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We dedicate this edition to the nursing professionals who deliver continuous renal 
replacement therapy. Without their hard work and dedication, this therapy would 
not exist. This volume is also dedicated to patients and their families in the hope 
that we make a positive difference in their lives.
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Preface

Significant advances have occurred in the care of  patients with acute kidney 
injury (AKI). Continuous renal replacement therapy (CRRT) has become stan-
dard of  care for many critically ill patients with severe acute kidney injury, and 
most major medical centers have developed the capability of  providing CRRT. 
However, many hospitals lack the capacity and many that have it, underuse it.

The goal of  this CRRT handbook is to provide a concise but authoritative 
guide in the use of  CRRT. In a single, slim volume, we cover the basics of  CRRT 
management as well as some topics related more generally to AKI. The intent 
of  this book is to provide a quick reference for both novice and experienced 
CRRT providers, to enrich existing expertise, and to help all involved in the 
care of  severe AKI achieve a better understanding of  this powerful therapy.

As a result of  the tremendous success of  the first edition, we have updated 
this second edition with new information on machines and biomarkers, and 
on a nomenclature that has undergone much- needed standardization dur-
ing the years the first edition was published. We hope that new readers and 
those already familiar with the handbook find it useful. Our ultimate goal is to 
improve outcomes for patients with AKI through teamwork and education.

John A Kellum
Rinaldo Bellomo

Claudio Ronco
2015
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Chapter 1

The Critically Ill Patient 
with Acute Kidney Injury
Aditya Uppalapati and John A. Kellum

The terms acute kidney injury (AKI) and acute renal failure (ARF) are not syn-
onymous. Although the term renal failure is best reserved for patients who 
have lost renal function to the point that life can no longer be sustained with-
out intervention, AKI is used to describe the milder as well as severe forms 
of  acute renal dysfunction in patients. Although the analogy is imperfect, the 
AKI– ARF relationship can be thought of  as being similar to the relationship 
between acute coronary syndrome and ischemic heart failure. AKI is intended 
to describe the entire spectrum of  disease— from being relatively mild to 
severe. In contrast, renal failure is defined as renal function inadequate to clear 
the waste products of  metabolism despite the absence of  or correction of  
hemodynamic or mechanical causes. Clinical manifestations of  renal failure 
(either acute or chronic) include the following:

• Uremic symptoms (drowsiness, nausea, hiccough, twitching)
• Hyperkalemia
• Hyponatremia
• Metabolic acidosis

Oliguria

Persistent oliguria may be a feature of  AKI, but nonoliguric renal failure is not 
uncommon. Patients may continue to make urine despite an inadequate glo-
merular filtration. Although prognosis is often better if  urine output is main-
tained, use of  diuretics to promote urine output does not seem to improve 
outcome (and some studies even suggest harm). More important, azotemia 
(increased serum creatinine [SCrt]) together with oliguria portends a worse 
prognosis than either sign alone.

Classification

The Kidney Disease Improving Global Outcomes (KDIGO) work group 
defines AKI as an increase in SCr by 0.3 mg/ dL or more (≥26.5 mmol/ L) 
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within 48 hours, an increase in SCr to 1.5 times baseline or more, which is 
known or presumed to have occurred within the prior 7 days, or urine vol-
ume less than 0.5 mL/ kg/ h for 6 hours. AKI is staged for severity as shown in 
Table 1.1.

Incidence and Etiology of AKI

RIFLe (risk, injury, failure, loss, end- stage kidney disease [eSRD]) criteria 
developed by the acute dialysis quality initiative and acute kidney injury net-
work (AKIN) criteria developed by an international network of  AKI research-
ers were used to define AKI and its severity. They were based on SCrt level 
and urine output. Both of  these criteria have been well validated in various 
patient populations. With increasing severity or stage, AKI was associated with 
increasing mortality. These criteria were adopted by the KDIGO in its AKI 
clinical practice guideline (Figure 1.1).

Incidence and Progression

AKI occurs in 35% to 65% of  intensive care unit (ICU) admissions and 5% to 
20% of  general hospital admissions. Mortality rates increase significantly with 
AKI, and most studies show a three-  to fivefold increase in the risk of  death 
among patients with AKI compared with patients without AKI. Furthermore, 
increases in severity of  AKI are associated with a stepwise increase in risk of  
death and need for renal replacement therapy (RRT).

Individuals who survive an AKI hospitalization have a greater likelihood of  a 
recurrent hospital admission compared with those with no evidence of  kidney 
disease (AKI or chronic kidney disease) and are at an increased risk of  devel-
oping eSRD. Risk factors for developing AKI as defined by KDIGO criteria are 
presented in Table 1.2.

Table 1.1 KDIGO criteria for staging severity of AKI

Stage Serum Creatinine Level Urine Output
1 1.5– 1.9 times baseline or (0.3 mg/ dL ((26.5 mmol/ L)  

increase
<0.5 mL/ kg/ h for 
6– 12 h

2 2.0– 2.9 times baseline <0.5 mL/ kg/ h for 
(12 h

3 3.0 times baseline or increase in serum creatinine to 
(4.0 mg/ dL ((353.6 mmol/ L) or initiation of  renal 
replacement therapy or, in patients <18 years, decrease 
in estimated glomerular filtration rate to <35 mL/ min 
per 1.73 m2

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

Source: Kidney Disease: Improving Global Outcomes (KDIGO) Acute Kidney Injury Work Group. 
KDIGO clinical practice guideline for acute kidney injury. Kidney Int. 2012;2(suppl):1– 138.
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Risk
High

sensitivity

High
specicity

Injury

Failure

Loss

ESRD

Urine output criteria

Increased creatinine
x 1.5*

Persistent ARF = complete loss of
renal function > 4 weeks

End-stage renal disease

O
lig

ur
ia

Increased creatinine x 2

Increased creatinine x 3
or creatinine ≥ 4mg/dL
(acute rise of
  ≥0.5 mg/dL)

UO < 0.5 mL/kg/h
x 6 h

UO < 0.5 mL/kg/h
x 12 h

UO < 0.3 mL/kg/h
x 24 h or 
anuria x 12 h

Figure 1.1 The RIFLe cCriteria for diagnosis and staging of  acute kidney injury AKI— used 
to describe three levels of  renal impairment (Risk, Injury, Failure) and two clinical outcomes 
(Loss and end- stage kidney disease). ARF, acute renal failure; UO, urine output. *An alterna-
tive proposal is to define “risk” to include any increase in serum creatinine of  at least  
0.3 mg/ dL over 48 hours or less, even if  less than a 50% increase.

Source: Bellomo R, Ronco C, Kellum JA, Mehta RL, Palevsky P. Acute renal failure: definition, outcome 
measures, animal models, fluid therapy and information technology needs: the Second International 
Consensus Conference of  the Acute Dialysis Quality Initiative (ADQI) Group. Crit Care. 2004;8:R204– 
R212. Used with permission. 

Table 1.2 Risk factors for developing AKI as defined 
by KDIGO criteria
Increasing age, especially older than 
65 years
Female gender

Black race*

Dehydration or volume depletion

Hypoalbuminemia

Preexisting chronic kidney disease

Diabetes mellitus

Cardiac dysfunction (CAD, 
LVeF <35%)
Chronic obstructive pulmonary 
disease*
Mechanical ventilation
Chronic liver disease
Critical illness, trauma

Surgical admissions more likely than 
medical admissions*
Cardiac surgery

Sepsis

Radio contrast media

Shock

Cancer

Genetic factors/ polymorphisms*

Drugs: NSAIDs, ACe- I,* diuretics, 
cyclosporine, tacrolimus, penicillin, 
aminoglycosides

ACe- I, angiotensin- converting enzyme inhibitor; CAD, coronary artery disease; LVeF, left 
ventricular ejection fraction; NSAIDs, nonsteroidal anti- inflammatory drugs.

*evidence is inconclusive.
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Clinical features may suggest the cause of  AKI and dictate further investigation. 
AKI is common in the critically ill, especially in patients with sepsis and other 
forms of  systemic inflammation (e.g., major surgery, trauma, burns), but other 
causes must be considered.

Volume- Responsive AKI
It is estimated that as many as 50% of  cases of  AKI are “fluid responsive,” and 
the first step in managing any case of  AKI is to ensure appropriate fluid resus-
citation. However, volume overload is a key factor contributing to the mortal-
ity attributable to AKI, so ongoing fluid administration to nonfluid- responsive 
patients is discouraged.

Sepsis- Induced AKI
Sepsis is a primary cause or contributing factor in more than 50% of  cases of  
AKI, which includes cases severe enough to require RRT. Patients with sepsis, 
including those outside the ICU, develop AKI at rates as high as 40%. Incidence 
increases with the severity of  sepsis. Sepsis- induced AKI can develop in 
patients with normal, decreased, as well as increased renal blood flow. In sep-
sis, the kidney often has a normal histological appearance.

Hypotension
Hypotension is an important risk factor for AKI, and many patients with AKI 
have sustained at least one episode of  hypotension. Treating fluid- responsive 
AKI with fluid resuscitation is clearly an important step, but many patients also 
require vasoactive therapy (e.g., norepinephrine) to maintain arterial blood 
pressure. Despite a common belief  among many practitioners, norepineph-
rine does not increase the risk of  AKI compared with dopamine, and renal 
blood flow actually increases with norepinephrine in animal models of  sepsis.

Postoperative AKI
Risk factors of  postoperative AKI include hypovolemia, hypotension, major 
abdominal surgery, and sepsis. Surgical procedures (particularly gynecological) 
may be complicated by damage to the lower urinary tract with an obstruc-
tive nephropathy. Abdominal aortic aneurysm surgery may be associated with 
renal arterial disruption. Cardiac surgery may be associated with atheroembo-
lism, hemolysis, and sustained periods of  reduced arterial pressure as well as 
systemic inflammation.

Other Causes

• Nephrotoxins: May cause renal failure via direct tubular injury, interstitial 
nephritis, or renal tubular obstruction. In patients with AKI, all potential 
nephrotoxins should be withdrawn.
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kinase levels in patients who have experienced a crush injury, coma, or 
seizures. Often, elevated liver transaminases— aspartate aminotransfer-
ase > alanine aminotransferase— are also noted as a result of  muscular 
injury.

• Glomerular disease: Red cell casts, hematuria, proteinuria, and systemic fea-
tures (e.g., hypertension, purpura, arthralgia, vasculitis) are all suggestive of  
glomerular disease. Renal biopsy or specific blood tests (e.g., Goodpasture’s 
syndrome, vasculitis) are required to confirm diagnosis and guide appropri-
ate treatment.

• Hemolytic uremic syndrome: Suggested by hemolysis, uremia, thrombocyto-
penia, and neurological abnormalities

• Crystal nephropathy: Suggested by the presence of  crystals in the urinary 
sediment. Microscopic examination of  the crystals confirms the diagnosis 
(e.g., urate, oxalate). Release of  purines and urate are responsible for ARF 
in tumor lysis syndrome.

• Renovascular disorders:  Loss of  vascular supply may be diagnosed by 
renography. Complete loss of  arterial supply may occur in abdominal 
trauma or aortic disease (particularly dissection). More commonly, the 
arterial supply is compromised in part (e.g., renal artery stenosis) and 
blood flow is further reduced by hemodynamic instability or locally via 
drug therapy (e.g., nonsteroidal anti- inf lammatory drugs [NSAIDs], 
angiotensin- converting enzyme inhibitors). Renal vein obstruction may 
be a result of  thrombosis or external compression (e.g., raised intra- 
abdominal pressure).

• Abdominal compartment syndrome: Suggested by oliguria, a firm abdomen 
on physical examination, and increased airway pressures (secondary to 
upward pressure on the diaphragms). Diagnosis is likely when sustained, 
increased intra- abdominal pressures (bladder pressure measured at end 
expiration in the supine position) exceed 25 mmHg. However, abdominal 
compartment syndrome may occur with intra- abdominal pressures as low 
as 10 mmHg.

Nephrotoxins

Box 1.1 lists some medications that can be nephrotoxic. In addition, aminogly-
cosides, NSAIDs, allopurinol, furosemide, sulfonamides, thiazides, pentami-
dine, amphotericin, organic solvents, Paraquat, herbal medicines, and heavy 
metals are also nephrotoxic.

Evaluation of AKI

evaluation of  AKI is based on clinical history, physical examination, labora-
tory results, and assessment of  hemodynamics and volume status. Newer 
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Table 1.3 Evaluation of AKI
Clinical history and examination

Conduct an ultrasound of  the bladder and kidneys if  suspected retention, obstruction, 
hydronephrosis.

Insert Foley catheter if  needed and check for patency; flush catheter.

If  abdomen is distended and tense, check bladder pressure.

Clinical Assessment
Hemodynamics
• Mean arterial 

pressure, heart rate
• Volume status 

and central 
venous pressure, 
examination, chest 
radiograph

• echocardiogram, right 
ventricular and left 
ventricular function

Fluid responsiveness
• Passive leg raise 

test, stroke volume 
variation, pulse 
pressure variation, 
velocity time 
integral variability, 
inferior vena cava 
distensibility index

Urine Analysis

Prerenal Intrinsic Renal

Osmolality 
(mOsm/ L)

>500 <350

Sodium 
(mmol/ L)

<20 >40

Fractional 
excretion

sodium (%)

<1 >2

Urea (%) <35 >35

Microscopy Hyaline 
casts

Muddy brown:  ARF trial 
network (ATN)
Bacteria, white blood 
cells: pyelonephritis
eosinophils: interstitial nephritis
Red blood cell casts: evaluate for 
vasculitis, glomerulonephritis
Red blood cells: consider renal 
artery or vein occlusion

Biomarkers Urinary [TIMP- 2]•[IGFBP7]: >0.3, high risk; >2.0, very high 
(40%– 50%) chance of  developing stage 2/ 3 acute kidney 
infection in the next 12– 24 h; plasma/ urine NGAL, interleukin 
18, KIM- 1, L- FABP

Box 1.1 Common Nephrotoxic Drugs

• Antibiotics (penicillins, cephalosporins, sulfa, rifampin, quinolones)
• Diuretics (furosemide, bumetanide, thiazides)
• NSAIDS (including selective COX- 2 inhibitors)
• Allopurinol
• Cimetidine (rarely other H2 blockers)
• Proton pump inhibitors (omeprazole, lansoprazole)
• Indinavir
• 5- Aminosalicylates
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of  AKI. Urine analysis can be suggestive but not diagnostic of  AKI etiology 
(Table 1.3).

Management of AKI

Identification and correction of  reversible causes of  AKI is critical. All cases 
require careful attention to fluid management and nutritional support.

Urinary Tract Obstruction

Lower tract obstruction requires the insertion of  a catheter (suprapubic if  
there is a urethral disruption) to allow decompression. Ureteric obstruction 
requires urinary tract decompression by nephrostomy or stent. A massive 
diuresis is common after decompression, so it is important to ensure adequate 
circulating volume to prevent secondary AKI.

Hemodynamic Management

Fluid- responsive AKI may be reversible in its early stage. However, volume 
overload is a key factor contributing to the mortality attributable to AKI, so 
ongoing fluid administration to nonfluid- responsive patients is discouraged. In 
severe cases, fluid resuscitation may be guided by functional hemodynamic 
monitoring, and parameters such as stroke volume variation, pulse pressure 
variation, velocity time integral variability, inferior vena cava distensibility 
index, and the passive leg raise test can help guide fluid responsiveness. After 
assessing fluid status and volume responsiveness, necessary inotrope or vaso-
pressor support should be started to ensure tissue perfusion.

Glomerular Disease

Specific therapy in the form of  immunosuppressive drugs may be useful after 
diagnosis has been confirmed.

Interstitial Nephritis

Acute interstitial nephritis most often results from drug therapy. However, 
other causes include autoimmune disease and infection (e.g., Legionella, 
leptospirosis, Streptococcus, cytomegalovirus). Numerous drugs have 
been implicated, but the most common ones are as listed in Box 1.1. 
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System Mechanisms Complications
electrolyte 
disturbances

• Hyponatremia
• Hyperkalemia

• Central nervous system 
(see Nervous System)

• Malignant arrhythmias

Acid– base
(decreased 
chloride excretion, 
accumulation of  
organic anions such 
as PO4, decreased 
albumin, buffering)

• Downregulation of  beta 
receptors, increased inducible 
nitric oxide synthase

• Hyperchloremia
• Impairment of  insulin 

resistance
• Innate immunity

• Decreased cardiac output, 
blood pressure

• Lung, intestinal injury, 
decreased gut barrier 
function

• Hyperglycemia, increased 
protein breakdown

• See below

Cardiovascular • Volume overload • Congestive heart failure
• Secondary hypertension

Pulmonary • Volume overload, decreased 
oncotic pressure

• Infiltration and activation of  
lung neutrophils by cytokines

• Uremia

• Pulmonary edema, pleural 
effusions

• Acute lung injury
• Pulmonary hemorrhage

Gastrointestinal • Volume overload
• Gut ischemia and reperfusion
• injury

• Abdominal compartment 
syndrome

• Acute gastric and duodenal 
ulcer bleeding, impaired 
nutrient absorption

Immune • Decreased clearance of  
oxidant stress

• Tissue edema
• White cell dysfunction

• Increased risk of  infection
• Delayed wound healing

Hematological • Decreased synthesis of  RBCs, 
increased destruction of  RBCs, 
blood loss

• Decreased production of  
erythropoietin, von Willebrand 
factor

• Anemia
• Bleeding

Nervous system • Secondary hepatic failure, 
malnutrition, altered drug 
metabolism

• Hyponatremia, acidosis
• Uremia

• Altered mental status
• Seizures, impaired 

consciousness, coma
• Myopathy, 

neuropathy: prolonged 
length on mechanical 
ventilation

Pharmacokinetics and 
dynamics

• Increased volume of  
distribution

• Decreased availability, albumin 
binding, elimination

•  Drug toxicity or underdosing

RBC, red blood cell.
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eosinophiluria is present in about two- thirds of  cases, and specificity for 
interstitial nephritis is only about 80%. Other causes of  AKI in which eosin-
ophiluria is relatively common are rapidly progressive glomerulonephritis 
and renal atheroemboli. Discontinuation of  the potential causative agent is 
a mainstay of  therapy.

Abdominal Compartment Syndrome

Baseline blood pressure and abdominal wall compliance influence the 
amount of  intra- abdominal pressure that can be tolerated. enteral decom-
pression with nasogastric or rectal tubes, percutaneous drainage to remove 
intra- abdominal fluid, and a brief  trial of  neuromuscular blockade might 
help as a temporizing method. However, surgical decompression is the only 
definitive therapy and should be undertaken before irreversible end- organ 
damage occurs.

Renal Replacement Therapy

CRRT forms the mainstay of  replacement therapy in critically ill patients who 
often cannot tolerate standard hemodialysis because of  hemodynamic insta-
bility. Hybrid techniques (discussed in Chapter 25) may be reasonable alterna-
tives in settings in which CRRT cannot be accomplished, but outcome data are 
limited. Peritoneal dialysis is not usually sufficient. Mortality in the setting of  
ARF in the critically ill is high (40%– 60%). Recent studies suggest that sustained 
renal failure or incomplete renal recovery is more common than previously 
thought (as many as 50% of  survivors do not return to baseline renal function 
after an episode of ARF).

Clinical Consequences of AKI

Until recently, it was assumed that patients with AKI died, not because of  
AKI itself, but because of  their underlying disease. Several studies, however, 
have documented a substantial mortality attributable to AKI after controlling 
for other variables, including chronic illness and severity of  underlying acute 
illness. Table 1.4 lists some of  the more important clinical consequences 
of AKI.
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Chapter 2

History and Rationale 
for Continuous Renal 
Replacement Therapy
Ilona Bobek and Claudio Ronco

Medical Demand/ Necessity for Continuous 
Renal Replacement Therapy

Clinical Picture of Acute Renal Failure  
Changed during the 1980s
Underlying diseases leading to acute renal failure (ARF) were severe sepsis and 
occurred frequently after abortions before, whereas its epidemiological pat-
tern and the involvement of  other organs became more and more common 
after the 1990s.

• The cases of  isolated (purely nephrological) ARF decreased as a result 
of  early diagnosis and better prophylaxis.

• More patients received increasingly extensive operations and survived seri-
ous accidents.

• The number of  patients in the intensive care unit (ICU) increased 
significantly.

• In the ICU, patients had a longer stay with the possibility of  better outcomes.

Pathogenesis of ARF Changed
The main factors recently responsible for ARF include the following:

• Shock
• Perfusion disturbances
• Hypoxia

Chronology/ Cornerstones of Continuous 
Renal Replacement Therapy

1960 The idea for continuous renal replacement therapy (CRRT) was born, 
but supplies and technology were not available. Most of  ARF was treated 
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perform and it was not tolerated by ICU patients.
1970s Henderson played an important role in the technical groundwork for 

hemofiltration. Isolated ultrafiltration (UF) and use of  convection for solute 
removal was established experimentally.

1977 First description of  an arteriovenous hemofiltration technique by 
Kramer and colleagues in Göttingen, Germany.

After a vascular catheter was placed accidentally into the femoral artery 
raised the idea to use the systemic arteriovenous pressure difference in an 
extracorporeal circuit to generate the ultrafiltrate providing an effective 
method for elimination of  both fluid and solutes. Heparin could be added 
before and fluid could be reinfused after the filter. Continuous arteriovenous 
hemofiltration (CAVH) was soon accepted worldwide in ICUs (Figure 2.1).

Advantages of CAVH
• Hemodynamic stability over conventional HD at that time
• Simple
• No necessity for blood pump
• Continuous physiological fluid removal

Limitations of CAVH
• Low efficiency compared with HD
• Reduced clearance capacity in the presence of  high catabolic states

(A) (B)

(C)

Figure 2.1 (A, B) The concept, by Peter Kramer and Lee Henderson, of  continuous filtra-
tion. (C) The first patient treated with continuous arteriovenous hemofiltration in Vicenza, 
Italy, in 1978.
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• Complications associated with arterial access (indwelling catheters, 
thrombosis)

• Reliance on arterial pressure to pump blood through the circuit
• Danger of  balancing errors
• Necessity for continuous supervision by the staff
1979 Continuous venous– venous hemofiltration (CVVH) was first used in 

ARF after cardiac surgery in Cologne, Germany. Any desired filtrate volume 
could be arranged, and uremia was controlled. A pump, control, and balanc-
ing system became necessary (Figure 2.2).

1980s Numerous technical and methodical improvements in CRRT have 
contributed.

Changes in Arteriovenous Technique
• Different types of  catheters to obtain adequate blood flow
• Shorter blood line with no gadgets to reduce resistance
• Positioning the collecting bag to apply a negative pressure
• Optimization of  treatment parameters, concept of  filtration fraction
• Changes in filter geometry and in the structure of  fiber (An entire family of  

hemofilters was created to fulfill hemodynamic requirements.)
• An increase in efficiency as a result of  dialysis fluid being filtered through 

the external port of  the filter; Continuous arterio- venous hemodialysis 
(CAVHD) implemented

• Combination of  hemofiltration and hemodialysis; Continuous arterio- 
venous hemodiafiltration (CAVHDF) was performed

Mini�lters

(A) (B)

Figure 2.2 A typical system for continuous venous– venous hemofiltration (Hospal BM32).
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Replaced Arteriovenous Techniques
• Blood pump to increase efficiency further; CVVH introduced
• Double- lumen catheters used in jugular vein
• Highly permeable polysulfone, polyacrylonitrile, and polyamide membranes 

developed with a cutoff between 15,000 Da and 50,000 Da.
• Bicarbonate– buffer solutions became available
• New anticoagulation methods established, even for patients at high risk of  

bleeding
1982 Use of  CAVH in ICU patients approved by the Food and Drug 

Administration in the United States.
1984 The first neonate was treated with CAVH in the world occurred in 

Vicenza, Italy (Figure 2.3).
1990– 2000 establishment of  new technologies, modalities, and adequate 

dose of CRRT:

• Adoptive technology
• Machines created specifically for CRRT (Figure 2.4)
• Different therapies chosen based on the needs of  the patient
• Progression of  dose delivery and prescription

CRRT is achievable in most ICUs worldwide.

2000 Multiorgan support therapy (MOST)

Patients do not die of  ARF but of  multiorgan failure. The probability of  
death correlates directly with the number of  failing organs, other than the 

Blood
pump

Pressure monitoring

Bubble trap
Heparin

Reinfusion
pump

Figure 2.3 The first neonate treated in the world with continuous arteriovenous hemofil-
tration and a special minifilter in Vicenza, Italy, in 1984.
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kidney and the severity of  physiological disorders. The proper goal of  extra-
corporeal blood purification in the ICU should be MOST. Treatment should 
not directed at various organs as separate entities (Figure 2.5); it should be 
integrated and patient directed. Therefore, a wide range of  supportive thera-
pies in sepsis and liver failure were established, such as high- volume hemofil-
tration (HVHF), coupled plasma filtration and adsorption (CPFA), bio- artificial 
livers, and endotoxin removal strategies.

1985 1989

Years

CRRT evolution

Ev
ol

ut
io

n

Progress o
f CRRT

2004 ?1977

Figure 2.4 The evolution of  continuous renal replacement therapy (CRRT) technology 
throughout the years. The case of  a single company.

SCUF

CRRT

Liver Support, HVHF
CPFA, CAST

ECLS

MOST

Figure 2.5 The concept of  multiorgan support therapy (MOST). Blood can be circulated 
by a platform through different filtration/ adsorption systems, leading to removal of  specific 
compounds and support to different failing organs. CAST, XXXXX; CPFA, coupled plasma 
filtration adsorption; CRRT, continuous renal replacement therapy; eCLS, extracorpo-
real lung support system; HVHF, high- volume hemofiltration; SCUF, slow continuous 
ultrafiltration.
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The ADQI is an ongoing process that seeks to produce evidence- based 
recommendations for the prevention and management of  acute kidney injury 
(AKI) and on different issues concerning acute renal replacement therapy 
(RRT). The following goals have been achieved:

• Definition and classification of  ARF (RIFLe criteria, acute kidney injury 
network (AKIN))

• Practice guidelines adopted in clinical practice (cardiac surgery-   
associated AKI)

Recent interest focuses on the timing of  treatment initiation on patient 
survival, dose of  RRT, fluid management, and the effect of  RRT modality on 
recovery of  renal function in ARF.

Future processes involve the online preparation of  reinfusion fluids dur-
ing high- volume hemofiltration, studies on microfluidics and technology for 
plasma separation, miniaturized technologies, bio- artificial devices, new sor-
bent techniques, nanotechnology, and wearable/ transportable devices.

RRT has evolved from the concept of  needing to treat the dysfunction of  
a single organ (the kidney). However, CRRT has also opened the door to the 
concept of  MOST. Future treatment requires one multifunctional machine 
with a user- friendly interface, flexibility in parameters, and prescription such 
that it can be used to respond to different medical needs using different dis-
posable layouts. The new generation of  machines should be usable by differ-
ent operators in different hospitals and settings.

The numerous ADQI meetings organized throughout the years have dealt 
with specific topics that represent the core interest of  the scientific commu-
nity dealing with AKI. In particular, the following conferences were organized 
that led to milestone publications (prefaced by an asterisk in the list of  key 
references): CRRT, New York, 2000; AKI Research, Vicenza, Italy, 2002; Non- 
renal Blood Purification, Miami, Florida, 2003; Prevention of  AKI, Vicenza, Italy, 
2004; Fluid Management in AKI, Tambor, Costa Rica, 2007; AKI in Cardiac 
Surgery, Vicenza, Italy, 2007; Cardio Renal Syndrome, Venice, Italy, 2008; 
Hepatorenal Syndrome, Kauai, Hawaii, 2010; Toxicology, Denver, Colorado, 
2010; Biomarkers, Dublin, Ireland, 2011; Cardio Renal Pathophysiology, Venice, 
Italy, 2012; Fluids Reloaded, London, United Kingdom, 2013; and AKI Research 
Review, Charlottesville, 2014.

2000– 2015 Large Studies  
on Dose and survival

After the publication of  the first study on the effects of  treatment dose on 
survival, other large studies were conducted and large databases were col-
lected to analyze the effects of  treatment modality and dose of  therapy. The 
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TAKIN also facilitated studies in the area of  ARRT and AKI. These studies led to 

the definition of  a certain standard of  care in the field of  RRT for the critically 
ill patient.

2013 The Kidney Disease Improving 
Global Outcomes Guidelines

Another milestone is represented by the publication of  AKI guidelines. 
Numerous studies published throughout the years have led to a specific focus 
on standard of  care and quality of  treatment delivery. In particular, the Kidney 
Disease Improving Global Outcomes work group published the AKI guide-
lines, offering a distillation of  the available evidence and consequent possible 
recommendations.
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Chapter 3

Nomenclature for Renal 
Replacement Therapy  
in Acute Kidney Injury
Mauro Neri, Jorge Cerdá, Francesco Garzotto,  
Gianluca Villa, and Claudio Ronco

The management of  critically ill patients with acute kidney injury (AKI) requir-
ing renal replacement therapy (RRT) demands a multidisciplinary approach. 
When nephrologists, intensivists, and nurses gather at the bedside to decide 
on management strategies and to implement treatment, they make a series of  
decisions. The apparent simplicity of  this process belies an enormous degree 
of  complexity, which requires profound expertise, a thorough understanding 
of  different treatment options, and optimal timing (Box 3.1).

The terminology used to describe the different modalities of  RRT is often 
confusing and continuously evolving. In this chapter, we provide an updated con-
sensus nomenclature that helps navigate this complex field, primarily aiming to 
attain a shared language among all parties involved. To facilitate comprehension 
and progress, we expect that industry will also adopt this standard terminology.

We describe the basic principles underlying RRT technologies and the appli-
cation of  those principles to direct patient care. The aim of  this chapter is to 
focus on the basic aspects and applications of  continuous renal replacement 
therapies (CRRT) that are most often used in the treatment of  the critically 
ill patient with severe AKI. We provide a thorough description of  the CRRT 
hardware and disposables, the solutes and fluid transport mechanisms across 
membranes, and the different prescribing modalities.

To ensure a complete review of  the RRT nomenclature used in the inten-
sive care unit (ICU), we screened the literature of  the past 25 years and 
implemented previous taxonomy efforts. We completed an extensive litera-
ture search for documents published in english from January 1990 to date. 
Keywords included continuous renal replacement therapy and dialysis, hemofil-
tration, convection, diffusion, ultrafiltration, dose, blood purification, renal support, 
multiorgan dysfunction, and their relative MeSH (Medical Subject Headings) 
terms. We decided not to include the topics arteriovenous treatments and 
vascular access. Abstracts of  707 articles were screened, and more than 300 
papers were read and analyzed extensively. each definition has received the 
consensus of  at least two of  the three reviewers (MN, FG, and GV).
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Hardware, Devices and Disposables

CRRT “hardware” includes the machine and dedicated disposables. Knowledge 
of  the nomenclature and the functions of  the whole machine and its main 
components is extremely important, not only for the nurses or technicians 
who are the main users of  the device, but also for clinicians who make the pre-
scription and manage patient care. In this section, we include relevant nursing 
procedures and their specific terminology.
The disposables (single- use components of  the extracorporeal circuit) are 
specific for every machine and are usually designed for a specific treatment 
modality. The main disposables and color codes that should mark each tubing 
line are listed in Box 3.2.

During a CRRT treatment, the filter is the key disposable where blood 
is effectively depurated. Historically, the designation filter describes the 
entire depurative extracorporeal device system (e.g., membranes, housing). 
However, a more accurate use of  specific terms should restrict the designa-
tion to the devices that purify blood by different transport mechanisms and 
modalities. In particular, the terms hemofilter, dialyzer (or hemodialyzer), and 
diafilter (or hemodiafilter) should be used if  exclusively convective, diffusive, 
or diffusive plus convective modalities are applied, respectively. Plasma filter is 
defined as a specific filter that permits the separation of  plasma components 

Box 3.1 Considerations When Prescribing Renal Replacement 
Therapy for AKI

Source: Modified from Cerda J, Ronco C. Modalities of  continuous renal replacement therapy: technical 
and clinical considerations. Semin Dial. 2009;22(2):114– 122.

Consideration Components Application
Modality Intermittent hemodialysis Daily, every other day; 

hybrid therapies

Continuous renal replacement 
therapies

Multiple varieties

Peritoneal dialysis Multiple varieties

Membrane 
characteristics

Geometric and performance 
characteristics;
convection, diffusion

Dialysis, hemoperfusion, 
hemadsorption

Biocompatibility

Dialyzer 
performance

efficiency, intensity, and efficacy

Flux

Dialysis delivery Timing of  initiation early, late

Adequacy of  dialysis Dialysis dose

Prescription vs. delivery
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Box 3.2 Main Disposables and Their Components 
with Associated Color Code in a CRRT Extracorporeal Circuit

Tubes Arterial line
(red)

Segment connecting the patient’s 
arterial vascular access to the dialyzer

Segment for 
pressure measure
(upstream arterial 
pump)

Segment of  the arterial line connected 
to the arterial pressure sensor

Pump segment line Segment inserted between the rotor 
and the stator of  the blood pump

Arterial air removal 
chamber

Allowance of  light air bubble removal 
before the blood entrance into the 
dialyzer

Segment for 
pressure measure
(downstream 
arterial pump)

Segment of  the arterial line connected 
to the prefilter pressure sensor

Venous line
(dark blue)

Segment connecting the dialyzer to the 
patient’s venous vascular access

Segment for 
pressure measure

Segment of  the venous line connected 
to the venous pressure sensor

Venous air removal 
chamber

Allowance of  light air bubble removal 
before the blood returns to the patient

effluent/ 
ultrafiltrate 
line (yellow)

Segment that allows the flow of  wasting 
fluids coming from the dialyzer

Pump segment line Segment inserted between the 
rotor and the stator of  the effluent/ 
ultrafiltrate pump

Segment for 
pressure measure

Segment of  the effluent line connected 
to the effluent/ ultrafiltrate pressure 
sensor

Dialysate line 
(green)

Segment that allows the flow of  
incoming dialysate into the dialyzer

Pump segment line Segment inserted between the rotor 
and the stator of  the dialysate pump

Segment for 
pressure measure (if  
present)

Segment of  the dialysate line connected 
to the dialysate pressure sensor

Heater line Segment of  the dialysate line placed in 
contact with the heater

Replacement 
line (purple 
or light blue)

Segment that allows the flow of  
replacement fluid into the arterial and/ 
or venous lines

Pump segment line Segment inserted between the rotor 
and the stator of  the replacement pump

Segment for 
pressure measure (if  
present)

Segment of  the replacement line 
connected to the replacement pressure 
sensor

(continued)
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from cellular elements. Sorbents are particular filters where adsorption is the 
only depurative modality. Nowadays, the only available type of  CRRT filter 
able to perform diffusive and/ or convective transport is shaped as a collection 
of  parallel “hollow fibers.”

These devices can be identified mainly by membrane geometrics and per-
formance characteristics. A thorough description of  the characteristics of  the 
dialysis membrane is included in the Appendix.

Box 3.2 Continued 

Heater line Segment of  the replacement line placed 
in contact with the heater

Preblood line
(orange)

Segment that allows the flow of  specific 
fluids into the arterial line before the 
blood pump

Pump segment line Segment inserted between the rotor 
and the stator of  the pre- blood pump

Segment for 
pressure measure (if  
present)

Segment of  the pre- blood line 
connected to the pre- blood pressure 
sensor

Anticoagulant 
and specific 
antagonists 
line

Segments connecting the anticoagulant/ 
specific antagonist bag or pump to the 
main blood circuit

Citrate line Segment for citrate infusion (i.e., pre- 
blood line)

Heparin line Segment connecting the heparin syringe 
pump to the arterial line

Specific antagonist 
line

Segment connecting the specific 
antagonist syringe pump to the venous 
line

Filter Fiber 
(membranes)

every fiber and hollow of  cylindrical 
shape; allowance of  fluid and solute 
transport phenomena through their 
porous semipermeable surface

Bundle entire number of  fibers inside the 
housing

Housing Plastic casing containing a single 
membrane fiber bundle

Blood inflow port entrance port of  arterial blood

Blood outflow port exit port of  venous blood

Dialysate inflow 
port

entrance port of  fresh dialysate

effluent/ ultrafiltrate 
outflow port

exit port of  waste solution

Potting Polyurethane component fixing 
the bundle within the housing and 
embedding the bundle at both ends of  
the dialyzer
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Solute transport occurs mainly by two phenomena: convection and diffusion. 
The only mechanism that determines fluid transport across semipermeable 
membranes is ultrafiltration. In addition, adsorption influences solute removal 
and the two former processes.

Ultrafiltration and Convection
Ultrafiltration is the phenomenon of  transport of  plasma water (solvent) 
through a semipermeable membrane driven by a pressure gradient between 
blood and dialysate/ ultrafiltrate compartments. Ultrafiltration is influenced by 
intrinsic properties of  the membrane, such as KUF, and operating parameters 
(e.g., transmembrane pressure). Quantitatively, the ultrafiltration is defined by 
the ultrafiltration rate:

Q K TMP,UF UF= ⋅

where QUF is Ultrafiltration flow rate, KUF is Filtration Coefficient, and TMP is 
Transmembrane Pressure.

Convection is the process by which solutes pass through the membrane 
pores dragged by fluid movement (ultrafiltration) caused by a hydrostatic or 
osmotic transmembrane pressure gradient.

The convective flux ( Jc) of  a solute depends on the QUF, the solute concen-
tration in blood water (Cb), and the solute (SC):

J  Q C SC.c UF b= ⋅ ⋅

Compared with diffusive transport, convective transport permits the removal 
of  higher molecular weight solutes than diffusive transport.

Diffusion
Diffusion is a process during which molecules move across a membrane in all 
directions. Statistically, this movement results in the passage of  solutes from a 
more concentrated to a less concentrated area until equilibrium concentration 
between the two sites is reached. The concentration gradient (C1 –  C2 = dc) is 
the driving force; the theoretical unidirectional solute diffusive flux ( Jd) through 
a semipermeable membrane follows Fick’s law of  diffusivity and depends on 
the surface area (A) and the diffusivity coefficient (D) of  the solute, and is 
inversely proportional to the compartments distance (dx):

J DA
dc

dxd = − 





.

The diffusivity coefficient D can be approximated by the Stokes- einstein 
equation:

D
k T

R
B=

6πµ
,
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I where  kBis the Boltzmann constant, T is the absolute temperature, μ is the 
viscosity of  the medium, and R is the effective radius of  the molecules. Based 
on the assumption that most molecules are globular and their effective radius 
is proportional to the cube root of  their molecular weight, D is greater for 
smaller molecular weight solutes.

Adsorption
Adsorption is an extracorporeal process during which hydrophobic com-
pounds in plasma or blood (in particular, peptides and proteins) bind to the 
membrane structure or to other adsorbed substances such as charcoal, resins, 
gels, proteins, or monoclonal antibodies. Because this mechanism occurs at 
the pores more than at the membrane surface, a more open pore structure 
(typical of  high- flux membranes) has a greater adsorption potential. The char-
acteristics that influence protein– membrane interaction are typical for each 
protein (e.g., dimension, charge, structure) and for each particular membrane 
(e.g., porosity, composition, hydrophobicity, surface potential). The adsorp-
tion affinity of  certain high- flux synthetic membranes for proteins and peptides 
can be very high, making this process the main mechanism of  toxin removal

Modalities of Extracorporeal RRT

Hemodialysis
The main mechanism of  solute removal in hemodialysis (HD) is diffusion, 
which is especially effective in the removal of  small solutes. HD involves the 
use of  a hemodialyzer, in which blood and an appropriate dialysate solution 
circulate countercurrent or co- current. A countercurrent configuration is pre-
ferred because the average concentration gradient is kept higher along the 
whole length of  the dialyzer. Conversely, a co- current configuration guaran-
tees better stability and control of  hydrodynamic conditions, and better air 
removal during the priming phase. High- flux dialyzers can achieve significant 
convective transport. This modality is called high- flux hemodialysis.

Hemofiltration
Hemofiltration is an exclusively ultrafiltration/ convection treatment during 
which no dialysis fluid is used. Infusion of  a sterile solution into the blood cir-
cuit replaces the reduced plasma volume and reduces the solute concentration. 
Infusion of  a sterile solution (replacement fluid) can replace the filtered volume 
totally or partially. Replacement fluid can be infused prefilter (predilution) or 
postfilter (postdilution). Highly permeable membranes are used. The achiev-
able ultrafiltration (and convective) volume removal over time depends on the 
membrane KUF. In terms of  solute clearance, postdilution is more efficient than 
the predilution modality, but it can lead more easily to membrane fouling as a 
result of  hemoconcentration.
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IHemodiafiltration
Hemodiafiltration combines both HD and hemofiltration whereby the mecha-
nisms involved in solute removal are both diffusive and convective. Dialysate 
flow configuration can be countercurrent or cocurrent. Because this modality 
uses very highly permeable membranes, adequate infusion of  sterile solution 
must replace the removed volume, which can be infused prefilter or postfilter. 
The magnitude of  fluid removal depends on whether volume replacement is 
partial or complete.

Isolated Ultrafiltration
The main goal of  ultrafiltration is to remove fluid by convection using highly 
permeable membranes without volume replacement. Ultrafiltration removes 
solutes in terms of  mass, rather than concentration. As a result of  “solvent 
drag,” small solutes are removed minimally, and the concentration of  these 
small solutes in the ultrafiltrate is equal to that of  plasma.

Hemoperfusion
In hemoperfusion, blood circulates through a column containing specific sor-
bents; adsorption is the only removal mechanism. Usually combined with 
other modalities, hemoperfusion is used to remove specific lipid- soluble 
substances, toxins, or poisons for which the device is produced to remove, 
including, for example, certain bacterial toxins or cytokines in sepsis, ure-
mic toxins, mediators of  hepatic encephalopathy, or abnormal proteins in 
dialysis- related amyloidosis. Depending on the characteristics of  the mem-
brane, drugs or drug metabolites may also be removed.

Fluids, Volumes, and Flows

Solute transport during extracorporeal treatments depends strictly on 
operating conditions involving blood flow, dialysate, net ultrafiltration, and 
replacement flow rates designed to achieve a desired clearance performance. 
Definitions of  the variables involved in fluid volumes and flows are defined in 
the glossary.

Volume Management and Fluid Balance

In critically ill patients treated with CRRT, management of  fluid balance is one of  
the main goals of  treatment. Fluid management prescription during CRRT must 
take into account primarily the volume status of  the patient and the patient’s 
hemodynamic stability, as well as the underlying disease.

Potential mistakes in fluid management include errors in the prescription, 
operator errors when inputting treatment parameters, or delivery errors 
resulting from machine malfunction. Clinical complications resulting from an 
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I incorrect fluid exchange are important but are frequently underestimated. 
Discrepancies between prescribed and delivered volumes must also be 
highlighted.

A “machine fluid balance error” can influence significantly the total volume 
exchanged. Other factors must also be taken into account, including nutri-
tional support, oral fluid/ food intake, blood transfusions, drugs/ anticoagulant 
infusion, diuresis, surgical drains, and other specific clinical conditions. Patient 
weight and, consequently, the fluid balance must be monitored continuously 
using a bed scale.

In clinical practice, the CRRT prescription refers only to fluid removal; fluid 
balance error can be defined as either positive or negative:

• Negative is when, considering the hydration status of  the patient before 
the treatment (O), the difference between the achieved patient fluid 
removal at a certain point in treatment (A) and the prescribed/ set fluid 
removal until that moment (B) is negative (AO –  BO < 0). A negative 
fluid balance error means the treatment removed less fluid than expected 
and, depending on the magnitude of  the volume error, it can be a source 
of  patient volume expansion.

• Positive is when, considering the hydration status of  the patient before the 
treatment (O), the difference between the achieved patient fluid removal at 
a certain point in treatment (C) and the prescribed/ set fluid removal until 
that moment (B) is positive (CO –  BO > 0). A positive fluid balance error 
means the treatment removed more fluid than expected and, depending 
on the magnitude of  the volume error, it can be source of  patient volume 
contraction.

Extracorporeal Therapies and Treatments

extracorporeal treatments can be categorized according to session frequency 
and duration.

Continuous Therapies

CRRTs have been identified as the most appropriate modality for the manage-
ment of hemodynamically unstable patients with AKI. This notwithstanding, the 
intense effort required to perform CRRT, including the need for specialized exper-
tise and specific equipment, the necessity of continuous anticoagulation, the nurs-
ing workload, continuous alarm vigilance, and its higher cost, make this therapy 
still imperfect. CRRT can be provided in various forms depending on resources, 
patient needs, and staff skills (Figure 3.1).

CRRT is any extracorporeal blood purification therapy that aims to sub-
stitute kidney function over an extended period of  time. It ensures better 
hemodynamic stability, lesser transcellular solute shifts, and better tolerance 
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Figure 3.1 Continuous extracorporeal therapies and treatments.
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I to fluid removal than intermittent extracorporeal modalities. Prescription is 
usually reviewed every 24 hour or less, depending on patient needs, and it 
can respond very well to the continuously changing needs of  the critically ill 
patient.

Nowadays, CRRT treatments are performed using a double- lumen catheter 
as vascular access, a venovenous technique whereby blood is driven by a pump 
through a filter via an extracorporeal circuit, originating from a vein and return-
ing to the same vein. In the past (until the late 1980s), these therapies were 
commonly performed by applying an arterio- venous extracorporeal circuit. 
This modality has fallen into disuse and is not discussed further.

Slow, Continuous Ultrafiltration

Slow, continuous ultrafiltration is a therapy based on the slow removal of  
plasma water only. It is performed to manage patients with pathological and 
refractory fluid overload, with or without renal dysfunction. Its primary aim is 
to achieve safe and effective correction of  fluid overload. It is not suitable to 
achieve clearance of  solutes.

Continuous Venovenous Hemofiltration

Continuous venovenous hemofiltration is a form of  continuous hemofiltra-
tion. The mechanism of  transmembrane solute transport is convection. 
Ultrafiltrate is replaced partially or completely with appropriate replacement 
fluids to achieve solute clearance and volume control. Replacement fluid can 
be infused before (predilution) and/ or after (postdilution) the hemofilter.

Continuous Venovenous Hemodialysis

Continuous venovenous hemodialysis (CVVHD) is a form of  continuous HD 
characterized by slow countercurrent/ co- current dialysate flow into the dialy-
sate compartment of  the hemodialyzer. The main mechanism of  transmem-
brane solute transport is diffusion.

Continuous Venovenous Hemodiafiltration

Continuous venovenous hemodiafiltration combines hemodialysis and hemo-
filtration modalities. Ultrafiltrate is replaced partially or completely by replace-
ment fluid (pre-  or post- infusion), and countercurrent/ co- current dialysate 
flows into the dialysate compartment. Solute clearance is achieved via diffusive 
and convective clearances. Both small-  and large- molecular weight solutes are 
removed.
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IContinuous Venovenous High- Flux 
Hemodialysis

Continuous venovenous high- flux hemodialysis consists of  the same treatment 
as CVVHD, but is carried out using high- flux membranes. Because of  the high- 
flux properties of  the membrane, a convective component of  solute clearance 
is achieved even if  replacement fluid is not infused.

Intermittent Therapies
Intermittent therapies involve techniques carried out in sessions of  3 to 5 
hours. Intermittent techniques require adequate vascular access, specifically 
trained nurses, and a specific water processing and sterilization procedure that 
produces pure water for dialysate. Because the treatment time is relatively 
short, blood purification efficiency needs to be greater than that of  CRRT. The 
most commonly prescribed intermittent therapies are intermittent hemodialy-
sis, intermittent hemofiltration, intermittent hemodiafiltration, and intermittent 
high- flux dialysis. Many other therapies are available that combine different 
modalities, but because these are not usually performed in the ICU, they are 
not discussed in this chapter.

Hybrid Therapies
Hybrid therapies are so called because they share characteristics of  both inter-
mittent and continuous techniques in terms of  frequency and duration. These 
therapies attempt to optimize the pros and cons of  both modalities: efficient 
solute removal, slower ultrafiltration rates for hemodynamic stability, less anti-
coagulant exposure, lesser time and costs, decreased nurse workload, and 
improved ICU workflow. Hybrid therapies encompass various specific “discon-
tinuous” RRT modalities: sustained low- efficiency dialysis, slow low- efficiency 
extended daily dialysis, prolonged intermittent daily renal replacement ther-
apy, extended daily dialysis, extended daily dialysis with filtration, extended 
dialysis, go- slow dialysis, and accelerated venovenous hemofiltration.

Hybrid therapies are usually performed with standard intermittent hemodi-
alysis equipment, including machines, filters, extracorporeal blood circuits, and 
online fluid production for dialysate and ultrafiltrate infusion. Solute removal 
is largely diffusive, but variants with a convective component, such as slow 
low- efficiency extended daily dialysis with filtration (SLeD- f ) and accelerated 
venovenous hemofiltration, are possible.

The most commonly prescribed hybrid therapy is sustained low- efficiency 
dialysis. It is a technique that uses reduced blood and dialysate flows and is 
usually limited to 10 to 12 hours. There are limited data on the application of  
these techniques in appropriately powered studies

Other Extracorporeal Treatments
An important section of  blood purification techniques performed in the ICU 
involves other so- called extracorporeal treatments. Mainly derived from RRT, 
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I these treatments are usually performed to clear toxins and solutes gener-
ally not removable by “classic” RRT, or to support single-  or multiple- organ 
dysfunctions.

Therapeutic Plasma Exchange

Therapeutic plasma exchange (TPe) consists of  the automated removal of  
plasma (plasmapheresis) and its replacement (exchange) with a suitable fluid 
composed of  fresh frozen plasma and albumin in a ratio usually of  2:1. TPe 
is performed through a centrifugal- based system or a very high- permeable 
membrane- based filtration that separates plasma from cellular elements of  
blood. In membrane- based TPe, pore sizes ranging between 0.2 μm and 0.6 
μm allow a sieving coefficient of  0.9 to 1.0 for molecules with a molecular 
weight greater than 500 kDa.

Continuous plasma exchange is a therapy derived from TPe that is per-
formed with lower flow rates and for a longer period of  time. Usually, large 
quantities of  plasma substitute infusion are required. Single or repeated ses-
sions can be performed as pure continuous plasma exchange or in conjunction 
with other purification techniques.

A particular type of  TPe is therapeutic plasma exchange with selected reinfu-
sion, in which the rate of  infusion of  fresh frozen plasma and albumin can be 
reduced dramatically. In particular, the plasma is first separated in a plasma filter 
and then flows into a standard filter (cutoff, 35 kDa) from which the effluent, 
depurated of  high- molecular weight solutes, is reinfused into the main circuit.

Treatment Evaluation Methods: The 
“Dose” in RRT

During the past decades, increasing attention has been paid to the quantifica-
tion of  the delivered “dose” of  RRT. Although the most appropriate dose has 
not been established for the majority of  clinical conditions, large studies have 
demonstrated a direct relationship between dose and survival, both for inter-
mittent and for continuous RRT. On the basis of  those studies, the appropriate 
prescribed dose of  continuous RRT has recently been standardized at 20 to 
25 mL/ kg per hour. However, application to clinical practice still needs to be 
improved.

New evidence has shown that fluid balance may be as important as blood 
purification in critically ill patients with renal dysfunction. It has become 
increasingly clear that the magnitude of  fluid removal and the use of  RRT to 
optimize fluid status should become part of  the “dose” calculation.

