing indirectly feasible interventions that could be done by a specialized team in
AKI treatment or prevention. Recently, Kolhe et al. published an analysis of a large match
cohort of 3717 patients and found a decreased rate of inhospital death (OR 0.76) and less
progression to more severe AKI stage (4.2 vs. 6.7%, p = 0.02) in 936 patients (25.6%) who
completed the KDIGO care bundle within 24 h of follow-up [50].

Early detection of acute kidney injury by introducing biomarkers with better receiver operat-
ing characteristics (ROCs) has begun to change the natural history of the disease. A prospec-
tive randomized trial of 121 surgical patients, at high risk of AKI with positive TIMP2-IGBP7,
tests the KDIGO care bundle vs. standard care to reduce the incidence of primary AKI.
Although they did not reach the primary outcome in the entire population, the subanalysis of
the low positive biomarker population (TIMP2-IGBP7: 0.3–2) showed a significant reduction in
the incidence of AKI (27 vs. 48%, p = 0.03), decrease in moderate and severe AKI (6.7 vs. 19.7%,
p = 0.04) and shorter duration of hospitalization (16 vs. 21, p = 0.04). Furthermore, responders
showed a greater reduction in biomarker control levels [21].

In another randomized controlled trial (RCT) in postcardiovascular surgery with a high risk of
AKI, 276 patients with positive TIMP2-IGFBP7 were randomized to the KDIGO care bundle vs.
standard care. Patients in the intervention group most frequently received inotropic drugs and a
vasopressor, tight glucose control, and more often withdrawal of ACEi/ARB. The primary
outcome showed a general decrease in the incidence of AKI (55.1 vs. 71%, p = 0.004) and less
moderate and severe AKI (44.9 vs. 21%, p = 0.009) in the intervention group. They did not find
differences in the requirement of renal replacement therapies or major adverse kidney events
(MAKE) [20].

When medical interventions do not control the progression of the disease or when multisystem
involvement is severe, it may be necessary to evaluate the need for extracorporeal renal
support. If in doubt, the furosemide stress test can help [51]. At present, the early approach to
renal support is widely accepted within the scientific intensive care community, before the
deleterious consequences of severe AKI appear [52].

3.4. Systems for quality improvement

During medical interventions, safety and quality have been professional and ethical responsi-
bilities. However, the varied experiences at centers performing CRRT, the lack of evidence
proving a protocol better than the others, and the variable needs of critical patients, have
resulted in great heterogeneity in practices at the bedside, facilitating the gap between thera-
peutic intentions and what is achieved. The fragility of the patient in intensive care increases
the risk of medical errors, and logistical changes or staff shift in the institutions generates
different risk moments during the process of care.
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the low positive biomarker population (TIMP2-IGBP7: 0.3–2) showed a significant reduction in
the incidence of AKI (27 vs. 48%, p = 0.03), decrease in moderate and severe AKI (6.7 vs. 19.7%,
p = 0.04) and shorter duration of hospitalization (16 vs. 21, p = 0.04). Furthermore, responders
showed a greater reduction in biomarker control levels [21].

In another randomized controlled trial (RCT) in postcardiovascular surgery with a high risk of
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outcome showed a general decrease in the incidence of AKI (55.1 vs. 71%, p = 0.004) and less
moderate and severe AKI (44.9 vs. 21%, p = 0.009) in the intervention group. They did not find
differences in the requirement of renal replacement therapies or major adverse kidney events
(MAKE) [20].

When medical interventions do not control the progression of the disease or when multisystem
involvement is severe, it may be necessary to evaluate the need for extracorporeal renal
support. If in doubt, the furosemide stress test can help [51]. At present, the early approach to
renal support is widely accepted within the scientific intensive care community, before the
deleterious consequences of severe AKI appear [52].

3.4. Systems for quality improvement

During medical interventions, safety and quality have been professional and ethical responsi-
bilities. However, the varied experiences at centers performing CRRT, the lack of evidence
proving a protocol better than the others, and the variable needs of critical patients, have
resulted in great heterogeneity in practices at the bedside, facilitating the gap between thera-
peutic intentions and what is achieved. The fragility of the patient in intensive care increases
the risk of medical errors, and logistical changes or staff shift in the institutions generates
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International initiatives have raised the awareness for standardized quality measurements in
the care of CRRT in ICU. Identify moments or processes where there are potential interven-
tions, with adequate follow-up is essential to strengthen CRRT programs and evolve towards
the practices of centers of excellence. Some examples of activities within a quality improve-
ment program are the continuous evaluation of training and education standards, evaluation
of clinical practice guidelines and adherence to protocols, unplanned infield auditing, and
team discussion of quality indicators and in-depth analysis of adverse events under different
perspectives.