Studies in special settings, such as septic RRT, pediatric RRT, and RRT dur-
ing extracorporeal membrane oxygenation, have recently shown important 
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Iresults. New applications in clinical practice have demonstrated the impor-
tant consequences of  technical improvement in the current and future care of  
these patients.

Dose identifies the amount of  blood cleared of  waste products and toxins 
by the extracorporeal circuit. Operatively, dose is measured as the removal 
rate of  a representative solute. Urea, usually considered a uremic toxin 
marker, is used most often to quantify dose because it is an indicator of  protein 
catabolism and is retained in kidney failure. However, urea metabolism and 
concentration do not measure the metabolism of  all the accumulated solutes 
in renal failure, because different solutes differ in their kinetic parameters and 
volume of  distribution.

Originally, this solute- based approach was developed to measure the 
dose of  dialysis prescribed to patients with end- stage renal disease. In those 
patients, the application of  this approach is relatively simple and correlates 
well with patient outcome. However, when using CRRT to treat critically ill 
patients, other measures of  adequacy and dose should be considered, includ-
ing measurement of  flows across the dialysis machine, which could be an eas-
ier and more reproducible means to estimate dose.

Efficiency
Identified as a clearance (K), the efficiency represents the volume of  blood 
cleared of  a solute for a given period of  time. It can be expressed as the ratio 
of  blood volume over time (e.g., milliliters per minute, milliliters per hour, 
liters per hour, liters per 24 hours) and is generally normalized to ideal patient 
weight (milliliters per kilogram per hour). efficiency depends on the reference 
molecules chosen (molecular size), removal mechanisms (diffusion, convec-
tion, or both), and circuit operational characteristics (e.g., flows, types of  fil-
ters). efficiency can be used to compare different RRT treatments applied with 
the same modality (e.g., continuous venovenous hemofiltration, CVVHD, con-
tinuous venovenous hemodiafiltration) using different settings and operational 
characteristics.

Intensity
Intensity can be defined by efficiency × Time. Operatively, intensity represents 
the blood volume cleared of  a solute for a certain period of  time. It can be 
expressed as milliliters or liters per unit time (minute, hours, or a whole day). 
When comparing RRT modalities with different duration times, the use of  
intensity is more appropriate than the use of  efficiency. For example, despite 
its low efficiency, the use of  CRRT for a long period of  time results in increased 
treatment intensity.

Efficacy
efficacy measures the effective removal of  a specific solute resulting from a 
given treatment in a given patient. It can be identified as the ratio of  the entire 
volume cleared during the treatment to the volume of  distribution of  that 
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I solute. Operatively, efficacy is a dimensionless number and it can be defined 
numerically as the ratio between intensity and the volume of  distribution of  a 
specific solute.

Urea is the usual marker to describe the kinetics of  the small molecules 
retained during renal failure. Because it readily traverses cell membranes, its 
volume of  distribution is equal to the entire body water.

Conclusions

When faced with a complex patient, practitioners can use a growing variety of  
extracorporeal treatment options. Although definitive evidence is still lacking 
in many areas, there is worldwide consensus that the degree of  hemodynamic 
stability is the main determinant of  the choice of  RRT modality, as shown 
in two large studies on the appropriate dose of  dialysis. Understanding the 
importance of  dose quantification— and ensuring the delivery of  an adequate 
dose— are critical determinants of  patient outcome. Although preliminary evi-
dence suggests that timely initiation of  RRT is important, definitive studies to 
address this issue are currently in progress. For patients with multiple- organ 
failure, an increasingly rich panoply of  options is being developed, including 
extracorporeal treatments for sepsis, and cardiac, pulmonary, and liver failure.

Understanding the basic mechanisms and the practical applications underly-
ing the process of  RRT is essential to implement adequate treatment choices 
to the individual patient. Although apparently simple, these choices are in real-
ity complex, and specific to each clinical situation. Terminologies and nomen-
clatures that are solid and shared worldwide will contribute to a thorough 
understanding of  the basics and the correct application of  such technologies, 
and add to future developments in the field.
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Chapter 4

Basic Principles of Solute 
Transport
Zhongping Huang, Jeffrey J. Letteri, Claudio Ronco,  
and William R. Clark

Characterization of Filter Performance 
in Continuous Renal Replacement 
Therapy

Several different parameters can be used to characterize filter performance 
in continuous renal replacement therapy (CRRT). Two of  the most common 
parameters, clearance and sieving coefficient, are discussed here.

Clearance
Quantification of  dialytic solute removal is complicated by the confusion 
relating to the relationship between clearance and mass removal for different 
therapies. By definition, solute clearance (K) is the ratio of  mass removal rate 
(N) to blood solute concentration (CB):

 K
B

=
N

C
.
 

[4.1]

From a kinetic perspective, Figure 4.1 depicts the relevant flows for deter-
mining continuous renal replacement therapy (CRRT) clearances whereas 
Figure 4.2 provides the solute clearance expressions, which differ from those 
used in conventional hemodialysis. In the latter therapy, the mass removal 
rate (i.e., the rate at which the hemodialyzer extracts solute from blood 
into the dialysate) is estimated by measuring the difference in solute con-
centration between the arterial and venous lines. In other words, a “blood- 
side” clearance approach is used. On the other hand, in CRRT, the mass 
removal rate is estimated by measuring the actual amount of  solute appear-
ing in the effluent. The mass removal rate is the product of  the effluent flow 
rate (QeFF) and the effluent concentration of  the solute (CeFF). In continu-
ous venovenous hemodialysis and continuous venovenous hemodiafiltration 
(CVVHDF), the effluent is dialysate and diafiltrate, respectively. For these 
therapies, the extent of  solute extraction from the blood is estimated by the 
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equilibration ratio (e), also known as the degree of  effluent saturation. The 
benchmark for efficiency in these therapies is the volume of  fluid (dialysate 
and/ or replacement fluid) required to achieve a certain solute clearance tar-
get (discussed later).

Clearance in postdilution continuous venovenous hemofiltration (CVVH) 
is the product of  the sieving coefficient (discussed in the next section) and 
the ultrafiltration rate (QUF). For small solutes like urea and creatinine, the 
sieving coefficient is, essentially, one (under normal hemofilter operation). 
Therefore, small solute clearance in postdilution CVVH is, essentially, equal 
to the QUF. On the other hand, estimation of  clearance in predilution CVVH 
has to account for the fact that the blood solute concentrations are reduced 
by dilution of  the blood before it enters the hemofilter. Thus, the clearance 
has a “dilution factor,” which is represented by the third term on the right 

Figure 4.1 Relevant flow and concentration considerations for the determination of  solute 
clearance in continuous renal replacement therapy. The modality represented is continu-
ous venovenous hemodiafiltration. QA: arterial blood flow rate; QV: venous blood flow 
rate; Qe: effluent flow rate; QD: dialysate flow rate; QR: replacement fluid rate; CA: arterial 
blood solute concentration; CV: venous blood solute concentration; Ce: effluent solute 
concentration;
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Figure 4.2 Solute Clearance in CRRT
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to the sum of  QB and the replacement fluid rate reinfused upstream of  the 
hemofilter (QR

PRe). (The actual blood flow parameter, QBW, is blood water 
flow rate.) In essence, the dilution factor can be viewed as a measure of  the 
extent to which predilution differs from postdilution for a specific combina-
tion of  QB and QUF.

Sieving Coefficient
When a filter is operated as a hemofilter (i.e., ultrafiltration with no dialysate 
flow, such as CVVH), solute mass transfer occurs almost exclusively by convec-
tion. Convective solute removal is determined primarily by membrane pore size 
and treatment ultrafiltration rate. Mean pore size is the major determinant of  
a hemofilter’s ability to prevent or allow the transport of  a specific solute. The 
sieving coefficient (SC) represents the degree to which a particular membrane 
permits the passage of  a specific solute:

 SC
C

C
UF

P

= .

 
[4.2]

In this equation, CUF and CP are the solute concentrations in the ultrafiltrate 
and the plasma (water), respectively.

Regardless of  membrane type, all hemofilters in the “virgin” state have small 
solute SC values of  one, and these values are typically not reported by manu-
facturers. SC values for solutes of  larger molecular weight are more applicable, 
and manufacturers frequently provide data for one or more middle- molecule 
surrogates, such as vitamin B12, inulin, cytochrome C, and myoglobin. As is the 
case for solute clearance, the relationship between the SC and solute molecu-
lar weight is highly dependent on membrane mean pore size.

SC data provided by manufacturers are usually derived from in vitro experi-
mental systems in which (nonprotein- containing) aqueous solutions are used 
as the blood compartment fluid. In actual clinical practice, nonspecific adsorp-
tion of  plasma proteins to a filter membrane effectively reduces the perme-
ability of  the membrane. Consequently, in vivo SC values are typically less 
than those derived from aqueous experiments, sometimes by a considerable 
amount.

Transmembrane Solute  
Removal Mechanisms

The most common way in which solute removal occurs during CRRT is pas-
sage across the filter membrane into the effluent. Based on the specific CRRT 
modality used, diffusion, convection, or a combination of these two mecha-
nisms are operative. Figure 4.3
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Diffusion

Diffusion is the process of  transport in which molecules that are present in a 
solvent and can cross a semipermeable membrane freely tend to move from 
the region of  higher concentration to the region of  lower concentration. In 
reality, molecules present a random movement. However, because they tend 
to reach the same concentration in the available space occupied by the sol-
vent, the number of  particles crossing the membrane toward the region of  
lower concentration is greater statistically. Therefore, this transport mecha-
nism occurs in the presence of  a concentration gradient for solutes that are 
not restricted in diffusion by the porosity of  the membrane. In addition to a 
transmembrane concentration gradient, Fick’s Law states diffusive solute is 
influenced by the following:

• Membrane characteristics: surface area, thickness, porosity
• Solute diffusion coefficient (primarily a function of  molecular weight)
• Solution temperature

Based on the previous discussion, the clearance of a given solute can be pre-
dicted with reasonable certainty under a given set of  operating conditions. 
However, several factors may lead to a divergence between theoretical and empir-
ically derived values. As an example, protein binding or electrical charges in the 
solute may affect the final clearance value negatively. Conversely, convection may 
result in a measured clearance value that is significantly greater than the value based 
on a “pure” diffusion assumption. Diffusion is an efficient transport mechanism for 
the removal of relatively small solutes; but, as solute molecular weight increases, 
diffusion becomes limited and the relative importance of convection increases.

Di�usion is solute transport across a semipermeable membrane—molecules move from
an area of higher to an area of lower concentration

Convection is a process where solutes pass a cross the semipermeable membrane along
with the solvent (‘‘solvent drag’’) in response to a positive transmembrane pressure

E�ectiveness less dependent on
molecular size

Best for small molecule clearance

Figure 4.3 Mechanisms of  diffusion and convection.
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Convection is the mass transfer mechanism associated with ultrafiltration of  
plasma water. If  a solute is small enough to pass through the pore structure 
of  the membrane, it is driven (“dragged”) across the membrane in association 
with the ultrafiltered plasma water. This movement of  plasma water is a con-
sequence of  a transmembrane pressure (TMP) gradient. Quantitatively, the 
ultrafiltration flux ( JF), defined as the ultrafiltration rate normalized to mem-
brane surface area, can be described by

 J  L TMP.F h= ×
 [4.3]

In this equation, Lh is the membrane- specific hydraulic permeability (measured 
in milliliters per hour per millimeters mercury per meters squared), and TMP is 
a function of  both the hydrostatic and oncotic pressure gradients.

The related convective flux of  a given solute is a function mainly of  the fol-
lowing parameters:

• Ultrafiltration rate
• Blood solute concentration
• Membrane sieving properties

In clinical practice, however, because plasma proteins and other factors 
modify the “native” properties of  the membrane, the final observed sieving 
coefficient is less than that expected from a simple theoretical calculation. As 
noted earlier, nonspecific adsorption of  plasma proteins (i.e., secondary mem-
brane formation) occurs instantaneously to an extracorporeal membrane 
after exposure to blood. This changes the effective permeability of  the mem-
brane and can be explained by the action of  proteins essentially to “plug” or 
block a certain percentage of  membrane pores. Postdilution fluid replacement 
tends to accentuate secondary membrane effects because protein concentra-
tions are increased within the membrane fibers (resulting from hemoconcen-
tration). On the other hand, greater blood flow rates work to attenuate this 
process because the shear effect created by the blood disrupts the binding of  
proteins to the membrane surface

Kinetic Considerations for Different  
CRRT Techniques

In CVVH, high- flux membranes are used and the prevalent mechanism 
of  solute transport is convection. Ultrafiltration rates in excess of  the 
amount required for volume control are prescribed, requiring partial or 
total replacement of  ultrafiltrate losses with reinfusion (replacement) fluid. 
Replacement fluid can either be infused before the hemofilter (predilution) 
or after the hemofilter (postdilution). Postdilution hemofiltration is limited 
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fraction constraint.
On the other hand, from a mass transfer perspective, the use of  predilu-

tion has several potential advantages over postdilution. First, both hemato-
crit and blood total protein concentration are reduced significantly before 
the entry of  blood into the hemofilter. This effective reduction in the red 
cell and protein content of  the blood attenuates the secondary membrane 
and concentration polarization phenomena described earlier, resulting in 
improved mass transfer. Predilution also affects mass transfer favorably as a 
result of  augmented flow in the blood compartment because prefilter mixing 
of  blood and replacement fluid occurs. This process achieves a relatively high 
membrane shear rate, which also reduces solute– membrane interactions. 
Last, predilution may also enhance mass transfer for some compounds by 
creating concentration gradients that induce solute movement out of  red 
blood cells.

However, the major drawback of  predilution hemofiltration is its relatively 
low efficiency, resulting in relatively high replacement fluid requirements to 
achieve a given solute clearance. In a group of  patients treated with a “tradi-
tional” blood flow rate for CRRT, the efficiency loss associated with predilu-
tion has been quantified. Troyanov and colleagues demonstrated the significant 
negative effect on efficiency when a relatively low QB (<150 mL/ min) is used 
with a relatively high QUF and QR in predilution CVVH. This specific combina-
tion of  QB = 125– 150 mL/ min and QUF = 4.5 L/ h (75 mL/ min) is associated 
with a loss of  efficiency of  30% to 40% relative to postdilution for several 
different solutes. In other words, to achieve the same solute clearance, 30% 
to 40% more replacement fluid is required in predilution under these condi-
tions, relative to postdilution under the same conditions. However, it should 
be noted the likelihood of  achieving such an ultrafiltration rate in postdilution 
is very remote at such a low blood flow rate, because this requires a filtration 
fraction in excess of  50%. This condition is likely to lead to very short- term 
filter patency.

In CVVHDF, a high- flux hemodiafilter is used and the operating principles of  
hemodialysis and hemofiltration are combined. As such, this therapy may allow 
for an optimal combination of  diffusion and convection to provide clearances 
for a very broad range of  solutes. Dialysate is circulated in countercurrent 
mode to blood and, at the same time, ultrafiltration is obtained in excess of  the 
desired fluid loss from the patient. The ultrafiltrate is replaced with replace-
ment fluid partially or totally, either in predilution or postdilution mode. Later 
generation CRRT machines allow a combination of  predilution and postdilu-
tion with the aim of  combining the advantages of  both reinfusion techniques. 
Information from the chronic hemodiafiltration literature suggests a combi-
nation of  predilution and postdilution may be optimal in terms of  clearance 
and operational parameters. This may also be the case for CVVHDF in acute 
kidney injury (AKI), although this possibility has not been assessed carefully. 
The optimal balance is most likely dictated by the specific set of  CVVHDF 
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tion rate, and hemodiafilter type.
Because of  the markedly lower flow rates used and clearances obtained in 

CVVHDF, the effect of  simultaneous diffusion and convection on overall sol-
ute removal is quite different from the situation in chronic hemodiafiltration. In 
the latter application, diffusion and convection interact in such a manner that 
total solute removal is significantly less than what is expected if  the individual 
components are simply added together. On the other hand, in CVVHDF, the 
small solute concentration gradient along the axial length of  the hemodiafilter 
(i.e., extraction) is minimal compared with what is seen in chronic hemodiafiltra-
tion, in which extraction ratios of 50% or more are the norm. Thus, the minimal 
diffusion- related change in small solute concentrations along the hemodiafilter 
length allows any additional clearance related to convection to be simply additive 
to the diffusive component

Troyanov and coworkers have performed a direct clinical comparison of  
CVVHDF and predilution CVVH with respect to urea and β2- microglobulin 
(B2M) clearance at a “traditional” blood flow rate of  125 mL/ min. The study 
compared clearances at the same effluent rate over an effluent range of  up 
to 4.5 L/ h. As Figure 4.4 indicates, urea clearance was greater in CVVHDF 
than in predilution CVVH and, in fact, the difference between the two thera-
pies increased as effluent rate increased. These results are consistent with the 
“penalizing” effect of  predilution, which is especially pronounced at low blood 
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Figure 4.4 Comparison of  solute clearance in predilution continuous venovenous hemofil-
tration and continuous venovenous hemodiafiltration.

 Reprinted with permission from (Troyanov S, Cardinal J, Geadah D, Parent D, Courteau S, Caron S, 
Leblanc M: Solute clearances during continuous venovenous haemofiltration at various ultrafiltration flow 
rates using Multiflow- 100 and HF1000 filters. Nephrol Dial Transplant 2003;18:961– 966).
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which would suggest a purely convective therapy such as CVVH should be 
inherently superior to a partly convective therapy like CVVHDF for clearance 
of  a molecule this size. However, once again, the penalty of  predilution in 
CVVH is apparent, as the B2M clearances for the two modalities are equiva-
lent, except at very high effluent rates (>3.5 L/ h). Until the effect of  greater 
blood flow rates on solute clearances in CRRT can be assessed, these and 
other data suggest CVVHDF is a logical modality choice to achieve the broad-
est spectrum of  solute molecular weight range in the most efficient way.

Conclusion

Rational prescription of  CRRT to critically ill patients with AKI is predicated on 
an understanding of  the basic principles of  solute and water removal. In this 
chapter, the major ways in which filter function is characterized clinically have 
been reviewed. In addition, the fundamental mechanisms for solute and fluid 
transport have been discussed. Last, these principles have been applied in a 
therapeutic context to the various CRRT modalities used by clinicians manag-
ing patients with AKI.
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Chapter 5

Principles of Fluid 
Management in the Intensive 
Care Unit
Rinaldo Bellomo and Sean M. Bagshaw

Approach to Fluid Balance during 
Continuous Renal Replacement Therapy

The prescription of  continuous renal replacement therapy (CRRT)- related 
fluid management and its integration into overall patient fluid management can 
be assisted by a specific order chart (Table 5.1) for the machine fluid balance.

The chart indicates to the nurse how to set the machine and how to 
achieve the planned hourly fluid balance. However, in the intensive care unit, 
the fluid needs of  the patients are not static and require frequent review. 
Patients often receive large volumes of  obligatory oral and intravenous fluids 
daily that also need to be accounted for when making fluid balance calcula-
tions. For example, should the same patient require the administration of  600 
mL fresh frozen plasma over 2 hours before an invasive procedure, necessary 
adjustments to the order should be made with specification for the duration 
of  change and the reasons (Table 5.2).

The fluid balance prescription related to the machine can be related usefully 
to the patient, and a fluid balance prescription describing the overall patient 
fluid balance goal for a 12- hour time period is useful for the purpose of  inform-
ing the nurse of  the broad goals of  fluid therapy for a given patient. These 
goals may be expressed in an additional prescription attached to the previous 
machine fluid balance chart (Table 5.3).

Practical Considerations

The goals can be achieved by means of  physician and nursing education, and 
by ensuring that no CRRT session is started unless such orders are written 
clearly and legibly, and signed and accompanied by the physician’s printed name 
and contact number. They also require the regular recording of  fluid balance 
on an hourly basis, and its correct final addition of  fluid losses and gains. This 
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documentation can be done in a computerized system or may be added by the 
nurse at the bedside using a pocket calculator and then charted. This process 
allows the creation of  a running hourly balance, which is useful in ensuring that 
progress is being made at the appropriate speed, in the appropriate direction, 
and in the prescribed amount.

Expected Outcomes, Potential Problems, 
Cautions, and Benefits

The expected outcome of  a systematic process for the prescription, deliv-
ery, and monitoring of  fluids during CRRT is the ability to ensure the patient 
receives prescribed therapy in a safe and effective manner. This approach mini-
mizes errors and their consequences (persistent fluid overload or dangerous 
intravascular volume depletion).

Despite this careful approach, problems can still arise. A relatively common 
problem is related to downtime (time during which CRRT is not operative as a 
result of  filter clotting or a procedure or investigation out of  the intensive care 
unit). Under such circumstances, the prescribed fluid removal cannot proceed as 
planned. If  the patient has 5 hours of  downtime, then the consequence may be 
that close to 1 L of  planned fluid removal fails to occur (assuming a fluid balance 

Table 5.1 Example of prescription of machine fluid balance 
during continuous renal replacement therapy

Technique Dialysate 
Flow Rate

Replace-
ment Fluid 
Flow rate

Effluent 
Flow 
Rate

Anticoagulant 
Infusion Flow 
Rate

Machine 
Fluid 
Balance

Continuous 
venovenous 
hemodia-
filtration

1000 mL/ h 1000 mL/ h 2300 mL/ 
hr

100 mL/ h – 200 mL/ h

Table 5.2 Example of alteration of continuous renal 
replacement therapy fluid balance prescription

Technique Dialysate 
Flow Rate

Replace-
ment Fluid 
Flow Rate

Effluent 
Flow 
Rate

Anticoagulant 
Infusion Flow 
Rate

Machine 
Fluid 
Balance

Continuous 
venovenous 
hemodia-
filtration

1000 mL/ h 1000 mL/ h 2600 
mL/ h

100 mL/ h – 500 mL/ h 
(for 2 hours 
only during 
Fresh 
frozen 
plasma 
(FFP) 
treatment)

 



45
C

H
A

PT
eR

 5
 P

ri
nc

ip
le

s 
of

 F
lu

id
 M

an
ag

em
en

tTable 5.3 Example of patient fluid balance prescription

Patient Medical 
Record 
No.

Overall 
Fluid 
Balance 
from 
Midnight to 
12:00 Noon

Overall Fluid 
Balance from 
12:00 Noon to 
12:00 Midnight

Right Atrial Pressure 
Notification Range

Name 00123 – 1000 mL – 1000 mL/ h <6 or >15 mmHg

of – 200 mL/ h). Moreover, during this downtime, patients may be administered 
additional fluid that counters earlier fluid balance goals. If  this happens, the physi-
cian and the nurse need to be alert to the consequences and respond appropri-
ately. This action may require an adjustment in fluid removal during the ensuing 
12 hours or 24 hours that safely compensates for the downtime by increasing 
the hourly net ultrafiltration rate by, for example, an extra 100 mL/ h.

Due consideration needs to be paid to specific patients in whom such fluid 
removal may be problematic. However, typically, machine net ultrafiltration 
rates of  300 to 400 mL/ h are well tolerated in fluid- overloaded patients. 
Nonetheless, caution should be exerted and the patient’s condition should be 
reviewed frequently.

Another relatively common problem relates to frequent interruptions of  
therapy as a result of  machine alarms. In some patients who are agitated or who 
have frequent leg flexion in the presence of  a femoral access catheter, or who 
sit up and move in the bed in the presence of  a subclavian access device, the 
machine pressure alarms may be triggered frequently. In addition, other alarms 
related to substitution fluids bag or waste bag changes interrupt treatment, which 
may lead to periods of  5 to 10 minutes in any given hour and, over a day, may 
create downtime and failure to achieve fluid balance goals. It is often prudent to 
prescribe a greater fluid loss than desired to compensate for these factors. Most 
machines allow the operator to check the actual fluid removal achieved over a 
given time. Such checks should be done to ensure the correct fluid removal is 
entered into the fluid balance calculations; many nursing protocols mandate a 
fluid balance check each hour, particularly for inexperienced nurses. Last, during 
such periods of  circuit instability, machine- based fluid errors may also occur and 
nurses and doctors need to be aware of  such possibilities and remain alert to 
patient hemodynamics.

The benefits of  such continuous monitoring of  fluid delivery and removal are 
many. They include frequent patient assessment, vigilance with regard to other 
simultaneous therapies, attention to detail, avoidance of  dangerous swings in 
fluid status and competent and detailed machine operation.

Summary

Attention to fluid balance during CRRT is of  great clinical importance. 
Inadequate fluid removal leads to clinical complications, especially in relation to 
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t weaning from mechanical ventilation. excessive fluid removal can cause hypo-
volemia and hypotension, and retards renal recovery. Best practice in this field 
can only be achieved by a systematic combination of  frequent and thoughtful 
assessment, attention to detail, rigorous and vigilant monitoring of  fluid input 
and output, and clear and explicit descriptions and prescription of  the goals of  
therapy with regard to both machine settings and patient management.
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Chapter 6

Indications, Timing,  
and Patient Selection
John A. Kellum, Raghavan Murugan,  
and Mitra K. Nadim

Indications for Renal  
Replacement Therapy

Indications for renal replacement therapy (RRT) fall into two broad catego-
ries: so- called “renal” (i.e., to address the consequences of  renal failure spe-
cifically) and “nonrenal” (without necessitating renal failure). Although the 
distinction is not always precise, it is a reasonably easy way to categorize indi-
cations for RRT.

Renal Indications

The manifestations of  acute kidney injury (AKI), as discussed in Chapter 1 
and summarized in Table 6.1, include oliguria, (which leads to fluid overload), 
azotemia (which leads to a host of  clinical complications), hyperkalemia, and 
metabolic acidosis. Although there is no consensus regarding the precise level 
of  dysfunction in any of  these areas that should prompt initiation of  RRT, gen-
eral agreement exists on the following general indications for RRT:

• Fluid overload (e.g., pulmonary edema)
• Oliguria or anuria (urine output of  <0.3 mL/ kg/ h for ≥24 hours or anuria 

for ≥12 hours)
• Azotemia with uremic symptoms
• Hyperkalemia associated with electrocardiographic changes
• Severe acidosis

Fluid Overload
Multiple studies show that fluid overload is associated independently with 
mortality. Fluid overload usually occurs in the setting of  oliguria, but it may 
occur simply because urine output is insufficient to maintain fluid balance in the 
face of  large volume input, even if  oliguria is not present. Although an initial 
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trial of  pharmacological treatment to induce diuresis may serve as a temporiz-
ing measure, patients with symptomatic fluid overload (e.g., worsening oxy-
genation) in addition to severe AKI characterized by concomitant indications 
for RRT initiation (i.e., hyperkalemia, uremia) or those with life- threatening 
complications of  fluid overload should be treated urgently with RRT.

Although most clinicians will attempt diuretics before initiation of  RRT, there 
is a wide variation with regard to how long or intense such a trial should be or 
how the success is defined. Obviously, it is desirable to avoid RRT, however 
there is little evidence to suggest that diuretics can be successful in achieving 
this goal.

More important, attempts to increase urine output with diuretics should 
only be directed toward treatment of  fluid overload or hyperkalemia, not oli-
guria per se. The Acute Dialysis Quality Initiative addressed the indications for 
mechanical fluid removal in 2012. Mechanical fluid removal should be consid-
ered under the following circumstances: (1) when fluid overload is established 
and after diuretic therapy is ineffective or has failed; (2) in patients with life- 
threatening fluid overload and significantly reduced renal function (e.g., low 
glomerular filtration rate [GFR]) or poor renal perfusion (e.g., cardiogenic 
shock) in whom diuretic therapy is likely to fail; (3) in patients at high risk of  

Table 6.1 Manifestations of acute kidney injury

System Complication Mechanism Clinical features
Cardiovascular Fluid overload Salt/ water 

retention
edema, heart failure, 
hypertension

electrolyte and 
acid– base

Hyponatremia, 
hyperkalemia, 
acidosis, azotemia

Impaired free 
water excretion, 
chloride 
accumulation

Hypotension, impaired 
glucose metabolism, 
decreased muscle 
protein synthesis, 
cardiac dysrhythmias

Gastrointestinal Impaired nutrient 
absorption, 
gastrointestinal 
bleeding, abdominal 
compartment 
syndrome

Bowel edema, fluid 
overload

Nausea, vomiting, 
decreased mucosal/  
intestinal absorption, 
increased intra- 
abdominal pressures

Hematological Anemia, platelet 
dysfunction

Decreased 
erythropoietin, 
decreased von 
Willebrand factor

Anemia, bleeding

Immune Infections, immune 
suppression

Impaired 
neutrophil function

Nosocomial infections, 
severe sepsis

Nervous encephalopathy Uremic toxins, 
hyponatremia

Asterixis, delirium, 
stupor, coma

Respiratory Pleural effusions, 
pulmonary edema

Fluid overload, 
decreased oncotic 
pressure, ?direct 
uremic toxicity

Pleural effusion, 
pulmonary edema, 
respiratory failure
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tion, or high- volume drug infusion), who should be started on ultrafiltration 
to prevent fluid overload, (4) if  complications associated with use of  diuretics, 
such as hyponatremia, severe metabolic alkalosis, hypomagnesemia, severe 
hypokalemia and worsening kidney function, are present; and (5) in patients in 
whom fluid overload occurs in the context of  severe acute or chronic kidney 
disease and uremic symptoms.

Diuretic Therapy
A loop diuretic such as furosemide is given in a dose of  20 to 40 mg intrave-
nously (IV) (Table 6.2). If  this dose is ineffective, a higher dose can be tried 
within 30 to 60 minutes. Higher doses may be needed if  the patient has previ-
ously received diuretic therapy (Table 6.1). If  bolus doses of  80 mg every 6 
hours are ineffective, an infusion may be started (1– 5 mg/ h IV). A thiazide 
diuretic such as chlorothiazide (250– 500 mg IV) or metolazone (10– 20 mg by 
mouth) can be used in conjunction with a loop diuretic to improve diuresis. 
In general, there is no point in continuing diuretic therapy if  it is not effective; 
loop diuretics in particular may be nephrotoxic All diuretics are usually discon-
tinued before initiating RRT.

Azotemia
Azotemia, the retention of  urea and other nitrogenous waste products, results 
from a reduction in GFR and is a cardinal feature of  renal failure. However, like 
oliguria, azotemia represents not only disease, but also a normal response of  
the kidney to extracellular volume depletion or a decreased renal blood flow. 
Conversely, a “normal” GFR in the face of  volume depletion could be viewed 
only as renal dysfunction. Thus, changes in urine output and GFR are neither 
necessary nor sufficient for the diagnosis of  renal pathology. Yet, no simple 
alternative for the diagnosis currently exists.

Azotemia is also a biochemical marker of  uremic syndrome, a condition 
caused by a diverse group of  toxins that are excreted normally but build up in 
the circulation and in the tissues during renal failure. The clinical manifestations 
of  uremic syndrome are shown in Table 6.1.

Although uremic symptoms correlate with the level of  urea in the blood, the 
relationship between blood urea nitrogen (BUN) and uremic symptoms is not 

Table 6.2 Diuretic dosing

Drug Oral Intravenous Infusion

Metolazone 10– 20 mg daily

Chlorothiazide 250– 500 mg

Furosemide 20– 40 mg 6– 24 hourly 5– 80 mg 6– 24- hourly 1– 10 mg/ h

Torsemide 5– 20 mg 6– 24 hourly 5– 20 mg 6– 24- hourly 1– 5 mg/ h

Bumetanide 0.5– 1 mg 6– 24 hourly 0.5– 2 mg 6– 24- hourly 1– 5 mg/ h
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Thus, there is no threshold level of  BUN that defines uremia or provides a spe-
cific indication for RRT. Instead, the provision of  RRT and, indeed, decisions 
regarding timing and intensity should be individualized to patients on the basis 
of  clinical factors and not solely on the basis of  biochemical markers.

Hyperkalemia
Hyperkalemia may be severe and can be life- threatening. The risks of  hyper-
kalemia are greatest when it develops rapidly— when serum concentrations 
in excess of  6 mmol/ L may produce cardiac dysrhythmias. The earliest elec-
trocardiographic sign of  hyperkalemia is peaking of  the T waves. This finding 
is associated with cardiac irritability and should prompt emergent treatment. 
Temporary management of  severe hyperkalemia (while preparing for RRT) 
includes intravenous calcium chloride (10 mL of  10% solution) to reduce car-
diac irritability and a combination of  insulin (10 U IV) and dextrose (50 mL 
D50) given together over 20 minutes to shift potassium intracellularly (blood 
glucose should be monitored).

Metabolic Acidosis
Renal failure causes metabolic acidosis by retention of  various acid anions 
(e.g., phosphate, sulfate), as well as from renal tubular dysfunction resulting in 
hyperchloremic acidosis. Clinical manifestations range from acute alterations 
in inflammatory cell function to chronic changes in bone mineralization. Mild 
alterations can be managed using oral sodium bicarbonate or calcium carbon-
ate. RRT is effective in removing acids as well as correcting plasma sodium 
and chloride balance, and is generally targeted at maintaining an arterial pH of  
more than 7.30.

“Nonrenal” Indications

So- called nonrenal indications for RRT are to remove various dialyzable sub-
stances from the blood. These substances include drugs, poisons, contrast 
agents, and cytokines.

Drug and Toxin Removal
Blood purification techniques have long been used for removal of  various 
dialyzable drugs and toxins. A list of  common drugs and toxins that can be 
removed readily using RRT is shown in Table 6.3. The majority of  poisoning 
cases do not require treatment with RRT. Indeed, the drugs or toxins that 
are most commonly responsible for poisoning- related fatalities are not ame-
nable to RRT (e.g., acetaminophen, tricyclic antidepressants, short- acting bar-
biturates, stimulants, and “street drugs”). In general, the size of  the molecule 
and the degree of  protein binding determines the degree to which the sub-
stance can be removed (smaller, nonprotein bound substances are easiest to 
remove). Continuous renal replacement therapy (CRRT) may be effective in 
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removing substances with greater degrees of  protein binding and is sometimes 
used to remove substances with very long plasma half- lives. Techniques such 
as sorbent hemoperfusion may also be used for this indication and are dis-
cussed further in Chapter 23.

The role of  CRRT in the management of  acute poisonings is not well estab-
lished. There is relatively less drug clearance per unit of  time compared with 
intermittent hemodialysis (IHD), but CRRT has a distinct advantage in patients 
who are hemodynamically unstable and who are unable to tolerate the rapid 
solute and fluid losses associated with IHD or even other techniques, such as 
hemoperfusion. CRRT may also be effective for the slow, continuous removal 
of  substances with large volumes of  distribution ora high degree of  tissue 
binding, or for substances that are prone to a “rebound phenomenon” (e.g., 
lithium, procainamide, and methotrexate). In such cases, CRRT may even be 
used as adjuvant therapy with IHD or hemoperfusion.

Table 6.3 Common poisonings treated with renal replacement 
therapy

Substance Extracorporeal 
Method

Comments

Methanol Hemodialysis RRT should be continued until the serum 
methanol concentration is less than 25 mg/ dL and 
the anion- gap metabolic acidosis and osmolar gap 
are normal. Rebound may occur up to 36 hours.

Isopropanol Hemodialysis RRT effectively removes isopropanol and 
acetone, although it is usually unnecessary except 
in severe cases (prolonged coma, myocardial 
depression, renal failure).

ethylene glycol Hemodialysis RRT should be continued until the ethylene glycol 
level is less than 20 mg/ dL and metabolic acidosis 
or other signs of  systemic toxicity have been 
resolved. Rebound may occur up to 24 hours.

Lithium IHD/ CRRT IHD removes lithium faster, but rebound is 
a significant problem and can be addressed 
effectively with CRRT.

Salicylate IHD/ CRRT Both IHD/ CRRT have been reported in the 
management of  salicylate poisoning.

Theophylline IHD/ CRRT/ 
hemoperfusion

RRT should be continued until clinical 
improvement and a plasma level less than 20 mg/ L 
is obtained. Rebound may occur.

Valproic acid IHD/ CRRT/ 
hemoperfusion

At supratherapeutic drug levels, plasma proteins 
become saturated, and the fraction of  unbound 
drug increases substantially and becomes 
dialyzable.

Direct thrombin 
inhibitors (e.g., 
Dabigatran)

Hemodialysis Removal of  approximately half  of  the circulating 
drug by hemodialysis.

Note: Other treatments are also required for many of  these substances. CRRT, continuous renal 
replacement therapy; IHD, intermittent hemodialysis; RRT, renal replacement therapy.
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RRT has been used to remove radiocontrast agents for many years, but 
the purpose of  this treatment has changed over time. In the past, ionic, 
high- osmolar contrast was used for imaging studies, and RRT was often 
used to remove these substances and to remove fluid in patients with 
renal failure who were at risk of  congestive heart failure from the large 
osmotic load. These patients could not excrete the contrast and would 
develop pulmonary edema after contrast administration. In more recent 
years, nonionic, low- osmolality, or even iso- osmolar agents have been 
developed, and the risk of  pulmonary edema has decreased significantly. 
However, all radiocontrast agents are nephrotoxic and CRRT is being 
advocated by some experts to help prevent so- called contrast nephropathy.  
Standard IHD has been shown to remove radiocontrast agents but does not 
appear to prevent contrast nephropathy. Despite less efficiency in removing 
contrast, CRRT has been shown to result in less contrast nephropathy, partic-
ularly when it has begun before or in conjunction with contrast administration 
(Table 6.4). However, the effect is controversial and most centers do not offer 
RRT currently for prevention of  contrast nephropathy.

Cytokines
Many endogenous mediators of  sepsis can be removed using continuous veno-
venous hemofiltration (CVVH) or continuous venovenous hemodiafiltration 
(CVVHDF) (dialysis is not able to remove these mediators). This observation 
has prompted many investigators to attempt to use CVVH as an adjunctive 
therapy in sepsis. Although it remains controversial regarding whether CVVH 
offers additional benefit in patients with renal failure and sepsis, available 
evidence does not support a role of  CVVH for the removal of  cytokines in 
patients without renal failure. If  CVVH is capable of  removing cytokines, the 
effect of  standard “renal- dose” CVVH appears to be small. However, some 

Table 6.4 Methods to reduce contrast nephropathy

Oral IV Dosing*

Saline 0.9%  
(154 meq/ L)

1 mL/ kg/ h begun 12 hours or   
3 mL/ kg/ h begun 1 hour before 
procedure and 1 mL/ kg/ h continuing 
6 hours after procedure

NaHCO3 in water 150 meq/ L 1 mL/ kg/ h begun 12 hours or  
3 mL/ kg/ h begun 1 hour before 
procedure and 1 mL/ kg/ h continuing 
6 hours after procedure

N- acetylcysteine 1200 mg 
every  
12 hours

1200 mg every  
12 hours

Beginning 24 hours before and 
continuing 24 hours after procedure

*Dosing ranges are provided as a general guide only; none of  the agents in the table are approved for 
this indication.
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higher doses of  CVVH (see Chapter 8).

Timing of Renal Replacement Therapy

When to Initiate RRT
The simplest answer to the question “When should RRT be started?” would 
be when the indications discussed earlier are met. Numerous attempts have 
been made to reach a consensus on timing of  RRT. The Acute Dialysis Quality 
Initiative first addressed this issue in 2000, but was unable to reach consensus 
beyond stating that a patient is considered to require RRT when he or she has 
“an acute fall of  GFR and has developed, or is at risk of, clinically significant 
solute imbalance/ toxicity or volume overload.” In essence this amounts to 
saying that RRT should begin when a patient has “symptomatic” acute renal 
failure (ARF). What constitutes symptomatic ARF is a matter of  clinical judg-
ment, and how “at risk” is interpreted. Most, but not all, experts advise that 
RRT should begin before clinical complications occur, but it is often difficult to 
know exactly when such a point occurs. For example, subtle abnormalities 
in platelet function can begin early during AKI, before when most clinicians 
would begin RRT.

Observational studies of  AKI using Risk, Injury, Failure, Loss of  kidney func-
tion and endstage kidney disease (RIFLe) criteria have provided two important 
pieces of  information: ARF (stage F by RIFLe) is common among critically ill 
patients (10%– 20% of  patients in the intensive care unit) and is associated with 
a 3-  to 10- fold increase in the risk of  death before discharge. Given the pro-
found increase in the risk of  death, many investigators have asked why more 
patients do not receive RRT, yet many patients with ARF recover renal func-
tion without ever receiving RRT. Should these patients receive RRT? Current 
evidence is insufficient to answer this question, but given the low rates of  com-
plications associated with CRRT, and the high risk of  death associated with 
AKI, consideration should be given to starting therapy early (e.g., when stage 3 
criteria are present, rather than waiting for complications to occur).

When to Stop RRT
An even more difficult question to answer than when to start is when to 
stop RRT. Again, the simplest answer is “when renal function has recovered,” 
but two problems exist with this simple answer. First, it is not always easy to 
determine when renal function has recovered and, second, it is also unclear 
what amount of  recovery should be sought before cessation of  therapy. One 
approach that was used in the largest trial of  dialysis intensity published to 
date used the rule described in Table 6.5. However, attention to fluid and elec-
trolyte status is also required, and most clinicians provide a trial off RRT as 
opposed to checking creatinine clearance.
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Patient Selection for CRRT

Which Patients Should Receive CRRT?
When the decision is made to initiate RRT, the question of  which modality 
(intermittent vs. continuous) arises. The following considerations influence the 
choice of  modality, although, strictly speaking, there are few absolute indica-
tions for one modality over the other:

• Hemodynamic stability: CRRT is preferred for patients with or at risk for 
hypotension. In practice, this usually means patients who require vaso-
pressor support either at baseline or as a result of  treatment. The ARF 
Trial Network study demonstrated that hypotension is extremely com-
mon with IHD. There is some evidence to suggest that use of  CRRT as 
initial therapy is associated with better recovery of  renal function after 
AKI compared with IHD.

• Intracranial hypertension: Intracranial hypertension is an absolute indication 
for CRRT. IHD induces much greater fluid shifts and is therefore contraindi-
cated in patients with increased intracranial pressure.

• Severe fluid overload and high obligatory fluid intake: even hemodynamically 
stable patients with severe fluid overload or patients with mild fluid over-
load but high daily fluid requirements (usually for medications and nutri-
tional support) may be managed more effectively with CRRT. For example, 
it is unusual to remove more than 3 to 4 L of  volume during a 4- hour dialysis 
session. Yet, it is quite common to remove 200 to 300 mL/ h (5– 7 L/ day) or 
even more with CRRT.

• Mechanical ventilation: For patients who are unable to tolerate weaning trials 
on nondialysis days, CRRT (or daily dialysis) may be better.

• High- protein turnover/ catabolic patients: For some critically ill patients, it may 
be difficult to control solute levels with alternate- day dialysis. Patients with 
very high predialysis BUN levels may be better treated with CRRT.

• Hyperkalemia: When rapid solute clearance is necessary, such as in severe 
hyperkalemia, intermittent therapy is generally preferred. CRRT is usually 
quite effective for hyperkalemia, but intermittent therapy is somewhat 
faster.

Table 6.5 Assessment for recovery of renal function if urine 
volume is less than 30 mL/ h

Creatinine Clearance Management of RRT
<12 mL/ min Continuation of  RRT

12– 20 mL/ min Clinician’s judgment

>20 mL/ min Discontinuation of  RRT

Note: Six hours of  timed urine collections need to be obtained for assessment of  creatinine clearance. 
RRT, renal replacement therapy.
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Chapter 7

Biomarkers for Initiation 
of Renal Replacement Therapy
Alexander Zarbock and Lakhmir S. Chawla

Diagnosis of Acute Kidney 
Injury and Limitations

The diagnosis of  acute kidney injury (AKI) is based on changes in serum cre-
atinine levels and/ or urine output. However, serum creatinine levels and urine 
output have a low sensitivity and specificity, respectively. Serum creatinine can 
be influenced by several factors (e.g., fluid therapy, muscle mass) and it does 
not reflect kidney function (serum creatinine increases after more than 50% of  
the glomerular filtration rate is lost) and degree of  tubular injury accurately, 
whereas urine output can be influenced by diuretics and hypovolemia. In addi-
tion, both markers cannot predict whether the kidney function improves or 
deteriorates.

These limitations are thought to account for the poor clinical outcomes 
associated with AKI. Therefore, the Acute Dialysis Quality Initiative assigned 
the highest research priority to the discovery and/ or standardization of  new 
biomarkers of  AKI. In recent years, abundant papers on biomarkers have been 
published. Most of  the studies investigated whether the different biomark-
ers can detect or predict AKI defined by serum creatinine- based definitions. 
Several promising studies showed acceptable diagnostic performance for AKI 
up to 48 hours before a significant change in serum creatinine level. Because 
available point- of  care devices make it possible to measure biomarkers at the 
bedside within a short time frame (20 minutes), the community has shown 
great interest in integrating such biomarkers into clinical decision algorithms.

Issues

1. Currently, clinical utility of  AKI biomarkers remains largely unevaluated, 
with the important issue being whether they could improve the manage-
ment of  patients with AKI. Although the early detection of  AKI could lead 
to the implementation of  hemodynamic optimization and avoidance of  
harm, there is still no specific therapeutic option available for treating AKI.

2. In addition, one other important area of  potential clinical use is that of  
guidance in the decision to initiate renal replacement therapy (RRT). 
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need for RRT. Next, we review selected publications that have inves-
tigated the use of  biomarkers for the prediction of  subsequent need 
for RRT.

Biomarker Studies and Need for RRT

Cystatin C
Cystatin C is a 13- kDa nonglycosylated cysteine protease inhibitor produced 
by all nucleated cells at a constant rate. In healthy subjects, plasma cystatin C is 
eliminated through glomerular filtration and is metabolized completely by the 
proximal tubules. Because cystatin C is not secreted in the tubular system, it is 
normally not found in urine. Therefore, the presence of  cystatin C in the urine 
reflects tubular damage.

Plasma cystatin C is more sensitive in detecting smaller reductions and acute 
changes in glomerular filtration rate than serum creatinine. However, one has 
to keep in mind that plasma cystatin C levels can be influenced by immunosup-
pressive therapy, the presence of  inflammation or malignancies, and abnor-
mal thyroid function. Changes in plasma and urine cystatin C can predict AKI. 
Similar to serum creatinine, knowledge of  the baseline is critical to interpreta-
tion of  these filtration markers.

Several studies investigated whether serum cystatin C can predict the need 
for RRT in patients with AKI. In all patients, plasma cystatin C was moderately 
predictive of  RRT. In a second analysis excluding patients with an established 
AKI at admission to the intensive care unit (ICU), plasma cystatin C performed 
better for RRT prediction.

In 73 patients with established, nonoliguric AKI, of  whom 26 required RRT, 
urine cystatin C and several tubular proteins and enzymes were tested for 
their prediction of  need for RRT. Urine showed a very good diagnostic perfor-
mance (area under the receiver operating characteristic curve ROCAUC, 0.92; 
95% confidence interval [CI], 0.86– 0.96). At a cutoff of  1 g/ mol creatinine, 
urine cystatin C had a high sensitivity (92%) and specificity (83%) for predicting 
RRT. The data on plasma and urine cystatin C in RRT prediction are encourag-
ing, but additional evidence is needed from larger studies before cystatin C can 
be recommended to use for predicting the need for RRT.

Kidney Injury Molecule 1
Kidney injury molecule 1 (KIM- 1) is a type I  transmembrane glycoprotein 
with a cleavable ectodomain (90 kDa). The molecule is localized in the api-
cal membrane of  dilated tubules in acute and chronic injury. There are two 
forms of  KIM- 1, with only small differences in their C- terminal portion: one is 
expressed in the kidney, the other in the liver. KIM- 1 is believed to play a role in 
regeneration processes after epithelial injury and in the removal of  dead cells 
in the tubular lumen through phagocytosis.
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or death for KIM- 1 was 0.61 (95% CI, 0.53– 0.61), comparable with that of  
urine output and serum creatinine. In an adjusted analysis, patients in the high-
est KIM- 1 quartile had a higher odds (3.2; 95% CI, 1.4– 7.4) for the composite 
outcome compared with patients with the lowest quartile. However, this was 
no longer significant in a multivariate analysis. Controversial data exist because 
KIM- 1 was not a significant predictor for RRT in another study.

Neutrophil Gelatinase- Associated Lipocalin
Neutrophil gelatinase- associated lipocalin (NGAL) is a small protein linked to 
neutrophil gelatinase in specific leukocyte granules. It is also expressed in a 
variety of  epithelial tissues associated with antimicrobial defense. In the normal 
kidney, only the distal tubules and collecting ducts stain for NGAL expression.

NGAL is upregulated rapidly in the kidney very early after acute injury. The 
NGAL protein, which can be measured in the blood and in the urine, is one 
of  the earliest and most robustly produced proteins in the kidney after neph-
rotoxic or ischemic AKI in animal models. Both urine and blood NGAL have 
been demonstrated to be early predictors of  AKI in several clinical scenarios, 
including trauma, radiocontrast exposure, cardiac surgery, and in critical illness.

Several observational studies have investigated the initiation of  RRT using 
NGAL. Nine of  them have been summarized in a recent meta- analysis. In 
these studies, either urine or plasma/ serum NGAL were measured. The 
incidence of  RRT in the included studies was 4.3%. The overall analysis gave 
an ROCAUC of  0.782 (95% CI, 0.648– 0.917) for discriminating patients 
who would receive RRT associated with AKI. For a cutoff NGAL value of   
278 ng/ mL, the specificity was 80% and sensitivity was 76%. However, based on 
the divergent assays and patient populations, it is difficult to translate these find-
ings into a clinically used algorithm.

In a recently published study, the authors found that median urine NGAL 
levels at the time of  enrollment were significantly greater in the patients (17 of  
490, 3.5%) in whom RRT was initiated directly (548 ng/ mg creatinine [inter-
quartile range, 156– 466]) versus the patients (473 of  490, 96.5%) who did not 
receive acute RRT (61 ng/ mg creatinine [interquartile range, 17– 232]). No 
specific cutoff was evaluated, but there was a 2.6- fold increase in the adjusted 
risk for RRT with increasing urine NGAL levels.

A recently published study investigated urine samples from 1042 adult 
patients admitted to 15 Finnish ICUs. In this study population, the predictive 
value of  urine NGAL obtained 24 hours after ICU admission for development 
of  AKI was moderate. For RRT, although the predictive value of  urine NGAL 
was good (0.839; 95% CI, 0.797– 0.880). The positive likelihood ratio for RRT 
was 3.81 (95% CI, 3.26– 4.47), suggesting that urine NGAL associated well 
with the initiation of RRT.

Although these data require further confirmation, the existing data on 
NGAL imply that this biomarker may have an important interaction with con-
ventional criteria to aid in the clinical decision to initiate RRT.
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Although urine volume is used to diagnose AKI, this marker is unspe-
cific, because it can be influenced by several factors, including hypovole-
mia and the use of  diuretics. A  recently published study investigated the 
ability of a furosemide stress test (FST; one- time dose of 1.0 mg/ kg or 1.5 mg/ kg  
depending on prior furosemide exposure) to predict the development of Acute 
Kidney Injury Network (AKIN) stage III (AKIN- III) in critically ill subjects with early 
AKI. In this prospective multicenter study, 54 patients were recruited, of whom 25 
patients (32.4%) met the primary end point of progression to AKIN- III. Subjects 
with progressive AKI had significantly lower urine output after an FST in each of  
the first 6 hours (P < .001). The ROCAUC for the total urine output for the first 
2 hours after administering an FST to predict progression to AKIN- III was 0.87 
(P = .001). The ideal cutoff for predicting AKI progression during the first 2 hours 
after an FST was a urine volume of less than 200 mL (100 mL/ h), with a sensitivity 
of 87.1% and specificity of 84.1%, suggesting that the FST in subjects with early AKI 
can be used to identify those patients with severe and progressive AKI.