Several quality improvement models have been described and they have in common the
identification of an improvement opportunity, the implementation of an action plan, the
analysis of the results obtained, and the redefinition of the processes. To do so, it is necessary
to have a culture of monitoring and reporting within the work team, i.e., constructive and
continuous internal audits in which teams participate proactively and without coercion to
achieve professional development and evolution in care processes.

For any center of excellence in CRRT, one must be able to answer correctly three questions: do
all patients who benefit from the therapy have access as long as they need it? Is the mainte-
nance of the therapy what we expected? And does the patient receive treatment as medically
proposed?

The daily monitoring of CRRTs should include the above questions not only from an opportu-
nity perspective but also from the perspective of team empowerment needed to overcome the
obstacles and difficulties. Nursing checklists and internal nursing audits should include CRRT
configuration; priming; catheter assessment and care; circuit monitoring; exchange of bags and
supplies; troubleshooting and alarm resolution; connection, disconnection, and recirculation;
evaluation and early recognition of circuit coagulation; and termination of therapy.

Improving documentation of medical records (EMR) is essential for controlling clinical out-
comes, especially if there are special forms in place to monitor treatment. Fluid registration is
usually a challenge, but after the personnel overcomes the learning curve, they value the
importance of accurate information and optimal fluid management. An excellence center
should minimize the risks associated with therapy performance (dialytrauma); the application
of checklists (Table 6) by nursing coordinators or general practitioners during clinical rounds
would allow early interventions and will help to start quality improvement plans in cases of
inadequate recognition.

The quality indicators, the results of the internal audits, and the events presented must be
analyzed with adequate frequency to achieve compliance with improvement plans. The dura-
tion of the circuit, the therapy dose administered, the time of inactivity, and the episodes of
bleeding are parameters accepted internationally as quality indicators [53].

3.5. Transferring knowledge

The last part of the care model, and not the least important, is all the activities generated within
the team to increase the collective knowledge about managing patients with severe AKI and
the activities with the intensive care group to close the interdisciplinary knowledge gaps.
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Discussions of difficult cases, presentations of new scientific literature, and updates of clinical
practice guidelines among services are some examples of knowledge transfer activities. Simi-
larly, in the nursing environment, the analysis of quality indicators and opportunities for
improvement in patient care constitute feedback and learning activities between the ICU and
nephrology nurses.

4. Experience and outcomes of a critical nephrology program and two
CRRT specialized teams in a net of an acute service provider in Colombia

The following results are part of an internal audit analyzed by our team from the CNP
database in two academic centers in Bogota from 2013 to 2016, where a RET operates CRRT.
Renal Therapy Services (RTS) is an external provider of specialized renal care services offering
IRRT and CRRT as an ARTIST model to hospitals in Colombia.

4.1. The RTS model

RTS is part of Baxter’s renal care division, which provides healthcare services for acute and
chronic kidney disease. RTS clinics are located in Latin America, Europe, and Asia, equipped
with Baxter technology; RTS is responsible for the supply chain and has the nephrology

Table 6. Patient safety chart.
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Discussions of difficult cases, presentations of new scientific literature, and updates of clinical
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larly, in the nursing environment, the analysis of quality indicators and opportunities for
improvement in patient care constitute feedback and learning activities between the ICU and
nephrology nurses.

4. Experience and outcomes of a critical nephrology program and two
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Renal Therapy Services (RTS) is an external provider of specialized renal care services offering
IRRT and CRRT as an ARTIST model to hospitals in Colombia.

4.1. The RTS model
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experts for the management of kidney diseases. Some clinics provide hospital services with
specialized clinical staff and critical nephrology training: nephrologists, general practitioners,
nurses, and pharmacists. Besides, RTS has centralized management support for the clinical
operation, quality assurance and information management, a training-education area, and an
IT department. RTS has permanent technical support to guarantee continuous therapy.