In this same cohort, the investigators assessed the use of  an FST with bio-
markers and found that they can be used a synergistic fashion. Among the 
patients in the cohort who had elevated levels of  either tissue inhibitor of  
metalloproteinases (TIMP2)* insulin- like growth factor binding protein 7 
(IGFBP7) or NGAL, the ROCAUC value improved from 0.87 to 0.90– 0.91. 
However, future large studies have to confirm these promising findings. If  
these results can be confirmed in a larger study, this test could be used to 
answer the unresolved question of  when to initiate RRT.

Strategies for Initiation of RRT

Although existing data are encouraging for some biomarkers, there are chal-
lenges to create and test biomarker- based strategies for the initiation of  RRT. 
The outcome RRT initiation has the limitation that it is a surrogate outcome, 
because of  the lack of  a broad consensus and the wide practice variation in 
commencing RRT. The decision to initiate RRT is influenced by several factors, 
including practice of  the individual physician, serum creatinine level, urine out-
put, and the overall status of  the patient. In addition, such a decision may also 
be influenced by logistical or organizational issues.

Limitations are as follows:

• Variable timing of  sample collection. In some studies the samples were 
collected at ICU admission, whereas in other studies the samples were 
acquired at the time of  nephrology consultation. In addition, these time 
points can vary from institution to institution.

• The time between biomarker measurement and initiation of  RRT was not 
stated. Therefore, we cannot judge whether it could help the clinician to 
initiate RRT “earlier.”
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cutoff values that can be used at the bedside.

The optimal timing of  the initiation of  has been the focus of  studies. The cur-
rent evidence— derived mainly from observational studies— suggests a trend 
toward reduced mortality and better renal recovery with earlier initiation of  
RRT. However, no randomized control trial exists that has demonstrated that 
the earlier initiation of  RRT is associated with a survival or renal recovery ben-
efit. No consensus exists that guides clinicians on this important issue. To test 
whether the early initiation of  RRT is associated with an improved outcome, 
clinical decision algorithms have to be used that incorporate AKI criteria, 
patient- specific factors, and biomarkers.

In some studies, early initiation of  RRT (Risk, Injury, Failure, Loss of  kid-
ney function, and end- stage kidney disease (RIFLe) -  Risk or Injury) was 
associated with a better outcome compared with late initiation of  RRT (RIFLe- 
Failure). However, interpretation of  these studies is confounded by the fact 
that patients who recover renal function or die without receiving RRT were 
included. One other drawback is that renal support should not be provided 
for all critically ill patients with mild or moderate AKI, because a considerable 
proportion of  these patients are likely to recover renal function spontaneously 
and do need RRT. It would be very helpful to identify patients with sustained 
and severe AKI who will likely need RRT, because this would enable us to start 
RRT even at milder stages of  AKI to provide renal support and to prevent AKI- 
related complications.

Biomarkers should be incorporated into clinical algorithms that have previ-
ously used conventional parameters only, increasing our ability to predict the 
need for RRT. Future studies have to identify two cutoffs: one that can exclude 
the need for RRT and another one that identifies a high likelihood of  needing 
RRT. The first cutoff value would identify patients with a mild tubular injury 
who are likely to recover spontaneously from AKI. The second would aid in 
the early identification of  patients who have persistent and severe renal injury 
in whom spontaneous renal recovery is unlikely to occur. Depending on the 
clinical scenario (e.g., cardiac surgery versus ICU patient), these cutoff values 
may vary. More studies are needed to establish appropriate thresholds and to 
evaluate this approach in a prospective study.

Summary

Several novel kidney- specific biomarkers have been discovered and described 
that can be measured in the blood and urine. They can be used for early detec-
tion and diagnosis of  AKI, when compared with conventional measures of  
loss of  kidney function such as urine output and/ or serum creatinine level. 
However, fewer studies have investigated the potential value of  these bio-
markers, either alone or in combination with traditional surrogate measures 
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need for RRT. Some studies, investigating cystatin C, NGAL, and KIM- 1, have 
suggested these biomarkers can predict which patient will need RRT. If  these 
studies could be confirmed, this would mean these biomarkers have to be 
incorporated into clinical decision algorithms, because they could enhance our 
ability to predict the need for RRT. However, given the limitations of  the pub-
lished studies, we cannot adopt their findings into clinical practice today. These 
limitations include differences in clinical setting (e.g., ICU patients and cardiac 
surgery patients), type of  specimens (urine vs. blood), patient populations, 
and small sample size.

Because data are currently not sufficient to recommend the routine use of  
biomarkers for clinical decision making for RRT initiation, additional studies are 
required. These studies may also help to determine the optimal time point for 
initiating RRT.
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Chapter 8

Extended Indications
Rinaldo Bellomo and Ian Baldwin

Methods, Techniques, and Approach

Continuous renal replacement therapy (CRRT) can be used to achieve its logi-
cal clinical goals in extended indications using different methods. For example, 
if  the issue at stake is that of  fluid removal, standard CRRT can be used to 
lower the urea concentration while aiming for a significant negative fluid bal-
ance of  – 200 to –  400 mL/ h. With this approach, large amounts of  fluid can 
be removed from patients with diuretic- resistant fluid overload. If  the patient 
has severe sepsis or septic shock and the goal of  therapy is to remove soluble 
mediators, then either high- volume hemofiltration or high- cutoff hemofiltra-
tion can be applied. High- volume hemofiltration requires high blood flows 
(>300 mL/ min) to avoid either excessive predilution (if  the replacement fluid 
is administered before the filter) or excessive hemoconcentration within the 
filter (if  the replacement fluid is administered after the filter). If  high- volume 
hemofiltration is used, attention must be paid to fluid balance and phosphate 
levels, because relatively minor errors in fluid balance can cause problems 
when 10 L of  fluid are exchanged every hour, and because the rapid removal 
of  phosphate inevitably leads to hypophosphatemia. If  high- cutoff hemofiltra-
tion (large toxic molecules are the target for removal) is used, special high- cut-
off membranes are necessary. High- volume hemofiltration may also be used 
to remove a water- soluble free toxic drug such as lithium or sodium valpro-
ate at higher efficiency than standard CRRT. If  this is done, such therapy is 
best followed by a spell of  standard CRRT to avoid the so- called rebound in 
plasma concentration that follows the cessation of  a high- efficiency treatment 
of  blood. In some cases, CRRT can be used to control body temperature in 
situations such as malignant hyperthermia or severe fever resulting from infec-
tion or cerebral injury. In such cases, replacement fluid is not warmed before 
administration and can even be cooled before administration.

Practical Considerations

The choice to apply CRRT using the techniques just described is based entirely 
on clinical judgment and a view that the possible benefits of  therapy might be 
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s greater than its risks. This determination requires that those applying CRRT for 

extended use should have a very high level of  clinical competence in this field 
so the treatment can be applied with minimal risk. This requirement applies 
particularly to high- volume hemofiltration, which requires a suitable- quality 
machine, attention to accurate fluid balance monitoring, frequent monitoring 
of  electrolytes and phosphate, regular phosphate replacement, appropriate 
adjustment of  antibiotic dosage, and attention to body temperature. The risks 
are much less with severe diuretic refractory fluid overload, especially when 
secondary to advanced cardiac failure. In such patients, the typical desired fluid 
removal (10– 15 L) can be achieved over 24 to 48 hours by means of  a steady 
negative fluid balance of – 300 mL/ h. This type of  fluid removal is executed 
easily; it is commonplace during CRRT for acute renal failure, in any case.

For water- soluble drugs with limited or little protein binding and with lim-
ited volumes of  distribution (<0.5 L/ kg), in case of  serious life- threatening 
intoxication, CRRT (perhaps initially at high volume and then, after the levels 
are within a safe range, at standard volumes) also appears justified, biologi-
cally sound, and relatively safe. CRRT has now been used as an adjunctive 
treatment for

• Sepsis
• Controlling body temperature not responding to conventional approaches
• Decreasing the inflammatory response associated with cardiac arrest
• Achieving or maintaining acid– base homeostasis in patients with severe 

acidemia
• Removing radiocontrast and attenuating renal injury in patients at risk of  

radiocontrast nephropathy
• Correcting gross fluid overload of  different etiology
• Preventing massive fluid overload in patients receiving large amounts of  

clotting factors
• Attenuating the inf lammatory response associated with prolonged 

cardiopulmonary bypass
• Correcting sodium disturbances in patients with limited renal function

When all the potential biological, physiological, and clinical effects of  CRRT are 
appreciated, logical use of  this therapy outside the field of  CRRT is inevitable.

Conclusions for the non- renal 
or extended uses of CRRT

CRRT has the ability to affect multiple biological and clinical targets. When this 
ability is appreciated and the technique is mastered, CRRT becomes a tool that 
can be applied easily to situations outside the simple need for renal replace-
ment therapy. CRRT can lower body temperature, remove fluid, deliver large 
amounts of  buffer, remove water- soluble drugs, affect the inflammatory and 
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scounterinflammatory systems, modulate electrolyte concentration, and allow 

the rapid administration of  large amounts of  blood products without the asso-
ciated development of  fluid overload. When these properties are appreciated, 
extended indications for CRRT simply become logical physiological interven-
tions similar to those achieved with mechanical ventilation.
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Chapter 9

Dose Adequacy and 
Assessment
Zaccaria Ricci and Claudio Ronco

Approximately 5% to 6% of  critically ill patients admitted to the intensive care 
unit develop severe acute kidney injury (AKI) and more than 70% of  them 
receive renal replacement therapy (RRT). The mortality rate for severe AKI 
has exceeded 50% during the past three decades and it represents an inde-
pendent risk factor for mortality of  critically ill patients. Strategies to improve 
patient outcome in AKI may include optimization of  delivered RRT dose.

Theoretical Aspects of RRT Dose

The conventional view of  RRT dose is that it is a measure of  the quantity of  
blood purified by “waste products and toxins” achieved by means of  renal 
replacement. The operative measure of  RRT dose is the elimination amount 
of  a representative marker solute. The marker solute, however, does not rep-
resent all the solutes that accumulate during AKI, because kinetics and volume 
of  distribution are different for each solute. Thus, its removal during RRT is 
not necessarily representative of  the removal of  other solutes. A significant 
body of  data suggests that single- solute marker assessment of  dose of  dialysis 
appears to have a clinically meaningful relationship with patient outcome and, 
therefore, clinical utility.

The amount (dose) of  delivered RRT can be described by various 
terms: efficiency, intensity, frequency, and clinical efficacy. Efficiency of  RRT 
is represented by the concept of  clearance (K)— in other words, the vol-
ume of  blood cleared of  a given solute over a given time (it is generally 
expressed as volume over time: milliliters per minute, milliliters per hour, 
liters per hour, liters per 24 hours, and so on). K does not reflect the over-
all solute removal rate (mass transfer), but rather removal normalized on 
serum concentration. even when K remains stable over time, the removal 
rate varies if  the blood levels of  the reference molecule change. During 
RRT, K depends on solute molecular size, transport modality (convection 
or diffusion), and circuit operational characteristics (blood flow rate [QB], 
ultrafiltration rate [QUF], dialysate flow rate [QD], filter type and size). QB, 
as a variable in delivering RRT dose, is dependent mainly on vascular access 
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During convective techniques, QUF is linked strictly to QB by filtration frac-
tion (the fraction of  plasma water that is removed from blood by ultrafiltra-
tion): it is recommended to keep QUF to less than 0.2 x QB. During diffusive 
techniques, when the QD to QB ratio exceeds 0.3, it can be estimated that 
dialysate will not be completely saturated by blood- diffusing solutes. even if  
“unperfect” solutes, urea and creatinine blood levels are used to guide treat-
ment dose. During ultrafiltration, the driving pressure jams solutes, such as 
urea and creatinine, against the membrane and into the pores, depending 
on the membrane sieving coefficient (SC) for that molecule. SC expresses 
a dimensionless value and is estimated by the ratio of  the concentration 
of  the solutes in the filtrate divided by that in the plasma water, or blood. 
An SC of  1.0, as is the case for urea and creatinine, demonstrates com-
plete permeability; value of  0 reflects complete rejection. Molecular size 
more than approximately 12 kDa and diameter of  filter pores are the major 
determinants of  SC. The K during convection is measured by the product 
of  QUF multiplied by SC. Thus, there is a linear relationship between K and 
QUF, with SC being the changing variable for different solutes. During dif-
fusion, an analogue linear relationship depends on diffusibility of  a solute 
across the membrane. As a rough estimate, it has been shown that, during 
continuous, slow efficiency treatments, urea K can be considered a direct 
expression of  QUF and QD. K can be used normally to compare the treat-
ment dose during each dialysis session, but it cannot be used as an absolute 
dose measure to compare treatments with different time schedules. For 
example, K is typically greater during intermittent hemodialysis (IHD) than 
continuous renal replacement therapy (CRRT) and sustained, low- efficiency 
daily dialysis (SLeDD). This is not surprising because K represents only the 
instantaneous efficiency of  the system. However, mass removal may be 
greater during SLeDD or CRRT. For this reason, the information about the 
time span during which K is delivered is fundamental to describing the effec-
tive dose of  dialysis (intensity).

Intensity of  RRT can be defined by the product “Clearance x Time” (Kt; 
which is measured in milliliters per minute multiplied by 24 hours, liters 
per hour multiplied by 4 hours, and so on). Kt is more useful than K in 
comparing various RRTs. However, it does not take into account the size 
of  the pool of  solute that needs to be cleared; this requires the dimension 
of  efficacy.

Efficacy of  RRT is the effective solute removal outcome resulting from 
the administration of  a given treatment dose to a given patient. It can be 
described as a fractional clearance of  a given solute (Kt/ V), where V is the 
volume of  distribution of  the marker molecule in the body (about 45 L in a 
70 kg adult patient). Kt/ V is a dimensionless number and it is an established 
measure of  dialysis dose correlating with medium term (several years) sur-
vival in chronic hemodialysis patients (e.g., 3 L/ h x 24 h/ 45 L = 72 L/  45 
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tL = 1.6) . Urea is typically used as a marker molecule in end- stage kidney 
disease to guide treatment dose (the volume of  distribution of  urea [VUReA] 
is generally considered as equal to patient total body water, which is 60% 
of  patient body weight), and a Kt/ VUReA of  at least 1.2 is currently recom-
mended for IHD treatments. However, Kt/ VUReA application to patients with 
AKI has not been evaluated rigorously as a result of  a major uncertainty 
about VUReA estimation. Some authors have suggested to express dose as K 
indexed to patient body weight as an operative measure of  daily CRRT. It is 
now suggested to deliver no less than 20 mL/ kg/ h x 24 hours. If  the simpli-
fication discussed earlier (K = milliliters per hour = QUF or QD) can be con-
sidered acceptable, this CRRT dose might be expressed in a 70- kg patient 
as about 1500 mL/ h or 36 L/ day of  continuous venovenous hemofiltration 
(CVVH; QUF x kilograms x 24 hours) or continuous venovenous hemofiltra-
tion dialysis (QD x kilograms x 24 hours). Interestingly, applying Kt/ VUReA 
dose assessment methodology in a 70- kg patient, the dosage of  20 mL/ kg/ 
h x 24 hours would be equivalent to a Kt/ V value of  0.8. Furthermore, it is 
usually necessary to prescribe a higher dose (e.g., 25– 30 mL/ kg/ h) to ensure 
that delivery is never less than the 20- mL/ kg/ h prescription. Nevertheless, 
so far, several clinical trials have failed to show a one- size- fits- all prescription 
for RRT, and dialysis dose should always be tailored to each patient. The 
most important point is never to “underdialize” patients, especially in case of  
sepsis and hypercatabolism.

Other parameters of  dialysis dose include acid– base control, tonicity con-
trol, potassium control, magnesium control, calcium and phosphate control, 
intravascular volume control, extravascular volume control, temperature con-
trol, and the avoidance of  unwanted side effects associated with the delivery 
of  solute control. These aspects of  dose are not currently addressed by any 
attempt of  measure, but should be considered when discussing the prescrip-
tion of RRT.

Practical Aspects of RRT Dose
Table 9.1 and Table 9.2 provide a potential flow chart that could be followed 
each time an RRT prescription is indicated.

• Urea volume of  distribution V (in liters): patient’s body weight (in 
kilograms) x 0.6

• estimated fractional clearance (Kt/ VCALC): KCALC (in milliliters per minute) x 
Prescribed treatment time (in minutes)/ V (in milliliters)

• A dosage of  25 mL/ kg/ h corresponds roughly to a (theoretically) optimal 
Kt/ V value of 1.0.

• Filtration fraction calculation (postdilution): QR/ QB x 100; filtration fraction 
calculation (predilution): QR/ QB + QR x 100

• QB, blood flow rate; QR, replacement solution flow rate; QUF, ultrafiltration 
flow rate (QUF: QR + QUF

NeT); QUF
NeT, patient’s net fluid loss; QD, dialysate 

solution flow rate
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RRT Dose Delivery: Continuous 
or Intermittent

Originally, K is used to evaluate renal function among disparate individuals 
whose kidneys, however, are operating 24 hours per day and urea/ creatinine 
blood levels are at a steady state. For this reason, the concept of  K is eas-
ily applicable to continuous treatments, and its use to describe intermittent 
therapy efficiency is a sort of  “adaptation.”

K is typically greater in IHD than in CRRT and SLeDD. However, mass 
removal may be greater during SLeDD or CRRT because the K is applied for 
12/ 24 hours (Table 9.3).

From a physiological point of  view, even if  a continuous and an intermittent 
therapy were prescribed to provide exactly the same marker solute removal, 
still these two treatments could not be comparable. During continuous treat-
ments, when a relatively low K is applied, a slow but prolonged removal of  
solutes approaches a pseudo steady- state slope (Figure 9.1). In highly intermit-
tent therapies, the intensive K, limited to 4 to 6 h/ day, thrice a week, causes 
the sawtooth slope in solute removal and the eventual rebound during the 

Table 9.1 Example of a possible prescription for a continuous 
treatment in a 70- kg patient (urea volume, 42 L) during an ideal 
session of 24 hours (time, 1440 minutes)

Estimated urea 
clearance (KCALC)

Notes Value of Q 
to Obtain 
25 mL/ kg/ h

Value of Q to 
obtain 1 Kt/ V

CVVH 
postdilution

KCALC = QUF = QR Always keep 
filtration 
fraction <20% 
(QB must be 
five times QR)

QR: 25 mL/ 
min
or 2000 mL/ h

QR: 29 mL/ min
or 1750 mL/ h

CVVH 
predilution K

Q
Q
Q

CALC
UF

R

B

=
+1

Filtration 
fraction 
computation 
changes (keep 
<20%)

For a QB of  
180 mL/ min,
QR: 30 mL/ 
min or 2500 
mL/ h

For a QB of   
200 mL/ min, QR: 
35 mL/ min or 
2100 mL/ h

CVVHD KCALC = QD Keep QB at 
least thrice QD

QD: 25 mL/ 
min
or 2000 mL/ h

QD: 29 mL/ min 
or 1750 mL/ h

CVVHDF 
postdilution 
(~50% 
convective 
and diffusive 
K)

KCALC = QR + QD Consider 
both notes 
of  CVVH and 
CVVHD

QR: 15 mL/ 
min + QD: 10 
mL/ min

QR: 14 mL/ min 
replacement 
solution + 
QD: 15 mL/ min

Net ultrafiltration (patient fluid loss) is considered zero in KCALC for simplicity.
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time span without treatment. These peaks and valleys of  solutes, bicarbonate, 
electrolytes, plasma osmolarity, and volemia are not physiological and might 
have a detrimental effect on patient hemodynamic, electrolyte, acid– base and 
other “osmolar” balances.

Furthermore, in the case of  IHD, the intercompartmental transmittance 
(Kc)— in other words, the variable tendency of  different tissues to “release” 

Table 9.2 RRT prescription

Clinical 
Variables

Operational 
Variables

Setting

Fluid balance Net ultrafiltration Continuous management of  a negative 
balance (100– 300 mL/ h) is preferred in 
hemodynamically unstable patients. Complete 
monitoring (CVC, S- G, arterial line, eKG, pulse 
oximeter) is recommended.

Adequacy and dose Clearance/ 
modality

Two thousand to 2500 mL/ h K (or 25– 30 mL/ 
kg/ h) for CRRT, consider first CVVHDF. If  IHD 
is selected, with a minimum dose of  1.2 Kt/ 
V administered at least three times per week. 
Note that a 4-  to 5- hour prescription is usually 
necessary, and monitoring of  delivered Kt/ V is 
recommended.

Acid– base Solution buffer Bicarbonate buffered solutions are preferable 
to lactate buffered solutions in case of  lactic 
acidosis and/ or hepatic failure.

electrolyte Dialysate/ 
replacement

Consider solutions without K+ in case 
of  severe hyperkalemia. Manage MgPO4 
accurately.

Timing Schedule early and intense RRT is suggested.

Protocol Staff/ machine Well- trained staff should use RRT monitors 
routinely according to predefined institutional 
protocols.

CRRT, continuous renal replacement therapy; CVC, central venous catheter; CVVHDF, continuous 
venovenous hemodiafiltration; eKG: electrocardiogram; IHD, intermittent hemodialysis; Kt/ V, XXXX; 
S- G, Swan Ganz catheter.

Table 9.3 

CRRT IHD

K (mL/ min) 35 200

Urea start (mg/ dL) 110 110

Urea end (mg/ dL) 90 30

Treatment time (min) 1440 240

Total K (K x time) 50.5 48

Urea removed (g) 25 18

CRRT, continuous renal replacement therapy; IHD, intermittent hemodialysis.
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a solute into the bloodstream— is much more relevant than during long last-
ing slow efficiency treatments. A system with a low Kc will tend to be less 
purified during a short dialysis session with respect to another organ with 
a higher Kc (regardess of  treatment intensity). During continuous treat-
ments the Kc will not affect solutes transport into the bloodstream since 
blood purification will be slow and constant and mainly dependant on tratent 
intensity.

Different prescriptions may lead to almost equivalent final daily delivery of  
K. Nonetheless, continuous therapies seem to achieve a final better urea con-
trol resulting from the different “physiology” of  solute removal (slow, steady, 
prolonged, and independent from tissue intercompartmental transmittance).

According to recent international surveys on clinical practice patterns, 80% 
of  centers administer CRRT, 17% use intermittent RRT, and a very few apply 
peritoneal dialysis. Interestingly, in many centers, intermittent techniques are 
used together with continuous ones, thus evidencing the possibility of  multiple 
prescriptions and practices. Nonetheless, after years of  debate, the literature 
is not able to draw conclusions on how RRT delivery modalities may affect 
clinical outcomes. Many reports have been published about this issue and they 
must be analyzed critically.

Many randomized controlled trials compared intermittent and continuous 
RRT, providing, so far, only conflicting and puzzling results. Based on current 
scientific evidence, the Surviving Sepsis Campaign guidelines for the manage-
ment of  severe sepsis and septic shock recently concluded that, during AKI, 
continuous and intermittent dialysis should be considered equivalent evemìn if  
in hemodynamically unstable patients CRRT might be preferred.
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Figure 9.1 Blood urea nitrogen (BUN) patterns over time for intermittent hemodialysis 
(IHD), continuous venovenous hemofiltration (CVVH), and slow low- efficiency dialysis 
(SLeD).
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As concluded by the Acute Dialysis Quality Initiative workgroup in 2001, deliv-
ered clearance should be monitored during all renal supportive therapies. No 
recommendations can be made for specific dialysis dosing for patients with 
specific diseases at this time. A minimum dose of  RRT, however, needs to be 
delivered for AKI:

• The best evidence to date supports the delivery of  at least 20 mL/ 
kg/ h for CVVH, continuous venovenous hemofiltration dialysis, or con-
tinuous venovenous hemodiafiltration. Usually, this requires a target set 
dose of  25 to 30 mL/ kg/ h. Currently, there is no evidence of  harm 
in increasing the dose up to 35 mL/ kg/ h (2– 2.5 L/ h), which might be 
beneficial in terms of  solute control in selected patients.

• Or 1.2 Kt/ V delivered IHD on alternate days. The typically prescribed dose 
is approximately 1.4 Kt/ V for alternate- day dosing.

• For alternate day IHD, isolated ultrafiltration can be used for volume control 
as needed on nondialysis days.

• It is also recommended that the prescription should exceed that calculated 
to be “adequate,” because of  the known gap between prescribed and 
delivered dose.

• A solute- based approach in the context of  dialytic dose may appear restric-
tive because other dimensions of  adequacy of  RRT or RRT dose need to 
be taken in consideration: blood volume control, acid– base control, and 
tonicity control. However, the solute based- approach of  RRT is operatively 
relatively simple and requires careful attention every time dialysis is pre-
scribed because it allows to monitor the quality and the actual delivery of  
the treatment.

Key References

Lameire N, van Biesen W, Van Holder R, Colardijn F. The place of  intermittent 
hemodialysis in the treatment of  acute renal failure in the ICU patient. Kidney Int. 
1998;53(suppl):S110– S119.

Ricci Z, Bellomo R, Ronco C. Dose of  dialysis in acute renal failure. Clin J Am Soc Nephrol. 
2006;1:380– 388.

Ronco C, Bellomo R, Homel P, et al. effects of  different doses in continuous veno- 
venous haemofiltration on outcomes of  acute renal failure: a prospective randomised 
trial. Lancet. 2000;356:26– 30.

The VA/ NIH Acute Renal Failure Trial Network. Intensity of  renal support in critically ill 
patients with acute kidney injury. N Engl J Med. 2008;359:7– 20.

Uchino S, Bellomo R, Kellum JA, et al. Patient and kidney survival by dialysis modality 
in critically ill patients with acute kidney injury. Int J Artif  Organs. 2007;30:281– 292.

Uchino S, Kellum JA, Bellomo R, et al. Acute renal failure in critically ill patients: a multi-
national, multicenter study. JAMA. 2005;294:813– 818.

 

 



74
C

H
A

PT
eR

 9
 D

os
e 

A
de

qu
ac

y 
an

d 
A

ss
es

sm
en

t



75

Chapter 10

Acid– Base and Electrolyte 
Disorders
John A. Kellum

Electrolyte Management

An important principle in the management of  electrolytes with continuous 
renal replacement therapy (CRRT) is that “you get what you replace.” With 
hemofiltration, all electrolytes are removed freely (sieving coefficients near 
one) and thus, over time and assuming no large intake or other losses, plasma 
concentrations approach those of  the replacement fluid. The rate at which 
electrolytes change is determined by how different the plasma concentration 
is relative to that in the replacement fluid and the rate of  fluid replacement 
delivered.

Similar principles exist for continuous hemodialysis, with one excep-
tion: phosphate. Although the phosphate molecule is not large, it behaves as 
if  it were a much larger molecule. As a consequence, phosphate is removed 
much more slowly with hemodialysis (diffusion) compared with hemofiltration 
(convection). For this reason, patients receiving hemodialysis may still require 
phosphate binders whereas those receiving hemofiltration frequently require 
phosphate replacement.

It should be noted that plasma electrolyte concentrations often do not 
reflect whole- body stores, whereas high or low plasma concentrations still 
may induce symptoms and deleterious physiological and metabolic effects. In 
particular, K+, the primary intracellular cation, exhibits only a loose associa-
tion between plasma and intracellular concentrations (discussed next). Plasma 
Mg2+ concentrations bear almost no relation to total- body stores, and persis-
tent hypokalemia may be the only clue to total- body Mg2+ deficiency.

electrolytes losses should be considered, as well as electrolyte intake, in 
prescribing CRRT. An important source of  exogenous K+ is from transfusions 
of  banked blood. Blood transfusions are also an import cause of  hypocalce-
mia because of  the citrate anticoagulation used in blood banking. Important 
sources of  electrolyte loss are shown in Table 10.1
Specific fluid- prescribing information for both continuous venovenous hemo-
filtration and continuous venovenous hemofiltration dialysis is included in 
Chapter 14.
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Dysnatremias

CRRT is rarely required as primary therapy for dysnatremias, but patients with 
renal failure frequently develop dysnatremia and care must be taken to correct 
sodium levels according to the rate in which the abnormality has developed 
and in response to the nature of  the symptoms present. In general, dysnatre-
mias that develop slowly should be treated slowly; rapidly occurring dysnatre-
mias demand rapid correction. Severe symptoms also require rapid treatment, 
although correction is partial, at first, in the case of  chronic conditions. Finally, 
volume status should be considered in the treatment plan.

Hypernatremia
Hypernatremia manifests as thirst, lethargy, coma, seizures, and muscular 
tremor and rigidity, and an increased risk of  intracranial hemorrhage. Thirst 
usually occurs when the plasma sodium level increases 3 to 4 mmol/ L greater 
than normal. Lack of  thirst is associated with central nervous system disease 
(see Table 10.2).

Rate of correction
• If  hyperacute (<12 hour), correction should be rapid.
• Otherwise, aim for gradual correction of  plasma sodium levels (over 1– 

3 days), particularly in chronic cases (>2 days’ duration), to avoid cerebral 

Table 10.1 Electrolyte losses
Large nasogastric aspirate, vomiting Na+, Cl– 

Sweating Na+, Cl– 

Polyuria Na+, Cl– , K+, Mg2+

Diarrhea Na+, Cl– , K+, Mg2+

Ascitic drainage Na+, Cl– 

Table 10.2 Causes of hypernatremia
Type Etiology Urine
Low total
body Na

Renal losses:
diuretic excess, osmotic diuresis 
(glucose, urea, mannitol)
extrarenal losses: excess sweating

[Na+] > 20 mmol/ L iso-  or 
hypotonic

[Na+] <10 mmol/ L hypertonic

Normal total
body Na

Renal losses:
diabetes insipidus
extrarenal losses: respiratory and 
renal insensible losses

[Na+] variable
hypo- , iso- , or hypertonic
[Na+] variable hypertonic

Increased
Total- body Na

Conn’s syndrome, Cushing’s 
syndrome, excess NaCl, hypertonic 
NaHCO3

[Na+] >20 mmol/ L
iso-  or hypertonic
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lowering of  less than 0.7 mmol/ h has been suggested.

Low or normal total body Na (water loss)
• Reduce Na concentration in replacement fluid or dialysate (see Chapter 14 

for specific fluids).
• Water replacement by mouth may be given in addition to changes in CRRT 

fluids.
• even fluid balance (or even fluid gain with replacement fluid) until total- body 

water is normalized.
• If  central diabetes insipidus (CDI) is present, restrict salt and administer 

thiazide diuretics. Complete CDI requires desmopressin (10 μg twice daily 
intranasally or 1– 2 μg twice daily intravenously [IV]) whereas partial CDI 
may require desmopressin but often responds to drugs that increase the 
rate of  ADH secretion or end- organ responsiveness to ADH (e.g., chlor-
propamide, hydrochlorothiazide).

• If  nephrogenic diabetes insipidus is present, manage with a low- salt diet and 
thiazides. High- dose desmopressin may be effective. Consider removal of  
causative agents (e.g., lithium).

Increased total body Na (Na gain)
• Reduce Na concentration in replacement fluid or dialysate (see Chapter 14 

for specific fluids).
• Fluid removal is targeted at achieving an even fluid balance or, if  hypervol-

emia, a net negative fluid balance.

Hyponatremia
Hyponatremia may cause nausea, vomiting, headache, fatigue, weakness, 
muscular twitching, obtundation, psychosis, seizures, and coma. Symptoms 
depend on the rate as well as the magnitude of  decrease in the plasma [Na+]. 
(see Table 10.3)

Rate and degree of correction
• Rate and degree of  correction depend on how rapidly the condition has 

developed and whether the patient is symptomatic. Hyponatremia that has 
developed over more than 48 hours is considered chronic.

• In chronic, asymptomatic hyponatremia, correction should not exceed 4 mmol/ 24 
h and the rate of correction should not exceed 0.3 mmol/ L/ h.

• In chronic symptomatic hyponatremia (e.g., seizures, coma), correction 
should be 1 to 1.5 mmol/ L/ h until symptoms resolve, then correct as per 
asymptomatic cases.

• In acute hyponatremia (<48 h), the ideal rate of  correction is controversial, 
although elevations in plasma Na+ can be faster, but <20 mmol/ L/ day.

• A plasma Na+ level of  125 to 130 mmol/ L is a reasonable target for initial 
correction of  both acute and chronic states. Attempts to achieve eunatre-
mia rapidly should be avoided.
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• Neurological complications (e.g., central pontine myelinolysis) are 
related to the degree of  correction and, in chronic hyponatremia, the 
rate. Premenopausal women are at highest risk for this complication.

Extracellular fluid volume excess
• If  symptomatic (e.g., seizures, agitation), 100- mL aliquots of  hypertonic 

(1.8%) saline can be given. Check plasma levels every 2 to 3 hours.
• If  symptomatic and edematous, fluid removal on CRRT can be provided in 

addition to hypertonic saline. Check plasma levels every 2 to 3 hours. With 
custom replacement fluid or dialysate, the Na concentration can be increased 
somewhat, but hypertonic dialysis or replacement fluid is not recommended.

• If  not symptomatic, restrict water to 1– 1.5 L/ day. If  hyponatremia persists, 
consider inappropriate ADH [syndrome of  inappropriate antidiuretic hor-
mone secretion (SIADH)] secretion.

• If  SIADH likely, administer isotonic saline and consider demeclocycline.

Extracellular fluid volume depletion
• If  symptomatic (e.g., seizures, agitation), give isotonic (0.9%) saline. 

Consider hypertonic (1.8%) saline initially, especially if acute.
• If  asymptomatic, use isotonic (0.9%) saline.
• Maintain an even fluid balance on CRRT.

General points
• equations that calculate excess water are unreliable. It is safer to monitor 

plasma sodium levels closely.
• Hypertonic saline may be dangerous, especially in the elderly and in those 

with impaired cardiac function.
• Use isotonic solutions for reconstituting drugs, parenteral nutrition, and so 

forth (i.e., avoid hypotonic fluids).
• Hyponatremia may intensify the cardiac effects of  hyperkalemia.

Table 10.3 Causes of hyponatremia
Type Etiology Urine [Na+]

eCF volume 
depletion

Renal losses: diuretic excess, osmotic dieresis 
(glucose, urea, mannitol), renal tubular 
acidosis, salt- losing nephritis, mineralocorticoid 
deficiency
extrarenal losses vomiting, diarrhea, burns, 
pancreatitis

>20 mmol/ L

<10 mmol/ L

Modest eCF volume 
excess (no edema)

Water intoxication (NB postoperative, TURP 
syndrome), inappropriate ADH secretion, 
hypothyroidism, drugs (e.g., carbamazepine, 
chlorpropamide), glucocorticoid deficiency, 
pain, stress.
Acute and chronic renal failure

>20 mmol/ L

>20 mmol/ L

eCF volume excess 
(edema)

Nephrotic syndrome, cirrhosis, heart failure <10 mmol/ L
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abnormal solutes (e.g., ethanol, ethylene glycol, glucose).

Causes of Inappropriate ADH Secretion
• Neoplasm, for example, lung, pancreas, lymphoma
• Most pulmonary lesions
• Most central nervous system lesions
• Surgical and emotional stress
• Glucocorticoid and thyroid deficiency
• Idiopathic
• Drugs (e.g., chlorpropamide, carbamazepine, narcotics)

Potassium and Magnesium

Both K+ and Mg2+ are, primarily, intracellular cations. Their total- body concen-
trations depend on the balance between intake and excretion; their plasma con-
centrations are determined by total- body stores as well as by their distribution 
across cell membranes. In the case of  K+, plasma pH and [Na+] also affect the 
plasma concentration. excretion is controlled primarily by the kidneys, although 
both cations are excreted in the feces as well.

Hyperkalemia
Hyperkalemia may cause dangerous arrhythmias, including cardiac arrest. 
Arrhythmias are related more closely to the rate of  increase in potassium than 
the absolute level. Clinical features such as paresthesia and areflexic weakness 
are not clearly related to the degree of  hyperkalemia but usually occur after 
electrocardiographic (eKG) changes (tall T waves, flat P waves, prolonged PR 
interval, and wide QRS).

Causes
• Reduced renal excretion (e.g., renal failure, adrenal insufficiency, diabetes, 

potassium- sparing diuretics)
• Intracellular potassium release (e.g., acidosis, rapid transfusion of  old blood, 

cell lysis including rhabdomyolysis, hemolysis, and tumor lysis)
• Potassium poisoning

Management
CRRT is effective in removing K+, although intermittent hemodialysis can 
remove K+ faster. Ancillary therapy may also be required, particularly in emer-
gency situations (see Chapter 6).

Hypokalemia
Typical manifestations of  hypokalemia include the following:

• Arrhythmias (SVT, VT, and torsades de pointes)
• eKG changes (ST depression, T- wave flattening, U waves)
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rs • Constipation
• Ileus
• Weakness

Causes
• Inadequate intake
• Gastrointestinal losses (e.g., vomiting, diarrhea, fistula losses)
• Renal losses (e.g., diabetic ketoacidosis, Conn’s syndrome, secondary hyper-

aldosteronism, Cushing’s syndrome, renal tubular acidosis, metabolic alka-
losis, hypomagnesemia, drugs including diuretics, steroids, theophyllines)

• Hemofiltration losses
• Potassium transfer into cells (e.g., acute alkalosis, glucose infusion, insulin 

treatment, familial periodic paralysis)

Management
Potassium replacement should be IV with eKG monitoring when there is a 
clinically significant arrhythmia (20 mmol over 30 minutes, repeated accord-
ing to levels). Slower IV replacement (20 mmol over 1 hour) should be used 
when there are clinical features without arrhythmias. Oral supplementation 
(to a total intake of  80– 120 mmol/ day, including nutritional input) can be given 
when there are no clinical features.

Hypomagnesemia
Magnesium is primarily an intracellular ion involved in the production and use 
of  energy stores, and in the mediation of  nerve transmission. Low plasma lev-
els, which do not necessarily reflect either intracellular or whole- body stores, 
may thus be associated with features related to the following functions:

• Confusion, irritability
• Seizures
• Muscle weakness, lethargy
• Arrhythmias
• Symptoms related to hypocalcemia and hypokalemia that are resistant to 

calcium and potassium supplementation, respectively

Normal plasma levels range from 1.7 to 2.4 mg/ dL; severe symptoms do not 
usually occur until levels decrease to less than 1.0 mg/ dL.

Causes
• excess loss (e.g., diuretics), other causes of  polyuria (including poorly con-

trolled diabetes mellitus), severe diarrhea, prolonged vomiting, large naso-
gastric aspirates

• Inadequate intake (e.g., starvation), parenteral nutrition, alcoholism, malab-
sorption syndromes

Management
• For severe, symptomatic hypomagnesemia, 10 mmol magnesium sulfate can 

be given IV over 3 to 5 min. This administration can be repeated once or 
twice as necessary.
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solution can be given over 1 to 2 hours and repeated as necessary, or 
according to repeat plasma levels.

• A continuous IV infusion can be given; however, this is usually reserved for 
therapeutic indications when supranormal plasma levels (4– 5 mg/ dL) of  
magnesium are sought (e.g., treatment of  supraventricular and ventricular 
arrhythmias, preeclampsia and eclampsia).

• Oral magnesium sulfate has a laxative effect and may cause severe diarrhea.

Hypermagnesemia
Symptomatic hypermagnesemia rarely occurs even in severe renal fail-
ure except as a consequence of  a large magnesium load (in which it may 
occur even with intact renal function). However, patients with renal fail-
ure may develop severe hypermagnesemia when exposed to magnesium- 
containing antacids or laxatives, even in usual therapeutic dosages. Thus, 
these agents are contraindicated in patients with severe renal failure. 
Most cases of  hypermagnesemia are mild (<3.6 mg/ dL, or 1.5 mmol/ L)  
and asymptomatic. However, three types of  symptoms may be seen when 
plasma magnesium concentration exceeds 4.8 mg/ dL (2 mmol/ L): neuromus-
cular, cardiovascular, and hypocalcemia (see Table 10.4).

Causes
• IV magnesium infusion (typically as treatment for preeclampsia)
• Oral ingestion (e.g., laxative, epsom salts)
• Magnesium enemas

Management
Peritoneal dialysis, intermittent renal replacement therapy (RRT), and CRRT 
have been used effectively to lower the plasma magnesium concentration in 
patients with severe symptomatic hypermagnesemia, usually in the setting 
of  renal failure complicated by exogenous magnesium loading. Intermittent 
hemodialysis with its higher flow rates works more rapidly, lowering magne-
sium levels to the nontoxic range usually within 3 to 4 hours. CRRT is typically 
slower, and peritoneal dialysis is usually reserved for milder cases in patients 

Table 10.4 Relationship of plasma magnesium and clinical 
symptoms
Plasma [Mg2+] Deep tendon Reflexes Other symptoms/ signs
4.8– 7.2 mg/ dL
(2– 3 mmol/ L)

Diminished Nausea, flushing, headache, lethargy, 
and drowsiness

7.3– 12 mg/ dL
(3– 5 mmol/ L)

Absent Somnolence, hypocalcemia, hypotension, 
bradycardia, and eCG changes

>12 mg/ dL
(>5 mmol/ L)

Absent Muscle paralysis, respiratory paralysis, 
complete heart block, and cardiac arrest
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neonatal hypermagnesemia.

While awaiting dialysis in a patient with severe symptoms, IV calcium can be 
given as a magnesium antagonist. The usual dose is 100 to 200 mg elemental 
calcium over 5 to 10 minutes.

Calcium and Phosphate

Ca2+ and PO3
4are often considered together in patients with renal failure 

because a common complication of  chronic disease is renal osteodystrophy or 
bone mineral disease, which leads to hypocalcemia and hyperphosphatemia.

Hypocalcemia
Symptoms of  hypocalcemia usually appear when total plasma calcium lev-
els are less than 8 mg/ dL and the ionized fraction is below 0.8 mmol/ L.  
Other symptoms are as follows:

• Tetany (including carpopedal spasm)
• Muscular weakness
• Hypotension
• Perioral and peripheral paresthesia
• Chvostek and Trousseau’s signs
• Prolonged QT interval
• Seizures

Causes
• Associated with hyperphosphatemia

• Renal failure
• Rhabdomyolysis
• Hypoparathyroidism (including surgery), pseudohypoparathyroidism

• Associated with low/ normal phosphate levels:

• Critical illness including sepsis, burns
• Hypomagnesemia
• Pancreatitis
• Osteomalacia
• Overhydration
• Massive blood transfusion (citrate binding)
• Hyperventilation and the resulting respiratory alkalosis may reduce 

the ionized plasma calcium fraction and induce clinical features of  
hypocalcaemia.

Management
• If  respiratory alkalosis is present, adjust ventilator settings or, if  spontane-

ously hyperventilating and agitated, calm and/ or sedate. Rebreathing into a 
bag may be beneficial.
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calcium) IV infusion over 30 to 60 minutes.

• If  symptomatic, give 5 to 10 mL 10% calcium chloride or 15 to 20 mL 10% 
calcium gluconate solution over 10 to 15 minutes. Repeat as necessary.

• Correct hypomagnesemia or hypokalemia if  present.
• If  asymptomatic and in renal failure or hypoparathyroid, consider enteral/ 

parenteral calcium supplementation and vitamin D analogues.
• If  hypotensive or cardiac output is decreased after administration of  a cal-

cium antagonist, give 5 to 10 mL 10% calcium chloride solution over 2 to 5 
minutes.

Hypercalcemia
Among all causes of  hypercalcemia, hyperparathyroidism and malignancy are 
the most common, accounting for greater than 90% of cases.

Symptoms of  hypercalcemia usually do not become apparent until the total 
(ionized + unionized) plasma levels are more than 13 mg/ dL (normal range, 
8.5– 10.5 mg/ dL). Symptoms depend on the patient’s age, the duration and 
rate of  increase of  plasma calcium, and the presence of  concurrent medical 
conditions. Signs and symptoms of  hypercalcemia may include the following 
(see Table 10.5):

• Nausea, vomiting, weight loss, pruritus
• Abdominal pain, constipation, acute pancreatitis
• Muscle weakness, fatigue, lethargy
• Depression, mania, psychosis, drowsiness, coma
• Polyuria, renal calculi, renal failure
• Cardiac arrhythmias

Causes

•  Malignancy (e.g., myeloma, bony metastatic disease, hypernephroma)
• Hyperparathyroidism
• Granulomatous disease (e.g., sarcoidosis, tuberculosis)
• excess intake of  calcium, vitamin A or D
• Drugs (e.g., thiazides, lithium)
• Immobilization
• Rarely, thyrotoxicosis, Addison’s disease

Table 10.5 Drug dosage
Diuretics Furosemide 10– 40 mg IV every 2– 4 hours (may be increased to  

80– 100 mg IV every 1– 2 hours)

Steroids Hydrocortisone 100 mg qid IV or prednisolone 40– 60 mg by mouth 
for 3– 5 days

Pamidronate 15– 60 mg Slow IV bolus

Calcitonin 3– 4 U/ kg IV followed by 4U/ kg SC bd
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• Identify and treat cause when possible.
• Carefully monitor hemodynamic variables, urine output, and eCG mor-

phology, with frequent estimations of  plasma Ca2+, PO4
3−, Mg2+, Na+, and K+.

• Intravascular volume repletion inhibits proximal tubular reabsorption of  cal-
cium and may lower plasma Ca2+ by 1 to 2 mg/ dL. It should precede diuret-
ics or any other therapy. Isotonic saline is typically used.

• Calciuresis. After adequate intravascular volume repletion, a forced diuresis 
with furosemide plus 0.9% saline (6– 8 L/ day) may be attempted.

• Steroids can be effective for hypercalcemia related to hematological cancers 
(lymphoma, myeloma), vitamin D overdose, and sarcoidosis.

• Calcitonin has the most rapid onset of  action with a nadir often reached 
within 12 to 24 hours. Its action is limited (usually does not decrease plasma 
Ca2+ by more than 2– 3 mg/ dL), is usually short- lived, and rebound hyper-
calcemia may occur.

• Biphosphonates (e.g., pamidronate) and IV phosphate should be given 
only after other measures have failed, in view of  their toxicity and potential 
complications.

• CRRT or intermittent RRT may be indicated, particularly early on if  the 
patient is in established oligoanuric renal failure and/ or is fluid overloaded.

• CRRT or intermittent RRT without calcium in the dialysis or replacement 
fluid are both effective therapies for hypercalcemia, although they are usu-
ally considered treatments of  last resort. RRT may be indicated in patients 
with severe malignancy- associated hypercalcemia and renal failure or heart 
failure, in whom hydration cannot be administered safely.

• The use of  CRRT or intermittent RRT in patients with hypercalcemia but 
without renal failure may require modification of  the composition of  dialysis 
solutions. In one case report, hemodialysis with a dialysis solution contain-
ing 4 mg/ dL phosphorus resulted in rapid correction of  all abnormalities 
in a patient in whom medical therapy had failed to reverse hypercalcemia, 
mental status changes, and hypophosphatemia resulting from primary 
hyperparathyroidism.

Calcium and Phosphate

Hypophosphatemia
Hypophosphatemia is often asymptomatic even when severe (<1 mg/ dL). 
Symptoms may include muscle weakness (including respiratory muscles 
and can be associated with inability to wean from mechanical ventilation) 
rhabdomyolysis, paresthesias, hemolysis, platelet dysfunction, and cardiac 
failure.

Causes
• Critical illness
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• Inadequate intake
• Loop diuretic therapy (including low- dose dopamine)
• Parenteral nutrition (levels decrease rapidly during high- dose IV glucose 

therapy, especially with insulin)
• Alcoholism
• Hyperparathyroidism

Management
Mild hypophosphatemia may be treated with oral phosphate supplements. In 
severe and symptomatic cases, 20 to 40 mmol of  NaPO4 or KaPO4 should 
be given by IV infusion over 6 hours and repeated according to the plasma 
phosphate level.

Hyperphosphatemia
Hyperphosphatemia itself  does not produce symptoms. The major concern for 
hyperphosphatemia is the high circulating levels of  parathyroid hormone that 
result and, in turn, its role in the development of renal osteodystrophy and pos-
sibly in other uremic complications as well. High levels of plasma Ca2+ and  PO4

3−

together may cause calcinosis (soft- tissue calcifications), especially if  the plasma 
Ca × PO4 product is chronically less than 70.

Causes
There are three general circumstances, alone or in combination, in which 
hyperphosphatemia occurs:

1. Massive acute phosphate load (e.g., tumor lysis, rhabdomyolysis)
2. Renal failure
3. Increased phosphate reabsorption (hypoparathyroidism, acromegaly, famil-

ial tumoral calcinosis, bisphosphonate therapy, vitamin D toxicity)

Management
The approach to therapy differs in acute and chronic hyperphosphatemia. 
Acute severe hyperphosphatemia with symptomatic hypocalcemia can be 
life- threatening. The hyperphosphatemia usually resolves within 6 to 12 hours 
if  renal function is intact. Phosphate excretion can be increased by saline infu-
sion, although this can further reduce the serum calcium concentration by 
dilution.

CRRT or intermittent RRT are often indicated in patients with symptom-
atic hypocalcemia, particularly if  renal function is impaired. Unlike other elec-
trolytes, phosphate is removed more efficiently with CRRT (in hemofiltration 
mode) compared with intermittent hemodialysis. This is because  PO4

3−acts in 
solution as a larger molecule and is more difficult to remove with diffusion 
(dialysis) compared with convection (filtration).

Pseudohyperphosphatemia
Spurious hyperphosphatemia may result from interference with the analytical 
methods.
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rs Causes
• Hyperglobulinemia, hyperlipidemia, hemolysis, and hyperbilirubinemia
• Liposomal amphotericin B

General Acid– Base Management

Increased intake, altered production, or impaired/ excessive excretion of  acid 
or base leads to derangements in blood pH. With time, respiratory and renal 
adjustments correct the pH toward normality by altering the plasma levels of  
PCO2 or strong ions (Na+, Cl−).

Increased Intake
• Acidosis: Chloride administration (e.g., saline), aspirin overdose
• Alkalosis: NaHCO3 administration, antacid abuse, buffered replacement 

fluid (hemofiltration)

Altered production

• Increased acid production: Lactic acidosis, diabetic ketoacidosis

Altered excretion
• Hypercapnic respiratory failure, permissive hypercapnia
• Alkalosis: Vomiting, large gastric aspirates, diuretics, hyperaldosteronism, 

corticosteroids
• Acidosis: Diarrhea, small bowel fistula, urethroenterostomy, renal tubular 

acidosis, renal failure, distal renal tubular acidosis, acetazolamide

General Management Principles
• Correct (when possible) the underlying cause (e.g., hypoperfusion)
• NaCl infusion for vomiting- induced alkalosis; insulin, Na+, and K+ in diabetic 

ketoacidosis
• Correct pH in specific circumstances only (e.g., NaHCO3 in renal failure)
• Avoid large- volume saline- based fluids. Consider lactated Ringer’s solu-

tion or hetastarch in balanced electrolyte solution (Hextend) for fluid 
resuscitation.

CRRT Management
• Acid– base abnormalities may be caused by improper use of  CRRT (e.g., 

during citrate anticoagulation) and are amenable to correction with CRRT.
• Correction of  plasma pH occurs because of  a change in plasma strong ion 

difference (SID) and, to a small extent, a change in weak acid concentration.

Rules of Thumb for pH Correction with CRRT
• The standard base excess (SBe) quantifies the change in plasma strong ion 

difference (SID) required to restore pH to 7.4 for a pCO2 level of  40 mmHg. 
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rsFor example, an SBe of  10 indicates the SID must be increased by 10 meq/ 
L to correct the acid– base abnormality completely.

• To increase SID, increase Na+ or decrease Cl–  and or lactate.
• To decrease SID, decrease Na+ or increase Cl– .
• Do not change Na+ beyond the normal range (135– 145 meq/ L).
• Use “buffer” (bicarbonate or lactate) to increase the difference between 

Na+ and Cl–  in the dialysate or replacement fluid.
• Typically, correction of  half  the abnormality is undertaken, then reassess-

ment is conducted.
• Avoid overcorrection of  acid– base abnormalities, particularly in cases 

of  metabolizable acid anions (e.g., lactate, ketones) (see Metabolic 
Acidosis next).

Metabolic Acidosis

A reduced arterial blood pH with a reduced SID and a base deficit of  more 
than 2m eq/ L. Outcome in critically ill patients has been linked to the severity 
and duration of  metabolic acidosis and hyperlactatemia.

Causes
Lactic acidosis. Can be due to tissue hypoperfusion (e.g., circulatory shock). 
The anion gap (or strong ion gap) is increased with lactic and other organic 
acids, and poisons. Anaerobic metabolism contributes in part to this metabolic 
acidosis; however, other cellular mechanisms are involved and may be more 
important. Lactic acidosis may be seen with increased muscle activity (e.g., 
postseizure, respiratory distress). Lung lactate release is seen acute lung injury. 
High sustained levels suggest tissue necrosis (e.g., bowel, muscle).

• Hyperchloremia (e.g., excessive saline infusion)
• Ketoacidosis: High levels of  β- hydroxybutyrate and acetoacetate related to 

uncontrolled diabetes mellitus, starvation, and alcoholism.
• Renal failure: Accumulation of  organic acids (e.g., sulfuric)
• Drugs:  In particular, aspirin (salicylic acid) overdose, acetazolamide (car-

bonic anhydrase inhibition), ammonium chloride. Vasopressor agents may 
be implicated, possibly by inducing regional ischemia or, in the case of  epi-
nephrine, accelerated glycolysis.

• Ingestion of  poisons (e.g., paraldehyde, ethylene glycol, methanol)
• Cation loss (e.g., severe diarrhea, small bowel fistulae, large ileostomy 

losses)

Causes lactic acidosis
• Sepsis
• Acute lung injury
• Diabetes mellitus
• Drugs (e.g., phenformin, metformin, alcohols)
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rs • Circulatory shock (e.g., septic shock, hemorrhage, heart failure)
• Glucose- 6- phosphatase deficiency
• Hematological malignancy
• Hepatic failure
• Renal failure
• Short bowel syndrome (D- lactate)
• Thiamine deficiency

Clinical Features
• Dyspnea
• Hemodynamic instability
• A rapidly increasing metabolic acidosis (over minutes to hours) is not the 

result of  renal failure. Other causes, particularly severe tissue hypoperfu-
sion, sepsis, or tissue necrosis should be suspected when there is associated 
systemic deterioration.

General Management
• The underlying cause should be identified and treated when possible.
• Support ventilation (increase minute volume in controlled mechanical venti-

lation) to help normalize the arterial pH.
• Reversal of  metabolic acidosis is generally an indication of  successful ther-

apy. An increasing base deficit suggests the therapeutic maneuvers in opera-
tion are either inadequate or wrong.

• The benefits of  buffers such as Carbicarb and THAM, or tris- hydroxymethyl- 
aminomethane, remain unproved.

CRRT Management
• Urgent CRRT/ hemodialysis may be necessary, particularly if  renal function 

is also impaired.
• Lactate and ketones are removed easily by CRRT, but they are also metabo-

lized rapidly when the underlying metabolic derangement is reversed. CRRT 
is rarely the primary therapy for lactic or ketoacidosis.

• Use standard or slightly more alkaline dialysate or replacement fluid. Avoid 
increasing SID by more than 5 meq/ L because a rapid change in lactate or 
ketones results in overshoot alkalosis.

• Hyperchloremia does not self- correct in a patient with anuric renal failure. 
Apart from diet, gastrointestinal losses, and intracellular shifts, the kidney is 
the primary regulator of  plasma electrolytes.

• CRRT is effective in correcting hyperchloremic acidosis.
• Decrease Cl–  in dialysate or replacement fluid by the same interval as the 

SBe. For example, for an SBe of  10, decrease Cl–  by 10 meq/ L.
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An increased arterial blood pH with an increased SID and base excess of  more 
than 2 meq/ L caused either by loss of  anions or gain of  cations. Because the 
kidney is usually efficient at regulating the SID, persistence of  a metabolic alka-
losis usually depends on either renal impairment or a diminished extracellular 
fluid volume, with severe depletion of  K+ resulting in an inability to reabsorb 
Cl–  in excess of Na+.

• The patient is usually asymptomatic, though if  spontaneously breathing 
will hypoventilate.

• A metabolic alkalosis causes a left shift of  the oxyhemoglobin curve, reduc-
ing oxygen availability to the tissues.

• If  severe (pH >7.6), a metabolic alkalosis may result in encephalopathy, sei-
zures, altered coronary arterial blood flow, and decreased cardiac inotropy.

Causes
• Loss of  total body fluid, Cl– , usually as a result of  the following:

• Diuretics
• Large nasogastric aspirates, vomiting

• Secondary hyperaldosteronism with KCl depletion
• Use of  hemofiltration replacement fluid containing excess buffer (e.g., 

lactate)
• Renal compensation for chronic hypercapnia, which can develop within 1 to 

2 weeks. Although more apparent when the patient hyperventilates, or is 
hyperventilated to normocapnia, an overcompensated metabolic alkalosis 
can occasionally be seen in the chronic state (i.e., an increased pH in an 
otherwise stable, long- term hypercapnic patient).

• excess administration of  sodium bicarbonate
• excess administration of  sodium citrate (large blood transfusion)
• Drugs, including laxative abuse, corticosteroids
• Rarely, Cushing’s disease, Conn’s syndrome, Bartter’s syndrome

Management
• Replacement of  fluid, Cl–  (i.e., give 0.9% saline), and K+ losses are often suf-

ficient to restore acid– base balance.
• With distal renal causes related to hyperaldosteronism, addition of  spirono-

lactone can be considered.
• Active treatment is rarely necessary. If  so, administer 150 mL 1.0 N HCl in 1 

L sterile water using a central line. Infuse at a rate not greater than 1 mL/ kg/ 
h. Alternatives include oral ammonium chloride or, if  the patient has volume 
overload with intact renal function, acetazolamide 500 mg IV or by mouth 
every 8 hours.

• Compensation for a long- standing respiratory acidosis, followed by correc-
tion of  acidosis (e.g., with mechanical ventilation) leads to an uncompensated 

 

 

 

 



90
C

H
A

PT
eR

 1
0 

A
ci

d-
B

as
e 

an
d 

E
le

ct
ro

ly
te

 D
is

or
de

rs metabolic alkalosis. This usually corrects with time, although treatments such 
as acetazolamide can be considered. Mechanical “hypoventilation” (i.e., main-
taining hypercapnia), can also be considered.

CRRT Management
• CRRT is not generally required for management of  metabolic alkalosis itself, 

but in patients receiving CRRT, principles of  management of  metabolic alka-
losis mirror those described earlier for metabolic acidosis.

• If  hypernatremia is present, decrease Na+ in dialysate or replacement fluid.
• Increase Cl–  concentration in dialysate or replacement fluid (increase con-

centration by the interval of  the SBe).
• Metabolic alkalosis can result from regional citrate anticoagulation, particu-

larly if  the concentrations of  Na+ and Cl–  are not adjusted. Cl–  concentration 
should be increased; if  using hypertonic sodium citrate, Na+ concentration 
in dialysate/ replacement fluid should be decreased.

• Avoid citrate and Ca++ “dose spirals”; reduce citrate rather than increasing 
Ca++ to avoid citrate overdosing.

Key Reference

Leehey DJ, Ing TS. Correction of  hypercalcemia and hypophosphatemia by hemodialysis 
using a conventional, calcium- containing dialysis solution enriched with phosphorus. 
Am J Kidney Dis. 1997;29(2):288– 290.
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Chapter 11

Choosing a Renal 
Replacement Therapy 
in Acute Kidney Injury
Jorge Cerdá and Claudio Ronco

At the time of  choosing a treatment modality for acute kidney injury (AKI), 
physicians strive to achieve multiple goals (Table 11.1). Most commonly, all 
goals are hard to achieve simultaneously, and compromises must be made. 
The choice of  renal replacement therapy (RRT) requires a series of  decisions 
(Table 11.2), including RRT modality, membrane characteristics, filter perfor-
mance, and dialysis delivery (timing, intensity, and adequacy). In this chapter, 
we “put together” the available evidence and create a realistic framework 
to assist in the decision- making process. The impact of  each of  these indi-
vidual decisions on patient outcomes is discussed in subsequent chapters of  
this book.

RRT is the last treatment resort when all “conservative” nondialytic thera-
pies have been ineffective. Timing of  application, modality of  choice, and 
dose are the main variables to consider. All three variables have recently 
been objects of  research. Although solid evidence has been made available 
on the adequate dose of  RRT, timing and modality remain areas of  ongoing 
controversy.

Discussion has centered not only on the impact of  RRT on patient survival, 
but also, lately, increasing emphasis is being placed on the effects of  different 
RRT modalities on kidney function recovery. Notwithstanding the controversy 
surrounding large studies, the decision on the application of  RRT must remain 
based on individual patient needs and the resources available at the local level.

Timing

Little evidence informs the decision on optimal timing of  initiation of  RRT. The 
decision is quite complex, because it involves patient- related variables (fluid 
status, diuresis, azotemia, and electrolyte and acid– base status) and process- 
of- care variables, including available equipment, personnel, and resources.

From an individual patient point of  view, the “classic” indications of  
RRT are obsolete and include severe hyperkalemia, acidosis, or azotemia. 
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Contemporary management strategies in general call for earlier initiation 
of  RRT, before such severe, life- threatening abnormalities have occurred. 
Transfer of  criteria designed for patients with end- stage renal disease (eSRD) 
to critical patients with AKI has led to a lag in the application of  early treatment 
in clinical practice. Such delay is currently not acceptable; with the technologies 
currently available, there is no reason why a critically ill patient with AKI should 
be exposed to avoidable metabolic and fluid complications, which are associ-
ated with severe adverse outcomes.

Multiple recent individual studies and meta- analyses suggest that earlier ini-
tiation of  RRT is beneficial, but difficulties remain on the definition of  “early” 
or “late.” Moreover, the subjective nature of  the decision and the confounding 
related to differences between patients who are offered early or late RRT 
makes interpretation of  results difficult.

Design of  studies is complex. Current efforts are ongoing to design such a 
study, which will require a randomized trial that includes a very large number 
of  subjects and clear evaluation of  all the variables involved.

Table 11.1 Characteristics of the “ideal” treatment modality 
of acute kidney injury in the intensive care unit

Characteristic

preserves homeostasis

Does not increase comorbidity

Does not worsen patient’s underlying condition

Is inexpensive

Is simple to manage

Is not burdensome to intensive care unit staff

Table 11.2 Considerations in renal replacement therapy 
for acute kidney injury

Consideration Components Varieties
Dialysis modality Intermittent hemodialysis Daily, every other day, SLeD

Continuous renal 
replacement therapies

AV, VV

peritoneal dialysis

Dialysis biocompatibility Membrane characteristics

Filter performance efficiency

Flux

Dialysis delivery Timing of  initiation early, late

Intensity of  dialysis prescription vs. delivery

Adequacy of  dialysis Dialysis dose

AV, arteriovenous; SLeD, sustained low- efficiency dialysis; VV, venovenous.
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initiate RRT. The application of  newer AKI staging classifications (such as the 
RIFLe (Risk, Injury, Failure, Loss and end Stage), AKIN (Acute Kidney Injury 
Network), and KDIGO (Kidney Disease Improving Global Outcomes) criteria 
has not been proved to be helpful in determining when to start RRT. Clearly, 
the best strategy consists of  careful individualization of  the decision to a spe-
cific patient, clinical context, and available resources, and consideration of  the 
demands imposed on the patient and the ability of  the patient and his/ her 
kidneys to cope with that demand (“capacity”). All these issues are discussed 
in detail throughout the book.

Modality

Renal replacement modalities currently in use include intermittent hemodi-
alysis (IhD), continuous renal replacement therapy (CRRT; various forms 
of  application), extended dialysis modalities (extended daily dialysis and 
prolonged intermittent renal replacement therapy [pIRRT]), and peritoneal 
dialysis.

The choice of  RRT modality is based on patient characteristics and institu-
tional availability. When all options are available, the patient’s hemodynamic 
stability is the main patient characteristic that determines modality choice 
(Table 11.3). Regardless of  the therapeutic goal (fluid removal, control of  azo-
temia, correction of  electrolyte or acid– base disorder), there is consensus that 

Table 11.3 Indications for specific renal replacement therapies

Therapeutic Goal Hemodynamics Preferred Therapy

Fluid removal Stable Intermittent isolated ultrafiltration

Unstable Slow continuous ultrafiltration

Urea clearance Stable Intermittent hemodialysis

Unstable CRRT

Convection: CAVh, CVVh

Diffusion: CAVhD, CVVhD

Both: CAVhDF, CVVhDF

Severe hyperkalemia Stable/ unstable Intermittent hemodialysis

Severe metabolic acidosis Stable Intermittent hemodialysis

Unstable CRRT

Severe hyperphosphoremia Stable/ Unstable CRRT

Brain edema Unstable CRRT

CAVh, continuous arteriovenous hemofiltration; CAVhD, continuous arteriovenous hemodialysis; 
CAVhDF, continuous arteriovenous hemodiafiltration; CRRT, continuous renal replacement therapy; 
CVVh, continuous venovenous hemofiltration; CVVhD, continuous venovenous hemodialysis; 
CVVhDF, continuous venovenous hemodiafiltration.
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forms of  CRRT. This consensus, not based on randomized control trial results, 
is reflected in the design of  the recent Acute Renal Failure Trial Network 
(ATN) study (discussed later in this chapter), a randomized study comparing a 
high versus a lower dose of  dialysis, where hemodynamically unstable patients 
were treated with CRRT, while stable patients were treated with IhD.

The main advantages of  IhD include its wide availability and widespread 
expertise in its application, even in small institutions. Furthermore, IhD is a 
purely diffusive, fast, generally effective modality that, by nature of  high blood 
and dialysate flows, can rapidly correct abnormalities such as hyperkalemia or 
water- soluble poisonings. The disadvantages of  IhD are also related to its abil-
ity to correct abnormalities very fast; often, critically ill patients do not tolerate 
such fast correction and develop fluid compartment disequilibria with severe 
consequences, including the onset or worsening of  brain edema. When IhD 
is the only option, modifications in its application— including long, daily treat-
ments; use of  dialysis sodium profiling; and reduction in dialysate temperature 
to less than 37°C— have been shown to be of  benefit.

Continuous modalities include methods that use convection, diffusion, or a 
combination of  convection and diffusion to achieve solute clearance (Table 11.4).  
In simple terms, diffusion occurs when there is flow of solute across a dialysis 
membrane along a favorable solute gradient concentration. Convection is the 
movement of  solute forced by solvent movement across a hemofilter, driven by 
a hydraulic pressure gradient (“solvent drag”).

An accompanying chapter in this book (Chapter 3) describes recent con-
cepts in RRT nomenclature and kinetics in detail. Briefly, different modalities of  

Table 11.4 Advantages and disadvantages of various renal 
replacement modalities

Modality Use in 
Hemodynamically 
Unstable Patients

Solute 
Clearance

Volume 
Control

Anticoagulation

pD Yes ++ ++ No

IhD possible ++++ +++ Yes/ no

IhF possible +++ +++ Yes/ no

Intermittent 
IhF

possible ++++ +++ Yes/ no

hybrid 
techniques

possible ++++ ++++ Yes/ no

CVVh Yes +++/ ++++ ++++ Yes/ no

CVVhD Yes +++/ ++++ ++++ Yes/ no

CVVhDF Yes ++++ ++++ Yes/ no

CVVh, continuous venovenous hemofiltration; CVVhD, continuous venovenous hemodialysis; 
CVVhDF, continuous venovenous hemodiafiltration; IhD, intermittent hemodialysis; IhF, intermittent 
hemofiltration; pD, peritoneal dialysis.
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Figure 11.1 Modalities of  continuous renal replacement therapy.
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CRRT (Figure 11.1) are defined by the main mechanism with which clearance 
is achieved: simple diffusion (continuous hemodialysis, continuous venovenous 
hemodialysis), convection (continuous hemofiltration, continuous venovenous 
hemofiltration), or a combination of  both (continuous hemodiafiltration, con-
tinuous venovenous hemodiafiltration). These different modalities differ in the 
magnitude of  the clearance achieved by convection or diffusion, and the need 
for fluid replacement (hemofiltration) (Table 11.5).

RRT filters are designated as dialyzers when working predominantly in dif-
fusion mode, with a countercurrent flow of  blood and dialysate. Hemofilters 
are filters designed to work predominantly in convection mode. In general, 
these filters have high- flux membranes with high permeability to water and to 
low-  and middle- molecular weight solutes (1000– 12,000 Da) and have high 
“biocompatibility.” Newer designs allow the achievement of  powerful, simul-
taneous convection and diffusion (high- flux dialysis, hemodiafiltration).

With current CRRT machines, solute exchange can be obtained by con-
vection, diffusion or both, with easier and more precise control over each 
component of  the therapy. Blood, dialysate, and ultrafiltrate flow rates can be 
controlled accurately with integrated pumps, and greater dialysate or convec-
tive flows— and therefore greater diffusive and convective solute fluxes— can 
be achieved. In contrast to IhD, during continuous dialysis, diffusion is lim-
ited by a low dialysate; the addition of  convection improves the clearances 
of  middle- molecular weight solutes (hemodiafiltration). At the slow flow 
rates usually used with CRRT, there is no interaction between diffusive and 

Table 11.5 Modalities of continuous renal replacement therapy

Technique Clearance: 
Convection*

Mechanism: 
Diffusion

Vascular 
Access

Fluid 
Replacement*

SCUF + – Large vein 0

CAVh ++++ – Artery and 
vein

+++

CVVh ++++ – Large vein +++

CAVhD + ++++ Artery and 
vein

+++

CVVhD + ++++ Large vein +/ 0

CAVhDF +++ +++ Artery and 
vein

++

CVVhDF +++ +++ Large vein ++

CAVhFD ++ ++++ Artery and 
vein

+/ 0

CVVhFD ++ ++++ Large vein +/ 0

CAVh, continuous arteriovenous hemofiltration; CAVhD, continuous arteriovenous hemodialysis; 
CAVhDF, continuous arteriovenous hemodiafiltration; CAVhFD, continuous arteriovenous high- 
flux hemodialysis; CVVh, continuous venovenous hemofiltration; CVVhD, continuous venovenous 
hemodialysis; CVVhDF, continuous venovenous hemodiafiltration; CVVhFD, continuous venovenous 
high- flux hemodialysis; SCUF, slow continuous ultrafiltration.

*0, not required; +, negligible; ++, some; +++, marked; ++++, major.
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fusive component to a convective RRT system (such as in continuous venove-
nous hemodiafiltration) increases the “dose” of  RRT and results in improved 
survival.

The main advantage of  CRRT is that it is applied on a continuous basis, and 
therefore allows for continuous adjustment of  prescription according to the 
rapidly varying conditions of  the critically ill patient. Moreover, although CRRT 
is a slow technique with lesser blood and dialysate (when applicable) flows, its 
continuous application effects develop over many hours, and thus— over the 
long run— CRRT is able to achieve higher solute clearances than IhD.

As opposed to IhD, CRRT (especially when using convective clearance pri-
marily or exclusively) leads to much less or no disequilibria between fluid com-
partments, and therefore avoids such critical consequences as brain edema— a 
frequent complication of  IhD. It is for this reason that, in the patient with or at 
risk of  brain edema (head trauma, neurosurgery, or patients with liver failure), 
CRRT is the only modality of  choice and IhD should be avoided. Frequent epi-
sodes of  hypotension during IhD in hemodynamically unstable patients may 
also contribute to worsened brain edema.

CRRT is associated with better tolerance to fluid removal for a variety of  
reasons:

1. The rate of  fluid removal is much slower in CRRT than in IhD. The main 
determinant of  hemodynamic instability during RRT is the maintenance 
of  intravascular compartment volume. The volume of  that compartment 
is the result of  the balance between convective removal of  fluid (ultra-
filtration) from plasma and the rate of  replenishment from the intersti-
tium. Therefore, whenever the ultrafiltration rate exceeds the rate of  
interstitium- to- plasma flow (refilling), the patient experiences hypovolemia 
and hemodynamic instability.

2. In IhD, rapid diffusion of  urea creates a plasma- to- interstitium and 
interstitium- to- cell osmotic gradient that drives water to the interstitium 
and to the intracellular compartment, such that plasma volume decreases 
and cell edema (including neuronal edema) occurs. With CRRT, the 
slower rate of  urea clearance allows for equalization of  urea concentra-
tions between compartments and, therefore, lessened water shifts and cell 
edema. This is particularly important in patients with intracranial hyperten-
sion, such as seen in patients with head trauma and acute liver failure.

3. Commonly, CRRT induces moderate hypothermia. A decrease in core 
temperature and the resultant peripheral vasoconstriction has been shown 
to decrease hypotensive episodes and may play a role in hemodynamic 
stability.

4. With either pre-  or postdilution hemofiltration, the magnitude of  sodium 
removal is less than the amount of  sodium removed with hemodialysis— 
a factor that may contribute to better cardiovascular stability in 
hemofiltration.
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ry 5. Although hypovolemia is the first step in dialysis- related hypotension, the 
ultimate arterial pressure response to hypovolemia is the result of  a com-
plex interplay between active and passive mechanisms, including decreased 
venous vessel capacity to sustain cardiac filling, increased arterial vascular 
resistance to ensure organ perfusion, and increased myocardial contractil-
ity and heart rate to maintain cardiac stroke volume. Any factor interfering 
with one or more of  these compensatory mechanisms may foster cardio-
vascular instability. In this context, it is possible that convective removal of  
inflammatory mediators could contribute to hemodynamic stability, espe-
cially during the early phases of  septic shock.

Recent evidence suggests an advantage in the use of  convective techniques 
(such as continuous venovenous hemofiltration) to remove medium-  and 
large- molecular weight toxins including cytokines and endotoxins. however, 
more evidence is necessary to demonstrate benefit in a large randomized 
study; for the moment, no such study has shown a conclusive benefit.

Recent evidence is accumulating on the pharmacokinetics of  CRRT, with 
extensive data informing the use of  different medications in CRRT patients. 
This is especially important because, as a result of  the increasing efficiency 
of  newer forms of  CRRT, there is a risk that excessive clearance of  medica-
tions (such as antibiotics) might affect patients adversely.

Much has been made on the problems associated with the prolonged hepa-
rin anticoagulation required to maintain a continuous modality. Recent evi-
dence on the clear advantages of  citrate anticoagulation on patient survival 
and acid– base control makes citrate the anticoagulant of  choice. Among other 
reasons for favoring citrate anticoagulation, citrate avoids the complications of  
continuous heparinization in bleeding- prone critically ill patients.

The cost of  CRRT is generally greater than that of  IhD or pIRRT. however, 
cost of  RRT must be seen in the context of  overall admission costs, especially 
considering the numbers of  days patients spend in the intensive care unit (ICU) 
and on mechanically assisted ventilation. Seen from this perspective, the overall 
costs of  RRT are quite minor. If  the application of  CRRT shortens length of  
stay or time on the ventilator, the impact of  CRRT on cost becomes irrelevant.

In an effort to use mixed modalities that resemble IhD, for which there 
is generally wide proficiency, hybrid modalities have been developed, includ-
ing sustained low- efficiency dialysis and pIRRT. These hybrid modalities com-
monly use modified IhD machines with decreased blood and dialysate flow 
rates to minimize dialysis disequilibrium and hemodynamic instability. Although 
increasing single- center reports show comparable results with CRRT, these 
hybrid techniques suffer from a dearth of  evidence on what is the adequate 
dose or what are the clearance characteristics of  toxins and medications, and 
it is therefore difficult, at this time, to reach solid conclusions on patient out-
comes in a widely applicable sample.
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three systematic reviews and meta- analyses, there is no evidence that any sin-
gle modality of  RRT is associated with improved patient outcome. The inclu-
sive Cochrane meta- analysis found similar hospital and ICU mortality, length 
of  stay, and renal recovery among critically ill patients treated with CRRT or 
IhD. however, in contrast to how IhD is performed routinely in the “real 
world”, most of  these studies applied IhD maximizing hemodynamic tolerance 
(by increasing duration, daily frequency, positive sodium balance, and thermal 
adjustments) and the high rate of  crossover between treatment modalities 
makes interpretation difficult. A recent meta- analysis by Schneider shows that, 
among AKI survivors, initial treatment with IhD may be associated with higher 
rates of  dialysis dependence among survivors, but this finding largely relies on 
observational trials subject to significant confounding, especially allocation bias 
by favoring IhD to treat more stable and more chronic kidney disease (CKD) 
patients.

Two large trials— the ATN and the Randomized evaluation of  
Normal versus Augmented Level Renal Replacement Therapy 
(ReNAL)— provided information on the possible impact of  choice 
of  RRT on renal recovery. In the ATN trial, in which IhD was delivered 
5077 times, 45.2% of  survivors required continued dialysis depen-
dence by day 28, whereas in the ReNAL trial, in which IhD was used  
314 times, dialysis dependence was 13.3% at 28 days. Some of  this varia-
tion may be dependent on other determinants such as earlier initiation of  
RRT in the ReNAL trial, and differences in patient mix and clinical practice. 
The recent Kidney Disease Improving Global Outcomes (KDIGO) guide-
lines recommend the use of  CRRT in hemodynamically unstable patients or 
in patients with brain edema or severe liver failure. In general, around the 
world, with large geographic differences in practice, CRRT is applied to criti-
cally ill patients, and when patients become more stable but still require RRT, 
those patients are transitioned to IhD. Some evidence suggests that the use 
of  IhD in unstable patients may be associated with worse survival and lesser 
renal recovery.

In current clinical practice, the choice of  RRT modality is based primarily 
on equipment availability and local expertise on any certain modality. The 
choice of  modality varies widely among countries. In high- income coun-
tries, CRRT is the main modality for the treatment of  critically ill patients, 
especially in europe, Australia, New Zealand, and Canada, but less so in the 
United States. In low-  and middle- income countries, IhD remains the main-
stay of  treatment, because the use of  CRRT is limited by cost and expertise 
limitations. In low- income countries with limited resources, peritoneal dialy-
sis is used with acceptable results, especially when modified for the critically 
ill patient.
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The definitions and impact of  different doses of  RRT on patient outcomes is 
discussed elsewhere in this book. Results of  very well designed randomized 
controlled trials have demonstrated that a minimal dose of  IhD should con-
sist of  a weekly Kt/ V of  3.9, or a CRRT dose of  20 to 30 mL/ kg/ h. Despite 
initial results suggesting benefit of  a higher dose, subsequent studies have 
shown that higher or much higher doses do not lead to better patient out-
come. Why this is so is unclear, and may be related to the dialytic and con-
vective losses of  valuable nutrients or medications, which leads to lessened 
survival. It is important to recognize that, realistically, to achieve a minimum of   
25 mL/ kg/ h, it is generally necessary to prescribe a higher dose, usually 
30 mL/ kg/ h, to achieve the dose goal despite multiple discontinuations in 
CRRT treatment (such as discontinuations due to system clotting, tests, or 
surgical procedures).

Long- Term Sequelae of AKI

previously, AKI was widely considered a “one- shot” disease, which led either 
to death or to function recovery. During the past few years, it has become 
increasingly evident that, after AKI, de novo development of  CKD or worsen-
ing of  preexisting CKD is quite common. The current increase in incidence of  
AKI around the world has made AKI a prime contributor to the incidence of  
new eSRD. The adverse clinical outcomes and the staggering costs of  CKD 
and eSRD have made this interaction an important public health problem, 
especially in countries with limited health resources. Multiple studies show that 
AKI should be considered among the classic risk factors for CKD, together 
with obesity, diabetes, and hypertension. The precise pathophysiological 
mechanism of  progression is unclear.

Several studies have shown an association between the severity of  AKI and 
the risk of  subsequent CKD progression. CKD patients who develop AKI have 
an up to 40 times greater likelihood of  progression to eSRD compared with 
patients with no baseline CKD, whereas patients with CKD but no AKI have 
an approximately eight times greater risk of  eSRD. Although, expectedly, the 
elderly are at a particular risk for progression to CKD and eSRD, it has been 
clearly shown that AKI can also be a significant factor of  progression to eSRD 
in children.

Clinical models have been developed in which— by multivariable analysis— 
variables associated with CKD progression include need for dialysis, baseline 
estimated glomerular filtration rate (eGFR), serum albumin concentration, and 
RIFLe stage. patients who require RRT during AKI have a 500- fold greater risk 
of  CKD compared with those who do not require RRT.
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on short-  and long- term outcomes. As discussed earlier, studies suggest 
that delayed initiation of  RRT may have a negative impact on outcomes, in 
part by allowing persistence of  fluid overload, which has been shown to be 
a negative factor in kidney recovery. Also, data such as that discussed earlier 
on RRT modality suggest that CRRT may be associated with better function 
recovery when compared with IhD, in part because of  repeated episodes 
of  intradialytic hypotension in the latter modality. There is no evidence that 
neither the dose of  dialysis nor the use of  certain filter membranes has an 
impact on kidney recovery. Finally, observational data have shown benefit 
in the use of  citrate anticoagulation during CRRT in contrast to heparin or 
no anticoagulation.

More research is needed in the continuum between AKI and CKD. It is 
essential to recognize the need to ensure nephrological follow- up of  AKI 
patients after ICU and hospital discharge. post- AKI interventions will likely 
have a large impact on the morbidity, mortality, and worsening CKD in this 
population.
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Chapter 12

Vascular Access 
for Continuous Renal 
Replacement Therapy
Alexander Zarbock and Kai Singbartl

Renal replacement therapy (RRT) remains a cornerstone for the management 
of  patients with severe acute kidney injury (AKI). The efficacy of  RRT depends 
on a reliable vascular access.

In critically ill patients, continuous renal replacement therapy (CRRT) is 
usually performed with a temporary dialysis catheter (TDC), which can be 
used in any patient, is inserted easily at the bedside, and is used immediately 
after insertion. Malfunction of  the catheter is frequently a result of  insufficient 
blood flow rates, repeated clotting of  the extracorporeal circuit, and short-
ened dialysis time.

Type of Catheter

The demands on TDCs are manifold, including sufficient rigidity to insert the 
catheter and maintain patency, enough flexibility to prevent kinking, thrombo-
resistance, and resistance to bacterial invasion.

Different types of  TDCs are available, but CRRT is usually performed with a 
dual- lumen catheter inserted into a central vein (Figure 12.1). A septum in the 
catheter separates the two lumina and prevents cross- flow. The two lumina 
can be arranged side by side or in a concentric manner (coaxial). To mini-
mize the recirculation rate, the tips on the catheter are staged. Frequently, the 
return tip is longer than the intake tip, with a gap of  more than 3 cm separating 
the two orifices. The choice of  the right catheter length, usually 16 cm versus 
20 cm, is crucial for both upper body (i.e., internal jugular vein) and lower 
body (i.e., femoral vein) access sites, because recirculation occurs if  the cath-
eter is not long enough.

The two most frequently used blood- compatible materials for dialysis 
catheters are silicone and polyurethane. The advantage of  silicone is that it 
is soft and flexible, and resistant to most chemicals. however, as a result of  
its mechanical properties, silicone catheters are more difficult to insert, and 
compression of  the lumen may lead to mechanical failure. On the other hand, 
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the danger of  endothelial damage or venous perforation is less. polyurethane 
is comparable with silicone with respect to biocompatibility, but it displays 
a greater tensile strength. A polyurethane catheter can be extruded with a 
thinner wall, resulting in a larger inner diameter and, subsequently, a greater 
flow rate, compared with silicon catheters with the same outer diameter. The 
advantage of  polyurethane catheters is that they have thermoplastic proper-
ties: rigid during placement, but they soften when soaked at body temperature. 
The use of  polyurethane catheters is often recommended, because it has been 
shown that this material is associated with reduced bacterial colonization.

Vascular Access Site and Implementation

General Considerations

• The insertion site of  the catheter depends on the patient’s characteris-
tics (e.g., previous surgery, local infection, coagulopathy, body habitus), 
the availability of  the insertion site, the skill/ experience of  the operator, 
and the risks of  site- specific complications.

• The Kidney Disease Improving Global Outcomes guidelines recommend 
using an uncuffed, nontunneled dialysis catheter in patients with AKI.

• As a result of  catheter- related bloodstream infection, nontunneled and non-
cuffed catheters can be used for short- term RRT (<3 weeks), but tunneled 

A B

C D

Figure 12.1 Type of  catheters used for continuous renal replacement therapy (CRRT). 
(A) All catheters used for acute CRRT today have tapered tips. Blood is  
usually removed through the side holes, located at some distance from the tip (~3 cm). 
(B) The Mahurkar acute dialysis catheter has a so- called double- D design that allows blood to 
be withdrawn through one side of  the catheter (intake lumen, dark gray in the figure) and 
returned through the other side (return lumen, light gray in the figure). (C) The Circle C catheter 
represents a variation of  the Mahurkar catheter. Blood is removed through the outer cylindrical 
lumen and is later returned through the inner cylindrical lumen. here, the internal surface area 
is greater than that of  the double- D catheter, and therefore resistance to blood flow is greater. 
(D) The Uldall concentric dual- lumen catheter has an outer surface with side holes in all direc-
tions for intake of  blood and a concentric inner lumen for blood return through the tip.
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duration of  the RRT is anticipated to be more than 3 weeks.
• TDCs should be inserted using stringent sterile precautions to reduce 

catheter- related bloodstream infection (CRBSI).
• Ultrasound guidance is recommended to be used for central vein catheteriza-

tion. This approach can increase the overall success rate and reduce the rate of  
complications (e.g., hemothorax, pneumothorax, catheter- related infections).

• To check the proper position of  the catheter superior vena cava (SVC/ 
right atrium), a chest radiograph promptly after placement and before 
first use of  an internal jugular or subclavian catheter is recommended.

• preexisting grafts and fistulas in patients with end- stage renal failure should 
not be used as vascular access sites for TDCs because these catheters can 
lead to permanent vessel or graft wall damage.

Site of Insertion
Jugular Vein
Insertion in the right internal jugular vein is preferred over the left internal jugu-
lar vein because of  the increased blood flow and reduced complication rate.

Femoral Vein
The femoral vein is often preferred because of  easy and fast accessibil-
ity. Transient dialysis catheters in the femoral vein have, for a long time, 
been thought to be associated with the highest infection rate. A recently 
conducted multicenter study, however, demonstrated that only in patients 
with a high body mass index is femoral catheterization associated with an 
increased infection rate. A recently published meta- analysis analyzing two 
randomized controlled trials (1006 catheters) and 8 cohort (16,370 cath-
eters) studies also demonstrated that femoral catheterization was not 
associated with an increased infection rate. Nonetheless, femoral TDCs 
drastically limit patient mobilization and increase recirculation rates.

Subclavian Vein
The insertion of  a central venous catheter in the subclavian vein is accom-
panied with a low infection rate in critically ill patients. Insertion of  a TDC 
in the subclavian vein is not recommended for patients who may need per-
manent dialysis access. Subclavian dialysis catheters carry greater rates of  
central venous stenosis, excluding the ipsilateral arm for future dialysis access. 
Therefore, the subclavian vein should be reserved for short- term use or when 
alternative sites are lacking.

Complications

Primary Complications

• Insertion- related complications are arterial puncture, pneumotho-
rax, hemothorax, air embolism, arrhythmias, pericardial tamponade, 
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reduced by using ultrasound guidance.
• A reduced blood flow, frequently indicated by increased intake and/ or 

return pressures in the CRRT circuit, are often the result of  malpositioning, 
kinking during insertion, or other mechanical problems. Improper catheter 
tip placement is a common cause of  reduced blood flow and malfunction. 
Femoral catheters should be inserted in the inferior vena cava, and jugular 
and subclavian catheters should be placed at the junction of  the superior 
vena cava and the right atrium. Malfunction of  catheters in the superior vena 
cava is decreased further when the tip of  the catheters is located in the right 
atrium, which is safe only with silicone catheters.

• Another problem is the inefficiency of  CRRT as a result of  recirculation of  
blood from the return to the intake part of  the catheter. This problem arises 
when the flow generated by the extracorporeal circuit exceeds the flow 
in the vein. Recirculation rates are normally less than 5% and depend on 
design, length, and insertion site of  the catheter as well as the blood flow in 
the CRRT circuit.

Secondary Complications
• Infection

• In intensive care unit patients, risk factors for CRBSI include catheter 
material, elective versus urgent insertion, the frequency of  manipula-
tion, the number of  infusion ports, the operator’s experience, insertion 
site, indwelling time, and severity of  the underlying illness.

• Contamination of  TDCs can occur as follows: extraluminal contamina-
tion (migration of  skin flora along the external surface of  the catheter 
into the bloodstream), hematogenous contamination (seeding from 
another focus of  infection), and intraluminal contamination (dominant 
mechanism in longer dwelling catheters, contamination of  the catheter 
hub through contaminated infusate).

• The most frequent bacteria are coagulase- negative staphylococci, 
Staphylococcus aureus, enterococci, Gram- negative bacteria, and yeast.

• TDCs should be used for RRT only.
• The use of  trisodium citrate compared with heparin as a catheter- 

locking solution reduces catheter- related infections.
• Using topical antibiotics over the skin insertion site of  a nontunneled 

dialysis catheter in critically ill patients with AKI requiring RRT is not 
recommended.

• The use of  antibiotic- impregnated catheters prevents CRBSI, but a gen-
eral recommendation for using these catheters cannot be given because 
of  the emergence of  allergic reactions and bacterial resistance.

• If  a clinical suspicion of  CRBSI exists, empiric systemic antibiotics appro-
priate for the suspected organisms should be started after cultures have 
been grown. After receiving the blood culture results, antibiotic treat-
ment should be tailored to the specific organism.
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removal of  the catheter and insertion of  a new catheter at a new site. 
however, if  an infection at the side of  puncture, pocket infection of  tun-
neled catheters, or CRBSI with clinical signs of  sepsis exists, the catheter 
has to be removed immediately.

• Thrombosis

• Depending on the diagnostic method, the incidence of  catheter- related 
thrombosis may be as high as 33% to 67%.

• Catheter- related thrombosis may occur as a thrombus adherent to the 
vessel wall or formation of  a fibrin sleeve around the catheter.

• Catheter- related thrombosis can lead to life- threatening complications, 
such as right- heart thromboembolism (RhTe) and pulmonary embo-
lism. Nonmobile RhTe originates from the tip of  a catheter in the right 
atrium. Mobile RhTe represents dislodged thrombi from deep venous 
thromboses in both the upper and lower extremities.

• During interdialytic periods, the catheter can be filled with an anticoagu-
lant (citrate or heparin) to prevent intraluminal thrombosis.

• Risk factors for catheter- related thrombosis are listed in Table 12.1.
• In critically ill patients, the incidence of  catheter- related thrombosis is 

greater for femoral and jugular catheters than subclavian catheters.
• The risk of  catheter- related thrombosis and, subsequently, the risk of  cath-

eter- related infection can be reduced by administering anticoagulants or by 
using anticoagulant- bonded catheters.

Table 12.1 Risk factors for temporary dialysis catheter 
thrombosis

Patient Related Catheter Related Site Related
hypercoagulable states* polyurethane/ polyvinyl 

catheters†
Femoral or internal jugular 
site†

Thrombophilic states*† Additional central venous 
catheters simultaneously†

Subclavian site*

Age >64 years† Traumatic insertion†

Underlying malignancy*† Distal placement*

Dehydration†

Impaired tissue perfusion†

Absent prophylaxis/ 
treatment†

*Associated with right- heart thromboembolism.

†Associated with central venous thrombosis.

Source: Modified after Burns KeA, McLaren A. A critical review of  thromboembolic complications 
associated with central venous catheters. Can J Anesth. 2008;55:532– 541.
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Chapter 13

The Circuit and 
the Prescription
Rinaldo Bellomo and Ian Baldwin

Methods and approach

There is no evidence to suggest that choosing continuous renal replacement 
therapy (CRRT) based on hemofiltration over hemodiafiltration or over 
hemodialysis leads to clinically important differences in outcomes. There is 
a clear difference, however, in terms of  the nature of  solute removal, with 
convection (filtration) leading to essentially equal small solute removal but 
much greater middle- molecular weight solute removal. It is unclear, however, 
whether this effect matters pathophysiologically or clinically. Because of  such 
uncertainty, physicians and nurses choose a particular approach in a given unit 
(typically based on local tradition, comfort, ease of  operation, and so on) and 
apply it consistently to all patients. epidemiological data suggest that continu-
ous venovenous hemodiafiltration (CVVhDF) with replacement fluid deliv-
ered in pre and or postdilution mode may be the most common approach to 
CRRT worldwide, followed by continuous venovenous hemofiltration with 
variable predilution. More important than the choice of  modality may be the 
actual dose delivered (see Chapter 8). The dose depends not only on modal-
ity, but also on the size of  the patient and the rate of  effluent generation.

Practical Considerations

For many machines, CRRT circuits are typically already set up for a particu-
lar modality. Thus, when an intensive care unit clinician group has chosen a 
machine and the modality it wishes to apply to patients, then the appropriate 
circuit is used during the machine setup. When this is not the case, appropri-
ately designed tubing is typically provided that can be connected to achieve 
the necessary circuit design. The circuit is then primed with a crystalloid solu-
tion (in neonates or small children, the circuit prime might require blood or a 
blood– albumin mix) and connected to the vascular access catheter. The out-
flow lumen of  the access catheter (“arterial” lumen) is typically labeled in red. 
The inflow lumen of  the catheter is typically labeled in blue (“venous” lumen). 
If  CVVhDF is being implemented, the bag(s) containing suitable replacement 
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or dialysis fluid is connected to peristaltic roller pumps, which can deliver some 
of  the fluid in the predilution position as replacement fluid (typically 50%) and 
can also deliver some of  the fluid (the other 50%) in a countercurrent direction 
to blood on the nonblood side of  the membrane. however, some machines 
and circuit design prohibit predilutional CVVhDF because of  the reduced 
diffusive clearance as this dilutes the blood entering the membrane. Finally, 
the effluent port of  the filter is connected with tubing to another peristaltic 
pump that sets the effluent flow rate. This is typically greater than the sum 
of  the replacement fluid flow rate and the dialysate flow rate to ensure some 
fluid removal, which compensates for additional fluids (nutrition, drugs, blood 
products) the patient may be receiving for the care and treatment in the ICU 
(Figures 13.1, 13.2, 13.3).

When all tubing is connected, the blood pump can be started. This is best 
done at low flows (especially for patients who require vasopressor support) 
because, at the start, blood is removed and crystalloid is administered to 
replace it. This results in the equivalent of  acute venesection or “bleed” equal 
to the volume of  the circuit (close to 150 mL in adults) before “pure” blood 
can both leave and enter the patient at an equivalent rate. Accordingly, the 
blood pump is best set at 20 to 30 mL/ min until the full circuit is primed with 
blood. When this has happened, gentle increases of  50 mL/ min are appropri-
ate until the target flow is achieved. After the blood path has been “set,” then 
therapy (dialysate flow, replacement fluid flow, and effluent generation) can 
begin. A possible prescription for such therapy is summarized in Table 13.1.

CAVH

CVVH

(A)

(B)

A
V

R

V
V

R

QB = 50–100

QB = 150–200

QF = 20–25 mL/min

QF = 8–12 mL/min

High perm.

High perm.

Figure 13.1 (A, B) Diagram of  a continuous arteriovenous hemofiltration (CAVh) (A) and 
a continuous venovenous hemodialysis (CVVh) (B) circuit. A, artery; high perm., high- 
permeability filter; QB, blood flow; QF, ultrafiltrate flow; R, replacement fluid; V, vein.
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CAVHD

Do Di

Do Di

CVVHD

A
V

V
V

QB = 50–100

QB = 150–200

QD = 20–35 mL/min
QF = 2–5 mL/min

QD = 8–15 mL/min
QD = 2–3 mL/min

Low perm.

Low perm.

(A)

(B)

Figure 13.2 (A, B) Diagram of  a continuous arteriovenous hemodialysis (CAVhD) (A) and 
a continuous venovenous hemodialysis (CVVhD) (B) circuit. A, artery; Di, dialysate inflow 
port; Do, dialysate outflow port; high perm., high permeability filter; QB, blood flow; QD, 
dialysate flow rate; QF, ultrafiltrate flow; R, replacement fluid; V, vein.

CAVHDF

Do Di

Do Di

CVVHDF

A

(A)

(B)

V

R

R

V
V

QB = 50–100

QB = 150–200

QD = 10–20 mL/min
QF = 10–20 mL/min

QD = 15–20 mL/min
QF = 8–12 mL/min

High perm.

High perm.

Figure 13.3 (A, B) Diagram of  a continuous arteriovenous hemodiafiltration (CAVhDF) 
)(A) and a continuous venovenous hemodiafiltration (CVVhDF) (B) circuit. A, artery; Di, 
dialysate inflow port; Do, dialysate outflow port; high perm., high permeability filter; QB, 
blood flow; QD, dialysate flow rate; QF, ultrafiltrate flow; R, replacement fluid; V, vein.
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Expected Outcomes, Potential Problems, 
Cautions, and Benefits

If  the principles of  circuit design and function are understood, if  the conse-
quences of  different techniques are appreciated, and if  the impact of  choos-
ing predilution versus postdilution or both are clear, then the physician can 
prescribe a logical approach to starting and delivering CRRT and the nurse 
can conduct CRRT with insight and expertise. This combination of  knowledge 
and expertise inevitably leads to safe and effective delivery of  CRRT, which 
has the following benefits: reliable and safe control of  uremia, adequate filter 
life and costing, complete control of  fluid balance, and minimal technical prob-
lems. The clinical outcome is a patient in whom CRRT goes on silently and 
problem- free in the background in a way that is similar to successful mechani-
cal ventilation.

problems may appear to arise in specific circumstances. however, under-
standing of  the basics will help deal with problems successfully and rapidly. For 
example, filter life may be short. e.g. less than four hrs use before clotting. If  
so, assessment of  the circumstances surrounding filter loss should allow pre-
vention of  similar events.

• Was the patient agitated and flexing the hip in the presence of  a femoral 
vascular access catheter? If  so, acute blockage to flow may have been 
responsible.

• Was the outflow pressure very negative (– 120 mmhg) from the very start 
of  therapy? If  so, vascular access dysfunction/ clotting should be suspected.

• Was the transmembrane pressure low (90– 100 mmhg) at the start but 
increased progressively over 4 to 5 hours of  therapy? If  so, rapidly pro-
gressive filter clotting should be suspected and the circuit anticoagulation 
approach reviewed.

• Was the dosage correct? Did the assay reflect adequate dosing? Did the 
postfilter pressure increase while the transmembrane pressure did not 
change much? If  so, one should suspect postfilter obstruction in the air 
chamber, where clot can frequently form.

Table 13.1 Prescription for continuous venovenous 
hemodiafiltration (100 mL/ h negative fluid balance)

Patient Medical 
Record 
No.

Technique Replace
ment Fluid 
Rate

Dialysate 
Flow Rate

Effluent 
Flow Rate

Comments

h. Jones 678945 Continuous 
venovenous 
hemodia-
filtration

900 mL/ h 1000 mL/ h 2000 mL/ h
(25 mL/ 
kg/ h)
100 mL/ h 
fluid loss

Start pump at 
30 mL/ min 
and increase 
to 200 mL/ 
min over  
>5 min.
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circuit and its components.

Key summary for understanding 
the circuit in relation to prescribing a 
therapy with variants of CRRT

The extracorporeal circuit used for CRRT has key components that, if  under-
stood clearly, allow physicians to prescribe physiologically logical therapy, and 
nurses to conduct smooth, safe, and problem- free treatment.

Appreciation of  the consequence of  choosing a particular technique is 
important. Understanding of  the impact of  predilution and postdilution on 
solute clearance and the effect of  blood dilution is similarly important. A clear 
and logical understanding of  pressure measurements along the CRRT circuit 
is extremely useful in troubleshooting and in making the correct etiological 
diagnosis when the circuit fails. To conduct CRRT without such knowledge and 
understanding likely makes the treatment less safe for the patient, less effec-
tive in terms of  uremic control, and a burden for nurses to develop expertise.
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Chapter 14

The Membrane
Size and Material

Zhongping huang, Jeffrey J. Letteri, Claudio Ronco,  
and William R. Clark

Hollow Fiber Membranes Used 
for CRRT: Biomaterial Considerations

As opposed to chronic hemodialysis, for which cellulosic membranes continue 
to be used, membrane continuous renal replacement therapy (CRRT) filters 
are almost exclusively synthetic. Synthetic membranes were developed essen-
tially in response to concerns related to the narrow scope of  solute removal 
and the pronounced complement activation associated with unmodified cellu-
losic filters. The AN69 membrane, a copolymer of  acrylonitrile and an anionic 
sulfonate group, was first used in flat sheet form in a closed- loop dialysate sys-
tem during the early 1970s for chronic hemodialysis. Since that time, a number 
of  other synthetic membranes have been developed, including polysulfone, 
polyamide, polymethylmethacrylate, polyethersulfone, and polyarylethersul-
fone/ polyamide. As is the case in chronic hemodialysis, all these membranes 
have either been used or are currently being used in a CRRT application.

Synthetic membranes are manufactured polymers that are classified as ther-
moplastics. In fact, for most of  the synthetic membranes, the renal market 
represents only a small fraction of  their entire industrial use. With wall thick-
ness values of  at least 20 μm, synthetic membranes tend to be thicker than 
their cellulosic counterparts and, from a structural perspective, they may be 
symmetric (e.g., AN69, polymethylmethacrylate) or asymmetric (e.g., polysul-
fone, polyamide, polyethersulfone, polyamide/ polyarylethersulfone). In the 
latter category, a very thin “skin” (approximately 1 μm) contacting the blood 
compartment lumen acts primarily as the membrane’s separative element 
with regard to solute removal. The structure of  the remaining wall thickness 
(“stroma”), which determines the thermal, chemical, and mechanical proper-
ties, varies considerably among the different synthetic membranes.