RTS together with the hospital clinical staff develops the guidelines for the RET, the triggering
process of the RET, and the quality indicators for all the processes involved. RTS is responsible for
the specialized team, the timely response, the technology and supplies for the renal intervention.

A key factor identified to enhance opportunity is the close interaction between the hospital
staff and the RET. In highly complex institutions with high-risk patients and an important
demand for services, it is imperative that the hospital team guarantee cost-effectiveness. The
RET leader is the nephrologist, assisted by a nurse who directs and organizes the staff
according to the daily requirements of the institution, monitors compliance with the pro-
tocols, initiates therapies, evaluates patient safety, and provides continuing education to the
staff. When the RET receives an alert, it evaluates the patient and decides whether an
intervention is necessary or not. If a patient requires extracorporeal therapy, the nephrologist
will choose a modality according to national guidelines. The preferred modality for hemo-
dynamically unstable patients (cardiovascular SOFA 3–4) is CRRT. In these cases, the rest of
the RET will join in to generate attention to the patient and prepare all requirements for the
vascular access placement and the initialization of the therapy. Catheter insertion is
performed by the nephrologist and guided by ultrasound. The nursing staff is responsible
for setting up of the circuit and the filter, and for programming the monitor according to the
nephrologist prescription.

Modern CRRT platforms, such as Primaflex monitors, allow for a friendly, safe and easy-to-use
configuration and programming. Also, high-precision fluid monitoring and its easy interpre-
tation on the screen with updated information allow for optimal therapy monitoring and to
achieve personalized treatment to reach dosage targets and fluid balance. RTS uses bicarbon-
ate replacement fluids and filters with high permeability and adsorptive properties; dosage
and modality are clearly defined in the RTS CRRT protocols.

The specialized RTS CRRT team has established parameters for optimal care and quality goals
(Table 7).

CRRT initiation CRRT delivery dose Reach ultrafiltration

Target < 3 hours Target > 25 ml/kg/h Target > 80%

KPI > 90% KPI 80% KPI > 90%

Downtime Filter life time Access alarms

Target < 15% Target > 30 h Target < 5 in 24 h

KPI 90% KPI > 90% KPI > 90%

KPI: key performance indicator.

Table 7. CRRT quality indicators.
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RTS has a policy of no anticoagulation in patients with high and medium risk of hemorrhage.
Over the years, the nursing staff has gained experience in circuit maintenance. In highly experi-
enced groups in RTS, the average survival time of the CRRT filter is up to 36 hours; 60% of the
filters do not require anticoagulation in addition to the usual prophylaxis used for ICU patients.
The heparin protocol is used for filters with less than 24 hours of lifespan; the dose is adjusted to
maintain aTTP of 45 s and vTTP 65 s, the nursing team is responsible for sampling the circuit and
reporting results to the specialist. The performance of the filter is evaluated daily, determined by
the ratio between nitrogen loss in the ultrafiltrate and the blood urea nitrogen, to anticipate any
circuit change when the result is less than 80%.

The nephrologist visits patients with CRRT two or three times a day, assesses changes in the
general health of the patient, organic dysfunction, fluid balance, analysis of laboratory tests,
organ supports and clinical concerns of the consultant of the UCI. The adjustment to the CRRT
prescription is discussed with the ICU staff to maintain consistency in the patient treatment
and to understand, in concert, planned clinical targets. Hemodynamic, ventilatory, and fluid
monitoring should be guaranteed during the CRRT. The decision to wean off the renal support
is evaluated at least daily, considering diuresis, markers of clearance and improvement of
multi-organ failure. Close monitoring during the next 6 hours after the suspension of CRRT is
a regular practice; some patients need control laboratories to maintain a safe weaning. All
patients are followed up according to the nephrologist’s clinical criteria.

The RET nursing staff is responsible for therapy maintenance and care for the circuit and the
filter lifespan. They keep hourly records of circuit parameters such as pressures, flows, air
detection in the circuits; and changes out of the expected parameters are reported to the
nephrologist. The nursing staff is trained to solve regular alerts and to follow simple algo-
rithms prior to the nephrologist intervention. A continuing education program and a periodic
evaluation of protocols adherence are given to the nursing staff to guarantee homogeneous
experience levels. Records are analyzed, and coagulation cases are discussed on a daily basis.