Although biocompatibility encompasses several different considerations, 
complement activation has traditionally been the primary parameter used for 
comparisons of  different membranes. As suggested, synthetic membranes as a 
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complement activation is roughly proportional to the balance between hydro-
philicity (which promotes complement activation) and hydrophobicity (which 
attenuates complement activation), the relatively hydrophobic nature of  syn-
thetic membranes is a benefit in this regard.

Another distinguishing feature of  synthetic membranes is their propensity 
to adsorb plasma proteins. As discussed in more detail later in this chapter, 
exposure of  an extracorporeal membrane to blood results in the instanta-
neous adsorption of  a protein layer (“secondary membrane”) that modifies 
the permeability properties of  the native membrane. The composition of  
this secondary membrane is dominated by relatively high- molecular weight 
proteins that have the highest plasma concentrations, such as albumin, immu-
noglobulins, and fibrinogen. however, certain membranes also have the spe-
cific capability to remove low- molecular weight (LMW) proteins— such as 
anaphylatoxins and other inflammatory mediators including cytokines— in 
significant amounts by adsorption.

With respect to adsorptive removal of  LMW proteins, the AN69 mem-
brane (a component of  extracorporeal circuits used with the prisma and 
prismaflex CRRT systems) has been studied most widely. previous investiga-
tions have had several findings. First, although the overall secondary mem-
brane formation occurs at the “nominal” (nonpore) membrane surface, the 
bulk of  LMW protein adsorption occurs within the membrane’s internal pore 
structure. Second, the removal of  some LMW proteins by AN69 filters occurs 
exclusively by adsorption, although the molecular weights of  such compounds 
theoretically would allow transmembrane removal. Third, adsorptive removal 
of  LMW proteins by AN69 filters is a saturable phenomenon, usually within 
the first 60 to 90 minutes of  use of  a particular filter. Subsequent to saturation, 
the removal of  a specific compound may effectively cease or continue to occur 
by a “breakthrough” transmembrane mechanism.

Relationship between Ultrafiltration Rate 
and Transmembrane Pressure in CRRT

extracorporeal membranes used for dialysis are classified according to their 
ultrafiltration coefficient as high flux or low flux. however, considerable confu-
sion regarding the exact meaning of  flux currently exists. The hydraulic flux 
of  a membrane is the volumetric rate (normalized to surface area) at which 
ultrafiltration occurs. The clinical parameter used to characterize the water 
permeability of  a specific filter is the ultrafiltration coefficient (KUF, which is 
measured in milliliters per hour per millimeters mercury). The KUF of  a filter is 
usually derived from in vitro experiments in which bovine blood is ultrafiltered 
at varying transmembrane pressure (TMp). The membrane characteristic with 
the largest impact on water permeability is pore size, such that ultrafiltration 
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radius. As such, small changes in pore size have a very large effect on water 
permeability.

The method by which KUF is determined can be derived from Figure 14.1,  
in which the relationship between QUF and TMp is shown for a particular CRRT 
filter operated under different conditions. The line in the left part of  the figure 
represents the relationship between these two parameters for a “virgin” filter 
(i.e., no prior exposure to blood or other protein- containing solution) when 
the test fluid is also an aqueous solution. The slope of  the line represents the 
KUF of  the filter for these operating conditions. This strictly linear relationship 
can be contrasted with the nature of  the curve in the right part of  the figure. 
The latter defines a filter’s QUF versus TMp relationship under the condition 
of  ultrafiltration of  blood. As the figure indicates, two distinct regions of  this 
curve can be identified: a region controlled by the permeability of  the filter 
membrane itself  (“membrane control”) and a region controlled by the effects 
of  the secondary membrane on filter performance. (Note that the term con-
centration polarization, which is used in the figure, is essentially synonymous 
with secondary membrane for the purpose of  this discussion.)

The membrane control region of  the curve occurs at relatively low TMp val-
ues and is linear. Similar to the situation of  aqueous ultrafiltration with a virgin 
filter, the slope of  the line in this region is the KUF of  the filter. The lower slope 
(i.e., lower KUF) of  the right- hand curve is a direct result of  the permeability 

Pure
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Figure 14.1 Fundamental relationship between ultrafiltration rate and transmembrane 
pressure (TMp) during ultrafiltration under different operating conditions.

Source: Goehl h, Konstantin p. Membranes and filter for hemofiltration. In: henderson LW, Quellhorst 
eA, Baldamus CA, Lysaght MJ, eds. Hemofiltration. 1st ed. Berlin: Springer- Verlag; 1986: 73. Reprinted with 
permission.
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curve eventually plateaus in the region of  secondary membrane control at a 
certain maximum QUF, where further increases in TMp result in no additional 
increase in QUF. In terms of  clinical operation of  a filter, the plateau portion of  
the curve is to be avoided because of  the high likelihood of  impaired perfor-
mance or premature clotting of  the filter.

As mentioned previously, filter KUF is a value that is specific to a certain set 
of  flow operating conditions, including blood flow rate (QB), which influences 
the nature of  the right- hand curve in two ways. First, as QB increases, the slope 
of  the curve in the linear (low- TMp) region increases. effectively, this means to 
achieve a certain QUF, a lower TMp is required. The second way in which QB 
influences the nature of  these curves is its effect on the maximum achievable 
(plateau) QUF such that an increase in QB results in a corresponding increase 
in plateau QUF.

The explanation for these phenomena is related to the effect of  higher QB 
in preserving filter membrane function. Specifically, as QB increases, a greater 
shear force is applied to the proteins comprising the secondary membrane. 
In this way, the secondary membrane is disrupted and its negative impact on 
membrane permeability is blunted.

Effect of Secondary Membrane Formation 
on Solute Permeability in CRRT

The adsorbed protein layer comprising the secondary membrane also reduces 
the effective solute permeability of  a CRRT membrane by “plugging” or block-
ing a certain percentage of  membrane pores. The effect of  this process on 
solute permeability for a polyamide membrane is shown in Figure 14.2. In this 
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Figure 14.2 effect of  secondary membrane formation on the sieving properties of  a 
polyamide filter membrane.

Source: Feldhoff p, Turnham T, Klein e. effect of  plasma proteins on the sieving spectra of  hemofilters. Artif  
Organs. 1984;8:488 Reprinted with permission.
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ficient, is plotted against solute molecular weight. Results for both a protein- 
containing fluid (plasma) and a protein- free fluid (saline) are shown. For a test 
solute with a molecular weight of  5000 Da, the percent rejection in saline is 0% 
(i.e., the sieving coefficient is 1.0). On the other hand, for that same solute, the 
percent rejection in plasma is approximately 60% (sieving coefficient of 0.4).

The adsorptive tendency of  a particular membrane varies according to the 
operating conditions used. postdilution tends to promote protein adsorption 
because protein concentrations are higher within the membrane fibers (result-
ing from hemoconcentration). On the other hand, as mentioned previously, 
higher QB values work to attenuate this process because the shear effect cre-
ated by the blood disrupts the binding of  proteins to the membrane surface.

Membrane Surface Area Effects in CRRT

early in the era of  venovenous CRRT, typical blood and effluent flow rates 
were less than 150 mL/ min and 1.5 L/ h, respectively. In this context, filters 
with surface areas in the range of  0.3 to 0.5 m2 could generally provide desired 
solute clearances at acceptable filter operating conditions. however, as blood 
and fluid flow rates have increased substantially over the years, with the goal of  
increasing delivered CRRT dose, filter membrane surface area requirements 
have also increased. For adequate filter operation, the surface area required 
to provide an effluent- based CRRT dosage target of  35 mL/ kg/ h is approxi-
mately 1.0 m2 and may be as high as 1.5 m2 in some larger patients treated with 
effluent rates greater than 4 L/ h.

Continuous Hemofiltration
As discussed earlier, the choice of  operating conditions for a hemofiltration 
procedure should avoid operation of  the filter in the secondary membrane- 
limited region of  the QUF- versus- TMp curve. The clinical corollary of  this is 
the need to select a filter with a surface area that is adequate to support the 
operating conditions chosen. In Figure 14.3, the relationship between QUF and 
QB for three theoretical filters of  0.3 m2, 1.0 m2, and 1.5 m2 at constant TMp 
is shown. In general, these curves have similar contours, with an initial linear 
region at relatively low QB followed eventually by a plateau or quasi- plateau 
region at relatively high QB.

Both the slope of  the linear phase and the maximum (plateau) QUF for each 
curve are directly proportional to membrane surface area at a given TMp. 
At a low QB (e.g., 75 mL/ min), all three filters can generate a relatively low 
QUF (e.g., 1.5 L/ h) at the same TMp, as denoted by point A on the graph. 
however, when the clinical goal is a higher QUF (e.g., 4.0 L/ h), a 0.3- m2 filter 
is not adequate because the plateau QUF for this filter falls below the desired 
value. On the other hand, the higher QUF is in the operating range of  both of  
the larger filters for the TMp that has been chosen. however, the 1.5- m2 filter 
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can achieve this QUF at a lower QB (point B) compared with the 1.0- m2 filter 
(point C). An analogous point is that, for a given QB, filter membrane surface 
area is inversely proportional to the TMp required to achieve a certain QUF.

The general relationship between QUF and QB during hemofiltration 
described in Figure 14.3 is explained by the phenomenon of  filtration pressure 
equilibrium. In this situation, hydrostatic pressure driving filtration out of  the 
blood compartment is balanced by the oncotic pressure opposing filtration 
in this direction. When a scenario of  filtration pressure equilibrium situation 
occurs for a filter, surface area is relatively unimportant because the additional 
surface area is not used for filtration. The corollary is that the benefit of  higher 
surface area on filtration rate can be achieved only if  higher QB values are used.

Continuous Hemodialysis
Relative to conventional hemodialysis, in which solute clearance is dictated pri-
marily by QB and membrane surface area, effluent dialysate flow rate (QD) is 
the primary determinant of  solute clearance in continuous venovenous hemo-
dialysis. At least with respect to small- solute clearance, saturation of  the efflu-
ent indicates optimal use of  the prescribed dialysate volume. If  such saturation 
is not achieved, the most likely explanation is a filter of  inadequate membrane 
surface area. When continuous venovenous hemodialysis is performed with a 
relatively small surface area hemodialyzer (<0.5 m2), saturation of  the dialy-
sate is only achieved at relatively low QD values. For a 0.4- m2 AN69 hemodia-
lyzer, Bonnardeaux and colleagues showed saturation of  the dialysate for urea 
and creatinine is preserved only up to a QD of  approximately 16.7 mL/ min (1 
L/ h). For QD values in the 2-  to 3- L/ h range (33.3– 50 mL/ min), although an 
increase in QD resulted in an increase in clearance, a divergence between the 

Figure 14.3 Relationship between ultrafiltration rate (QUF) and blood flow rate for 
theoretical filters of  different surface area. (See the text for an explanation of  the operating 
conditions corresponding to points A, B, and C.)
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urea/ creatinine clearance and the effluent flow rates was observed, indicating 
nonsaturation of  the dialysate. Of  course, the greater the degree of  nonsatu-
ration, the more inefficient the procedure.

A more contemporary study involving a larger surface area AN69 hemo-
dialyzer (0.9 m2) demonstrates clearly the important effect of  surface area 
on preserving dialysate saturation (Figure 14.4). For this larger hemodialyzer, 
preservation of  effluent dialysate saturation was achieved essentially over 
the entire QD range, the only exception being beta2- microglobulin. The high 
molecular weight of  this compound (approximately 200 times that of  urea) 
severely limits its diffusive capabilities and, therefore, its ability to saturate the 
dialysate.

Special Membranes and Filters

Most considerations presented thus far deal with standard treatments and 
materials. Recently, innovations in the field of  biomaterials have led to poten-
tial use of  new filters and devices. Among them, membranes with a function-
alized surface to make them more biocompatible, less thrombogenic, and 
biologically reactive have been developed. This is the case for high- cutoff 
membranes created to increase clearance of  large solutes and chemical media-
tors, vitamin e- bonded membranes used potentially to reduce oxidant stress, 
and surface- treated membranes to reduce the amount of  anticoagulation and 
prolong the filter life span, with or without pore opening, for extended clear-
ance capabilities.
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Figure 14.4 Relationship between solute clearance and dialysate flow rate for a 0.9- m2 
filter in continuous venovenous hemodialysis. B2- M, beta2- microglobulin; Cr, creatinine; p, 
phosphate; Ur, urate.

Source: Brunet S, Leblanc M, Geadah D, parent D, Courteau S, Cardinal J. Diffusive and convective solute 
clearances during continuous renal replacement therapy at various dialysate and ultrafiltration flow rates. 
Am J Kidney Dis. 1999;34:486– 492. Reprinted with permission, p. 7
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l Summary Conclusions

In this chapter, an overview of  membranes used for CRRT was provided. The 
major characteristics of  hollow fiber membranes influencing both biocompat-
ibility and solute and water removal were described. It is hoped this informa-
tion provides clinicians with a rational approach to the prescription of  CRRT 
from the perspective of  the extracorporeal membrane.
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Chapter 15

Fluids for Continuous Renal 
Replacement Therapy
Paul M. Palevsky and John A. Kellum

General Considerations

Considerable variability exists in the prescription of  dialysate and replacement 
fluids for continuous renal replacement therapy (CRRT). In general, the elec-
trolyte composition of  these fluids should resemble the physiological composi-
tion of  plasma water, albeit sometimes with lower potassium and slightly higher 
buffer content to permit correction of  hyperkalemia and metabolic acidosis. 
Intravenous replacement fluids must be sterile and pyrogen- free. Although 
dialysate does not need to meet the same standards for sterility, commercially 
manufactured dialysate for CRRT must be sterile bacteriologically to have a 
viable shelf- life. Thus, in general, commercially produced fluids are manufac-
tured to the same standards for microbiological purity and may be used safely 
and interchangeably, whether labeled for use as dialysate or replacement fluid. 
Before the ready availability of  commercially prepared fluids for CRRT, dialysate 
and replacement fluids were often prepared locally by the hospital pharmacy or 
at the point of  care by the nursing staff. However, this practice has been associ-
ated with catastrophic compounding errors and should be discouraged. If  fluids 
are prepared locally, their electrolyte composition should be assayed before 
use to verify no errors in compounding have been made.

Recommendations for the composition of  fluids for CRRT have been 
published by the Acute Dialysis Quality Initiative and in the Kidney Disease 
Improving Global Outcomes Clinical Practice Guidelines for Acute Kidney Injury 
and are summarized in the next section.

Electrolyte Composition

Available evidence shows the following:

• Sodium is generally kept at an isonatric (physiological) concentration 
except when special prescriptions are used in combination with some 
citrate anticoagulation protocols or during management of  hypo-  or 
hypernatremia.

 

 

 



12
6

C
H

A
PT

eR
 1

5 
F

lu
id

s 
fo

r 
C

R
R

T • Potassium, calcium, and magnesium needs are variable in different clinical 
situations.

• Phosphate: Hypophosphatemia resulting from increased clearance and intra-
cellular shifts from refeeding are common in CRRT and may place patients at 
risk of  complications, including muscle weakness and rhabdomyolysis.

• Glucose: Maintenance of  normoglycemia has been shown to be associated 
with lesser mortality in critically ill patients. Supraphysiological glucose con-
centrations in fluids for CRRT should be avoided.

• Trace elements, including water- soluble metals, micronutrients, amino 
acids, and folate, are lost during CRRT.

Recommendations are as follows:

• Sodium: Physiological concentrations should be used except when using 
citrate anticoagulation. In the latter circumstances, adjustments may 
be necessary, given the variable contents of  sodium in different citrate 
solutions. Adjustment of  the sodium concentration of  fluids may also be 
necessary in patients with hypo-  or hypernatremia to achieve an appro-
priate controlled correction of  the serum sodium concentration.

• Potassium: Potassium concentrations need to be adjusted over time to 
maintain serum potassium levels within the normal range. Subphysiological 
potassium concentrations may be required for the management of  hyperka-
lemia. In patients with gastrointestinal potassium losses, potassium supple-
mentation may be required.

• Calcium: Calcium should be present in replacement fluids and dialysate, and 
should be at approximately physiological concentrations (corresponding to 
the normal blood ionized calcium). Augmented levels may be necessary in 
the setting of  severe hypocalcemia, and reduced levels may be required 
in the setting of  hypercalcemia. When citrate is used as an anticoagulant, 
dialysate and replacement fluid containing very low or no calcium are often 
used; in this setting, an infusion of  intravenous calcium is used to replace 
calcium lost in the effluent to maintain a normal serum ionized calcium 
concentration.

• Magnesium: Dialysate and replacement fluids should contain sufficient mag-
nesium to maintain serum levels in the physiological range.

• Phosphate: To avoid hypophosphatemia, phosphate should be provided 
either as a supplement in the CRRT fluids (replacement fluid and/ or dialy-
sate) or provided as intravenous replacement after hyperphosphatemia, if  
present, has resolved.

• Chloride: The chloride concentration of  the fluids for CRRT is generally 
determined by the difference between the concentrations of  the cations 
(sodium, potassium, calcium, magnesium) and the other anions (phosphate 
and buffers) to maintain electrical neutrality of  the solutions.

• Glucose: To avoid hyperglycemia, glucose can either be absent or present at 
physiological concentrations in replacement fluids and dialysate. The use of  
fluids with supraphysiological glucose concentrations should be avoided.
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ents, amino acids, and folate) must be appropriately replaced.

Buffer Composition

Lactate Versus Bicarbonate
Both lactate and bicarbonate ions have been used in replacement fluid and 
dialysate for CRRT. Historically, lactate was been used preferentially as a buf-
fer because of  the instability of  bicarbonate- based solutions when stored in 
gas- permeable plastic bags over prolonged periods of  time. This problem 
has recently been overcome, allowing commercial availability of  bicarbonate- 
based fluids. Controlled (although not all randomized) trials have suggested 
that lactate-  and bicarbonate- buffered solutions have a similar efficacy for cor-
rection of  metabolic acidosis during CRRT. However, recent studies showed 
better control of  metabolic acidosis with bicarbonate compared with lactate.

Blood levels of  lactate may be higher when lactate is used in high concentra-
tions (e.g., >10 mmol/ L) in replacement fluid (particularly at high volume) and 
may confuse the clinical interpretation of  blood lactate measurements. It is not 
clear whether this hyperlactatemia is associated with increased morbidity or 
mortality risk. Depending on tissue redox status and substrate availability, lac-
tate is either metabolized back to pyruvate and into the citric acid cycle or into 
glucose by gluconeogenesis. Potential concerns with excessive lactate accumu-
lation are hemodynamic compromise, increased urea generation, and cerebral 
dysfunction. Hyperlactatemia may develop in situations of  impaired lactate 
clearance, including liver failure and tissue hypoperfusion. This hyperlacta-
temia can be expected to be more pronounced if  lactate- buffered solutions 
are used during high- volume hemofiltration. Accumulation of  the D- isomer of  
lactate may also be a concern because the D- isomer constitutes 50% of  the 
total lactate contents of  racemic mixtures. Because humans are not able to 
metabolize D- lactate, it may accumulate, leading to severely elevated levels, 
which are associated with neurological impairment.

Acetate
In the intermittent hemodialysis literature, acetate has been shown to be asso-
ciated with impaired myocardial contractility and decreased cardiac function. 
This anion has been used rarely as a buffer in CRRT.

Citrate
Used primarily for its anticoagulant properties, citrate serves as an effective 
buffer. Scant evidence is available on the use of  citrate exclusively as a buf-
fer in CRRT. More important, citrate metabolism is often impaired in liver 
failure or muscle hypoperfusion, with both situations posing risk of  hyperci-
tratemia when citrate is used. Hypercitratemia carries the risk of  decreased 
ionized extracellular calcium concentration. More important, blood products 
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sions are associated with high citrate loads, which accumulate when citrate is 
used simultaneously as an anticoagulant and a buffer. Low concentrations of  
citrate are present in some commercial dialysate solutions for intermittent 
hemodialysis. Complications of  citrate toxicity have not been associated with 
these agents.

Recommendations for use include the following:

• Bicarbonate is an effective buffer and is currently the preferred organic 
buffer in commercially manufactured solutions.

• Lactate- buffered solutions are safe and efficacious in the majority of  
patients, but these solutions may be hazardous whenever lactate clearance 
is impaired, such as in patients with liver failure or severe tissue hypoperfu-
sion. D- Lactate should be removed from lactate- containing solutions, which 
should consist almost exclusively of  L- lactate.

• There are insufficient data to evaluate the use of  acetate- buffered solutions 
in CRRT. However, limited evidence does not support its use compared 
with lactate or bicarbonate, given the risks of  cardiac depression.

• The metabolism of  sodium citrate used for regional anticoagulation dur-
ing CRRT generates 3 mol bicarbonate/ 1 mol citrate and functions as an 
efficacious organic buffer. Use of  citrate in the setting of  decreased citrate 
clearance or when patients receive large doses of  citrate during massive 
transfusions should be done with individualized adjustment of  citrate dose 
and with close monitoring of  plasma ionized calcium levels.

Fluid Prescriptions during  
Permissive Hypercapnia

In patients with acute respiratory distress syndrome/ acute lung injury on 
lung- protecting ventilator strategies, the resulting respiratory acidosis can be 
compensated partially or completely by elevation of  plasma bicarbonate with 
CRRT. The decision about the level to which the pH should be corrected is 
controversial, but most recommend avoiding severe acidosis (pH <7.20).

Example Fluid Orders for CRRT

Keeping in mind that, after a period of  equilibration, plasma composition 
approaches the electrolyte composition of  the dialysate or replacement 
fluid used (with the exception of  bicarbonate), the standard composition of  
CRRT fluids is physiological. Table 15.1 shows various solutions that can be 
used as either dialysate or as replacement fluids for hemofiltration. example 
A might be appropriate for a patient with relatively stable electrolyte and 
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acid– base status. example B might be more appropriate for a hyperkalemic 
patient. Caution is noted when potassium- free solutions are used to ensure 
that iatrogenic hypokalemia does not ensue; supplemental potassium can 
be added to this solution that contains no potassium to achieve a desired 
final potassium concentration. example C contains no calcium and has a 
reduced buffer concentration, and could be used in conjunction with citrate 
anticoagulation.

Fluid Compounding

Occasionally, severe abnormalities in electrolyte and acid– base balance call 
for more drastic changes in fluid composition than can be achieved using com-
mercially available solutions. For example, a patient with severe acidosis and 
hyperkalemia might require a potassium- free solution with a higher concen-
tration of  bicarbonate. Although use of  a “custom” fluid can be considered, 
serious errors have been reported when local pharmacies compound fluids 
without monitoring of  composition. Thus, testing should be done on com-
pounded fluids to ensure that errors in composition are not present. Given 
the varied compositions of  commercially available fluids currently available, 
compounding of  “custom” fluids is generally not required. Supplementation 
of  standard fluids with additional electrolytes can also provide a degree of  
customization. For example, using strict protocols, sodium or potassium phos-
phate may be added to prevent phosphate depletion and obviate the need for 
intravenous phosphate replacement. Similarly, the sodium concentration can 
be adjusted by adding hypertonic sodium chloride; however, strict protocols 
should be followed and the final sodium concentration monitored. In patients 
with severe acidemia, short- term bicarbonate supplementation can be pro-
vided by using a solution of  150 meq sodium bicarbonate in 1 L sterile water 
as additional replacement fluid. In each of  these situations, close monitoring of  
the patient’s electrolyte and acid– base status is mandatory.

Table 15.1 Example fluids for CRRT

Fluid Example A Example B Example C

Sodium 140 meq/ L 140 meq/ L 140 meq/ L

Potassium 4 meq/ L 0 meq/ L 4 meq/ L

Chloride 113 meq/ L 109 meq/ L 120.5 meq/ L

Calcium 2.5 meq/ L 2.5 meq/ L 0 meq/ L

Magnesium 1.5 meq/ L 1.5 meq/ L 1.5 meq/ L

Bicarbonate 32 meq/ L 32 meq/ L 22 meq/ L

Lactate 3 meq/ L 3 meq/ L 3 meq/ L

Glucose 100 mg/ dL 100 mg/ dL 100 mg/ dL
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The electrolyte composition of  fluids for CRRT should generally approximate 
that of  normal plasma, but should be adjusted as necessary to accommodate 
each patient’s needs. Both lactate and bicarbonate are able to correct meta-
bolic acidosis in most CRRT patients; however, correction of  acidosis may 
not be as efficient with lactate as with equimolar bicarbonate. Worsening 
hyperlactatemia has been noted when lactate was used in patients with lactic 
acidosis or liver failure. The clinical relevance of  this finding is unknown. Thus, 
bicarbonate is the preferred buffer, especially in patients with lactic acidosis 
and/ or liver failure, and when high- volume hemofiltration is used. However, 
lactate is an effective buffer in most CRRT patients.

Citrate used as an anticoagulant has also been used effectively as a buffer in 
CRRT. When citrate is used as an anticoagulant, the concentrations of  other 
buffers need to be adjusted or eliminated, depending on the specific regimen, 
to minimize the risk of  iatrogenic metabolic alkalosis. Monitoring of  plasma pH 
and ionized calcium is required.
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Chapter 16

Alarms and  
Troubleshooting
Zaccaria Ricci, Ian Baldwin, and Claudio Ronco

Training

Intensive care unit (ICU) physicians and nurses involved in the prescription and 
delivery of  continuous renal replacement therapy (CRRT) operate safely and 
best with protocols and defined procedures. The following is a list of  key aims 
for training and education.

• An educational program providing theoretical content is necessary.
• A training program for practical skills specific to using CRRT is also neces-

sary, with a connection to the theory.
• All training should be sequenced to provide a logical flow that embraces 

the cycle of  use from preparation of  a CRRT machine, patient connec-
tion and management during use, and then cessation of  treatment (i.e., 
disconnection).

• Programs need to be continuous and repeated as a result of  the ongoing 
technological developments and high staff turnover.

• A simple simulator can be achieved by placing a double- lumen access cath-
eter into a 5- L saline bag, simulating the patient for machine connection.

• It is desirable to have the majority of  staff working at a “competent” level 
with small groups at the “novice” and “expert” levels. Novice practitioners 
can also be assisted and supervised by expert colleagues.

Vascular Access

Venovenous CRRT relies on the use of  a temporary double- lumen catheter, 
typically inserted into one of  the central veins (femoral, subclavian, or jugular). 
Ideal catheter type, size, and site of  insertion are determined by local hospital 
policies; however, success can be achieved with many variations and no con-
trolled data are available to reflect “best” practice. Catheters should be easy 
to insert and remove or be able to be guidewire exchanged, allow a wide range 
of  blood flows, minimize recirculation phenomena, and reduce decubitus and 
infection episodes. Key considerations for access catheter use are as follows:
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g • Catheter type and size: Double- lumen catheters, as a general rule, can 
be classified into short (about 15 cm) and long (more than 20 cm), and 
small (<11 Fr) and big (>13 Fr). The catheter lumen design profile var-
ies, but all designs can obstruct by contact with vessel walls and or kink-
ing resulting from body positional changes during nursing.

• Catheter site: Jugular venous catheterization access does not appear to reduce 
the risk of  infection compared with femoral access, except among adults with 
a high body mass index, and may have a higher risk of  hematoma. The site 
of  catheter placement should depend on clinician skill, the presence of  other 
central venous catheters, and the risk of  bleeding. Insertion of  the catheter 
to the right atrium promotes reliable use and higher blood flow rate.

• Catheter troubleshooting: A malfunctioning catheter is suspected when 
CRRT monitor pressure alarms occur as low “arterial” or high “venous.” 
The catheter could be guidewire exchanged; however, this is not always 
successful to resolve the problem and a new site insertion is necessary. 
Swapping over the connections to the CRRT circuit may also resolve 
the catheter malfunction but creates a recirculation of  blood. This may 
not be of  clinical consequence when solute levels are in control and can 
allow treatment to continue when fluid balance is the key goal, and a new 
access catheter insertion is not done easily.

• The catheter should be inserted with the use of  ultrasonographic guidance 
possibly choosing the vessel whose diameter is 1/ 3 of  catheter size.

Circuit Pressures

Modern- technology CRRT machines allow continuous pressure measure-
ment and display for both operator (human) and “smart software” (machine) 
interpretation. This requires measurement from several different points in the 
circuit:

• Machine access (negative) pressure and return (positive) pressure 
depend mostly on the performance of  vascular access relative to pro-
grammed blood flow rate and patient position.

• Inlet of  the filter: This pressure indicates the resistance of  blood that is pumped 
into the filter. The gradient of  filter inlet and catheter return is defined as 
“drop pressure” (DP) and is generally calculated automatically by all modern 
monitors. DP indicates the capacity of  blood to flow through the membrane.

• Effluent/ ultrafiltrate port pressure: This value can be positive when the filter 
is new or spontaneous ultrafiltration (UF) occurs. When the filter pores 
are being reduced in size and number as a result of  clotting, UF occurs only 
through the application of  a negative pressure.

• Prefilter pressure, catheter return pressure, and UF port pressure are used 
in software calculation of  transmembrane pressure (TMP), which indicates 
the capacity of  the filter ultrafiltering blood.
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g• This amount of  information, integrated with a friendly, user/ operator inter-
face, is optimized in different monitors with different setups and displays. In 
our opinion, the optimal machine keeps record of circuit pressures during the 
past 24 treatment hours (or more), and possibly provides graphs and trends 
of all recorded pressures, and a “log file” of alarms or errors and when they 
occurred, along with the remedy or operator response at the time. This infor-
mation is a useful audit of the system in use.

Alarm Systems

Understanding how alarms systems work on CRRT machines is useful for 
troubleshooting. In general, alarms used in biomedical equipment are classi-
fied according to severity of  problem and urgency for attention. They range 
from “advisory” messages, with no immediate error, to “crisis,” indicating 
danger and automatic shutdown. In addition, alarms can be “latched”:  if  a 
measured parameter is breached, despite self- correction, the machine pauses 
operation with the alarm sounding until the it is reset. Or, the alarm can be 
“unlatched”: if  a breached parameter creates an alarm but the situation self- 
corrects, the alarm stops and the machine restarts automatically. For example 
with CRRT machine technology, the low arterial pressure alarm is an unlatched 
alarm, but an air detection alarm is latched, which represents the potential 
severity of  each alarm. Most new machines provide default settings for many 
alarms, and sometimes they can be customized. It is useful for staff to know 
the default settings or the policy in the ICU for when common alarms are set. 
Alarms set too widely create unsafe use of  the machine. Figure 16.1 outlines 
this concept of  alarm classification.

Latched

Unlatched

Advisory alarm

Warning alarm

Crisis alarm

Requires correction, will not reset,
use alarm silence

Self-correction, then reset without
intervention

Message to operator, future intervention

Message to operator, intervention now!

Message to operator, machine stop

Figure 16.1 Biomedical devices and alarms classification.
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g The Clogged Circuit

All circuits clot sooner or later, and they generally need the change of  all com-
ponents of  the extracorporeal circuit. The first issue to address to optimize 
management of  circuit clotting is prevention. Performing an “elective” change, 
before the circuit clots completely, allows the reinfusion of  circuit blood, pre-
venting secondary anemia. A scheduled change to a new extracorporeal circuit 
also may allow a reduced time off therapy (downtime).

Some “signs” are indicative of  circuit clotting:

• Dark streaks through the hollow fibers of  filters indicate a degree of  
filter clotting proportional to the total amount of  clotted fibers. This 
sign should be kept under constant observation but does not herald 
imminent filter failure.

• A rapid TMP increase (before it reaches machine alarm threshold) is an 
important sign of  hollow fiber failure, especially during hemofiltration/ 
UF. There is not an absolute value of  which to be aware, but more than 
250 mmHg is commonly considered indicative of  substantial membrane 
clotting; however, this also depends on machine setup and filter size. The 
trend curve of  TMP should be observed by the operators; if  a rapid increase 
occurs during a short time, a threshold of  membrane surface area clotting 
may be reached and total failure is imminent.

• A rapid DP increase (before it reaches machine alarm threshold) is another 
important sign of  filter clotting and it works as a reliable indicator either 
during dialysis or hemofiltration/ UF. Again, there is not an absolute value of  
which to be aware (it generally depends on machine setup and filter size). 
The DP trend curve should be monitored by operators.

• experience should show the ICU staff that different components in different 
machines are particularly susceptible to early clotting and should be moni-
tored closely.

• The venous drip chamber (bubble trap) may be a common site of  circuit 
clotting during continuous runs. Two mechanisms seem to be responsible 
for clot formation:  the blood– air interface and blood stagnation in the 
chamber. Modifications of  these chambers, derived from traditional inter-
mittent therapies, have been designed, and new de- aeration chambers 
without air– blood contact are now available. Keeping the chamber full with 
a small air space and stopping foaming or splashing of  blood flow may also 
prevent clotting.

Management of Clogged Circuits

Treatment failure resulting from circuit clotting has been acknowledged as the 
major problem in CRRT delivery. Some general measures are recommended 
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gto increase filter life and to achieve an average session length of  at least 
20 hours:

• Blood flow should, ideally, be prescribed and maintained between 150 
mL/ min and 200 mL/ min. If  poor vascular access does not allow this 
flow rate, and blood flow has to be decreased down to about 100 mL/ 
min the risk of  premature clotting is highly increased.

• Administering replacement fluids before the filter may prolong filter func-
tion. Alternatively, if  postdilution hemofiltration is the preferred institutional 
CRRT modality, when TMP is increasing rapidly, a switch to predilution 
hemofiltration, hemodialysis, or hemodiafiltration can be tried (if  the 
machine allows such intratherapy changes).

• If  heparin is the administered anticoagulant, the infusion of  dilute solutions 
(10 IU/ mL) at a greater rate will improve the efficacy of  anticoagulation. In 
these patients, antithrombin III levels should be monitored, and maintained 
at supernormal levels (>100%). Activated clotting time or other methods of  
bedside anticoagulation measures are strongly recommended and, if  neces-
sary, the administration of  small heparin boluses may be indicated.

• Flushing circuits with normal saline once per shift or when clogging is sus-
pected may allow better visual detection of  clot formation in the circuit 
and sometimes small decreases in circuit pressure. However, the routine 
flushing of  the circuits is not recommended in all cases because of  limited 
efficacy and the fluid administered to patients when doing this frequently.

Troubleshooting for specific events, however, must be decided in the moment. 
The rapidity of  intervention is based on adequate staff training, optimal mate-
rial choice, and correct CRRT machine setup and/ or therapy prescription. 
Quick interventions reduce circuit failure and downtime, increase system accu-
racy, and, especially, prevent prolonged cessation or slowing of  blood flow, 
which is the most common cause of  clotting.

Fluid Balance Errors

The possibility of  making fluid balance errors during CRRT has been identified 
since the beginning of  this modality of  treatment. The advent of  automated 
machines has overcome this problem in part. Nevertheless, there are condi-
tions and operation modes in which the potential for fluid balance errors still 
remain. The precision of  delivery of  the prescribed renal replacement therapy 
is dependent on the training of  the operators, the clarity of  the orders, and the 
operator’s familiarity with the equipment and its fluid measurement accuracy.

Third- generation machines control fluid flows by accurate pump– scales 
feedback; 30 g (30 mL)/ h is the accepted error for each pump, and an alarm 
warns the operator if  this limit is exceeded. Furthermore, some monitors are 
designed to correct a previous error within the next 60 minutes, increasing the 
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g accuracy of  the system even further. When therapy is interrupted by a pres-
sure alarm, the machine restarts automatically if  the pressure level normalizes 
within few seconds.

Improvements in commercial machines for safety and accuracy of  fluid bal-
ance, the way alarms can be overridden, or the occasional addition of  exter-
nal components to the overall fluid balance can easily affect the final result 
and make fluid balance significantly different from that prescribed. In particu-
lar, users who override scale alarms without solving the cause of  the alarm 
(possible error in fluid balance typically occurs when a replacement fluid bag 
is clamped) may affect patient fluid balance dramatically. In fact, if  an alarm 
appears on the machine, one can override it without major problems: how-
ever, after multiple override commands are operated without identifying 
the problem and solving it adequately the treatment may have inadvertently 
removed or added a significant amount of  fluid to the patient. For this reason, 
some monitors, by default, accept a limited number of  overrides per hour and 
stop the therapy automatically if  the limit is exceeded.

In general, fluid balance errors can be avoided easily not only by correct and 
careful adherence to the protocols of  use of  current CRRT machines, but also 
by compliance with prescriptions and programmed controls during therapy.

Potential fluid balance errors not detected by the machine or errors result-
ing from inadvertent prescription of  additional fluids (diluted drugs, nutri-
tion increase, need for high volumes of  blood derivates) should be always 
considered:

• Physical assessment of  the patient and hemodynamic monitor should 
be constant (especially when CRRT is delivered in semi- intensive care 
(high- dependency units).

• A fluid balance chart should be updated hourly to interpret patients’ total 
fluid balance correctly.

• Operators should check and possibly record machine information on 
“effectively delivered net UF” and not just report on the clinical chart the 
“prescribed net UF.”: actual net UF may significantly differ from initially pre-
scribed net UF, as a result of  repeated small errors made by the machine 
(during the 24 hours), but also being caused by all unreported interruptions 
needed for troubleshooting.

Final Remarks

With any healthcare technology, it is easy to focus on management of  the 
machinery and lose sight of  the patient. Therefore, it is invaluable always to 
have a problem- oriented approach to patients. Constant technical training and 
checklists are useful for all users and are considered mandatory for novice 
practitioners (Box 16.1).
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gBox 16.1 Troubleshooting Checklist

It should be noted that modern CRRT machines include, for each alarm that 
occurs during treatment, an online “real- time” alarm page with clear and 
simple explanations that describes the causes and remedies for alarms. This 
alarm page is very useful to operators, but is rarely read and used as a learn-
ing tool as a result of  the hurry and perceived urgency of  the event.

Alarm/ 
Problem

Possible Cause Action

Too- 1ow 
arterial pressure 
alarm

1. Kinked or clamped line
2. Clotted line
3. Access device against 

vessel wall
4. Hypovolemia

1. Remove kinking.
2. Declot access.
3. Consider 

switching limbs.
4. Stop ultrafiltration 

and decrease blood 
flow rate

High venous 
pressure alarm

1. Kinked or clamped line
2. Clotted line
3. Positional vascular access 

obstruction

1. Remove kinking.
2. Declot access.
3. Consider switching 

limbs
Arterial (or 
venous) line 
disconnection 
alarm

1. Line separation or 
disconnection from 
patient (very rare!)

2. Circuit kinked or 
clamped before 
pressure sensor

3. Clot excluding 
pressure sensor

4. Blood pump speed 
relatively too slow with 
respect to catheter 
performance

1. Check circuit and 
patient and, if  no 
disconnection 
is present, 
override alarm.

2. Declamp line.
3. evaluate for circuit 

change.
4. Increase set blood 

flow rate.

Increasing 
transmembrane 
pressure

1. Clogging filter
2. Kinked or clamped 

dialysis line
3. Blood flow too slow for 

ultrafiltration setting

1. evaluate for circuit 
change.

2. Declamp line.
3. Increase blood 

flow speed; check 
ultrafiltration setting,
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g Box 16.1 Continued
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Air in the circuit 1. Presence of  small air 
bubbles (often the 
result of  bicarbonate— 
CO2— coming from 
replacement bags)

2. Line disconnection at 
arterial access

3. Turbulence close to air 
sensor

1. Follow instructions 
for degassing.

2. Stop session.
3. Override alarm.

Fluid balance 
error

1. effluent or replacement/ 
dialysis bags moving or 
hung incorrectly

2. Kinking in effluent 
or replacement/ 
dialysis bags

3. Machine occasional error
4. Machine systematic 

error (if  more than 10 
times without reason in 
3 hours).

1. Wait for bags to stop 
or place them on 
scales again.

2. Remove line kinking.
3. Override.
4. Change machine 

and do not reuse it 
technical assistance is 
provided.
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Chapter 17

Nonanticoagulation 
Strategies to Optimize Circuit 
Function in RRT
Ian Baldwin

Key areas for maintaining blood flow and reducing circuit clotting are as follows:

• Circuit preparation: Use saline or crystalloid solution to expel all air, avoid 
excessive tapping to remove air bubbles. Use of  bicarbonate fluids for 
priming may increase bubbles. Addition of  heparin during preparation 
may prevent clotting by coating plastic and membrane surfaces.

• Access catheter type and site: Large size, 13.5 to 15.0 For, side- by- side lumen 
configuration (Figure 17.1). Insertion of  the catheter forfor tip placement 
close to the right atrium on chest radiograph. A femoral site functions well 
in most patients and is lower risk for clinicians unskilled in insertion. Test 
access patency by aspiration, and flush at each circuit connection. Access 
failure resulting from kinking or tissue occlusion can cause reduced blood 
flow, with pump failure resulting from inadequate pump tubing segment refill 
(Figure 17.2). If  subtle, arterial pressure will be excessive (exceeding nega-
tive 100 mmHg). An operator may be unaware this is occurring unless an 
alarm sounds; premature clotting is the result.

• For blood flow rate setting:the optimal setting is 150 to 200 mL/ min. Flow 
must be adequate for the ultrafiltration rate as slow blood flow with high 
fluid removal causes haemoconcentration and possible clotting. An incor-
rect blood flow- to- ultrafiltration rate ratio (filtration fraction) causes mem-
brane hemoconcentration, with an increase in clotting and cell clogging of  
the membrane. A flow that is too fast can cause turbulence at resistance 
points, cell and plasma separation, and clot formation. A flow that is too 
slow causes cell slugging and adherence to surfaces.

• Membrane size and type: The membrane needs to be adequate for the blood 
flow and ultrafiltration flow settings. For adults, 1.0 to 1.4 M2 is appropri-
ate. Different membrane compositions may affect clot potential. When 
clotting occurs frequently with one type of  membrane, try an alternative 
membrane.

• Replacement fluids administration site: Replacement fluids given before the 
membrane dilute the blood and reduce clot development in the membrane 
(predilution) (Figure 17.3).
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• Understanding the “air- bubble trap” chamber: The bubble trap collects air 
that enters the circuit before blood returns to the patient. CO2 bubbles 
also contribute to this and occur frequently when using heated bicarbon-
ate solutions. The gas and blood interface, along with surface movement, 
causes cell smearing on the chamber walls. Adjustment of  the blood level 
high in the chamber may reduce cell smearing by reducing the amount of  
blood splashing on the surface (Figure 17.4). Administering Postdilution 
fluids into the chamber can create a fluid layer on top of  the blood level, 
possibly reducing clot development (Figure 17.5).

• Training and education for staff: Staff training and education have a direct rela-
tionship to success and, therefore, circuit life. Machine alarm troubleshoot-
ing, recognition of  access failure, and use of  anticoagulation are key areas 
for education and training.

Side by side: Double ‘D’

Inner and outer lumen: Coaxial

Side by side: Double ‘O’

Figure 17.1 Vascular access catheter design profiles.

Figure 17.2 Roller pumps: Schematic showing the compression of  pump tubing to achieve 
forward blood flow (Qf ) and with access catheter failure backwads flow occurs (Qb).
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Key ideas for preventing  
circuit clotting

Clotting in the circuit during continuous renal replacement therapy can be pre-
vented by paying attention to circuit preparation, with air- bubble removal and 
addition of  heparin into the circuit with priming, and circuit connection to a 
large French vascular access catheter with side- by- side lumen design. Reliable 

Membrane

Blood pump

CRRT Fluids

Heater
Filtrate

Fluids pump

Waste pump

Figure 17.3 Continuous venovenous hemodialysis (CVVH) predilution.

Splashing of  blood
on entry to chamber
causing clotting as
cells stick to chamber
walls

Keep level to here
Clot: cross-section

Blood entry

Gas
space

Figure 17.4 Schematic for a bubble trap in the CRRT circuit indicating how clotting devel-
ops inside due to splashing and surface rise and fall during use.
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and uninterrupted blood flow is essential to prevent stasis and clotting, use 
of  a larger surface area membrane in adults, premembrane substitution fluids 
administration, and keeping the blood level in the venous bubble trap high, and 
providing postdilution fluid administration. Nursing training and troubleshoot-
ing ability is also vital to prevent clotting resulting from delayed alarm correc-
tion and aims for skilled use of  this technology in the ICU.
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Figure 17.5 Continuors venovenous hemodialysis (CVVH) with pre and post dilution.
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Chapter 18

Anticoagulation
Rinaldo Bellomo and Ian Baldwin

Introduction

Continuous treatment suggests extracorporeal blood flow without clotting, 
which is not a realistic aim. However, drugs that block normal coagulation 
pathways can prevent or delay clotting such that sufficient treatment time is 
achieved and, more important, patient blood is returned before complete cir-
cuit obstruction. Anticoagulation refers primarily to the use of  agents that pre-
vent blood from clotting after contact with the plastic and artificial surfaces in 
the extracorporeal circuit. Heparin is used most commonly as an anticoagulant 
for renal replacement therapy by blocking factor Xa and thrombin. Citrate is 
also used routinely to prevent clotting by chelating calcium and by prevent-
ing its action as a cofactor. Administration of  anticoagulant drugs during renal 
replacement therapy requires specific knowledge and the application of  moni-
toring protocols to ensure safety and effectiveness. This chapter provides a 
brief  clinical guide to such treatment.

The following is a list of Key Areas 
for Attention When Administering 
an Anticoagulant for the Prevention 
of Circuit Clotting

• Develop a bedside protocol for anticoagulant use. Keep it simple and readily 
available for reference as a chart or computer page.

• Develop your own expertise with this protocol.
• If  the circuit clots, it can be replaced. If  the patient bleeds, a more seri-

ous and adverse outcome may occur. To lose a filter to protect a patient is 
entirely acceptable. To lose a patient to protect a filter is not.

• Often, the circuit clots not because anticoagulation is suboptimal or inad-
equate, but rather because of  poor- quality vascular access, poor attention 
to optimal machine operation, and sudden changes in patient position that 
alter catheter function, decrease blood flow, and induce clotting through 
stasis. To respond to such events by increasing the anticoagulant dose is 
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on dangerous and unwise. For every clotting event, an appropriate diagnostic 
assessment is necessary to implement rational measures to prevent it the 
next time around.

The following is a list of Practical 
Considerations Using Heparin 
Anticoagulation

• It is not necessary to use full heparin anticoagulation to perform continuous 
renal replacement therapy (CRRT). Many patients have low platelet counts 
and altered clotting as a result of  critical illness.

• After major surgery and with epidural use, no anticoagulation for the first 
24 to 48 hours postoperatively, or citrate anticoagulation, maybe a safer 
option.

• CRRT machines include a syringe device for concentrated anticoagulant 
drug preparation. If  a dilute preparation is used, an intravenous pump used 
widely in the ward promotes safety because all staff should be familiar with 
its operation.

• Use of  dilute preparation administered by volumetric pump minimizes acci-
dental bolus and syringe “lag” when changing the syringe after it is empty.

• Make the heparin infusion preparation simple in terms of  calculation of  
dose. This strategy makes orders and communication easier and safer. 
Heparin at 10,000 IU in a 1000- mL bag = 10 IU/ mL.

• Label and identify this infusion as FOR CRRT ONLY.
• Use a heparin preparation different from those used for other anticoagula-

tion prescriptions (e.g., after thrombosis or embolism).
• Use a dosing chart or table (Table 18.1) based on body weight for initial 

heparin bolus dose and consideration of  the daily clotting profile for the 
patient.

• Adding heparin to the priming solution may provide some benefit to stop 
clotting, but this strategy is not proved.

Table 18.1 Heparin dosing guide for bolus and infusion

Heparin Infusion
Rate

INR APTT Platelets

10 IU/ kg/ h <1.5 <40 s >150 x 109/ mL

5 IU/ kg/ h >15 but <2.5 >40 s but <60 s <150 x 109/ mL but 
>75 x 109/ mL

No bolus, no 
anticoagulation

>2.5 >60 s <75 x 109/ mL

Activated Partial Thromboplastin Time, APTT; International Normalised Ratio, INR. All circuits to have 
a 5000- IU bolus of  heparin if  infusion is planned. Thereafter adjust heparin according to the principles 
outlined in the table. If  one of  the criteria for coagulation is present, adjust the dosage accordingly.
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circuit life is poor. If  filter life is less than 8 hours for the first circuit, consider 
increasing the dosage. A filter life of  20 to 24 hours is common using heparin 
correctly and this method is “working.” A dosage of  5 to 10 IU/ kg/ h given 
prefilter is a common starting dosage for the first treatment circuit.

• The fluid volume used to administer the anticoagulant must be included in 
the fluid balance calculations (i.e., is added to the loss setting).

• Administering the anticoagulant into the circuit before blood enters the 
membrane in the “prefilter” position is common and makes sense.

• Check and assess the patient for evidence of  spontaneous bleeding. Also 
monitor the urine, feces, wounds, punctures sites, and mucus membranes 
for blood .

• Do not check the patient clotting time Activate Partial Thromboplastin 
Time (APTT) too frequently and make inappropriate infusion adjustments. 
Check after the first 6 hours. After that, 12- hour monitoring is probably 
adequate in most cases unless significant clinical changes have taken place. 
After stabilization, daily monitoring is adequate. If  patient anticoagulation is 
the goal, APTT monitoring may need to be more frequent. If  circuit antico-
agulation is the goal, APTT monitoring is performed, not to titrate heparin 
infusion, but rather to ensure there is no unnecessary or excessive patient 
anticoagulation.

• Have a simple table to explain less common approaches to anticoagulation 
for the nursing staff (Table 18.2)

• Chart the dose of  heparin given each hour on bedside observation charts/ 
computers and the filter consecutive hours of  function next to this value. 
This strategy provides an instant ability to assess filter life associated with 
heparin dosing (Table 18.3).

Summary of key issues when using 
anticoagulants for CRRT

Anticoagulants can delay or prevent circuit clotting. However, they increase the 
risk of  bleeding. Therefore, their use should be based on a careful assessment 
of  the likely risks and benefits in a given patient. Heparin is used commonly in 
hospitals. Typically, doctors and nurses understand its risks and benefits well, 
and have established expertise with this drug. Heparin, however, is not always 
necessary, and CRRT can be done without its use, particularly in patients at 
high risk of  bleeding (low platelet count, a prolonged International Normalised 
Ratio INR, and prolonged APTT). Heparin can be reversed with protamine if  
necessary. Use of  a standard dilute preparation, administration prefilter via a 
common infusion device, reference to a dosing chart specific for CRRT, and 
ongoing review of  patients and their clotting profile all promote safe circuit 
anticoagulation. No other approaches to circuit anticoagulation have yet been 
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shown to be superior to heparin, although citrate anticoagulation is also highly 
effective and emerging as a first preference. Whatever the choice of  approach 
to anticoagulation, physicians and nurses must remain vigilant for changes in 
the patient’s risk profile, and make a frequent and thoughtful assessment of  
which approach to circuit anticoagulation is best at any given time in a given 
patient.

Table 18.2 Outline of less common approaches to circuit 
anticoagulation

Drug Infusion Where? Comment

Regional heparin/ 
protamine

Protamine at 10 mg/ 
h and heparin at 1000 
units/ h (1:100 ratio)

Heparin is 
administered prefilter 
and protamine is 
administered postfilter 
into the venous 
chamber or directly 
into the return limb of  
the access catheter via 
a suitable Y piece (not 
a three- way tap).

Not with HIT. 
Check patient APTT 
after 6 hours to 
ensure that heparin 
effect is reversed.

PGI2 Bolus (5 ng/ kg/ 
min) over 15 
minutes before 
commencement of  
CRRT via a CVC;
infusion, 4– 8 ng/ 
kg/ min

Circuit prefilter Hypotension, 
bleeding. and/ or 
abdominal cramps 
may occur with 
PGI2 therapy.

Danaparoid Bolus of  750 IU/ h, 
1– 2 IU/ kg/ h

Circuit prefilter Check daily anti- Xa 
level of  0.2– 0.35 
IU/ mL.

Activated Partial Thromboplastin Time, (APTT); CRRT, continuous renal replacement therapy, Central 
Venous Catheter (CVC), Heparin Induced Thrombocytopaenia (HIT), Prostaglandin (PGI2) or 
epoprostenol/ prostacyclin.

Table 18.3 Intensive care unit charting approach that aligns 
hourly vital signs observations with heparin dose each hour 
with accompanying filter “life”
Heparin 
Dose  
IU / hr

500 500 500 500 750 750

Filter 
Hour

7 8 9 10 Clotted 1 2
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Chapter 19

Regional Citrate 
Anticoagulation
Nigel Fealy

Method

It is important to understand some aspects of  calcium physiology and distribu-
tion in blood (Figure 19.1). When citrate is infused into the blood circuit, it 
combines with ionized calcium to form citrate– calcium complexes (nonion-
ized), which reduce the level of  ionized calcium in the extracorporeal circuit 
and in turn leads to the inhibition of  clotting in the circuit. The target for the 
circuit ionized serum calcium level to prevent or retard clotting is generally 
between 0.25 mmol/ L and 0.4 mmol/ L.

There is no systemic anticoagulation as a result of  the following:

• There is significant loss of  the citrate– calcium complexes as they cross 
the semipermeable membrane of  the filter into the effluent.

• Any citrate or citrate– calcium complexes that remain in the venous line and 
are delivered to the patient are diluted with the patient’s blood and are 
metabolized rapidly by liver, kidney, and muscle cells to form free bicarbon-
ate (one citrate ion = three bicarbonate ions).

• During this metabolism of  the citrate– calcium complexes, calcium liberated 
from the complex contributes to the normalization of  calcium levels.

• Serum ionized calcium levels lost in the waste are replaced by the adminis-
tration of  a calcium infusion to the patient, restoring normal levels (normal 
serum ionized calcium level, ~1.1– 1.3 mmol/ L).

A variety of  citrate protocols or regimens exist for continuous renal replace-
ment therapy (CRRT) with a major difference in approach between continuous 
venovenous hemofiltration (CVVH) and continuous venovenous hemodiafil-
tration (CVVHDF) as therapy. Often, protocols are hospital or intensive care 
unit specific, requiring pharmacy or custom- made solutions (substitution and 
dialysate) to implement the technique. These prescriptions vary according to 
mode, pre-  or postdilution, different citrate solutions, different approaches for 
monitoring, and adjusting for acid– base control.

In CRRT, there are three major forms of  citrate used. One is 4% trisodium 
citrate, another is acid citrate dextrose solution, and a third is citrate containing 
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Pre�lter �uid: 4 L bag
0.5% Trisodium citrate

Citrate 18 mmol/L

Na+ 140 mmol/L

Rate: 1000–2000 mL/hr

Ca2+ Gluconate

38.75 mmol/L

Initial rate: 60 mL/h

Patient

iCa2+

1.1–1.3

mmol/L

PF iCa2+ (0.25–0.5 mmol/L)

QB 100–150 mL/min

QE = QR + QFR + QD

QD

Dialysate:  4 L bag

Na+        140 mmol/L

Cl–         118.5 mmol/L

HCO3
–    25 mmol/L

K+           4.0 mmol/L

Mg           0.58 mmol/L

Rate: 1000–2500 mL/hr

QR

 

 

   

 

         

 

                        

            

          

          

       

 

    

 

 
 

 

 

Figure 19.2 University of  Alabama at Birmingham continuous venovenous hemodiafiltra-
tion protocol. Source: Tolwani A, Prendergast M, Speer R, Stofan B, Willie K. A practical 
citrate anticoagulation continuous venovenous hemodiafiltration protocol for metabolic 
control and high solute clearance. Clin J Am Soc Nephrol. 2005;1:79– 87.

(TC) Total calcium
2.2–2.6 mmol/L

(IC) Ionized calcium, (~ 50%)
1.1–1.3 mmol/L

(PBC) Protein-bound calcium (~ 40%)
0.95–1.2 mmol/L

(CC) Complex calcium (~ 10%)
Calcium phosphate, salts
~ 0.05 mmol/L

Figure 19.1 Calcium distribution in plasma and normal lab ranges.

replacement solutions. These different approaches vary primarily for mode of  
CRRT, such as a pure diffusive method (continuous venovenous hemodialysis), 
a diffusive and convective method (CVVHDF), and a pure convective method 
(CVVH). A description of  protocols for CVVHDF and CVVH are illustrated in 
Figure 19.2 and Figure 19.3, respectively.
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Practical Considerations

Key considerations for maintaining metabolic and electrolyte balance are as 
follows:

• In addition to providing an anticoagulant, citrate acts as an acid buffer 
after liver metabolism. One millimole of  citrate yields 3 mmol bicar-
bonate when metabolized. Potentially, when higher doses of  citrate are 
administered, this could lead to an increase in serum bicarbonate levels 
(metabolic alkalosis).

• The amount of  citrate lost in CRRT waste or ultrafiltrate varies with ultra-
filtrate flow rate (both ultrafiltration rate and amount of  fluid removal), and 
therefore the amount of  buffer entering the systemic circulation may vary 
or may be inadequate (metabolic acidosis).

• When trisodium citrate is used, there is an increase in sodium load to the 
patient, increasing the risk of  hypernatremia.

• If  the patient is not able to metabolize citrate– calcium complexes as a result 
of  liver dysfunction or via the skeletal muscle pathway, then citrate may 
accumulate and no buffer is generated. In addition hypocalcemia may also 
result.

• In addition to binding calcium to form calcium– citrate complexes, magne-
sium is also bound and filters freely across the membrane, potentially lead-
ing to a reduction in serum magnesium levels.

Pre�lter �uid: 5 L bag

Sodium citrate

Citrate 18 mmol/L

Na+ 140 mmol/L

Rate: 2000 mL/hr

Ca2+ Chloride + Mg+(210 mL)

Ca2+   70 mmol/L

Mg+   35 mmol/L

Initial rate: 12mL/hr (Ca2+ = 4 mmol/hr)

Patient

iCa2+

1.1–1.3

mmol/L

QB 150 mL/min

QE = QR + QFR

 

 

 

 
 

 

 

  
 

 
 

 

QR

Figure 19.3 Department of  intensive care, Austin Hospital, Australia, continuous veno-
venous hemofiltration protocol. QB, blood flow; Qe, effluent flow; QFR, fluid removal; QR, 
replacement.
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toring should be a priority. Regular monitoring of  pH, serum, and circuit ion-
ized calcium, serum bicarbonate, sodium, and magnesium levels should be an 
essential element of  any unit- based protocol. Depending on the method used, 
a local protocol should be developed to monitor, report, and treat any meta-
bolic derangements that may occur as a result of  using a citrate- based anti-
coagulation regimen. There are numerous descriptions and reports available 
for the monitoring of  electrolytes, acid– base balance, and anticoagulation in 
regional citrate anticoagulation (RCA).

Efficacy and safety of RCA

RCA has shown to be significantly more efficient in maintaining patency of  the 
CRRT circuit compared to other anticoagulation strategies including unfrac-
tionated heparin. The major advantage is that superior anticoagulation can be 
achieved for CRRT without the need for systemic anticoagulation and risk of  
bleeding in critically ill patients. The choice of  citrate protocol depends largely 
on the citrate solution available, mode of  therapy used (CVVH, CVVHDF), 
and method chosen for citrate delivery (infusion as a concentrate or addi-
tive to a replacement solution). RCA requires unit- based protocols that are 
easy to follow, provide safety as a priority, and are practical in design. Recent 
technological advances have allowed the introduction of  these protocols into 
specific software on many commercially available CRRT machines. These 
systems allow automated adjustments of  blood flow rate, citrate dose, cal-
cium replacement and ultrafiltrate dose . With these protocols and improved 
machine software in place, RCA is a safe and effective strategy for anticoagula-
tion in CRRT.
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 Chapter 20

Drug Dosing in Continuous 
Renal Replacement Therapy
Adrian Wong, Sandra L. Kane- Gill, and John A. Kellum

Acute kidney injury (AKI) in the intensive care unit (ICU) occurs in 5% to 25% of  
patients. Of this population, approximately 6% require renal replacement ther-
apy (RRT). Mortality in patients requiring RRT is estimated to be even higher 
than in patients with AKI not requiring RRT (60%), approaching up to 80%.

Modes of  RRT include intermittent hemodialysis (IHD) or continuous renal 
replacement therapy (CRRT). CRRT offers the potential advantage of  con-
tinuous removal of  fluid and solutes, reducing potential fluctuations in electro-
lytes, fluid balance, and hemodynamic stability, compared with IHD. Although 
there is ongoing debate regarding the optimal use and application of  RRT in 
the ICU, its frequent use necessitates drug dosing considerations. Along with 
the numerous comorbidities and physiological factors that may affect drug 
dosing in critically ill patients, RRT only adds to the complicated nature of  
these patients.

Numerous variables affect drug dosing in patients receiving RRT, including 
mode of  RRT, pharmacokinetic and pharmacodynamic (PD) changes in the 
critically ill patient, and physiochemical properties that affect drug dosing and 
clearance. These variables further complicate the importance of  appropriate 
dosing of  drugs to maximize patient outcome and minimize potential patient 
harm. A contributing factor to the high mortality rate in ICU patients receiving 
RRT could be the mismanagement of  antibiotic dosing from accelerated drug 
clearance during RRT, especially with the higher doses of  CRRT currently used. 
Although “renal impairment” studies are completed during drug development 
per the Food and Drug Administration, quality data regarding the proper dos-
ing of  drugs in RRT and especially CRRT are currently lacking. This lack of  data 
leads to significant practice variation. Although this chapter focuses on antibi-
otic dosing, given its importance and prevalence in ICU patients, the strategies 
for dosing may be applied to other drugs as well.

CRRT Properties

As discussed in Chapters 10 and 12, CRRT can be applied using various tech-
niques and methods. Differences among CRRT techniques affecting clearance 
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brane properties, and flow rates for blood, ultrafiltration, and dialysis fluid.

CRRT Techniques
The three main techniques of  clearance used are hemodialysis, hemofiltration, 
and hemodiafiltration. each technique varies in mechanism of  solute clearance, 
need for fluid replacement, and amount of  solute clearance (Table 20.1). In 
addition, each technique can be applied using either arteriovenous or venove-
nous access. Venovenous methods are generally preferred, given the reduced 
risk of  complications and the ability to generate consistent and higher solute 
clearance rates. The following describes various differences between clear-
ance techniques.

• Hemodialysis uses passive diffusion of  solutes across a concentration 
gradient with countercurrent dialysis fluid. Only molecules of  small 
molecular weight (<500 Da) are readily removed during diffusion. 
Replacement fluid is not required.

• Hemofiltration uses convection, during which solutes and plasma water are 
driven through a membrane with a pressure gradient, resulting in higher 
solute removal and the formation of  an ultrafiltrate. As long as the solute 
is smaller than the pore size cutoff for the membrane used, particle size or 
molecular weight have little influence on solute removal during convection 
methods. However, replacement fluid, which can be administered before 
or after blood ultrafiltration, is required because of  the large volume of  
ultrafiltrate formed during this process.

• Hemodiafiltration is a combination of  diffusion and convection. Solute and 
volume removal involve a countercurrent dialysis fluid and pressure gradi-
ent. Replacement fluids are required to support higher ultrafiltration rates.

• Slow continuous ultrafiltration (SCUF) is a therapy of  fluid removal without 
dialysis or replacement fluid. SCUF is not appropriate for patients with renal 
failure because it provides only very limited solute clearance. SCUF is usu-
ally used for temporary volume removal in patients with at least some renal 
function (e.g., congestive heart failure). As such, drug dosing does not typi-
cally require adjustment for patients receiving SCUF.

Table 20.1 Continuous renal replacement therapy techniques

Technique Clearance mechanism Replacement fluid

Convection Diffusion

CVVH ++++ 0 +++

CVVHD + ++++ 0

CVVHDF +++ +++ ++

SCUF + 0 0

0, none; +, minimal; ++, low; +++, medium; ++++, high; CVVH, continuous venovenous 
hemofiltration; CVVHD, continuous venovenous hemodialysis; CVVHDF, continuous venovenous 
hemodiafiltration; SCUF, slow continuous ultrafiltration.
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compared with IHD, and when replacement fluids are administered after filtra-
tion. Drug clearance is greatest with continuous venovenous hemodiafiltration 
followed by continuous venovenous hemodialysis, and then continuous veno-
venous hemofiltration. However, drug clearance with CRRT may vary greatly 
depending on their particular physicochemical properties, and the CRRT 
device characteristics and operating conditions.

Filter Properties

Filters used in CRRT differ in a number of  properties, including permeability, 
membrane composition, and surface area. Although no one membrane is rec-
ommended, it is important to note their differences and to understand that 
different filters may result in significant differences in solute or drug removal.

Membrane Permeability
Membrane permeability differs on the basis of  the type of  RRT used. 
Conventional low- flux IHD hemodialyzers have smaller pore sizes and are 
inefficient at removing molecules larger than 500 Da. Conversely, filters that 
are used in CRRT have increased pore size and are effective in removing mol-
ecules up to 50,000 Da. Another factor affecting permeability is the age of  
the CRRT filter. Solute removal may decrease with an increase in age of  the 
filter, resulting from protein clogging or clotting that occurs over time. In fact, 
as a result of  circuit downtime, patients receive only approximately 70% of  
their prescribed dose of  CRRT, affecting solute clearance, especially when the 
patient does not have any residual renal function.

The ability of  a drug or solute to pass through a filter membrane is expressed 
as the sieving coefficient (SC). Drugs with an SC that approaches one, are able 
to pass through the filter freely and require increased drug dosing or decreased 
time between dosing intervals. The SC is available for some drugs in published 
literature; otherwise, it can be calculated by obtaining drug concentrations and 
dividing the ultrafiltration drug concentration by the plasma concentration.

Flow Rates
Although variation exists depending on which mode of  therapy and which 
membranes are used, in general, higher flow rates (blood flow, dialysate flow, 
ultrafiltration flow) result in increased solute removal. Flow rate has the largest 
effect of  all variables on drug clearance in patients on CRRT. Hence, for drugs 
removed by CRRT, increased flow rates result in a need to increase drug dos-
ing or to decrease time between dosing intervals. The prescribed total flow 
rate may be converted from liters per hour to milliliters per minute to provide 
a rough estimation of  renal clearance. For example, a rate of  2 L/ h would 
approximate to a clearance of  30 mL/ min. This does not take into account 
multiple factors, including circuit downtime, modality of  CRRT, and drug or 
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and should not be used when data guiding drug dosing are available.

Patient Properties

Critically ill patients may have alterations in their pharmacokinetic parameters 
that can affect drug clearance and disposition. With regard to drug dosing in 
CRRT, relevant patient changes include volume of  distribution (Vd), protein 
binding, metabolism, and elimination:

• Volume of  distribution: Vd may be altered in critically ill patients, with 
either an increase or decrease in total body water and intravascular vol-
ume. For example, in patients with septic shock, patients initially have a 
large Vd as a result of  cytokine release, which only increases with vol-
ume resuscitation. Vd is the largest factor in drug dosing during the initial 
stages of  septic shock and, therefore, loading doses are necessary to 
obtain therapeutic levels quickly. Therefore, larger doses of  drugs with 
a large Vd are necessary until septic shock resolves or fluid is removed 
through CRRT. Patients may then require lower doses of  drugs as they 
are brought back to their initial weight. In addition, patients who are 
obese may require increased doses of  drugs to account for an increased 
Vd, although these data are even more limited given this specific patient 
population. These doses may approach that of  patients who have pre-
served renal function. The presence of  extracorporeal membrane oxy-
genation may also increase Vd, adding another factor to complicate drug 
dosing.

• Protein binding: Critically ill patients may be affected by several variables, 
including acid– base disturbances and alterations in protein concentrations. 
Acid– base abnormalities affect protein binding adversely. Studies performed 
in the critically ill show that a decrease in the concentration of  albumin or an 
increase in the concentration of  alpha- 1- acid glycoprotein may occur. Given 
that only the unbound fraction of  a drug is able to diffuse across a filter 
membrane, shifts in protein concentrations or acid– base status can affect 
the amount of  unbound drug (i.e. active drug) available in the body. These 
changes can ultimately affect the amount of  drug available for removal by 
CRRT. More important, protein binding is in dynamic equilibrium. Because 
of  its continuous nature, CRRT results in significantly greater removal of  
drugs with increased protein binding compared with IHD.

• Metabolism: Assessment of other organ function is essential to determine the 
potential for accumulation of metabolites as well as parent compounds. Drug 
metabolism may be altered in renal failure, leading to altered hepatic metabo-
lism and resulting in altered systemic clearance.

• Elimination: The application of  CRRT is more likely to increase the clear-
ance of  drugs eliminated renally than those that undergo nonrenal clear-
ance mechanisms. Studies have indicated that nonrenal clearance of  drugs 
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ated. Nonrenal clearance is dominated by hepatic clearance, but includes 
other organs as well. Drugs exhibiting altered clearance include imipenem, 
meropenem, and vancomycin. Alterations to drug elimination include 
altered cytochrome P450 and P- glycoprotein systems, which may result in 
the accumulation of  active metabolites. Figure 20.1 offers additional infor-
mation regarding nonrenal clearance. The existence of  residual renal func-
tion must also be considered as this may further enhance drug clearance in 
a patient undergoing CRRT. The addition of  residual renal function to CRRT 
clearance should be considered to ensure adequate dosing of  drugs, espe-
cially antibiotics. Furthermore, fluid removal by CRRT may result in changes 
in drug elimination by other organs.

• Other factors: Other potential factors that may influence drug dosing are 
detailed in an example with antimicrobials. Dosing may be required to be 
higher in patients based on the suspected severity of  infection, in patients 
who have an impaired immune system, and in patients with deep- seated 
infection. In addition, antibiotic dosing may require higher dosing in patients 
with a hypermetabolic state, including burn injury patients. Finally, trans-
dermal, subcutaneous, and oral administration drug absorption can also be 
affected significantly by volume overload and by peripheral and intestinal 
edema. Because edema is reduced with CRRT, enteral drug absorption may 
increase.

Figure 20.1 Alterations in nonrenal clearance resulting from acute kidney injury. *Rats 
were induced with AKI primarily via uranyl nitrate. For P- gp, expression was increased in the 
kidney, but not in the liver or intestines. AKI, acute kidney injury; CRRT, continuous renal 
replacement therapy; CY, cytochrome; MTX, methotrexate; OAT, organic anion transporter; 
P- gp, P- glycoprotein.
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There are a number of  intrinsic properties that affect the ability of  any drug 
to be removed by CRRT. These properties include molecular weight, protein 
binding, Vd, and elimination mechanisms.

Molecular Weight
Although the molecular weight of  a drug is a consideration, improved technol-
ogy in regard to size of  membrane pores has decreased the importance of  this 
factor significantly.

Protein Binding
The degree to which any drug is bound to protein affects its ability to be 
cleared by CRRT (Table 20.2). Drugs that are bound to proteins form large 
complex molecules (>50,000 Da) and are not readily removed by IHD or 
CRRT. Unbound drugs are more likely to pass through a filter and require 
increased drug dosing or a decreased time between dosing intervals. A rough 
estimate of  drug clearance may be estimated by multiplying the unbound frac-
tion of  the drug by the total flow rate of  the CRRT.

Drugs with SCs that are low or near zero cannot be removed by CRRT. 
Drugs with high protein binding are removed to a small extent only with CRRT 
and not at all with IHD.

Volume of Distribution
Drugs that have a small Vd are generally hydrophilic and limited to the vascu-
lar space because they are unable to pass through plasma membranes. Most 
hydrophilic agents are eliminated renally as unchanged drug. Therefore, drugs 
with a low Vd are removed more readily by CRRT and may require increased 
or more frequent dosing. examples include aminoglycosides, β- lactams, and 
glycopeptides, with the exceptions of  ceftriaxone, nafcillin, and oxacillin. These 
drugs undergo primary biliary elimination and therefore are largely unaffected 
by CRRT despite their hydrophilic status.

Table 20.2 Relative sieving coefficients and protein binding 
of commonly used drugs

Drug SC PB Drug SC PB
Acyclovir +++ Very low Digoxin +++ Low

Amphotericin + Very high Gentamicin ++ Very low

Ampicillin ++ Low Imipenem +++ Low

Ceftazidime +++ Very low Oxacillin 0 Very high

Ciprofloxacin ++ Low Phenytoin + High

Cyclosporine ++ Very high Piperacillin ++ Low

Diazepam 0 Very high Vancomycin ++ Very low

0, approximately 0; +, 0.1- 0.5; ++, 0.6- 0.8; +++, ≥ 0.9; PB, protein binding; SC, sieving coefficient.
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and sequester into tissues; they typically have a large Vd and undergo hepatic 
metabolism. Drugs with a large Vd are less available to pass through the CRRT 
circuit for clearance and therefore are less affected by renal clearance changes 
(i.e. extracorporeal or residual). CRRT may have a greater effect on drug 
removal because the increased duration of  therapy increases the likelihood 
that the drug redistributes from the tissue to vascular space and is available for 
clearance. examples include chloramphenicols, fluoroquinolones, macrolides, 
rifamycins, and tetracyclines, with the exceptions of  levofloxacin and ciproflox-
acin, which undergo renal elimination and may be removed by CRRT despite 
their lipophilic nature.

Elimination
Drugs that are cleared renally likely require dosing adjustment during RRT. In 
addition, dosing requirements may be increased further in patients with residual 
or recovering renal function receiving CRRT. Patients who are being converted 
from CRRT to IHD as a result of  improving hemodynamic stability should have 
their drugs preemptively dose- adjusted for the expected decrease in drug 
elimination. This tactic may minimize potential adverse outcomes, including 
supratherapeutic levels of  drugs, which is especially important in patients with 
recovering renal function for drugs associated with inducing renal injury, such 
as acyclovir, aminoglycosides, and β- lactams. Finally, dosing should occur after 
IHD is performed to maintain adequate serum concentrations.

Pharmacodynamic Principles

Appropriate dosing of  antimicrobial agents in patients receiving CRRT is nec-
essary and must include PD considerations. Studies of  critically ill patients indi-
cate subtherapeutic levels of  drugs, including antibiotics, that may potentially 
lead to treatment failure, increased antibiotic resistance, and increased mortal-
ity. In brief, antimicrobial efficacy has been defined in PD terms to be either 
concentration- dependent or time- dependent.

Concentration- Dependent Antimicrobials
The efficacy of  concentration- dependent antimicrobials is related primarily 
to the peak serum concentration (Cmax)- to- minimum inhibitory concentration 
(MIC) ratio (Cmax/ MIC) and the area under the curve (AUC)- to- MIC (AUC/ 
MIC) ratios. Concentration- dependent antimicrobials include aminoglyco-
sides, fluoroquinolones, glycopeptides. and metronidazole. AUC/ MIC ratios 
greater than 100 have been suggested for Gram- negative organisms, and more 
than 30 for Gram- positive organisms. Cmax/ MIC ratios of  10 to 12 have been 
shown to provide clinical efficacy and prevent the development of  resistance. 
Concentration- dependent agents exhibit postantibiotic effects against Gram- 
positive and Gram- negative organisms; therefore, allowing concentrations to 
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effects. Concentration- dependent drugs typically require increased doses to 
achieve adequate PD parameters.

Time- Dependent Antimicrobials
The efficacy of  time- dependent antimicrobials is related primarily to the dura-
tion of  time the drug concentration exceeds the MIC or by maintaining the 
minimum plasma concentration (Cmin) above the MIC. Time- dependent agents 
include azoles, β- lactams, and oxazolidinones. Maximum efficacy is achieved 
by maintaining the Cmin over the MIC for a certain period of  time, which is 
dependent on the specific antimicrobial. Troughs below the MIC must be 
avoided in time- dependent agents because the majority, with the exception 
of  carbapenems, lack a postantibiotic effect against Gram- negative organisms. 
Time- dependent drugs require more frequent dosing or the use of  PD dosing 
strategies, including extended- infusion dosing to achieve adequate time above 
the MIC.

Dosing Recommendations

There are multiple limitations with regard to dosing recommendations for 
CRRT. even with the available literature, there are limitations that may affect 
the application of  findings to various institutions. Available data are quite 

Mode of CRRT/RRT
Renal Function

Other Factors

Total clearance: CRRT + nonrenal
clearance of  drug

Loading Dose
• Rapid therapeutic levels
• Consider in patients with severe infection
   or �uid overload
• Not a�ected by renal function

Maintenance dose considerations

• CRRT: Based on total �ow rate
• Nonrenal: Based on individual drug
• Consider patient’s residual renal
   clearance

• Availability of  TDM
• Body weight/Vd
• Immune function
• Location of  infection
• PD of  antimicrobial
• Recovery of  renal function
• Risk: bene�t of  dosing strategy
• Severity of  infection

Figure 20.2 Proposed antimicrobial dosing considerations. CRRT, continuous renal 
replacement therapy; PD, pharmacodynamics; RRT, renal replacement therapy; TDM, thera-
peutic drug monitoring; Vd, volume of  distribution.
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institutions may affect the findings in these studies. Study populations vary, and 
have been identified as including a combination of  shock states, such as septic 
and cardiogenic, which differ in their pathophysiology. Clinical practice varia-
tions include modality of  CRRT used, basis of  dosing of  CRRT (flat flow rate 
vs. weight- based dosing), and the intensity of  CRRT. Finally, as the practice of  
medicine continues to advance, older evidence may not be as applicable to 
our current patient population resulting from advances in technology affecting 

Table 20.3 Selected intravenous antimicrobial maintenance 
dosing recommendations*

Drug CVVH CVVHD CVVHDF

Acyclovir† 5– 10 mg/ kg q24h 5- 10 mg/ kg q12– 24h

Aminoglycosides Dosing based on levels and adequate to achieve goal Cmax/ 
MIC: peak for efficacy and trough for safety; goal levels 
dependent on individual aminoglycoside

Ampicillin- sulbactam 3 g q12h 3 g q8h

Aztreonam 1- 2 g q12h 2 g q12h

Cefazolin 1- 2 g q12h 2 g q12h

Cefepime 1– 2 g q12h 2 g q12h

Ceftazidime 1- 2 g q12h 2 g q12h

Ciprofloxacin 200- 400 mg q12h 400 mg q12h

Colistin‡ 2.5 mg/ kg q48h Daily dose of  CBA to achieve each 
1.0 mg/ L colistin Css,avg target = 
192 mg with dosing split q8–12h
or 160 mg q8h

Daptomycin 4– 6 mg/ kg q48h 6– 8 mg/ kg q48h

Doripenem 250 mg q8h 250– 500 mg q8h

Fluconazole 200– 400 mg q24h 400– 800 mg q24h

Levofloxacin 250 mg q24h 500 mg q24h 750 mg q24h

Meropenem 0.5– 1g q12h 0.5– 1 g q8– 12h

Piperacillin– tazobactam 2.25– 3.375 g q6– 8h, 4.5 
g q8– 12h

2.25– 3.375 g q6h, 4.5 g q8h

Piperacillin– tazobactam
(extended infusion)

3.375 g q8h, administered over 4 h

Sulfamethoxazole/ 
trimethoprim§

2.5– 7.5 mg/ kg q8– 12h

Vancomycin 10– 20 mg/ kg q24h
Alternative: dosing based on vancomycin levels

CBA, colistin base activity; Cmax, peak serum concentration; Css,avg, colistin average steady state serum 
concentration; CVVH, continuous venovenous hemofiltration; CVVHD, continuous venovenous 
hemodialysis; CVVHDF, continuous venovenous hemodiafiltration; MIC, minimum inhibitory 
concentration; q, every. *Assume ultrafiltration and dialysis flow rates of  1 to 2 L/ h, and minimal residual 
renal function. †Dosing weight is ideal body weight in obese patients. ‡CBA: 150 mg CBA = 5 MU of  
colistin methanesulfonate (CMS) = 400 mg CMS sodium. §Dosing based on trimethoprim content.
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decreased antimicrobial susceptibility, have continued to change as a result of  
antibiotic resistance. Figure 20.2 offers a summary of  dosing considerations for 
antimicrobials in the ICU patient undergoing CRRT.

Table 20.3 provides dosing recommendations for some common antimi-
crobial agents used in the ICU that require dose adjustment in CRRT. Dosing 
recommendations are based on available literature and expert opinion, and 
include dose ranges to account for patient factors including body weight and 
severity of  infection. The information in Table 20.3 includes general recom-
mendations only and they should not supersede clinical judgment. Of  note, 
loading doses for these drugs are not affected by the presence of  CRRT 
because their determinant is Vd. Loading doses should be strongly considered 
to achieve rapid therapeutic levels.

Summary of Drug Dosing in CRRT

Drug dosing during CRRT is complicated. The important variables for consid-
eration were discussed in this chapter. Drug clearance is highly dependent on 
the method of  renal replacement, filter type, and flow rate. Appropriate dos-
ing requires close monitoring of  pharmacological response, signs of  adverse 
reactions resulting from drug accumulation, as well as drug levels in relation to 
target peak or trough (if  appropriate). When available, therapeutic drug moni-
toring should be applied to optimize drug therapy and limit adverse effects. 
The use of  alternative agents that are not dependent on renal clearance or 
not associated with drug- induced AKI should be considered when applicable. 
ensuring optimal drug efficacy and avoidance of  adverse drug events requires 
a frequent and skillful assessment.
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Chapter 21

Renal Replacement Therapy 
in Children
Michael L. Moritz

There are various options for renal replacement therapy (RRT) in children. 
The type of  RRT depends largely on the child’s size, the reason for initiating 
therapy, and the equipment and expertise available at an institution. Acute 
RRT is not nearly as often performed in children as it is in adults, and not all 
RRTs are available at each pediatric center. Peritoneal dialysis (PD) is the most 
widely available RRT, performed at almost all pediatrics centers. Intermittent 
hemodialysis (HD) is also widely available, but many centers do not have the 
expertise or equipment to dialyze infants or neonates. Continuous venove-
nous hemofiltration (CVVH) is becoming more available at pediatric centers, 
but is offered primarily at large pediatric tertiary care centers. RRT in the large 
child or adolescent (>50 kg) is no different than in adults. The focus of  this 
chapter is to discuss RRT as it pertains to infants and small children. A com-
plete discussion of  RRTs can be found elsewhere in this manual.

Indications

The most common reasons for initiating acute RRT in children are similar to 
adults: fluid overload, acute kidney injury, sepsis, multisystem organ failure, 
solid organ transplants, and bone marrow transplants. There are some rea-
sons for initiating RRT in children that are different than adults, such as post-
operative congenital heart disease repair, urea cycle disorders, and hemolytic 
uremic syndrome.

Peritoneal Dialysis

PD remains an attractive form of  RRT for a variety of  reasons. PD catheters 
are relatively easy to insert and can be placed in virtually any size child. It is an 
inexpensive therapy that does not require sophisticated dialysis equipment or 
highly trained personnel. Acute PD is performed primarily after postoperative 
complex congenital heart disease repair. PD is a better option than CVVH in 
these children because of  their small size and because PD does not require 
vascular access or systemic anticoagulation. Many cardiac centers place a PD 
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catheter at the time of  cardiac repair and initiate PD if  there is oliguria, fluid 
overload, or metabolic derangements.

Contraindications to PD
There are only a few contraindications to PD (Box 21.1). A gastrostomy 
tube, ileostomy, colostomy, and vesicostomy are not contraindications to PD. 
A ventriculoperitoneal shunt is a relative contraindication to PD, but should be 
initiated only by experienced dialysis personnel.

PD Access
A single- cuff acute Tenckoff catheter is the most common catheter used for 
acute PD in children. The catheters can be either straight or coiled, and they 
come in three sizes: infant, pediatric, and adult (Box 21.2). Pediatric and adult 
catheters have the same internal diameter, but only differ in length.

Apparatus for PD
Acute PD is easy to initiate. Manual PD can be initiated with a “Y- set” that 
connects to the PD catheter. One end of  the Y is connected to the dialysate 
solution and the other end is connected to a drain bag. Manual PD can then 
be initiated. A burretrol is required to deliver small dwell volumes in infants. 

Box 21.1 Contraindication to Peritoneal Dialysis

• Recent abdominal surgery (5– 7 days)
• Abdominal drains
• Abdominal wall defects
• Communication between abdomen and thorax
• extensive abdominal adhesion
• Peritoneal membrane failure
• Ventriculoperitoneal shunt

NxStage continuous renal replacement therapy with hemofilter systems with low vol-
ume cartridge

Box 21.2 Selection of Acute Tenckoff Peritoneal Dialysis 
Catheter

• Less than 3 kg, infant catheter
• More than 3 kg and less than 20 kg, pediatric catheter
• More than or equal to 20 kg, adult catheter

System Material Surface area (m2) Blood volume (mL)

HF- 400 Polyarylethysulfone 0.3 83

HF- 700 Polyarylethysulfone 0.71 108

HF- 1200 Polyarylethysulfone 1.25 138
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A specially manufactured manual dialysis set called Daily- Nate is available for 
performing manual PD in small infants. Dialy- Nate is a closed system with a 
graded burretrol to deliver small volumes, a drain bag, multiple connectors 
for dialysate, and an optional heating coil. An automated cycler can be used 
in the larger infant. The minimum volume that can be delivered by a cycler is 
60 mL. It is best to use a cycler when a dwell volume of  100 mL or greater 
is used.

Acute PD Prescription
There are various components to writing an acute PD prescription. Box 21.3 
describes a typical prescription to initiate PD. The following sections explain 
each component of  the dialysis prescription.

Dialysate
The dialysate solution is referred to by the dextrose concentration as either 
1.5%, 2.5%, or 4.25%. Dialysate is hyperosmolar in relationship to the plasma. 
Uremic toxins, electrolytes and water are removed from the patient via diffu-
sion into the peritoneum. Below are general principles for writing acute peri-
toneal dialysis orders at the initiation of  peritoneal dialysis and the adjutments 
for continued peritoneal dialysis as it pertains to selecting the dialysate solu-
tion, dwell volume and dwell time.

 Dialysate solution
• A 1.5% dialysate solution is the standard concentration for initiating PD.
• The dextrose concentration can be increased if  additional fluid removal is 

required.
• A total of  200 to 500 U heparin/ L are usually added to the dialysate to 

prevent fibrin clots.
• Heparin does not cross the peritoneum.
• A total of  2 to4 meq/ L potassium can be added to the dialysate if  hypoka-

lemia develops.

Dwell Volume
Acute PD is initiated at a low dwell volume to prevent leakage of  dialysate 
around the catheter from higher intraperitoneal volume. The dwell volume 
can be increased progressively over time to improve clearance.

• PD is initiated at a dwell volume of  10 mL/ kg.
• The dwell volume can be increased progressively over 2 weeks to up to 

40 mL/ kg.

Box 21.3 Initial Peritoneal Dialysis Prescription

• 1.5% Dextrose + 200 U heparin/ L
• 10 mL/ kg dwell volume
• Continuous hourly exchanges
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• Acute PD is usually initiated with hourly exchanges.
• Twenty-  to 30- minute exchanges can be use if

• PD is initiated within 24 hours of  catheter placement
• Aggressive fluid removal is needed
• There is severe hyperkalemia

• Acute PD is usually continuous.
• Intermittent PD of  8 to 10 hours can be done when dwell volumes greater 

than 30 mL/ kg are achieved.

Complications
There are a variety of  complications associated with PD. The following lists the 
key aspects to a variety of  complications:

• Leakage of  fluid around the PD catheter
• Interrupt PD for 24 to 48 hours
• Resume at a reduced dwell volume
• Consider administering fibrin glue to the exit site

• Peritonitis
• evidenced by cloudy fluid, abdominal pain, and fever.
• Send peritoneal fluid for cell count, gram stain and culture.
• evidence of  peritonitis on peritoneal cell count.

• >100 WBC μL
• >50% neutrophils

• Treat with intraperitoneal antibiotics.
• PD does not have to be discontinued.

• Problems with filling and draining
• Check catheter placement on abdominal radiograph.
• Treat constipation.
• Consider increasing dwell volume.
• Change position of  the patient.
• Add heparin to dialysate if  fibrin is present.
• Consider using tissue plasminogen activator (TPA)in PD catheter.
• Consider whether omentum is wrapped around the catheter and surgi-

cal intervention is needed.

Hemodialysis

Hemodialysis (HD) is a widely available RRT in most pediatric centers. It 
can be performed successfully in infants weighing 2 kg or more, and in even 
smaller neonates by very experienced personal. Infant and neonatal HD 
requires special equipment and modifications in the dialysis prescription 
because of  the small blood volume of  these patients. An adult dialysis pre-
scription with adult lines and dialyzers are not appropriate for children who 
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weigh less than 40 kg. Below are general prinicples for initiating acute hemo-
dialysis in infants and children as it relates to the selecting the appropriate 
vascular access, dialysis blood lines and dialyzers, blood flow rate, time of  
dialysis, ultrafiltration and anticoagulation.

Acute HD Access
Reliable vascular access is critical for doing HD or CVVH in children. 
There are a variety of  HD catheter sizes available for children (Table 21.1).  
Dialysis is usually performed through a double- lumen hemodialysis catheter. 
In neonates, HD can be performed through umbilical lines or through a radial 
arterial line and a single- lumen central venous catheter.

Dialysis Blood Lines and Dialyzers
Dialysis blood lines and dialyzers come in a variety of  sizes. The exact blood 
volume differs among manufacturers. Selecting an appropriate blood line and 
dialyzer is critical to dialyzing children (Table 21.2). When selecting a dialyzer 
and blood lines in a child the below guidelines should be kept in mind.

• The surface are of  the dialyzer should be approximately the same as the 
body surface area of  the child.

Table 21.1 Vascular access in children

Patient Size (kg) Catheter Size

Neonate, <3 3.5- Fr or 5- Fr umbilical artery catheter
5- Fr umbilical venous catheter
5- Fr single- lumen venous catheters
Radial arterial line
7- Fr double- lumen dialysis catheter

3– 6 7- Fr double- lumen dialysis catheter

6– 30 8-  or 9- Fr double- lumen dialysis catheter

>30 10- , 11- , or 11.5- Fr double- lumen dialysis catheter

Table 21.2 Examples of appropriate dialysis prescriptions 
for children

Patient 
Size: Weight 
(kg), Body 
Surface Area 
(m2)

Blood Lines, 
Volume (mL)

Dialyzer, 
Volume 
(mL), 
Surface 
Area (m2)

Priming Volume 
(mL), % Blood 
Volume

Blood 
Flow 
Rate 
(mL)

4.0, 0.3 Neonatal, 20 F3*, 28, 0.4 48, 15 12– 40

10.0, 0.5 Small pediatric, 44 F3, 28, 0.4 48, 6 30– 100

30.0, 1.0 Large pediatric, 79 F5, 63, 1.0 142, 6 100– 300

*F3 and F5 are manufactured by Fresenius.
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exceed 10% of  the patient’s blood volume (8 mL/ kg).
• If  the eCV exceeds 10% of  the blood volume, prime the lines with 5% albu-

min or whole blood (hematocrit, 30%– 35%).

Blood Flow rate
• The first dialysis treatment should be 3 to 5 mL/ kg/ h.
• Subsequent dialysis treatments can be as much as 10 mL/ kg/ h.

Time of dialysis
• Dialysis is extremely efficient in small children because of  the small volume 

of  distribution.
• A 3- hour dialysis treatment is usually sufficient for children who weigh less 

than 50 kg.

Ultrafiltration rate
• Ultrafiltration should not exceed 5% to 7% of  body weight in a 3- hour 

treatment.

Anticoagulation
• Administer a loading dose of  30 to 50 U/ kg.
• Administer a continuous heparin infustion of10 U/ kg hourl
• Heparin- free dialysis can be done with high blood flows and saline flushes.
• Lock catheters with 1:1000 U heparin/ L.

Sustained Low- Efficiency Dialysis

 Sustained low- efficiency dialysis (SLeD) is beginning to emerge as a viable 
option for RRT in critically ill children, and some pediatric centers are adopt-
ing it. SLeD is a “hybrid therapy” in which conventional HD machines and 
equipment are used for extended daily dialysis that lasts 6 to 18 hours. Solute 
and fluid removal is greater than intermittent HD and it allows for scheduled 
downtime. One of  the major advantages of  using SLeD is that it requires the 
same equipment and dialysis staff as that used for children undergoing con-
ventional intermittent HD. Therefore, specialized equipment, staff, and pro-
tocols for preventing bradykinin release associated with AN69 membranes 
are avoided. The Fresenius 2008K has a continuous renal replacement therapy 
(CRRT) mode with a dialysate flow of  100 mL/ h, which is suitable for SLeD 
in infants. The primary disadvantages of  doing SLeD in small children is that 
ultrafiltration is not as accurate as with CRRT machines, a dialysate flow of  100 
mL/ h may be excessive in an infant, and the dialysate could, in theory, expose 
the patient to endotoxins. As newer dialysis systems are developed, SLeD may 
play a greater role in children in the future.
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Continuous Venovenous Hemofiltration

The principles of  CVVH are the same for children as adults. CVVH is techni-
cally more difficult in small children than HD because of  the larger priming 
volume of  the system (Table 21.3). Ther are different systems available for 
doing CRRT in children and different centers will need to consider the pros 
and cons of  each manufacturer system when deciding which system employ 
and physicians will need to familiarize themselves with each system in order 
to develop appropriate protocols. The NxStage system has the smallest sys-
tem priming volume of  83 mL and uses exclusively polysufone hemofilters. 
The minimum priming volume for the Prismaflex system M60 set manufac-
tured by Gambro is 93 mL. According to the manufacturer, the minimum 
patient weight for CVVH is 11 kg. CVVH should not be attempted in chil-
dren who weigh less than 10 kg unless the center has significant experience 
with children of  this size and an established protocol to address the large 
PV. The Prismaflex system uses an acrylonitrile (AN69) membrane, which 
have been associated with a bradykinin release syndrome when exposed to 
an acidic environments. Therefore, an acidic blood prime coming in contact 
with AN69 membranes could result in bradykinin release syndrome. This 
syndrome could prove fatal in critically ill infants. CVVH treatment must 
be stopped immediately and the system discarded without returning the 
blood to the patient. Therefore, a standard blood prime with packed red 
blood cells (PRBC), as is done for HD, should not be attempted with AN69 
Prismaflex systems. The NxStage system has the advantage of  only using HF 
filters which are not associated with bradykinin release syndrome. Different 
pediatric centers have proposed ways of  dealing with this problem, such as 
the following:

• Maintaining zero- balance ultrafiltration (dialyzing the blood prime 
before administering it to the patient)

• Using an adult- size filter that is not AN69, such as the Prismaflex HF system, 
which has a polyarylethersulfone membrane with a minimum PV of  165 mL, 
or using the NxStage system.

Table 21.3 Prismaflex continuous renal replacement therapy 
hemofilter systems

System Material Surface area (m2) Blood volume (mL)

M60 Acrylonitrile 0.6 93

M100 Acrylonitrile 0.9 152

M150 Acrylonitrile 1.5 189

HF1000 Polyarylethysulfone 1.1 165

HF 1400 Polyarylethysulfone 1.4 186
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hydroxymethyl aminomethane to it as it is being infused into the patient
• Doing an effective blood prime by priming the system with Plasmalyte 

and transfusing 50 mL PRBC as the patient is going on to the system

General Principles When Initiating CVVH

Blood Pressure
The initiation of  CVVH should be delayed if  there is severe hypotension and 
hemodynamic instability. CVVH can usually be initiated successfully if  the 
mean arterial pressure is more than 50 mmHg.

Vascular Access
At least a 7- Fr double- lumen HD catheter should be used for CVVH in chil-
dren because the minimum blood flow for most CVVH machines is 30 mL/ 
h. Note that 7- Fr catheters are prone to kinking and may need to be replaced 
often (Table 21.2).

Extracorporeal Volume
The PV for the CVVH system usually exceeds 10% of  the blood volume in 
children who weigh less than 10 kg.

• Calculate the eCV of  the CVVH circuit.
• The child’s hematocrit should be 30% or more before initiating CVVH.
• If  the PV exceeds 8 mL/ kg, some form of  blood prime may be required.

Blood Flow
• Blood flows on CRRT are different than on hemodialysis. In hemodialysis 

the dialysate flow far exceeds the blood flow, therefor clearance is limited 
by the blood flow and higher blood flows resuls in higher clearance. In CRRT 
the blood flow usually far exceeds dialysate clearance and therefor clear-
ance is primarily reflected by the dialysate clearance. A blood flow of  3 –  5 
mL/ kg/ hr is appropriate for performing CRRT in childrens. Higher blood 
flow rates can decrease that chance of  system clotting but also can results 
system pressures when using small cartriges. Higher blood flows also result 
in increased citrate exposure when using citrate for anticoagulation and 
increase the risk fo alkalosis and citrate lock.

Dialysate Replacement Fluid Flow Rate
The choice of  using CVVH or continuous venovenous hemodialysis is cen-
ter specific and there is no clear advantage of  one over the other in pediat-
rics. There are no specific CVVH solutions for children; Accusol, Prismasate, 
Normocarb, Nxstage, or pharmacy- made solutions have all been used suc-
cessfully. Dialysis flow in children has been adapted from what has been used in 
adults and adjusted to body surface area. The most widely accepted dialysate 
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trol can be obtained with flow rates much lower than this; these large flow 
rates can result in alkalosis, hypokalemia, and hypophosphatemia, and may not 
be needed in all circumstances.

Anticoagulation
Both heparin and citrate anticoagulation have been used successfully in chil-
dren, and the principles are the same as in adults. Heparin anticoagulation typi-
cally requires a 30-  to 50- U/ kg loading dose followed by a 10-  to 20- U/ kg/ h 
maintenance dose to keep to an activated clotting time of  180 to 240 seconds 
or a PTT of  60 to 80 seconds. Heparin anticoagulation should be avoided if  
the patient is immediately postoperative, if  there is active bleeding, or if  the 
patient is anticoagulated systemically. The protocol for regional citrate anti-
coagulation is, for the most part, the same as for adults. The ACD- A citrate 
flow rate is 1.5 times the blood flow rate to keep the postfilter ionized calcium 
level between 0.2 mM and 0.4 mM. The calcium chloride (20 mg/ mL) infu-
sion rate is 0.1 times the ACD- A flow rate to keep systemic ionized calcium 
levels between 1.0 mM and 1.3 mM. The adjustments made to the ACD- A and 
calcium chloride flow rates to maintain the appropriate ionized calcium will be 
50% less for children who weigh less than 20 kg. Citrate anticoagulation can be 
complicated by hypernatremia, alkalosis, and citrate lock.

Recent Innovations in Pediatric CRRT

HD and CRRT in neonates and small infants provide a particular challenge. 
To this end, specialized equipment and machinery are becoming available to 
address this unique population. A recent addition to the therapies available 
for Prismaflex CRRT is the HF20 membrane by Gambro. This polyaryle-
thersulfone membrane has a circuit volume of  60 mL and a surface area of  
0.2 m2. The HF20 membrane is not currently available in the United States, 
but reports outside of  the United States suggest that it can be used safely 
and effectively in infants and small children, usually without the need for a 
blood prime. Two new devices have been developed to address CRRT and 
HD specifically in neonates and infants. The Cardio- Renal Pediatric Dialysis 
emergency Machine (or CARPeDIeM) is a new CRRT machine devel-
oped specifically to treat neonates and infants who weigh 2 to 10 kg. The 
CARPeDIeM has a PV of  only 30 mL, miniaturized roller pumps, and an accu-
rate ultrafiltration control via calibrated scales, with a precision of  1 g. The 
Newcastle Infant Dialysis and Ultrafiltration System (or NIDUS) is a dialysis 
machine developed specifically for infants weighing 1 to 8 kg. It has a PV of  only 
13 mL and uses a high- flux polysulfone membrane of  0.045 m2. It is capable of  
dialyzing from a single lumen of  a central venous line delivering a blood flow of   
20 mL/ min, with an adjustable ultrafiltration rate of  between 0 mL/ h and 60 
mL/ h that adjusts to microliter increments. Although these two devices are 
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A device that is commercially available in the US to do ultrafiltration is the 
the Aquadex TM by Gambro. It has a priming volume of  30 mL and can be 
employed through a peripheral line. Pediatric data is emerging supporting it’s 
use for fluid removal (Aquapheresis).
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Chapter 22

Therapeutic Plasma Exchange 
in Critical Care Medicine
Joseph e. Kiss

Principles

Therapeutic plasma exchange (TPe) is the automated removal of  a patient’s 
plasma and replacement (exchange) with a suitable alternative fluid such as 
a solution containing albumin or fresh frozen plasma. Its intended use is for 
depletion of  pathogenic large- molecular weight substances (>30,000– 50,000 
Da) present in blood plasma and/ or replacement of  depleted normal/ ben-
eficial substances. Smaller molecular weight compounds are not removed 
efficiently by TPe, but may be removed effectively by alternative extracor-
poreal techniques such as hemofiltration (<20,000– 30,000 Da) or dialysis 
(<500– 600 Da).

The Decision to Use TPE

The rational use of  TPe is based on the following considerations:

• What is the pathophysiological role of  the target macromolecule in the 
clinical disorder? Is there evidence of  acute toxicity caused by the sub-
stance? Is the patient resistant to the usual medical and/ or pharmaco-
logical therapy or does the clinical urgency demand more immediate 
action?

•  Can the substance be removed efficiently by TPe? In general, this applies to 
large molecules with relatively long half- lives (reduced synthetic rate).

•  Is there evidence that a reduction in levels of  the offending substance is 
associated with improved clinical outcomes?

Clinical consultation with the appropriate provider of  TPe services is recom-
mended to address these issues and to provide management guidance, as out-
lined in Table 22.1.

Note, the American Society for Apheresis has published comprehensive 
evidence- based indications on the use of  TPe in specific disease categories. 
The classification system and examples of  substances removed are shown in 
Box 22.1 and Table 22.2.
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Box 22.1 Consensus Indications for Plasma Exchange

Management Guidelines for TPE

The extent of  removal of  a substance during TPe depends on the volume of  
the patient’s plasma removed in relation to total plasma volume (PV), the distri-
bution of  the substance between the intravascular and extravascular compart-
ments, and how rapidly the substance reequilibrates between compartments. 
PV is calculated as PV = Total blood volume x (1 –  Hematocrit level). In adults, 
the total blood volume may be estimated as 70mL/ kg. Therefore, for a 70- kg 
man with a hematocrit level of  0.45 (45%), PV = 4900 mL x 0.55, or 2695 mL.