Additional clinical parameters are recorded on the CRRT flowsheet and in the CRRT EMR as
well (Figure 1).

Monthly, the results of the program are discussed in the CNP committee, consisting of the
nephrology director, the nursing leader, the medical team and the clinical operations manager.
The Prismaflex CRRT management report is obtained directly from the Prismaflex monitors
through the Sharesource connect platform. It collects and analyzes all the therapy parameters
at each center (Figure 2). The results obtained are contrasted with the established CRRT
quality indicators, targets and KPI. The CNP committee also analyzes survival, renal recovery,
adverse events as well as the cost-effectiveness of the evaluated period. This is how quality
improvement plans for the teams are defined.

4.2. Audit results

Patients older than 18 years who underwent CRRT for renal indication, during ICU stay were
included in the analysis of audit results. Therapy less than 24 hours, mortality within the first
24 hours of treatment and patients with missing information were excluded from the analysis.
Only data from the first intervention period were included. The population was characterized
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patients are followed up according to the nephrologist’s clinical criteria.
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well (Figure 1).
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nephrology director, the nursing leader, the medical team and the clinical operations manager.
The Prismaflex CRRT management report is obtained directly from the Prismaflex monitors
through the Sharesource connect platform. It collects and analyzes all the therapy parameters
at each center (Figure 2). The results obtained are contrasted with the established CRRT
quality indicators, targets and KPI. The CNP committee also analyzes survival, renal recovery,
adverse events as well as the cost-effectiveness of the evaluated period. This is how quality
improvement plans for the teams are defined.

4.2. Audit results

Patients older than 18 years who underwent CRRT for renal indication, during ICU stay were
included in the analysis of audit results. Therapy less than 24 hours, mortality within the first
24 hours of treatment and patients with missing information were excluded from the analysis.
Only data from the first intervention period were included. The population was characterized
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by age, sex, indication of CRRT, AKI etiology, and length of hospital stay. Some clinical
characteristics were recorded at the therapy start, including serum creatinine, ureic nitrogen,
pH, lactic acid, cardiovascular SOFA, vasopressor, mechanical ventilator, and fluid balance.
CRRT technique such as modality, dose, and net UF within the first 24 hours were recorded.
Inhospital mortality and renal function recovery, defined as dialysis independency at of hospi-
tal discharge, were analyzed.

In both of the centers participating in the audit, 265 patients underwent CRRT during the
period described. Table 8 shows the clinical characteristics of the patient. Sepsis, cardiovascu-
lar disease, and postoperative abdominal states were the main causes of acute kidney injury.
The most frequent CRRT indications were metabolic acidosis, hyper-azotemia and fluid
overload in 46, 34.7, and 10.9% of patients, respectively (Figure 3). The majority of patients

Figure 1. CRRT flowsheet. PEEP: positive end expiratory pressure. FiO2: fraction of inspired oxygen. IABC: intra-aortic
balloon counterpulsation. ECMO: extracorporeal membrane oxygenation. VAD: ventricular assist device. HR: heart rate.
AP: arterial pressure. MAP: mean arterial pressure. RR: respiratory rate. T: temperature. CVP: central venous pressure.
UF: ultrafiltration. Qb: blood flow. TMP: transmembrane pressure. OP: circuit outlet pressure. IP: circuit inlet pressure.
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(74.7%) had 3 and 4 points of cardiovascular SOFA at CRRT beginning. The mean total SOFA
was 10.3, with almost half of the patients (43.4%) with a score equal to or greater than 11.

Continuous veno-venous hemofiltration (CVVH) was the preferred CRRT modality predomi-
nantly in the predilution mode. The average of fluid balance at therapy start was 9.5 L
(range �2.3 to 69 L) and the net ultrafiltration in the first 24 hours of CRRT was 1387 mL.
Hospital mortality rate was similar to worldwide reports (63%), but we found a higher rate of
renal recovery in the patients who survived (82%) (Figure 4). The average time on mechanical
ventilation was 7 days with 31 days of hospital length of stay.