A one- compartment model best describes the kinetics of  removal in TPe. 
The rate of  removal is not linear but curvilinear (i.e., very steep during the 
more efficient early portion of  the exchange, then leveling off during the lat-
ter portion of  the procedure as more of  the replacement fluid and less of  the 
original patient’s plasma is exchanged). During a TPe procedure, removal of  
immunoglobulin (Ig) M and fibrinogen, which are located predominantly in the 
intravascular compartment (~80%), is more complete than removal of  IgG 
because only ~40% of  this protein is intravascular. From a practical stand-
point, IgM- mediated disorders require fewer TPe treatments to achieve a 
similar level of  removal than IgG- mediated disorders. Lower molecular weight 
compounds that are highly diffusible (i.e., have a large volume of  distribution) 
or are regulated actively in the plasma (such as calcium or potassium) are 
removed much less efficiently by TPe. After being depleted by TPe, the return 
of  a substance toward baseline levels is governed by a balance of  synthesis, 

ASFA 
Category

Interpretation Remarks

I Standard acceptable therapy Proved in controlled trials

II Available evidence supports efficacy Case series; second line, 
adjunctive therapy

III Available evidence suggests efficacy 
but is inconclusive

Anecdotal data (e.g., case 
reports)

IV Ineffective in controlled trials

ASFA, American Society for Apheresis.

Table 22.1 Decision making in therapeutic plasma exchange

Considerations

Rationale Disease pathogenesis, published efficacy, and quality of  evidence

Technical issues Vascular access, volume of  plasma to process, replacement solution

Management plan Timing (emergent, urgent?), number and frequency of  treatments

end point Clinical and/ or laboratory response
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catabolism, and reequilibration between compartments. Variability in these 
factors, as well as the binding characteristics of  the substance, relates to the 
overall efficacy of  a course of  treatment. Box 22.2 depicts the proportion of  
an idealized compound that is removed based on the kinetic model.

Apheresis Devices

Two general types of  instrumentation may be used to perform TPe: centrifugal- 
based and membrane filtration.

Table 22.2 Clinical examples when plasma exchange is used

Substance Removal/ 
Replenishment

Clinical Examples ASFA 
Category

Substances removed

Autoantibodies Goodpasture’s syndrome 
(antiglomerular basement 
membrane autoantibodies)

I

Alloantibodies Renal transplant rejection (donor- 
specific anti- HLA)

I

Immunoglobulins causing 
hyperviscosity

Waldenstrom’s macroglobulinemia I

Cryoglobulins Cryoglobulin- associated skin 
ulceration, renal dysfunction

I

Protein- bound toxins Amanita (mushroom) poisoning II

Substances Replenished

ADAMTS13 (von- Willebrand 
factor cleaving protease)

Thrombotic thrombocytopenic 
purpura

I

Coagulation factors Hepatic failure III

ADAMTS13, a disintegrin and metalloprotease with thrombospondin type 1 motifs 13; ASFA, American 
Society for Apheresis; HLA, Human Leukocyte Antigen; For a comprehensive list of  indications please 
see the ASFA guidelines.

Box 22.2 Removal of a Substance by Therapeutic Plasma 
Exchange

• efficiency
• 1 PV = 65% removal
• 1.5 PV = 75% removal
• 2 PV = 87% removal
• 3 PV = 95% removal

• IgM: 80% intravascular (efficiently depleted as a result of  limited reequilibration)
• IgG: both intravascular (40%) and in tissues (removal less efficient, redistribution into 

plasma postapheresis over a 24-  to 48- hour period)

Note: Ig, immunoglobulin; PV, plasma volume. The volume processed during therapeutic plasma exchange 
procedures is often “capped” at 1.5 PV because of the minimal additional effect of increasing the procedure 
time above this level (i. e., only 12% additional removal/ replacement occurs from 1.5 to 2.0 PV).
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Centrifugal separation relies on the application of  gravitational force to sepa-
rate blood elements according to density. In order from lightest to heaviest, 
whole- blood components may be separated into plasma (SpecificGravity, 
1.025– 1.029), platelets (SG, 1.040), lymphocytes (SG, 1.070), granulocytes 
(SG, 1.087– 1.092), and red blood cells (SG, 1.093– 1.096). Centrifugal cell sep-
arators operate either by discontinuous flow (alternates blood collection and 
reinfusion sequentially) or continuous flow. Continuous flow devices achieve 
greater efficiency by collecting and reinfusing processed blood components 
simultaneously.

In a typical TPe channel configuration, whole blood is withdrawn from the 
patient by means of  an inlet pump. To prevent clotting, it is mixed immedi-
ately with an anticoagulant solution at a preset ratio, typically 10 to 14 parts 
whole blood to 1 part of  Acid Citrate Dextrose- A(ACD- A). The blood then 
enters the separation chamber, where an interface is established to separate 
the blood into component layers. The heavier cellular elements settle to the 
outside of  the channel, whereas the lighter plasma remains in the inner aspect. 
The plasma is siphoned off through the plasma- out tube, and the cellular com-
ponents are removed through the red blood cell return tube. Typical flow rates 
for therapeutic plasma exchange range from 60 to 95 mL/ min, depending on 
patient size, patient tolerance of  side effects, and type of  replacement solution 
being used.

Anticoagulation
Most centrifugal cell separators use citrate anticoagulants; protocols are also 
available for using heparin alone or heparin and citrate in combination. Use 
of  citrate avoids potential bleeding risks of  systemic anticoagulation; how-
ever, the hypocalcemia induced by citrate has certain potentially serious 
toxicities, including seizures and depression of  cardiac function. For this rea-
son, manufacturers of  apheresis instrumentation have designed controls that 
regulate the maximum amount of  citrate that can be infused. The maximum 
AC(anticoagulant citrate) infusion rate is based on the average patient’s ability 
to metabolize citrate under normal physiological conditions. However, many 
patients, such as those with liver failure, have a reduced clearance of  citrate so 
individual factors need to be considered.

Priming of the Extracorporeal Circuit
A saline prime is used in the external tubing and channel of  the apher-
esis instrument to avoid hypotension resulting from a sudden volume defi-
cit. The extracorporeal volume, or “dead space volume,” within the TPe 
circuit varies among different machines, ranging between 170 mL and  
250 mL. Dilution of  an adult’s red blood cell mass by this volume is negligible; 
however, it may be substantial for a child. Red blood cell prime methods have 
been developed to minimize the effects of  hemodilution.
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Membrane filtration technology is an extension of  the use of  synthetic biocom-
patible membranes used in hemodialysis, ultrafiltration, and hemofiltration. 
The membrane is permeable to large- molecular weight proteins but excludes 
cellular elements, including platelets. Pore sizes ranging from 0.2 to 0.6 μm 
allow passage of  proteins with molecular weights of  more than 500,000 Da. 
Membrane filters in current use have sieving coefficients of  0.9 to 1.0, mean-
ing the protein composition of  the filtrate and the plasma are nearly identical, 
even for very large molecules such as IgM. Cellulose diacetate, polyethylene, 
polypropylene, polyvinylchloride, and other synthetic materials are used.

After the addition of  an anticoagulant, the patient’s blood is pumped 
through either a parallel plate or a hollow fiber filter at a continuous flow 
rate between 50 mL/ min and 200 mL/ min. The efficiency of  filtration is 
determined by several parameters, including the blood flow rate, composi-
tion and physical characteristics of  the membrane, transmembrane pres-
sure, geometry of  the blood flow path, as well as the physical and chemical 
nature of  the plasma proteins. A typical device features an anticoagulant 
syringe pump (usually using heparin as the anticoagulant of  choice), a blood 
pump, replacement fluid pump, and effluent pump. Blood is directed to the 
plasma filter by means of  the blood pump. The hemoconcentrated blood 
leaves the plasma filter through the return line, where it is combined with 
replacement fluid and returned to the patient. The effluent side of  the 
plasma filter leads to a waste bag.

Studies comparing centrifugal and membrane filtration have found them 
to be similar with respect to safety and efficiency. TPe is not as rapid with 
membrane separators. Although use of  systemic heparin anticoagulation may 
avoid some side effects of  citrate, systemic heparinization is disadvantageous 
in some patients, such as those with coagulopathy.

Adverse Effects of TPE

Serious complications such as infection, thrombosis, pneumothorax, and 
hematoma formation are often related to the need for central venous access. 
Overall, 3% to 8% of  TPe procedures may be associated with adverse reac-
tions (Table 22.3). Most of  these reactions are easily recognized and treated. 
Severe reactions, such as cardiac or respiratory arrest, and mortality (1– 2/ 
10,000 procedures) are rare. The more serious consequences are seldom a 
result of  the TPe procedure itself. The lists that follow provide more informa-
tion on the adverse effects of TPe.

Approximate Rate Based on Published Literature
• There is a higher rate associated with TPe in which plasma is used.
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• Autonomic dysfunction with hypotension is seen, especially in patients 
treated for neurological conditions, including Guillain- Barré syndrome and 
chronic idiopathic demyelinating polyneuropathy

Citrate Toxicity

• One part acid citrate dextrose solution is added to 14 parts whole blood 
immediately after withdrawal from the patient to prevent clotting in the 
apheresis machine. The citrate ions bind ionized calcium, resulting in tran-
sient hypocalcemia. Plasma products add to this side effect because of  high 
citrate concentration.

• Symptoms
• Perioral tingling
• Vibration sensation
• Numbness and tingling in extremities
• Nausea and emesis
• Possible progression to muscle spasms, tetany, and seizure activity

• Management
• Decrease inlet flow (blood withdrawal) rate (or pause machine).
• Administer a calcium gluconate infusion. In adults, 10 mL 10% (1 g) 

in 250 mL Normal Salinr Solution(NSS) or may be added to albumin 
replacement fluid (not plasma!).

• Administer a calcium chloride infusion. In adults, this is three times more 
potent and faster acting than calcium gluconate because the ions dissoci-
ate immediately. Monitor patients’ [Ca2+] levels every 15 to 30 minutes.

• Vasovagal reactions

Table 22.3 Adverse events and frequency

Event Frequency* (%)

Overall rate 7.81 (with plasma 
replacement); 3.35 (no 
plasma)

Specific reaction rates

Transfusion reactions (resulting primarily from plasma 
replacement)

1.6

Citrate- related nausea and/ or vomiting (paresthesias 
higher rate)

1.2

Hypotension‡ 1.0

Vasovagal nausea and/ or vomiting 0.5

Pallor and/ or diaphoresis 0.5

Tachycardia 0.4

Respiratory distress 0.3

Tetany or seizure 0.2

*Specific reactions rates are listed for all therapeutic apheresis procedures, however, the majority were 
TPe. Reference: McLeod BC, et al. Transfusion. 1999;39:282-8. ‡Systolic blood pressure < 80 mm Hg.
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phoresis, lightheadedness, and occasionally nausea and emesis
• TPe halted temporarily and legs elevated to increase venous return
• Reaction usually self- limited but may progress to loss of  consciousness
• Bolus NSS, 200 to 400 mL, may be given

• Hypotension
• Acute volume loss is prevented by priming the apheresis circuit with 

replacement fluid.
• Despite simultaneous replacement, patients such as those with auto-

nomic neuropathy are sensitive and become hypotensive.
• Generally responds to bolus NSS, 200 to 400 mL.

• Allergic reactions
• Mainly resulting from plasma proteins
• Rarely albumin or residual ethylene oxide sterilization of  disposable 

plastic
• Hemolysis

• Very rare
• Suspect use of  hypotonic crystalloid solution or mechanical cause 

(kinked tubing), or patient red blood cell abnormality
• Depletion of  clotting factors

• Prolonged PT, INR, and/ or APTT that occur with daily serial TPe 
using nonplasma replacement or cryodepleted plasma (Table 22.4)

• TPe depletes fibrinogen especially— longer half- life (90 hours) and 
slower recovery rate than other coagulation factors (3– 4 days to 
return to normal)

• Usually not manifest with every- other- day plasma exchanges
• Treatment is to decrease frequency of  procedures or use plasma or 

cryoprecipitate (donor exposure risk)
• Transfusion- transmitted diseases (when plasma used)— rare

Table 22.4 Colloid replacement fluids used in therapeutic 
plasma exchange

Fluid Advantages Disadvantages
5% Albumin Viral inactivation

ease of use
Reactions rare

High cost
Most proteins not replaced

Single- donor plasma* All proteins replaced High cost
Inconvenient†
Citrate reactions
Urticaria
Viral infection risk

*Fresh frozen plasma or cryoprecipitate- poor plasma.
†Must be thawed before use and must match patient ABO type.
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e • Angiotensin- converting enzyme (ACe) inhibitors

• Symptoms
• Flushing (vasodilation), hypotension, dyspnea, watery diarrhea
• Prekallikrein activator (an activator of  bradykinin) present in 

albumin- containing replacement solutions
• ACe identical to kinase II; bradykinin degradation inhibited

• Prevention includes withholding ACe inhibitors at least 24 hours 
before a procedure.

Key References
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2013;28(3):145– 284.
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Chapter 23

MARS
Molecular Adsorbent Recirculating System

Nigel Fealy and Rinaldo Bellomo

The Molecular Adsorbent Recirculating System (MARS) is an artificial liver sup-
port system aimed at the removal of  toxins in patients with acute liver failure 
(ALF) or acute on chronic liver failure (AoCLF). MARS is used via an addi-
tional circuit attached to a standard extracorporeal circuit (continuous renal 
replacement circuit), which uses albumin as a dialysis medium. Using albumin 
as carrier molecule, toxins are then adsorbed onto specific sorbents. Most 
liver toxins such as bilirubin, ammonia, fatty acids, hydrophobic bile acids, and 
nitric oxide use albumin as their transport protein and, as a result, appear to 
be removed more effectively by an albumin- enriched dialysate. This albumin 
dialysate is regenerated online by passage through a second hemodialyzer and 
two sorbent columns (charcoal and an anion exchanger).

Method

The MARS treatment kit consists of  an albumin hemodialyzer, a standard 
hemodialyzer, an activated carbon adsorber and an anion exchanger. The cir-
cuit is filled with 500 mL 20% human albumin solution. Albumin acts as dialy-
sate and is pumped through a hollow fiber membrane (MARS flux dialyzer) 
countercurrent to blood (Figure 23.1, point A). Water- soluble substances dif-
fuse into the albumin solution while albumin- bound toxins move by physico-
chemical interactions among plasma, albumin molecules bound to the dialysis 
side of  the membrane, and the circulating albumin solution.

Toxin- carrying albumin is then passed through another hemodialyzer 
countercurrent to a standard buffered dialysis solution where diffusive clear-
ance of  water- soluble substances occurs (Figure 23.1, point B). A concen-
tration gradient is maintained by circulation of  the albumin solution and 
disposal of  the albumin- bound toxins by passage through activated charcoal 
(Figure 23.1, point C), and anion exchange columns (Figure 23.1, point D) 
(Figure 23.2).
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Practical Considerations

The MARS treatment is achieved by the combined use of  a standalone con-
tinuous renal replacement therapy (CRRT) machine or hemodialysis machine, 
and the MARS albumin pump and monitor unit. The MARS albumin pump 
and monitor unit (Figure 23.3, point A) is placed in series with a standard 

A B

CD

Figure 23.1 extracorporeal and albumin dialysis circuit (Molecular Adsorbent Recirculating 
System [MARS]monitor). A, MARS flux dialyzer; B, standard high- flux hemodialyzer; C, 
activated charcoal; D, anion exchange column.

MARS Monitor

Albumin
intermediate

circuit

Ion exchange
resin cartiridge

Activated
charcoal
cartidge Dialysate

CRRT
machine

Dialyser 2Dialyser 1

A

V

QB = 150–200 mL/min
QA = 200 mL/min
QD = 33 mL/min (2L/h)

Figure 23.2 Schematic representation of  a Molecular Adsorbent Recirculating System 
circuit. A, outflow lumen of  dialysis catheter; CRRT, continuous renal replacement therapy; 
QA, albumin flow; QB, blood flow; QD, dialysate flow; V, inflow lumen of  dialysis catheter.
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continuous venovenous hemodialysis circuit (Figure 23.1, point B). Depending 
on the external CRRT or dialysis machine used, the CRRT machine may act as 
a blood pump and dialysate controller or is more integrated for MARS use, as 
with the Prisma or Prismaflex machines (Figure 23.3, with Prisma).

As with other renal replacement therapies, suitable vascular access is a key 
factor in achieving the prescribed treatment dose. The use of  anticoagulation 
should be considered carefully. Often, patients with ALF have some degree of  
autoanticoagulation and do not require anticoagulants to maintain MARS or 
CRRT circuits. And, often, the difficulty in treating patients with ALF is deter-
mining when to institute MARS therapy, duration of  therapy (intermittent vs. 
continuous), and when to cease therapy. Box 23.1 outlines one set of  recom-
mendations for the use of  MARS in ALF.

After 3 days of  consecutive intermittent or continuous treatments there 
is an expectation that the patient with ALF or AoCLF will have significant 
improvement both clinically and biochemically.

Currently there are insufficient data to demonstrate a survival benefit when 
MARS is instituted in patients with ALF or AoCLF. However, there is evidence 
to suggest that MARS impacts favorably on the complications of  liver failure. 
MARS appears to improve several clinical parameters such as hemodynamic 
status, bilirubin levels, bile acid levels, encephalopathy, pruritus, and renal func-
tion. The effect of  improving these parameters in patients with liver failure is 
to provide time for either liver regeneration or to bridge the patient safely to 
liver transplantation.

A

B

Figure 23.3 Molecular Adsorbent Recirculating System (MARS) with Prisma continuous 
renal replacement therapy machine. A, MARS unit; B, = Prisma continuous renal replacement 
therapy machine.
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A consideration when applying the therapy is modification of  antibiotics 
and drug therapy. Theoretically, removal of  both water- soluble and albumin- 
bound drugs is achieved during MARS therapy, and therefore adjustment of  
drug therapy and therapeutic drug level monitoring should be undertaken.

The exposure of  blood to an extracorporeal circuit initiates the coagula-
tion cascade and may deplete clotting factors and lower the platelet count. In 
patients with an impaired coagulation state, observation of  bleeding and inves-
tigation of  platelet count should be undertaken during treatments and before 
recommencement of  MARS therapy.
Clinical application of  MARSMARS continues to be the most frequently used 
liver support therapy in critically ill patients. It is a technically feasible therapeu-
tic option for liver support in the intensive care environment. However, the 
setup is labor intensive in comparison with CRRT. This treatment option is cur-
rently limited to intensive care units in specialist referral centers where highly 
skilled nurses are available to institute and maintain the therapy.

MARS appears to allow for safe removal of  albumin- bound and water- 
bound toxic substances in patients with AoCLF and ALF. Currently, many 

Box 23.1 Guidelines for the Use of the Molecular Adsorbent 
Recirculating System (MARS) in Liver Failure

Start Criteria
Increasing total bilirubin greater than 300 μmol/ L and one of  the following:
• Hepatic encephalopathy of  grade II or greater or
• Hepatorenal syndrome

Intermittent MARS Treatment
• Six to 8 hour of  treatment with intermittent hemodialysis
• Use when hemodynamically stable and no evidence of  cerebral edema
• Anticoagulation— none, heparin, or citrate (risk of  citrate accumulation)
• Blood flow rate (QB) at 250 mL/ min
• Albumin flow rate (QA) at 250 mL/ min

Continuous MARS Treatment
• Twenty- four hours of  treatment with continuous venovenous hemodialysis
• Use when hemodynamically unstable or evidence of  cerebral edema
• Anticoagulation— none, heparin, or citrate (risk of  citrate accumulation)
• QB at 180 to 200 mL/ min
• QA at 180 to 200 mL/ min

Stop Criteria
Plan for at least 3 days of  MARS treatment. Stop when
• Total bilirubin less than 200 μmol/ L or
• Resolution of  hepatic encephalopathy
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porting patients to recovery. As reports of  clinical and biochemical improve-
ments in patients continue to emerge, there will be continued interest in this 
therapy.
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Chapter 24

Sorbents
Dehua Gong and Claudio Ronco

Introduction

The possibility of  removing solutes from blood to obtain blood purification 
has mainly focused over the years on classic hemodialysis. However, both the 
characteristics of  some solutes that make their removal difficult, and the lim-
ited efficiency of  some dialysis membranes, have spurred a significant inter-
est in the use of  further mechanisms of  solute removal such as adsorption. 
Materials with high capacity of  adsorption (sorbents) have been utilized for 
about 50 years in extracorporeal blood treatments of  acute poisoning or ure-
mia. With the recognition of  the role of  cytokines in systemic inflammatory 
response syndrome(SIRS) and sepsis, and the fact that most cytokines are 
poorly removable by conventional diffusive or convective blood purification 
modalities, treatment of  sepsis based on sorbent technique has recently been 
explored.

 Target Substances for Removal 
by Sorbent in Sepsis

Endotoxin
endotoxin is a lipopolysaccharide (LPS) and an outer membrane molecule 
essential for virtually all Gram- negative bacteria. It is generally considered a 
major causative agent in Gram- negative bacteria infection- related shock. LPS 
binds to LPS- binding protein and is transferred to bind to surface molecule 
CD14 when it enters into blood, presented in aggregate form or monomeric 
form. The signal of  LPS combination with CD14 is relayed by toll- like recep-
tors to activate nuclear factor κB and produce multiple cytokines.

Superantigen
Superantigen (SAg), which is a secreted product of  Gram- positive bacteria, 
plays an important role in activating and regulating the innate immune system. 
SAg is also known to be associated with toxic shock in Gram- positive bacte-
rial infections. Unlike conventional antigens, SAg bypasses normal antigen pro-
cessing steps, binds directly as an intact protein to major histocompatability 
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receptors, and activates many more T cells than conventional antigens. SAg 
is the most powerful T- cell mitogen ever discovered. Activated T cells then 
produce and release massive levels of  proinflammatory cytokines.

Cytokines
Activation of  the immune system is almost present in all critically ill patients, 
particularly in patients with infection. During the early stages of  immune acti-
vation, there is production and release of  many proinflammatory mediators, 
especially tumor necrosis factor α (TNF- α), interleukin (IL) 6, IL- 1, and IL- 8. 
These cytokines augment the body’s response to the pathogen and result in 
systemic adaptation. At the same time, an anti- inflammatory mechanism is 
also initiated, which includes production of  IL- 10, transforming growth factor 
β, and IL- 13. If  the overresponsiveness of  the immune system is still uncon-
trolled and persists for a period, tissue damage and organ failure occur, and 
the anti- inflammatory effect outweighs the proinflammatory effect, leading to 
immunoparalysis.

Selectivity of Sorbent Used for Removal  
of Target Substance
According to the selectivity of  target substance removal, sorbents can be 
divided into three groups: unselective porous particles, relative selective 
adsorption, and selective adsorption.

Unselective Porous Particles
This kind of  sorbent consists primarily of  porous polymers, such as resin, 
or activated charcoal. Sorbents exist in granules, spheres, cylindrical pellets, 
flakes, and powder. They are solid particles with a single- particle diameter 
between 0.05 cm and 1.2 cm. The surface area- to- volume ratio is extremely 
high in sorbent particles, which varies from 300 to 1200 m2/ g. They can 
also be defined as macroporous (pore size, >500 Å, or 50 nm), mesopo-
rous (pore size, 20– 500 Å), and microporous (pore size, <20 Å). Usually 
they adsorb molecules onto their surface nonspecifically by Van der Waals 
forces, electrostatic attraction, or hydrophobic affinity. Because molecules 
adsorbed onto the porous surface of  a sorbent must first pass through the 
pores, manipulating the pore size can, to some extent, control the molecules 
for removal.

Relative Selective Adsorption
Recent advancements in techniques make it possible to develop many new 
sorbents by immobilizing a ligand specific to a certain group of  substances 
onto matrix fibers or particles. These kinds of  sorbents include Lixelle, 
CTR adsorber (Kaneka Corporation, Osaka, Japan), and CYT- 860 (Toray 
Industries, Inc., Tokyo, Japan). They use hydrogen bonds or hydrophobic inter-
actions between ligand moiety and protein chemical groups to enhance pro-
tein adsorption capacity, and use designed pore size distribution to specify the 
molecular weight of  proteins that can be adsorbed. An SAg- adsorbing device, 
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polypropylene, is recently undergoing investigation.

Selective Adsorption
Sorbents made by immobilization of  more specific ligands onto a matrix can 
target the adsorption on one certain substance or limit the adsorption within 
a very narrow range. An adsorber composed of  Polymyxin B- immobilized 
fibers (PMX) has been used for adsorption of  endotoxins in sepsis. Adsorbers 
based on macroporous beads immobilized with human serum albumin such as 
MATISSe also aim at endotoxin adsorption. The microsphere- based detoxifi-
cation system provides a platform where anti- TNF- α antibodies are immobi-
lized onto microparticles with a diameter range of  1 to 10 μm. This system is 
designed to adsorb serum TNF- α during early stages of  sepsis.

Efficiency of Adsorption
When a liquid mixture is brought into contact with a microporous solid, 
adsorption of  certain components in the mixture takes place on the inter-
nal surface of  the solid. The maximum extent of  adsorption occurs when 
equilibrium is reached. No theory for predicting adsorption curves has been 
embraced universally. Instead, laboratory experiments must be performed 
at a fixed temperature (separation processes are energy intensive and affect 
entropy) for each liquid mixture and adsorbent to provide data for plotting 
curves called adsorption isotherms (Figure 24.1). Adsorption isotherms can 
be used to determine the amount of  adsorbent required to remove a given 
amount of  solute from the solvent. Another measure of  the efficiency of  the 
unit is obtained by using marker molecules to determine the so- called mass 
transfer zone. The mass transfer zone is the portion of  the cartridge length 

Equilibrium concentration

Adsorption isotherm
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Figure 24.1 Typical example of  an adsorption isotherm.
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Mass transfer zone determination also helps to define the design of  the unit 
and the expected time of  efficiency before saturation.

Both adsorption isotherms and the mass transfer zone, however, are not 
a clinical practical parameter to evaluate a sorbent’s adsorptive capacity. An 
extraction ratio is often used to reflect the removal ability of  a sorbent, which is 
defined as the reduction ratio of  solute concentration in blood or plasma after 
a single pass through the sorbent. Factors other than the sorbent per se also 
affect the extraction ratio, including blood or plasma flow rate, target solute 
burden in blood, and so on. In one treatment session, dynamic monitoring of  
the extraction ratio may reflect the saturation status of  the sorbent. Another 
clinical useful parameter for demonstration of  the removal effect of  sorbents is 
the reduction ratio of  solutes during one treatment session. However, the fact 
that both of  these parameters cannot reflect accurately the removal ability of  a 
sorbent makes the comparison among different sorbents difficult.

Biocompatibility of Sorbents
The concept of  sorbent biocompatibility has three meanings. First, the sor-
bent must be resistant and release no harmful substances into body. Second, 
the contact of  the sorbent with plasma or blood should not induce activation 
of  complement, immune system, and hemostasis, and should not result in a 
hematological abnormality such as hemolysis, leukopenia, or thrombocytope-
nia. Third, the adsorption should not result in unwanted loss, such as albumin 
loss. However, so far, no one sorbent fully adheres to all these requirements.

A commercial sorbent column usually contains a sieving device that allows 
free passage of  blood but retains particles or their fragments to prevent dis-
semination of  small particles in the body. Some systems also include a moni-
toring device to detect the possible detached microparticle in the blood.

Blood– surface reaction depends on sorbent surface flatness and materi-
als. Sometimes, a surface coating technique is used to improve sorbent bio-
compatibility, although at the price of  adsorption efficiency. Another way to 
improve biocompatibility is plasma adsorption, in which only plasma passes 
through the sorbent, blood cells are separated from plasma and bypass the 
sorbent, and finally blood is reconstituted after an extracorporeal single- pass 
treatment. However, addition of  plasma separator makes the procedure more 
complex. Research on materials with high molecular weight and polymers pro-
vide hope for a new type of  sorbent with good biocompatibility. The new 
sorbent should have high selectivity of  adsorption and the least unwanted loss.

Typical Modalities for the Use of Sorbents
Typical modalities for the use of  sorbents in extracorporeal therapies are rep-
resented in Figure 24.2.

Hemoperfusion
Hemoperfusion is a technique in which a sorbent is placed in direct con-
tact with blood in extracorporeal circulation. It has a very simple circuit, but 
requires a very biocompatible sorbent and adequate anticoagulation of  the 
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extracorporeal circuit. Materials such as charcoal, which has poor biocompat-
ibility, must be coated before use in hemoperfusion. More recently, synthetic 
polymers have been introduced with a remarkable capacity for adsorption and 
better biocompatibility.

Sorbent

Blood in

Blood in

Blood in

Blood in Blood out

Blood out

Blood out

Blood out

Sorbent Hemodia�lter

Hemo�lter Hemodia�lter

Hemodia�lter

Dialysate
in

Dialysate
in

Dialysate
out

Dialysate
out

Dialysate
out

Dialysate
in

Sorbent

Sorbent

Plasma�lter

A

B

C

D

Figure 24.2 Possible modes of  application of  sorbents. (A) Hemoperfusion. (B) The sor-
bent unit is placed in series before the hemodialyzer (hemoperfusion– hemodialysis). (C) The 
sorbent unit is placed online in the ultrafiltrate produced from a hemofilter. The hemofilter 
is placed in series with the hemodialyzer. The system is used for online hemodiafiltration in 
chronic patients and it is defined as paired filtration dialysis with sorbent. (D) The sorbent 
unit is placed online in the plasma filtrate produced from a plasma filter. The plasma filter is 
placed in series with the hemodiafilter. The system is used for critically ill patients with septic 
shock and it is defined as coupled plasma filtration adsorption.
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Sorbents have also been used in conjunction with hemodialysis 
(hemoperfusion– hemodialysis). In this case, the sorbent is placed in the circuit 
just before the hemodialyzer, with the expectation that, after dialysis, it main-
tain the desired temperature or correct other abnormalities induced by the 
sorbent (e.g., acidosis). This modality is used mostly for removal of  molecules 
such as beta- 2 microglobulin that are poorly removed by dialysis. Another 
approach consists of  using sorbents in “uncoated” form. These, however, can-
not be placed in direct contact with whole blood and they are used for the 
treatment online of  the ultrafiltrate or the plasma filtrate.

Double- Chamber Hemodiafiltration
In these system, plasma water is separated from whole blood and, after pass-
ing through the sorbent, it is reinfused into the blood circuit, reconstituting 
the whole- blood structure. This technique has been used primarily in chronic 
dialysis as a particular form of  hemodiafiltration.

Coupled Plasma Filtration Adsorption
Continuous plasma filtration adsorption is a modality of  blood purification in 
which plasma is separated from whole blood and circulated in a sorbent car-
tridge. After the sorbent unit, plasma is returned to the blood circuit and the 
whole blood undergoes hemofiltration or hemodialysis. The rationale consists 
of  combining the advantages of  adsorption and hemofiltration or hemodialysis 
techniques in solute elimination. This technique has been used mostly in sep-
tic patients showing specific advantages of  blood purification, restoration of  
hemodynamics, and immunomodulation.

In another technique using uncoated sorbents (detoxification plasma filtra-
tion; HemoCleanse, Inc., West Lafayette, IN), a hemodiabsorption mechanism 
is associated with a push– pull plasma filtration system (a suspension of  pow-
dered sorbents surrounding 0.5- μm plasma filter membranes). Bidirectional 
plasma flow (at 80– 100 mL/ min) across the plasma filtration membrane pro-
vides direct contact between plasma proteins and powdered sorbents, as well 
as clearance of  cytokines.

A major criticism may be raised concerning the removal of  beneficial sub-
stances or drugs by the mechanism of  adsorption. In an in vitro experiment, 
a hydrophobic resin sorbent was investigated for the adsorptive properties 
of  different commonly used antibiotics. except for vancomycin, for which a 
modest removal was observed, the blood levels of  other antibiotics such as 
tobramycin or amikacin tended to remain stable over time.

Sorbents in Sepsis
Conventional blood purification has been evidenced to be less effective in remov-
ing pathogenic factors and mediators involved in the process of sepsis. This fact 
has aroused many innovative approaches such as high- volume hemofiltration, the 
use of superpermeable membranes, as well as sorbent based membranes.

Hemoperfusion using PMX is one purpose of eliminating serum endotoxins, with 
a reported reduction ratio of endotoxins after a single treatment of 27% to 33%. 
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systematic review shows that hemoperfusion with PMX appears to have favorable 
effects on MAP, dopamine use, PaO2/ FiO2 ratios, and mortality. evidence from 
Japanese researchers suggests a blood flow rate of 80– 100 mL/ min and a duration of   
2 hours. Possible indication requires patients to fulfill all of  the following three 
conditions:

1. endotoxemia or suspected Gram- negative infection
2. systemic infl ammatory response syndrome (SIRS)
3. Septic shock that necessitates vasopressor therapy

Other endotoxin adsorbers such as albumin- based sorbents have shown a 
trend in improvement of  clinical outcome, and we await future clinical trial 
results.

Continuous plasma filtration adsorption is aimed at nonselective removal of  
soluble mediators involved in septic shock. A limited number of  clinical stud-
ies have shown a beneficial effect on hemodynamics and monocyte function.

Novel sorbents are being developed for enhanced, more selective removal 
of  cytokines, including Lixelle, CTR adsorber, CYT- 860. Animal experiments 
have shown ability of  cytokines removal, and improvement of  animal survival 
in sepsis models. Adsorbers targeting specific removal of  SAg’s and TNF- α are 
also limited in animal experiments. These novel sorbents may soon be clinically 
available.
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Chapter 25

Hybrid Therapies
Claudio Ronco, Silvia De Rosa, and Sara Samoni

General Features of Hybrid Therapies

The “hybrid therapy” is a bridge between continuous and intermittent renal 
replacement therapy (RRT) combining therapeutic advantages of  one with cost 
advantages of  other. General features of  hybrid therapies include (1) use of  stan-
dard equipment from end- stage renal disease programs, including machinery, fil-
ters, extracorporeal blood circuitry, and online fluid production for dialysate and 
ultrafiltrate replacement; (2) intentionally “discontinuous” therapy (i.e., intended 
duration is less than 24 hours); and (3) a treatment duration longer than con-
ventional intermittent hemodialysis (IHD). Solute and fluid removal are slower 
than conventional IHD, but faster than conventional continuous renal replace-
ment therapy (CRRT), thereby allowing scheduled downtime without compro-
mise of  total daily dialysis dose. Solute removal is largely diffusive, but variants 
with a convective component, such as sustained low- efficiency daily diafiltration 
(SLeDD- f ) and accelerated veno- venous hemofiltration (AVVH), are possible.

Brief Orders

Session length: Six to 18 hours
Blood flow: A total of  70 to 350 mL/ min
Filter: Synthetic biocompatible membrane, either low or high flux
Dialysis solution composition:  For sessions lasting less than 8 hours, use 

sodium, 135 to 145 meq/ L; potassium, 2 to 3 meq/ L; bicarbonate,  
28 to 32 meq/ L; and calcium, 1.5 to 2.5 mmol/ L. For sessions lasting  
8 hours or longer, use sodium, 135 to 145 meq/ L; potassium, 4 meq/ L;  
bicarbonate, 24 to 28 meq/ L; and calcium, 1.5 to 2.5 mmol/ L

Phosphate: See text
Dialysis solution flow rate: 70– 300 mL/ min
Substitution fluid flow rate (for SLEDDf): 100 mL/ min (with a dialysate flow (QD) 

of  200 mL/ min)
Fluid removal: Determined by clinical need
Anticoagulation orders: A total of  1000 to 2000 U unfractionated heparin as 

bolus, then continuous infusion of  500– 1000 U/ h to keep activated partial 
thromboplastine time (aPTT) 1.5 times control
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Timing of  treatment: Diurnal or nocturnal

Details of Prescription

Session Length
A number of  factors help determine the prescribed duration of  RRT session, 
such as the tolerance to ultrafiltration. Patients who are less hemodynami-
cally stable fare better with slower ultrafiltration rates and longer treatments. 
Machine- related issues may also play a role, in conjunction with dialysate flow 
rates. For instance, for most single- pass hemodialysis machines, a single canis-
ter of  dialysate concentrate lasts approximately 5 to 6 hours with a dialysate 
flow of  300 mL/ min, or 16 to 17 hours at a dialysate flow of  100 mL/ min. 
When the Fresenius 2008H is not equipped with CRRT software, the session 
length cannot be set beyond 8 hours and gives frequent alarms when treat-
ment duration exceeds the set time. In the case of  a batch system, such as 
the Fresenius Genius machine, a 75- L tank of  dialysate lasts approximately 18 
hours with a dialysate flow of  70 mL/ min, and a 90- L tank lasts about 8 to 12 
hours at dialysate flows of  150 to 200 mL/ min.

Blood Flow
Blood flows used in the literature generally range from 70 to 350 mL/ min. 
Interestingly, in a retrospective analysis of  100 hemodynamically unstable 
critically ill patients with either acute kidney injury or eSRD who received 
AVVH, emerged that the blood flow rate was set at 400 mL/ min, as vascular 
access permitted. Among these patients, 79% were on vasopressors and 
only 5% of  treatments were terminated early as a result of  patient instabil-
ity. Although it is common practice to prescribe a lower blood flow in ICU 
patients to improve cardiovascular stability, presumably by decreasing clear-
ance and associated solute and fluid shifts, this may be less relevant during 
hybrid therapy. When dialysate flow is significantly lower than blood flow, 
as is often the case during hybrid therapy, dialysate is saturated with sol-
ute. Therefore, lowering the blood flow does not reduce solute and fluid 
shifts materially. On the other hand, the downside of  a low blood flow is a 
propensity for clotting in the extracorporeal circuit. Some experts recom-
mend maximizing blood flow as tolerated by the catheter to improve circuit 
patency.

Dialysis Solution Composition
As with all RRT in the ICU, the dialysate solution composition should be cus-
tomized to patient needs. With prolonged treatments, a lower bicarbonate 
level may be preferable to avoid inducing alkalosis. In acidotic patients, a more 
“standard” bicarbonate bath of  35 meq/ L may be used initially, and adjusted 
subsequently after the initial acidosis has been corrected.
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when performed daily, and phosphate levels should be monitored. To 
avoid this problem, one may add phosphate to the dialysate by adding  
45 mL Fleet Phosphosoda to 9.5 L of  bicarbonate bath (final concentration, 
0.8 mmol/ L) after the first few days of  therapy. Alternatively, instead of  
manipulating the dialysate concentration, one may give phosphate supplemen-
tation, approximately 0.1 to 0.2 mmol/ kg/ day.

For online production of  dialysate, special attention to water treatment is 
recommended. This is discussed later in the chapter.

Dialysis Solution Flow Rate (Variable)
In literature, dialysate flow rates r range from 70 to 300 mL/ min. In general, 
the shorter the duration of  RRT— for instance, 6 to 10 hours— the higher the 
dialysate flow rate (e.g., 300 mL/ min) and vice versa. It is also determined 
in part by individual machine capabilities. Most machines frequently used for 
hybrid therapies do not require any adjustment for a dialysate flow of  300 
mL/ min or more. Minor changes in settings while in service mode can be done 
with the Fresenius 2008H, whereas some improvisation is necessary for the 
4008H and the Gambro 200S Ultra (Table 25.1). In the case of  the Fresenius 
Genius system, a single roller pump with two pump segments circulate blood 
and dialysate in either a 1:1 or 1:2 ratio.

Fluid Removal
Net ultrafiltration rate is determined by patient need and hemodynamic sta-
bility. When the Fresenius 2008H is not provided with specific CRRT soft-
ware, there is a mandatory lower limit of  70 mL/ h, below which frequent 
low- transmembrane pressure alarms may occur.

Anticoagulation Orders
Unfractionated heparin is the most commonly used anticoagulant in regimens 
similar to those used for conventional IHD. Heparin- free treatments are pos-
sible with the use of  periodic saline flushes, but such treatments are, never-
theless, complicated by clotting of  the extracorporeal circuit in a substantial 
proportion of  cases. Clinical evidence suggests that the incidence of  clotting 
may be slightly less with the Fresenius Genius machine, possibly related to the 
absence of  the air- trap chamber. In hybrid therapies using convection, such as 
SLeDD- f  and AVVH, infusion of  replacement fluid in predilution mode helps 
abrogate hemofilter clotting but also decreases effective clearance.

There have been several descriptions of  successful use of  regional citrate 
anticoagulation for hybrid therapies for both single- pass and batch machines. 
Two regimens involve the use of  custom calcium- free dialysate in conjunction 
with 4% sodium citrate solution in the arterial line. Calcium chloride is infused 
into the venous line.

An alternative for patients with heparin- induced thrombocytopenia is the 
direct thrombin inhibitor argatroban. In the absence of  liver failure, a bolus of  
250 μg is given, followed by an infusion of  2 μg/ kg during the treatment.
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Dialysate containing citric acid as buffer (CitriSate) is now commercially 
available in the United States. There has been one report of  reduced extracor-
poreal circuit clotting with its use for IHD in the critical care setting; however, 
further study is warranted before its use can be recommended, particularly 
with hybrid therapies.

Replacement Fluid Flow Rate for SLEDD- f
The ability to achieve and maintain greater convective clearance of  middle- 
molecular weight solutes has potentially important therapeutic implications in 
critically ill patients with acute kidney injury and inflammatory or septic states. 
In this context, the principally diffusive solute clearance during SLeDD may 
be perceived as a disadvantage of  this modality with respect to CRRT. A con-
vective component can be added to the therapy with the use of  adjunctive 
hemofiltration (SLeDD- f ). Online production of  ultrapure fluid for reinfusion 
is similar to the process during hemodiafiltration in chronic dialysis. In hybrid 
therapies, SLeDD- f  has been performed primarily with the Fresenius 4008S 
ARrT- Plus. Online- produced substitution fluid is not yet approved by the Food 
and Drug Administration in the United States, but the technique is widely used 
elsewhere.

Table 25.1 Hybrid therapy using various hemodialysis machines

Machine QD (mL/ min) Comments

Fresenius 2008H ≥300 No adjustment needed

100 Activate “slow dialysis” option while in service 
mode

To avoid persistent low dialysate temperature 
alarms, recalibrate temperature control to 37°C 
while in service mode

To optimize conductivity quickly, set QD to 
500 mL/ min initially, run for 5 minutes until 
conductivity stabilizes, then set at 100 mL/ min

Fresenius 4008e/  
H

≥300 No adjustment needed

<300 Possible with use of  an external flow meter and 
additional tubing to create a bypass

Fresenius 4008K ≥300 No adjustment needed

100 No adjustment needed

Fresenius 4008S 
ARrT Plus

≥300 No adjustment needed

200 No adjustment needed

Fresenius Genius ≥300 No adjustment needed

<300 No adjustment needed

Gambro 200S 
Ultra

≥300 No adjustment needed

100 Run in hemofiltration mode, set QR at 100 mL/ min

Instead of  infusing, run replacement fluid as 
dialysate in countercurrent fashion

QD, dialysate flow rate; QR, reinfusate flow rate.
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reported in the United States is AVVH. This technique uses prepared replace-
ment fluid packaged in bags, with an infusion rate of  4000 mL/ h (67 mL/ min) 
for 9 hours.

Timing of Treatment
Hybrid therapies may be performed during the day or at night. The rationale 
for nocturnal programs includes unrestricted patient access for diagnostic and 
therapeutic procedures during the day, as well as greater availability of  hemo-
dialysis machines at night. Potential disadvantages are safety issues and the 
need for troubleshooting at a time when there are fewer staff members avail-
able. Daytime treatments are recommended during the early phases when 
establishing a new hybrid therapy program, until such time as medical and 
nursing personnel are familiar and comfortable with the procedures.

Miscellaneous

Water Considerations
When high- flux membranes are used for dialysis, significant backfiltration 
may occur such that, even if  the absence of  direct infusion, solute, and water 
movement from the dialysate into the patient occurs in significant amounts. 
endotoxin in the dialysate is of  specific concern, and backfiltration of  such 
may potentially further aggravate proinflammatory processes already ongo-
ing in critically ill patients. Although definitive evidence is lacking, the use of  
ultrapure water for dialysate is prudent for all online fluid- generating therapies. 
On the other hand, use of  ultrapure water is obligatory for online production 
of  replacement fluid in hybrid therapies using convection, such as SLeDD- f.

It is therefore mandatory for hybrid therapy programs to have an appro-
priate water- quality assurance program in place. Standard water treatment 
entails bedside tap water being passed through three membrane filters: (1) a 
10-  μm filter to remove granulates and large particles; (2) activated charcoal to 
adsorb carbon, chloramines, and organic contaminants; and (3) a 1- μm filter 
to remove small particles. The latter is particularly prone to bacterial con-
tamination resulting from the removal of  chloramines. Water is then treated 
by reverse osmosis. The final step is further purification by a two-  (Fresenius) 
or three- step (Gambro) ultrafiltration process to produce ultrapure water 
ready for mixing with electrolyte and bicarbonate concentrate. Water pro-
duced during this process as well as water obtained from the tap pretreat-
ment must undergo a regular schedule of  chemical, microbiological, chlorine/ 
chloramines, and endotoxin assessment. Such verification of  water quality is a 
paramount safety feature of  hybrid therapies.

Nutrition
Although albumin loss in the dialysate is minimal in patients treated with SLeDD, 
intradialytic amino acid losses are approximately 1 g/ h, and cumulative losses 
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enteral or parenteral diet prescription be augmented with protein 0.2 g/ kg/ 
day for the duration of  therapy to offset these losses.
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Chapter 26

The ICU Environment
Ayan Sen

In the United States, more than 4 million patients are admitted to an inten-
sive care unit (ICU) each year, ICU- related spending approaches $80 billion 
annually, and one in five of  all deaths occur in a hospitalization involving the 
ICU. ICUs consist of  teams of  dedicated professionals working ’round- the- 
clock using the latest technologies to save lives that otherwise would have 
been lost.

The ICU has been the hallmark of  the modern hospital, having come into 
prominence during the past 30 years. During the 1850s, Florence Nightingale 
was the first to suggest that critically ill patients need specialized, separate care. 
The development of  ICUs was preceded by postoperative recovery rooms 
after World War II. The polio epidemic and subsequent performance of  tra-
cheotomy in a Copenhagen hospital with manual ventilation led to establish-
ment of  separate areas in the hospital to care for such patients. The birth of  
the mechanical ventilator in the 1950s was a fillip to the creation of  dedicated 
units with specialized care.

The first Consensus Conference on Critical Care Medicine led by the 
National Institutes of  Health (NIH) in 1983 pointed out that clinical practice 
has led to expanded indications for admissions to critical care units. Because of  
the use of  expensive resources, ICUs should, in general, be reserved for those 
patients with reversible medical conditions who have a “reasonable prospect 
of  substantial recovery.” With recent changes in the healthcare environ-
ment, efficient use of  ICUs has become a priority. Hospitals are increasingly 
using multidisciplinary approaches, checklists, and telemedicine approaches, 
and making efforts to improve patient flow. ICU burden may increase during 
the next few decades with the increasing elderly population with an array of  
comorbidities.

Purpose of ICU Care

The role of  the ICU consists of  enhanced patient monitoring, organ sup-
port, and prevention of  complications. The focus of  patient care is multi-
system/ multiorgan under the guidance of  physicians and nurses who are 
specially trained in resuscitation and have a multidisciplinary approach to 
patient care.

 

 

 

 



21
0

C
H

A
pT

er
 2

6 
T

he
 I

C
U

 E
nv

ir
on

m
en

t Monitoring
The ICU provides the optimal setting for close monitoring of  physiological 
changes, enabling active, rapid intervention. patients may have monitoring of  
the following vital signs:

• Cardiovascular: Heart rate; telemetry; blood pressure (noninvasive); con-
tinuous blood pressure through arterial lines; central venous pressures 
(through central lines); hemodynamic indices through noninvasive/ 
minimally invasive pulse pressure variation (Flotrac), bioimpedance, 
bioreactance, esophageal Doppler, and so on; and invasive devices such 
as pulmonary artery catheter, intra- aortic balloon counterpulsation, and 
mechanical cardiac devices

• Respiratory: respiratory rate, pulse oximetry, mechanical ventilator num-
bers/ waveforms

• Neurological: Intracranial pressure, cerebral perfusion pressure, and so on
• renal: Urine output, daily input/ output, electrolytes
• Infection: Temperature

Data derived from the monitoring systems should be interpreted in the con-
text of  individual clinical problems and coupled with therapeutic approaches.

Organ Support
The ICU is the place where temporary organ support is provided to failing 
organs. It includes the following:

• Neurological support: Sedation, intracranial pressure- guided therapy
• Respiratory support: Mechanical ventilators, noninvasive ventilation, extra-

corporeal membrane oxygenation
• Cardiovascular support: Vasopressors, inotropes, mechanical circulatory 

devices
• Renal support: Continuous renal replacement therapy (CrrT), ultrafiltra-

tion, hemodialysis
• Gastrointestinal system: enteral/ parenteral nutrition support
• Endocrine system: Insulin infusions, steroid therapy
• Infection: Antibiotic therapy
• Hematological system: Transfusions/ plasmapheresis

Prevention of Complications
prevention of  complications from the underlying disease process and iatro-
genic harm is the sine qua non of  ICU care. In terms of  managing patient safety 
in the ICU, the complex and multidisciplinary nature of  intensive care medicine 
renders it particularly susceptible to the occurrence of  medical errors/ harm 
to patients. The following strategies have good evidence in the literature to 
reduce harmful outcomes:

• Sedation vacation and appropriate medication use to prevent critical 
illness delirium and long- term neurocognitive impairment
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t• Ventilator strategies/ bundles to promote lung- protecting ventilation and 
to reduce injury. This “ventilator bundle” includes four components: eleva-
tion of  the head of  the bed to between 30 degrees and 45 degrees, daily 
“sedative interruption” and daily assessment of  readiness to extubate, pep-
tic ulcer disease prophylaxis, and venous thromboembolism prophylaxis 
(unless contraindicated).

• KDIGO guidelines for management of  acute kidney injury
• Antibiotic stewardship
• Central line insertion checklist
• Bar- coding medication administration system to prevent adverse 

drug events
• Deescalating Foley catheters, lines if  not needed to reduce Catheter- 

associated urinary tract infections and catheter- associated bloodstream 
infections

• restricted blood transfusion
• early nutrition initiation
• Adequate glycemic control
• early physical therapy and mobility
• Multidisciplinary rounds and checklists

Choosing Wisely, an initiative of  the American Board of  Internal Medicine, 
created with the goal of  “promoting conversations between physicians and 
patients by helping patients choose care supported by evidence, and free from 
harm has the following expectations for ICU patients:

• reduced ordering of  chest films and blood work in patients
• Transfusion threshold to 7 g/ dL and greater unless hemodynamically unsta-

ble/ bleeding
• No TpN within 7 days of  ICU admission unless indicated clinically
• Daily sedation interruptions, analgesics before anxiolytics
• palliative options for end- of- life care and for avoiding artificial prolongation 

of life

ICU Organizational Structure

The ICU team consists of  the following providers (Figure 26.1):

Intensivists: Usually board- certified in critical care through internal medicine, 
surgery, anesthesiology, emergency medicine, or neurology. In some smaller 
systems, hospitalists assist in patient management in the ICU. Tele- ICU may 
have telemedicine intensivists directing care.

ICU nurses: ICU nurses are the primary caregivers of  the patient and specialize 
in administering life- saving and life- sustaining therapy under the guidance of  
the intensivist/ consultant teams. They are the primary patient advocates at 
the bedside.
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ICU pharmacists: The ICU pharmacist usually makes rounds with the team 
and ensures appropriate choice of  medications/ reduction of  adverse drug 
events, and compliance with pharmacy/ ICU protocols.