4.3. Economic analysis of the audit

The cost-effectiveness of continuous renal replacement therapies has been questioned in dif-
ferent health systems. Information on the economic impact of a service model by an external
provider has not been well studied. Audit results in the renal recovery have motivated the
development of an analytical model of Markov that adapts a previously validated model to
our reality, in a time horizon of 5–10 years and subsequent simulation of a hypothetical cohort
of 1000 patients. Health costs (COP) and adjusted life quality (QALY) were compared between
intermittent hemodialysis and CRRT provided by a renal emergency team (Table 9) [54].

Figure 2. Prismaflex CRRT management report.
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The results of the economic analysis showed that CRRT performed by a highly specialized
external provider with optimal renal recovery results was a dominant alternative when com-
pared with IHD (Figure 5). The results were maintained after a sensitivity analysis varying

Characteristic Number (%)

Gender—number (%)

Male 172 (64.9)

Female 93 (35.1)

Age—years 64.7 (18–92)

Acute kidney injury etiology

Sepsis 148 (55.8)

Cardiovascular disease 58 (21.9)

Abdominal postoperative state 31 (11.7)

Coronary artery bypass grafting 17 (6.4)

Autoimmune disease 5 (1.9)

Trauma 4 (1.5)

Nephrotoxicity 2 (0.8)

Vasopressor therapy at CRRT initiation 213 (80.4)

Cardiovascular SOFA score—number (%)

0 53 (20)

1 5 (1.9)

2 9 (3.4)

3 77 (29.1)

4 121 (45.7)

Characteristic Mean (SD)

Total SOFA score 10.3 (3.89)

pH 7.24 (0.12)

Bicarbonate (HCO3)—mmol/L 16.4 (4.98)

Base excess (BE) �9.09 (6.89)

Lactate (mmol/L) 3.3 (3.59)

Serum creatinine (mg/dL) 3.8 (4.14)

BUN (mg/dL) 63.9 (31.75)

Delivered dose (mL/kg/h) 26.9 (7.02)

Fluid balance at CRRT initiation (L) 9.5 (11.78)

Net ultrafiltration within the first 24 hours (L) 1.3 (1.87)

Table 8. CRRT patient characteristics (265 patients).
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costs, time on therapy, and mortality. The experience of a specialized CRRT service model such
as RTS increases the net monetary benefit in emerging countries and invites other healthcare
systems to challenge the adoption of high-quality service models.

Figure 3. CRRT indications.

Figure 4. Inhospital outcomes.
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5. Conclusion

In this chapter, we described the characteristics of our renal emergency team model and the
rationale of a CRRT specialized team. Understanding how the alarm system works, being
ready to act, carrying out timely interventions, developing a quality improvement program,
and being able to have two-way learning between ICU and the nephrology team are part of the
key aspects for success. From our experience, we showed the results of two centers of excel-
lence where our model operates in Colombia, obtaining high clinical results, high-quality
standards, and improvement in renal recovery. The population analyzed was critically ill, with
high rates of multi-organ dysfunction and hemodynamic instability. The protocols used

5% discount

Intermittent Continuous therapy Difference

Total cost (COP) IRRT CRRT

1 year 10,442,981,398 7,646,696,331 �2,796,285,067

5 years 26,847,707,264 15,079,774,140 �11,767,933,123

10 years 38,715,397,630 20,959,366,355 �17,756,031,275

Total QALY

1 year 210 231 21.3

5 years 670 745 75.1

10 years 992 1103 111.0

Table 9. Base case results (Cohort 1.000).

Figure 5. Probabilistic analysis.
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allowed a good filter life and an optimal delivered therapy dose as per international recom-
mendations.

Sepsis is still the disease most associated with acute kidney injury as well as postoperative
conditions and cardiovascular failure. Severe metabolic acidosis, positive fluid balances, and
the requirement for vasoactive support continue to be frequent conditions during the initiation
of CRRT. Although azotemia is the second most frequent indication in our registry, it is mode-
rate and usually involves some of the formerly mentioned factors. Absolute indications for
starting dialysis are rare in our registry. The burden of severe acute kidney injury remains
important, not only because of the consumption of hospital resources but also because of the
long-term prognosis and the consequent dependence on dialysis. Providing an adequate renal
care system in the hospital aligned with the renal recovery policies should be part of the
interest and approach of all the stakeholders in the healthcare system. Decisions in health
economics and care models in extracorporeal therapies should integrate these elements.
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