Respiratory therapists: experts in ventilator management, respiratory therapists 
also provide respiratory therapy such as nebulizer treatments, pep therapy, 
and flutter valve and other forms of  chest physical therapy.

Physical therapists/ occupational therapists:  physical therapists in the ICU 
examine each individual and develop a plan using treatment techniques to 
promote the ability to move, reduce pain, restore function, and prevent 
disability. Occupational therapists are responsible for helping patients regain 
their ability to perform daily living and work activities.

ICU dietitians: registered dietitians are qualified to evaluate the complex rela-
tionship between illness and malnutrition in the critically ill. They advocate 
for recommended feeding practices, bowel care, and so on.

Speech– language pathologists: The speech therapist evaluates and diagnoses 
speech, language, cognitive communication, and swallowing disorders.

Primary/ consultant teams: ICU management involves a host of  multiple special-
ties providing guidance in patient care. These teams may include cardiolo-
gists, nephrologists, hematologists, gastroenterologists, surgeons, palliative 
caregivers, neurologists, and so forth.

ICU mid- level practitioners: Consisting of  physician assistants/ nurse practitio-
ners, these members assist the intensivist teams with patient management.

Case management nurses/ social workers: responsible for organizing a patient’s 
case from admittance to discharge, a case management nurse understands 
hospital processes and the importance of  making cost- effective decisions. 
Social workers in the ICU are uniquely qualified to assess and address many 
of  the complex psychosocial circumstances that arise and can clarify poten-
tial misperceptions, enhancing communication among patients (if  capaci-
tated), their families, and the medical team members.

System to improve quality of care and patient safety

Caregiver Supporting sta�

Patient-centered multidisciplinary team approach

Leadership
Communication and coordination

Among team members
Among team members and
patient/family

Collegial interdisciplinary team
interaction

Open-minded
Collaborative
Trusting

Figure 26.1 Four factors are needed to create an ideal intensive care unit (ICU) environ-
ment. A well- organized multidisciplinary approach can improve patient outcome.
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tVascular access specialists: These specialists assist in placement of  ultrasound- 
guided peripherally inserted central lines, and radial arterial lines in some 
centers.

ICU clerks: ICU clerks ensure medical records, laboratory reports, radiological 
images, and other patient records are completed and secured properly, but 
are readily available. They have a critical role in ensuring optimal and safe 
patient care, and enabling medical and nursing staff  members to do their 
work efficiently.

Pastoral care chaplains: pastoral care chaplains focus on the spiritual well- being 
and support of  patients and staff. They respond to emergency calls, deaths, 
and codes; make daily rounds in critical care units; and provide religious liter-
ature from various denominations as requested by the patient and/ or family.

Additional support staff may be hired based on individual ICU needs and 
provisions (e.g., patient care assistants, specialized eCMO perfusionists in car-
diothoracic ICUs, palliative nurse liaisons). Teamwork is the mantra in most 
ICUs, where each provider plays a valuable role in ensuring healing and provi-
sion of  efficient and effective critical care.

ICU Models

ICUs can be “open” or “closed.” Open units are those ICUs in which any 
physician in virtually any field may see a patient and write orders for that 
patient. Any physician may admit patients to these ICUs, with few limita-
tions. Doctors are not required to obtain critical care consultations.

Closed ICUs are those in which physicians are required to admit patients to 
an intensive care service. physicians must allow the ICU staff physicians to be 
the primary care agents for the patient, ultimately responsible for all medical 
decision making. Other disciplines may consult on the patient during the ICU 
stay. A collaborative model of  ICU care is when the primary service admits 
patients to the ICU in consultation with the critical care service. Both services 
comanage patients. reorganizing ICU physician services in one organization 
by implementing an intensivist infrastructure resulted in a 14% absolute risk 
reduction in mortality.

Tele- ICU

Tele- ICU refers to telemedicine technology in the care of  ICU patients and 
has become a popular mode of  critical care delivery. The tele- ICU team has 
access to all data elements related to patient care and can identify actual and 
potential issues related to patient care. High- resolution zoom cameras, micro-
phones, and speakers are mounted in each ICU patient’s room, providing 
the tele- ICU team one- way or two- way video/ audio assessment capability 
and bedside communication. One model involves e- physicians making clinical 
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medical records (eMrs) and making decisions along with nurses at the bedside 
via virtual rounds. The physician is not at the bedside.

ICU telemedicine has significant potential to improve critical care delivery, 
but high- quality research is needed to inform its appropriate use best as a result 
of  the high costs involved. The concept of  a remote ICU team providing care 
remains foreign to some providers. Controversies and challenges will continue 
as tele- ICU programs grapple with reimbursement issues, cultural resistance, 
and interoperability of  information technologies.

Types of ICUs

Different ICU models include the following:

• Mixed medical– surgical ICU
• Medical ICU
• Coronary care unit
• Surgical ICU
• Trauma ICU
• Neurological ICU
• Neurotrauma ICU
• Burn ICU
• pediatric ICU
• Ob- Gyn ICU
• Neonatal ICU
• Abdominal transplant ICU

Challenges of the ICU Environment

The following challenges are imperative to the growth and sustainability of  
critical care departments and the delivery of  efficient and effective critical care:

Clinical Challenges
• Operationalization of  best evidence
• Admission/ discharge criteria
• Team- based multidisciplinary care
• patient safety
• public health/ disaster preparedness and ICUs
• Drug shortages
• palliation and end- of- life care

Organizational Challenges
• Manpower and workforce
• Staffing models, nighttime intensivists, regionalization of  critical care

 

 



21
5

C
H

A
pT

er
 2

6 
T

he
 I

C
U

 E
nv

ir
on

m
en

t• Models of  ICU care: closed, open, collaborative
• Costs of care
• Financial challenges, pay- for- performance
• New healthcare reform and critical care medicine
• Growing and aging population
• expensive care at the end of life
• Training in critical care
• research and funding in critical care

Clinical Approach

A systematic approach to diagnosis and evaluation is necessary in the manage-
ment of  critically ill patients. When evaluating a new patient, the approach 
should include a primary survey, an AMpLe history, and a secondary survey:

• Primary survey: A, B, C, and D should be evaluated. A = protecting air-
way (neurological issues/ respiratory issues), B = breathing (rate, pulse 
oximetry, work of  breathing/ use of  accessory muscles), C = circula-
tion (heart rate, blood pressure, clinical examination, hemodynamics 
if  monitoring present), and D = neurological disability (e.g., Glasgow 
Coma Score, AVpU scale, National Institutes of  Health Stroke Scale, 
CAM ICU score)

• AMPLE: The pneumonic stands for Allergies, Medications, past medical his-
tory, Last meal, and events leading to ICU admission

• Secondary survey: A head- to- toe examination should be performed. ICU 
management is dependent on attention to detail. every clinical organ system 
should be assessed for abnormalities.

Clinical Presentation, Rounds,  
and Checklists

presentation on rounds should include (1)  a problem- based approach 
and management steps, and (2) a checklist of  systems not covered in the 
problem- based approach. Usually the following systems- based issues are 
addressed: central nervous system (neurological); respiratory; cardiovascu-
lar; renal, fluids, and electrolytes; gastrointestinal and liver; hematological and 
coagulation issues; infection; endocrine issues; prophylaxis; lines and tubes; 
physical and occupational therapy goals; code status; and end- of- life care and 
family updates.

Some places use electronic/ paper- based checklists that include aspects of  
critical care that may be missed. Using checklists during rounds has been shown 
to improve overall ICU outcomes. One such checklist uses the FASTHUGBID 
mnemonic:
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t F: Feeding
A: Analgesia
S: Sedation vacation attempted
T: Thromboprophylaxis
H: Head of  bed elevation
U: Ulcer prevention
G: Glucose control
S: Spontaneous breathing trials
B: Bowel evaluation and maintenance
I: Indwelling catheter removal as soon as possible
D: Deescalation of  antimicrobials and pharmacotherapies

Admission and Discharge Criteria

ICU admission criteria should be used to select patients who are likely to benefit 
from ICU care. Griner identified two conditions in which ICU care was of  no 
greater benefit than conventional care: patients who are “too well to benefit” 
and patients who are “too sick to benefit” from critical care services. ICU care 
has been demonstrated to improve outcome in severely ill, unstable patient 
populations. Defining the “too well to benefit” and “too sick to benefit” popula-
tion may be difficult based solely on diagnosis.

EMRs/ Informatics Tools

The introduction of  eMrs and computerized physician order entry into the 
ICU has transformed the way healthcare providers currently work. The chal-
lenge facing developers of  eMrs is to create products that add value to sys-
tems of  healthcare delivery. As eMrs become more prevalent, the potential 
challenges of  safety and quality of  care have increased. They have amplified 
cognitive overload and reduced situational awareness, leading to increased 
incidence of  medical errors. New products such as AWAre are being used 
to improve signal- to- noise ratio when it comes to data from the ICU patient. 
(Developed at the Mayo Clinic in rochester, AWAre is an Internet- based 
application that extracts data relevant to the treatment of  critically ill patients 
and presents them to the provider in a systems- based package that provides 
dashboard visualization of  organ system trends.) Challenges and opportuni-
ties lie in proving the value of  health information systems. The future is likely 
to include better decision support systems, and use of  the tools of  computa-
tional biology and genomics to identify patterns in the clinical presentation of  
critical illness and to develop tailored therapy. Clinical trial recruitment using 
eMrs is also in the pipeline as exemplified by IBM Watson’s collaboration 
with the Mayo Clinic, which uses cognitive computing capabilities to acceler-
ate research and improve patient care.
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The concept of  environmental influences on healing has been known since 
Florence Nightingale. The term critical care unit invokes images of  very ill 
patients surrounded by the latest in biomedical equipment, monitoring 
devices, and code carts. These images alone can raise feelings of  anxiety and 
levels of  stress in patients and families. New generations of  critical care units 
are being designed to promote healing in a humanistic manner that meets the 
holistic needs of  patients and their families.

The following environmental aspects have been described to benefit healing 
and holistic critical care:

• reduce environmental noise
• provide adequate lighting
• Improve air quality and reduce offensive odors
• provide hand- washing, hygiene, and toilet facilities
• provide lifting devices
• equip single rooms with televisions
• Implement open/ unrestricted family visitation
• provide family sleep rooms
• Incorporate nature/ artwork in rooms
• enable recreational therapy (e.g., music therapy, bedside art, pet therapy)
• provide adequate transportation paths for patients
• provide adequate material management, housekeeping functions, and stor-

age facilities

Most healthcare providers have little experience designing and constructing 
an ICU. ICU design is complex and should include both clinically oriented 
and design- based multiprofessional team members. A design based on the 
functional requirements of  the critical care unit and the consensus opinion 
of  experts should enhance patient, family, and staff  satisfaction and, in doing 
so, help protect the institution’s bottom line.

ICU Outcome Measures

Clinical ICU outcome measures are important for research and quality control. 
Clinically meaningful outcomes measure how patients feel, function, and sur-
vive (e.g., mortality, quality of  life). The National Quality Forum in the United 
States has endorsed measures of  ICU outcomes (risk- adjusted mortality and 
length of  stay) for public reporting. However, a large study of  ICU patients in 
California found that public reporting of  patient outcomes did not reduce mor-
tality, but did result in reduced admission of  the sickest patients to the ICU and 
increased transfer of  critically ill patients to other hospitals. Other measures 
such as ICU mortality, hospital mortality, 90- day mortality, and 1- year func-
tional outcome have been used, but they all have their pros and cons. The four 
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Health evaluation (ApACHe) scoring system, the Simplified Acute physiologic 
Score (SApS), the Mortality prediction Model, and the Sequential Organ Failure 
Assessment (SOFA). A systemic review of  the SOFA, SApS II, ApACHe II, and 
ApACHe III scoring systems found the ApACHe systems were slightly superior 
to the SApS II and SOFA systems in predicting ICU mortality.

CRRT in the ICU

Intermittent hemodialysis is usually started, monitored, and completed by a 
dialysis nurse in the ICU. Sustained, low- efficiency dialysis may require the dial-
ysis nurse to start therapy, change tubing, and so on, when there is a problem, 
and troubleshoot with alarms. The ICU nurse monitors therapy, and alerts the 
nephrologist and dialysis nurse about alarms and problems. CrrT is initiated, 
monitored, and managed by the ICU nurse. policies and procedures are the 
responsibility of  ICU nurse management in conjunction with nephrologists and 
intensivists.

No universal competencies exist for a CrrT program. each facility devel-
ops its own education program and troubleshooting mechanisms. policies 
and procedures are developed by nurse managers involved with the ther-
apy. A good resource is available from the American Nephrology Nurses 
Association: Continuous Renal Replacement Nephrology Nursing Guidelines for 
Care. Furthermore, the manufacturers of  the machines have education mate-
rial and competency evaluations specific to the therapies they offer (NxStage, 
prisma, and Fresenius [Fresenius Medical Care, Waltham, MA]).

The issue of  who should manage CrrT in the ICU remains controversial 
in the absence of  randomized controlled studies. Models of  care include the 
intensivist or the nephrologist or both comanaging CrrT protocols. A com-
bined approach is necessary for optimal patient outcome.
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Chapter 27

Patient Care Quality  
and Teamwork
Kimberly Whiteman and Frederick J. Tasota

Quality patient care with successful outcomes depends on effective care deliv-
ery and requires an interprofessional approach to support a continuous renal 
replacement therapy (CrrT) program. To that end, the Acute Dialysis Quality 
Initiative was established in 2000 and continues to provide direction for the 
appropriate medical management of  complicated patients with acute kidney 
injury by

• establishing evidence- based statements
• promoting consensus related to best practice
• Standardizing treatments for critically ill patients
• Facilitating research

recommendations for determining the quality of  CrrT delivered are not 
definitive in the literature; healthcare team members involved in the provision 
of  direct patient care need to consider how quality care is best accomplished. 
The three components of  Donabedian’s classic model of  quality health care 
(structure, process, and outcome) can be used to conceptualize the complex 
environment in which the care of  patients on CrrT occurs (Figure 27.1).

Structure

Structure encompasses the characteristics of  the healthcare providers and the 
physical and organizational setting where care is delivered. At the core of  the 
CrrT interprofessional team are the renal physicians, intensivists, and intensive 
care unit (ICU) nurses. Other members may include pharmacists, nurse practi-
tioners, physician assistants, and nursing leadership.

• Characteristics of  the healthcare providers include their educational prepara-
tion to deliver quality care to patients with CrrT. Adequate didactic learn-
ing and hands- on training for nurses are critical. physicians with expertise in 
different disciplines, including renal and critical care medicine, must also be 
educated to manage patients on CrrT. For most members of the team, 
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the addition of a CrrT program to the hospital requires the integration of  
a significant repertoire of knowledge and clinical skills. Other team mem-
bers might include admitting physicians and a  pharmacist. Finally, family and 
patient education materials should be developed to provide basic informa-
tion to the recipients of care and their families.

• The physical setting is the actual patient care area where the treatments 
are prepared and delivered. Availability of  sinks, water supply, and dialysis 
drains are a consideration in the selection of  CrrT equipment. The physical 
setting in the pharmacy may be a determinant of  whether to compound or 
purchase commercially prepared dialysate and replacement bags. plans for 
cleaning and storage of  machines when not in use, and adequate space for 
disposable supplies such as circuit and filter kits should be considered before 
starting a program.

• Machines selected for treatment, their advantages, and limitations are a part 
of  the structure of  a CrrT program. products currently on the market vary 
with regard to the types of  treatment that can be prescribed. Company 
specifications for the machines, available from the manufacturer, determine 
accuracy and capacity of  pumps and scales.

• Organizational commitment to a CrrT program is necessary during startup 
to provide monies for machines, supplies, training, support services, and 
education. routine and evolving needs, such as machine maintenance or 
replacement, require continued resource allocation to sustain the pro-
gram. Organizations also need to commit to coordinate multiple hospi-
tal departments to expedite care. A CrrT program affects pharmacy, 
laboratory, central supply, and housekeeping departments. For instance, 
whether the hospital chooses to have pharmacy compound the replace-
ment fluids or dispense a commercially prepared solution, the work-
load of  the pharmacy will increase with each additional patient receiving 
treatment.

ProcessStructure

Education
Machine
Organizational
commitment

Teamwork 
Policies
Sta�ng
Treatment

Outcome

Renal recovery
Delivery of prescribed
dose
Cost

Structure = Characteristics of caregivers and the organizational setting  
Process = Interactions between caregivers and patients
Outcome = Change in patient condition as a result of health care 

Figure 27.1 Donabedian model of  quality health care adapted for continuous renal 
replacement therapy.
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Process in Donabedian’s model is defined as the interactions among health-
care providers themselves and between healthcare workers and patients. 
Successful CrrT programs require collaboration and interprofessional team-
work, especially among the renal and intensive care physicians and the ICU 
nurses. CrrT policies and procedures, staffing, and treatment selection are 
processes that affect quality care.

• Teamwork and collaboration can be achieved through open communica-
tion. Forming an interprofessional CrrT team with members including 
a renal and intensive care physician, CrrT nurse educator, ICU man-
ager, staff  nurse, and pharmacist can help to encourage collaboration 
and teamwork. Ad hoc members can be included as needed. As the 
program evolves, the members can then use meeting times to share 
information and solve problems. process improvement, quality, and 
safety issues can be addressed as a team.

• Policies and procedures should be in place to guide practitioners. Some sug-
gestions for policies include the following:
• Initiation, maintenance, and termination of  treatment policies should 

be based on evidence. evidence- based guidelines can be adapted to the 
local environment based on published procedures from professional 
organizations, such as the American Association of  Critical Care Nurses 
or the American Association of  Nephrology Nurses.

• Accountability for patient care between renal dialysis and ICU nurses 
varies among practice settings. Some centers have renal dialysis nurses 
responsible for machine priming, initiating, and terminating treatment. In 
this model of  care, the ICU nurse maintains the treatment, completes 
the intake and output, and performs basic troubleshooting. The renal 
dialysis nurse is available for troubleshooting more complicated prob-
lems. Other centers opt to have the ICU bedside nurse assume total 
responsibility for care related to CrrT. For this reason, careful delinea-
tion of  roles needs to be determined before to the start of  a program 
and evaluated periodically.

• Documentation requirements, especially accurate documentation of  
intake and output, are a vital aspect of  CrrT patient care. Charting 
models range from extensive flow sheets to a simplistic model of  docu-
menting only machine and catheter pressures and the amount of  fluid 
removed from the patient.

• electronic medical record programmers need to understand how the 
CrrT machine calculates fluid balance to ensure accurate accounting 
of  fluids. Double entry of  fluids can occur when replacement or fluid 
volumes subtracted automatically by the CrrT machine are recorded 
as intake, or when effluent subtracted automatically by the machine are 
recorded as output.
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treatment need to be discontinued when CrrT is stopped. For instance, 
replacement fluid remaining on the medication administration record 
administered after CrrT is discontinued can quickly cause problems 
with fluid overload. Anticoagulation orders aimed at increasing filter life 
and routine CrrT laboratory tests should also be discontinued.

• Management of  emergency situations should be planned before begin-
ning a program. During a cardiac arrest, some centers routinely turn the 
net ultrafiltration rate to zero but continue blood circulation through the 
system. Others routinely return the blood if  time permits, clamp all the 
lines, and discontinue treatment. The plan for management of  emergen-
cies needs to be determined by the interprofessional team and written 
into local policy.

• physician accountability for writing CrrT orders should be determined 
by the physician groups and communicated clearly to the nursing staff 
and pharmacy. Consider who is responsible for the following:
• Writing initial, daily, and discontinuation of  CrrT orders
• Inserting a temporary dialysis catheter and ensuring placement
• Making changes to the orders based on changes in patient condition

• responsibility for cleaning and storage of  machines between patients is 
an important process to have in place. Centers for Disease Control and 
prevention guidelines, hospital- specific infection control, and manufac-
turer recommendations should be used to write a policy for cleaning of  
equipment between patients.

• Staffing and nursing care demands created by a critically ill patient on 
CrrT can sometimes be daunting. Therefore, staffing requirements and 
assignments should, ultimately, be determined by the patient’s condi-
tion and the skills of  the available nursing staff. Consider 1:1 nurse- to- 
patient ratios for inexperienced CrrT nurses. As with any new skill, 
nurses who are unfamiliar with a procedure require more support and 
time than experienced nurses. The workload of  the bedside nurse and, 
for many centers, the renal dialysis nurse increases with the initiation 
of  a CrrT program. Consider who will assume responsibility for the 
following tasks:
• Setup, priming, and takedown of  circuits and/ or machines
• Initiation and termination of  treatment
• patient monitoring during treatments
• Troubleshooting at the bedside
• emergency procedures for rapid termination of  treatment

• Treatments prescribed and processes chosen for obtaining supplies, dial-
ysate, and replacement fluids affect care and staffing needs. Treatments 
that use anticoagulation protocols, such as heparin and citrate, may require 
more extensive monitoring of  patients and laboratory results than treat-
ments without anticoagulation. However, treatments provided with no 
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and frequent filter changes that impact nursing time. Clinical choices should 
make sense for the patient and the organization, with quality patient care 
central to decision making.

Outcomes

Program outcomes of  a positive nature are the result of  careful delivery of  
CrrT interprofessional care. The ultimate goal of  therapy is to have a com-
plete recovery of  renal function with no residual damage. To achieve this 
outcome, it is necessary not only to deliver care based on the best currently 
available evidence, but also to ensure the care is delivered as planned. program 
outcomes and sustainability are dependent on delivery of  the prescribed treat-
ment at a reasonable cost.

Monitoring Quality

Monitoring quality is a vital aspect of  any CrrT program. An interprofessional 
team model can be used to monitor and evaluate care delivery and facilitate 
implementing changes in practice when required. Initiatives should be directed 
toward each of  the three components of  quality healthcare: structure, pro-
cess, and outcomes. Suggestions for monitoring the quality of  care include the 
following activities:

• Structure: To provide quality care, the organization needs to have sys-
tems in place that support the CrrT program. The systems should be 
evaluated to be sure they are providing the level of  support required 
by patients and staff. Some suggestions for evaluating the structure of  
CrrT care are as follows:
• educational programming evaluation. including attendance, course eval-

uations, posttest scores, or performance in CrrT simulation
• Ongoing clinical competency programs for essential skills or to review 

high- risk/ low- incidence problems systematically
• Machine use, repair, and maintenance reviewed for patterns
• History of  alarm conditions to give insight into issues with care
• recommendations for classes, educational materials, and clinical compe-

tency programs obtained through trends in the literature, clinical experi-
ences, or risk management reports

• effectiveness of  programs to disseminate new information or a practice 
change to include whether the information is
• Getting to the proper people
• Being implemented into practice
• resulting in the expected clinical outcome
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and processes put in place to care for patients are followed. If  the team 
determines processes are not being followed, the team should work with 
the nursing and medical staff to determine barriers and possible solutions. 
Considerations related to the process of  care for patients on CrrT include 
the following:
• Determine knowledge of  and/ or compliance with policies and 

procedures.
• provide periodic clinical updates relating to skills that are seldom 

performed.
• Use machine alarm histories or a summary of  calls to clinical support 

to provide information related to gaps in caregiver knowledge that may 
need to be addressed.

• Audit the accuracy of  documentation.
• Standardize care as much as possible, including order sets or standard-

ized processes to minimize the chance of error.
• Collaborate with the pharmacy to determine the types of  fluids being 

ordered and standardize prepared bags.
• Complete root cause analysis or use other critical thinking tools to 

review process failures, identify solutions, and mitigate system problems.
• Outcomes: The interprofessional team should determine metrics to evalu-

ate achievement of  desired program outcomes. Some suggested metrics 
include the following:

• renal recovery rates measured and benchmarked against published 
rates for similar patients is a program outcome measurement. review 
of  case studies within the program or root cause analysis of  identified 
problems can be used for program improvement.

• prescribed dose of  CrrT compared with the actual delivered dose and 
achievement of  fluid goals can be monitored. The team can identify fre-
quently occurring reasons for not achieving the dose or fluid goals and 
can make practice changes for improvement.

• The number of  hours on treatment in a 24- hour period has several impli-
cations as a measure of  quality. One measure uses the filter and circuit life 
compared with the expected life for treatments with similar anticoagula-
tion and fluid flow rates. The reason for routine circuit changes can give 
the team insight into clinical practice. For instance, if  most of  the circuit 
changes occur as a result of  clotting, quality improvement efforts might 
be implemented that encourage careful monitoring of  filter pressures to 
encourage changing the circuit before the filter is clotted. The team could 
also consider examining the reason for noncontinuous treatment and 
consider practice changes to mitigate the most common barriers.

• The cost of  CrrT treatment and patient outcomes compared with 
alternative therapies can be used to evaluate current and future direc-
tions of  the CrrT program.
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Caring for patients with CrrT is complex and requires the collaboration of  a 
highly skilled interprofessional team. Care delivery can be addressed using the 
structure, process, and outcome components of  quality care. The implemen-
tation of  a successful CrrT program and continued vigilance in all aspects of  
related care provide an effective support to patients with acute kidney injury 
and facilitate optimal recovery of  renal function.
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Chapter 28

Organizational Aspects
Developing Policies and Procedures for 
Continuous Renal Replacement Therapies

Jorge Cerdá

This chapter describes the necessary steps to develop and maintain a success-
ful Continuous renal replacement (CrrT) program. When initiating a CrrT 
program, it is necessary to consider the indications of  the procedure (Table 
28.1). By consensus, most experts agree that in hemodynamically unstable 
patients with acute kidney injury (AKI) requiring renal replacement therapy 
(rrT), CrrT should be the preferred modality.

please see Table 28.1.

When nephrologists are faced with a patient with severe AKI requiring renal 
replacement therapy, multiple complex aspects must be considered (See 
Table 28.2).

Implementing CRRT: Requirements for a 
Successful Program

extensive experience indicates that, five items appear to be critical to suc-
cess: (bulleted list follows)

1. Motivation and involvement of  a physician leader (usually a nephrologist)
2. Motivation and involvement of  nursing education
3. educated nursing staff
4. Standardized protocols and orders
5. Continuing education with (re)certification.

The care team must include (bulleted list follows)

• Nurses (critical care and/ or nephrology)
• physicians (nephrology and critical care, other subspecialties)
• pharmacists
• Nutritionists
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Therapeutic Goal Hemodynamics* Preferred Therapy

Fluid removal Stable Intermittent isolated 
ultrafiltration

Unstable Slow continuous 
ultrafiltration

Urea clearance Stable Intermittent hemodialysis

Unstable CrrT

Convection: CVVH

Diffusion: CVVHD

Both: CVVHDF

Severe hyperkalemia Stable/ unstable Intermittent hemodialysis

Severe metabolic acidosis Stable Intermittent hemodialysis

Unstable CrrT

Severe hyperphosphatemia Stable/ unstable CrrT

Brain edema Unstable CrrT

CrrT, continuous renal replacement therapy; CVVH, continuous venovenous hemofiltration; CVVHD, 
continuous venovenous hemodialysis; CVVHDF, continuous venovenous hemodiafiltration. *In general, 
stable patients are those who do not require vasopressor therapy.

Table 28.2 Considerations in renal replacement therapy for AKI

Consideration Components Varieties
Dialysis Modality

Intermittent Hemodialysis Daily, every other day, SLeD

Continuous renal 
replacement therapies

AV, VV

peritoneal dialysis

Dialysis Biocompatibility Membrane characteristics

Dialyzer performance

efficiency

Flux

Dialysis Delivery

Timing of  initiation early, Late

Intensity of  dialysis prescription vs. Delivery

Adequacy of  dialysis Dialysis dose

Fluid management
Daily fluid balance
Management of  fluid 
overload

Ultrafiltration, fluid balance
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ing: (bulleted list follows)

• Clear delineation of  nursing responsibilities (setup, initiation, monitor-
ing, troubleshooting)

• Clear delineation of  physician responsibilities and interaction
• Formal and continuous education
• Standardized and updated protocols

Continuous quality improvement and innovationNotes
policies and procedures, and personal interactions, must clearly establish 

from the start of  the program who is in control of  the technique and its appli-
cation, and who is authorized to write orders and modify patient management, 
in agreement with the other members of  the patient care team. Who is in 
charge of  the procedure varies widely across the world and across the differ-
ent models of  intensive care units (ICUs) (closed or open format)

When developing a new CrrT program, positive and negative forces inter-
act and determine the success or failure of  the program: (bulleted list follows)

Forces in the Development  
of a CRRT Program

• Driving forces
• previous positive experiences/ outcomes
• Key staff resources, “champions”
• Administration and physician support
• Improved patient outcome
• Knowledgeable critical care and nephrology nurses

• restraining forces

• Negative patient outcomes
• Unclear/ unrealistic expectations
• Control: Who is in charge?
• Staff inertia: “Big ships” are sometimes harder to steer
• resource availability and costs

• personnel
• equipment

Driving Forces
previous positive experiences and improvement in patient outcome facilitate 
the development of  the program. A point person— generally a nephrologist— 
champions the idea and gathers enough nursing, physician, and administrative 
support. A knowledgeable group of  critical care and nephrology nurses is 
essential.
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Given the severity of  disease of  the patients involved, initial negative patient 
outcome is common and becomes a potential hindrance in the growth of  the 
program. “Negative” outcomes are intimately associated with unclear or unre-
alistic expectations. Clear, general goals for the program, and evaluable goals 
for the individual patient frequently avoid this problem and facilitate quality 
assurance measurements. In particular, we have seen fledgling programs begin 
by treating the sickest patients with highest expected mortality. Outcomes in 
such cases are predictably poor, leading to negative staff impressions of  the 
overall efficacy of  therapy.

In large institutions, staff inertia is an important restraining force. Conversely, 
in smaller institutions, unavailability of  personnel and equipment may interfere 
severely with the success of  the program.

Multiple factors affect the development of  a CrrT program: (bulleted list 
follows)

Factors That Affect the Development 
of a CRRT Program

• Hospital factors
• patient factors
• Availability of  resources
• equipment decisions
• Staff education
• Quality improvement
• Hospital factors

• Size and type
• Nature of  services provided
• Number of

• ICU beds
• patients with acute renal failure (ArF) in the ICU per year
• patients with ArF dialyzed in the ICU per year

• Mission
• Commitment of  administration
• Dialysis services
• ICU staffing
• Level of  intensive care unit

• resources available
• ICU staff support
• Nephrology staff support
• Dedicated budget
• ICU staff education, training, and support

• equipment decisions
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• Accuracy of  measures
• Affordability
• Clinical support versus technical support

Hospital Factors
The size and type of  hospital, and the nature of  the services provided have a 
clear impact on the program. Larger hospitals with an active surgical program 
including cardiac and vascular surgery are more likely to generate a greater 
number of  critical patients in need of  CrrT. The size of  the ICU is generally 
related to the size of  these programs and has an important impact on resource 
availability. In addition, regardless of  the size of  the hospital, its “mission” usu-
ally has an important bearing on the growth of  the program, because it deter-
mines the commitment of  administration to, at least, a trial of  the technique.

Patient Factors
Before initiating the program, the team must measure the number of  AKI 
cases in the ICU per year, and the number of  patients dialyzed during that 
interval, and estimate the number of  CrrT procedures per year. previous 
experience demonstrates that to maintain a staff proficient in CrrT, it is nec-
essary to treat a minimum of  8 to 10 patients annually, with gaps between pro-
cedures not longer than 8 weeks. Overall, at least 12 CrrT procedures should 
be performed per year, with each procedure lasting a minimum of  5 to 7 days.

Resources Available
A recent national survey in the United States showed that, although hemodi-
alysis nurses perform 90% of  acute intermittent hemodialysis (IHD), approxi-
mately 50% of  the CrrT patients are cared for jointly by hemodialysis and 
ICU nurses. In 30% of  the institutions, the ICU nurse alone performs CrrT. 
In the majority of  institutions, available resources include ICU and nephrology 
staff support, and a dedicated budget. Initial education, training, and ongoing 
support are essential for resource development.

More recent international surveys show significant variation in the distribu-
tion of  physician and nursing responsibilities, with almost exclusively critical 
care- driven models in Asia and Australia/ New Zealand, mixed responsibility 
in europe, and greater nephrology involvement in the United States.

Which nurses should be selected? The desirable nurses are the critical thinkers, 
the problem solvers, and those who enjoy a challenge. In general, these nurses 
see technology as a means to improve care and they are able to “think in action.”

Equipment Decisions

The main factors to consider include ease of  use and accuracy of  mea-
sures. Although, at the start, less expensive, simple equipment may appear 
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only ensure success, but also may be less costly. Better blood pump systems 
and tubing, appropriate biocompatible membranes and access by using lon-
ger lasting filters, may result in savings that overcome the initial expense. 
Furthermore, more complex, less reliable equipment is more costly in terms 
of  nursing personnel and, by requiring 1:1 nursing at all times, severely inter-
feres with resource availability.

Moreover, at the time of  purchase, a clear distinction must be made between 
clinical and technical support. rapid- response clinical support by knowledge-
able nurses is most desirable on a 24- hour- a- day, 7- days- a- week basis.

Staff Education
When available, nephrology nurses provide valuable education on dialysis 
and access management. For critical care nurses unfamiliar with procedures, 
such know- how will flatten an otherwise steep learning curve. ICU- based 
critical care nurse specialists are essential to the education of  the ICU staff, 
by placing CrrT in the appropriate context of  overall patient care. In addi-
tion, ICU- based education establishes an all- important “ownership” of  the 
procedure. In a gradual fashion, ICU nurses learn that, rather than merely 
adding another piece of  equipment to an already cluttered bedside, CrrT 
provides virtually complete control of  nutrition, hemodynamics, fluid, elec-
trolytes, and acid– base management that facilitates rather than complicates 
patient support.

pharmacists must be part of  the group from the start, and nutritionists must 
understand the new requirements of  CrrT patients. Often, these patients 
have different, and sometimes opposite, needs to those of  patients on IHD.

The success of  a CrrT program is critically dependent on the performance 
of  an ongoing quality improvement program: (bulleted list follows)

Quality Improvement

Quality Improvement: Components
• Staff

• education
• Clinical support
• Competency

• patient
• early identification
• response to treatment
• Untoward events
• Vascular access

• System
• Staffing
• Supplies
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• Outcome
• patient goal achieved
• patient outcome

• Survival
• renal function status

• Staff satisfaction
• Costs
•  errors are unfortunately frequent, especially in the delivery of  prescribed 

fluid balance and utilization of  dialysis fluids: (bulleted list follows)

Sources of Fluid Balance and Dialysis Errors
• Inappropriate prescription
• Operator error
• Machine error
• recommendations to prevent complications and errors include: (bulleted 

list follows)

Recommendations for Preventing Complications during 
Ultrafiltration with Hybrid/ CRRT Modalities
• All operators of  intermittent or continuous renal replacement machines 

should be trained appropriately and certified initially and on a periodic basis.
• All operators of  such machines must be aware of  the potential complica-

tions of  overriding machine alarms.
• Intensive care and dialysis units should record hourly and total effluent vol-

umes during CrrT, and pre-  and posttreatment weights and ultrafiltration 
loss for intermittent therapies

When a new procedure is initiated, it is necessary to evaluate the process 
and its outcomes. The major question is: Does this therapy make a differ-
ence? The improvement process begins at the inception of  the program and 
examines staff, patient, and system issues as well as clinical outcomes. Staff 
education, clinical support, and competency should be ongoing. patient out-
comes are measured in three domains: achievement of  goal of  therapy, patient 
survival, and preservation of  renal function. Outcome evaluation must include 
staff satisfaction. System and financial concerns are also monitored. Analysis 
of  data includes periodic revision of  orders, flow sheets, protocols, education, 
filters and circuits, anticoagulation, and equipment.

Role of the Nephrologist

Nephrologists who treat critically ill patients with ArF must change from hav-
ing a focused role to a more global role in terms of  patient care. By their abil-
ity to achieve continuous, effective metabolic, fluid, and electrolyte control, 
nephrologists in charge of  CrrT must interact continuously and come to a 
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have a solid presence in the ICU, be knowledgeable of  the problems affecting 
their patients, and become part of  the team— a recognizable presence who 
solves problems reliably and is seen by ICU staff as a relevant practitioner in 
that environment.

Nephrologists participate in modality and equipment decisions, fluid man-
agement (volume and composition), and dose of  dialysis prescription, anti-
coagulation, nutrition, and drug adjustment in continuous collaboration with 
the other members of  the patient care team. Moreover, nephrologists are key 
in making decisions on treatment initiation and discontinuation. Continuous 
measurement of  severity of  disease by widely accepted scoring systems is 
desirable to evaluate patient outcomes and quality assurance.

In this important field of  medicine, where critical care and nephrology over-
lap, the size of  the practice and the scope of  knowledge is so wide that the 
evolution of  a new subspecialty, Critical Care Nephrology, is justified (see 
Chapter 26).

Financial Considerations

Characteristics of the “Ideal” Treatment Modality of ARF in the ICU
• preserves homeostasis
• Does not increase comorbidity
• Does not worsen patient’s underlying condition
• Is inexpensive
• Is simple to manage
• Is not burdensome to the ICU staff
•  Cost is an important consideration. Multiple assessments of  the cost of  

renal replacement therapy for ArF suggest that CrrT is more expensive 
than IHD. However, cost considerations depend on what is included: (bul-
leted list follows)

Is CRRT More Expensive Than IHD? It Depends on What You Count
• Use of  personnel

• One- to- one versus 1:2 nursing; dialysis nurses involved?
• equipment

• Initial expense: type of  machine
• Filter life
• replacement and dialysis fluids: pharmacy costs

• Lab costs
• respirator days, ICU length of stay

Other Modifiers of Cost
• predetermined changes of  the extracorporeal circuit

• Scheduled changes
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(generally 0.8)
• Anticoagulation

• Filter survival
• replacement solutions
• Labs

• Cost increases when higher amounts of  therapy are delivered:
• IHD: personnel costs increase
• CrrT: replacement solutions and dialysate

Areas of Potential Cost Reduction in CRRT
• Filters

• Type of  membrane
• Access (a major factor)
• Anticoagulation (a major factor)

• personnel
• ICU nursing alone versus nephrology and critical care nursing 

collaboration
• Dialysate and replacement fluids
• Service, support
• Appropriateness of  treatment, patient selection

Several recent articles suggest CrrT is superior to IHD with respect to 
renal recovery. Implications go far beyond just the “hard” end point of  renal 
recovery: (bulleted list follows)

• The need for chronic dialysis impairs quality of life.
• If  the ICU stay can be reduced, it will have a major impact on the hospital 

budget.
• patient dependent on chronic dialysis consumes significant healthcare 

resources and affects the community healthcare budget.
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Chapter 29

Documentation, Billing, 
and Reimbursement 
for Continuous Renal 
Replacement Therapy
Kevin W. Finkel

Billing Codes

Initial Inpatient Consultations— New or Established 
Patients (CPT Codes 99251– 99255)
New or established hospitalized patients who are seen for an initial consulta-
tion are billed under the Current procedural Terminology ( CpT) codes 99251 
to 99255. To meet the requirements for proper documentation, there must 
be a written request for the consultation, and the results of  the consultation 
must be made available to the requesting physician. This requirement is easily 
met with either a written or dictated note in the inpatient medical record.

The level of  service billed (level 5 being highest) is based on the complexity 
of  the particular patient supported by the appropriate documentation. It is 
likely that most, if  not all, patients in the intensive care unit (ICU) who require 
continuous renal replacement therapy (CrrT) will be ill enough to justify a 
level 5 visit.

There are three components to medical documentation: the history, physi-
cal examination, and decision making. For a level 5 initial consultation, all three 
components must be detailed and medically complex. Documentation for a 
level 5 consultation requires a comprehensive history (chief  complaint, four ele-
ments of  the history of  the current illness, a 10- point review of  systems, and 
complete past, family, and social histories), a comprehensive physical examina-
tion (vital signs plus examination of  eight organ systems), and highly complex 
decision making (extensive number of  diagnoses or treatment options, com-
plex data, and high risk of  morbity and/ or mortality to the patient).

Consultation codes (99521– 99255) have been eliminated by Medicare. 
Instead, they have been replaced with the initial inpatient codes (99221– 
99223). Several commercial payers, however, still reimburse for consultation 
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codes. Therefore, it is prudent to check with your local providers for specific 
information (Box 29.1).

Initial Hospital Care  
for a New or Established Patient  
(CPT Codes 99221– 99223)

If  a patient is admitted under the direct care of the physician who will also provide 
CrrT, then the initial evaluation can be billed under CpT codes 99221 to 99223. 
The level of service billed (level 3 being the highest) is based on the complexity 
of the particular patient supported by the appropriate documentation. It is likely 
that most, if  not all, patients admitted to the ICU will be ill enough to justify a 
level 3 visit. As with a level 5 initial consultation, documentation requires a com-
prehensive history and physical examination, and complex decision making with 
an extensive number of diagnoses or treatment options, complex data, and high 
risk to the patient.

Critical Care Services  
(CPT codes 99291– 99292)

Initial and subsequent care of  the critically ill patient may be billed with the 
critical care services CpT codes 99291 and 99292. Such patients should be 
critically ill, usually with multiple- organ dysfunction syndrome. Documentation 
must state explicitly that the patient is critically ill, and it should include such 
factors as the degree of  hemodynamic instability and its treatment. The mere 
fact that a patient is situated in the ICU is not sufficient justification for billing 
critical care services. Critical care service is a time- dependent CpT code: the 
first 30 to 74 minutes of  critical care is billed as 99291; the code 99292 is 
used for each additional 30 minutes. The total critical care time must be docu-
mented in the medical record. Multiple physicians may bill for critical care if  the 

Box 29.1 Billing Codes

CpT 99251– 99255: Initial inpatient consultations— new or established patients

CpT 99221– 99223: Initial hospital care for a new or established patient

CpT 99291– 99292: Critical care services

CpT 90945: procedure other than hemodialysis (e.g., peritoneal, hemofiltration) with 
single- physician evaluation

CpT 90947: procedure other than hemodialysis requiring repeated evaluations, with or 
without substantial revision of  the dialysis prescription

CpT 99231– 99233: Subsequent hospital follow- up
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tservices involve multiple organ systems (unrelated diagnoses), but the actual 
period of  billing cannot overlap, so it is best to document the actual time peri-
ods spent at the patient’s bedside. Also, no more than a total of  3 hours of  
critical care time can be billed in a single 24- hour period.

Continuous Dialysis/ CRRT  
(CPT Codes 90945 and 90947)

CrrT can be billed for on the initial day of  patient encounter and subsequent 
days with the CpT codes 90945 and 90947 (procedure other than hemodialy-
sis [e.g., peritoneal, hemofiltration]). To bill for continuous dialysis, it must be 
clearly stated in the medical record that the patient was seen during dialysis.

Code 90945 (procedure other than hemodialysis [e.g., peritoneal, hemofil-
tration] with single- physician evaluation) is billed if  only one visit is required. 
However, ICU patients usually require multiple reassessments throughout the 
day. regardless of  whether there is a change in the dialysis prescription, as 
long as there is appropriate documentation of  the need for multiple assess-
ments, then 90947 (procedure other than hemodialysis requiring repeated evalua-
tions, with or without substantial revision of  the dialysis prescription) can be billed. 
The medical record should include such factors as the degree of  hemody-
namic instability, changes in acid– base status, and change in replacement fluid. 
Documentation of  the degree of  hemodynamic instability is necessary to be 
reimbursed properly for CrrT procedures. When more than one visit to the 
bedside is needed, it is appropriate to bill 90947.

Subsequent Hospital Follow- up  
(CPT Codes 99231– 99233)

CpT codes 99231 to 99233 are used to bill for subsequent hospital follow- ups. 
Most critically ill patients will qualify for a level 3 (highest severity) service. 
Documentation for a level 3 follow- up requires that two of  the three compo-
nents of  the chart note be detailed. This requirement is most commonly met 
with a detailed physical examination (vital signs plus examination of  five to seven 
organ systems) and highly complex decision making.

Dialysis Catheters and Modifiers 
for Multiple Procedures

placement of  temporary dialysis catheters (CpT code 36556) can be billed at 
any time. It is billed with a 25 modifier linked to the evaluation and manage-
ment (e&M) CpT code billed the same day (initial or follow- up codes). For 
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dialysis catheter is also placed on that day, then 99233.25 and 36556 are billed. 
The 25 modifier is linked to the e&M code and signifies there is a significant and 
separately identifiable procedure.

When multiple procedures are done on the same day, then a 51 modifier is 
also used. The 51 modifier is linked to all procedures after the first. For exam-
ple, on the initial hospital day, if  a physician performs a consultation, places a 
temporary dialysis catheter, and sees the patient after CrrT is initiated, then 
all three encounters can be billed: 99255.25 (initial consult with a significant 
and separately identifiable procedure), 36556 (placement of  a temporary dial-
ysis catheter), and 90945.51 (CrrT with multiple procedures).

Initial Patient Evaluation

The initial evaluation of  a patient in the ICU by a consultant can be billed 
by CpT codes 99251 to 99255 or 99221 to 99223 (depending on the insur-
ance provider) based on the complexity of  the particular patient supported 
by the appropriate documentation. If, on the day of  consultation, CrrT is 
performed, and the consultant is present for a portion of  the CrrT proce-
dure, then a bill for CrrT (90945 or 90947) can also be charged with a 25 
modifier (significant and separately identifiable procedure). However, after the 
initial evaluation, subsequent dialysis days allow billing for only one CpT code 
(continuous dialysis or subsequent hospital follow- up) because e&M is built 
into dialysis codes.

If  a patient is admitted to the physician who will also provide CrrT care, 
then CpT codes 99221 to 99223 (initial hospital care for a new or established 
patient) can be used along with CrrT codes (90945 or 90947) on the initial 
day with the appropriate documentation and the 25 modifier. As an alternative 
to the initial CpT codes for consultation or inpatient admission, a critical care 
code (99291– 99292) may be used.

Subsequent Hospital Days

In the daily follow- up of  patients on CrrT, CpT codes 90945 and 90947 
are traditionally used. Because these codes (as opposed to other procedure 
codes) include an e&M component, it is improper to bill separately a follow- up 
(99231– 99233) and a CrrT code. In all cases, after the initial day of  evalua-
tion, subsequent billing can only be a single CpT code, either CrrT or subse-
quent hospital follow- up. per the guidelines of  the Centers for Medicare and 
Medicaid Services (CMS), if  both CrrT and another e&M service are billed on 
subsequent hospital days, then pay only the dialysis service and deny any other 
evaluation and management service. Choosing to bill for CrrT or subsequent 
follow- up is at the physician’s discretion.
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to link the CrrT code using the 25 modifier. However, this should be done with 
extreme caution. To bill both subsequent critical care and CrrT, two totally sepa-
rate, clearly identified patient encounters must be documented. It is hard to focus 
on critical illness without consideration of acid– base status, electrolyte abnormal-
ities, and hemodynamic parameters without significant overlap with CrrT e&M.

Relative Value Units

The relative value unit (rVU) is the common scale by which practically all 
physician services are measured. CMS and most other insurers use rVUs to 
determine the reimbursement rate for services after incorporating geographic 
and other factors.

The resource- based relative value scale (rBrVS) assigns a relative value to 
each CpT code relative to all the other CpT codes. The rBrVS was developed 
for CMS and, in 1992, Medicare established its standardized physician payment 
schedule based on the rBrVS.

rVUs are determined by committees of  the American Medical Association. 
The committee members come from all medical specialties and include rep-
resentatives from other health professions, including nursing. The commit-
tee assigns a relative value after hearing testimony from specialty groups on 
how many hours or minutes it takes to perform a procedure, the level of  skill 
required, the level of  education/ training required, and the practice expense 
associated with a procedure (Box 29.2).

There are three components to a relative value— practice expense (PE), 
work (w), and malpractice (MP). each component is adjusted geographically 
using three separate geographic practice cost indexes (GPCI). This relative 
value is then multiplied by a single, nationally uniform “conversion factor” to 
arrive at a monetary value. The CMS conversion factor for 2015 is approxi-
mately 35.8. The payment formula is

payment= wrVU wGpCI perVU MpGpCI CF,[( ) ( )]× + × ×

where CF is the conversion factor.

Box 29.2 RVU Associated with Common CPT Codes

CPT Code RVU
99255 (Initial consult) 4.0

99291 (Critical care 30– 74 minutes) 4.5

99223 (Initial inpatient admission) 3.86

90945 (Single CrrT) 1.56

90947 (repeat CrrT) 2.52

CpT, Current procedural Terminology; CrrT, continuous renal replacement therapy; rVU, 
relative value unit.
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Actual rVU levels are subject to change, but Box 29.2 lists those for common 
CpT codes.

Summary

• Thorough documentation and correct coding are essential for timely and 
appropriate reimbursement.

• New patients can be billed as initial inpatient consults, initial hospital care, or 
critical care services.

• If, on the day of  consultation or admission, CrrT is performed, and the 
physician is present for a portion of  the CrrT procedure, then a bill for 
CrrT can also be charged with a 25 modifier (significant and separately 
identifiable procedure).

• Multiple procedures can be billed with the 51 modifier attached to all proce-
dures after the first.

• After the initial day of  evaluation, subsequent billing can be a single CpT 
code only, either CrrT or subsequent hospital follow- up. CrrT can be 
billed daily using a 25 modifier with subsequent critical care codes; how-
ever, it is challenging to meet the documentation requirements for both 
encounters.

• per the guidelines of  CMS, if  both CrrT and another e&M service are billed 
on subsequent hospital days, then pay only the dialysis service and deny any 
other evaluation and management service (excludes critical care).

• The rVU is the common scale by which practically all physician services 
are measured. CMS and most other insurers use rVUs to determine the 
reimbursement rate for services after incorporating geographic and other 
factors.

• The CMS conversion factor for 2013 is approximately 35.8.
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Chapter 30

Machines for Continuous 
Renal Replacement Therapy
Claudio ronco

In 1977, peter Kramer introduced for the first time a simple therapy called 
continuous arteriovenous hemofiltration (CAVH). In the following years, CAVH 
represented an important alternative to hemodialysis or peritoneal dialysis, 
especially for those patients in whom severe clinical conditions precluded 
the traditional forms of  renal replacement. CAVH enabled small centers not 
equipped with hemodialysis facilities to perform acute renal replacement 
therapy. The technique, however, displayed its limitations rapidly and, despite 
a good fluid control, urea clearance could not exceed 15 L every 24 hours. 
Because most critically ill patients are severely catabolic, the amount of  urea 
removed frequently resulted in an insufficient control of  blood urea levels 
and inadequate blood purification. For this reason, Geronemus and cowork-
ers, in 1984, introduced the use of  continuous arteriovenous hemodialysis 
(CVVHD). The treatment was similar to CAVH, but a low- permeability 
membrane could be used and countercurrent dialysate flow was provided 
to increase urea removal by the addition of  diffusion. A daily urea clearance 
in the range of  24 to 26 L could be achieved with continuous arteriovenous 
hemodialysis. At that time, ronco and colleagues applied the same concept 
to a highly permeable hollow fiber hemodiafilter, and first described the treat-
ment called continuous arteriovenous hemodiafiltration (CVVHDF). With that 
treatment, the high convection rates combined with the countercurrent dialy-
sate flow allowed increased removal of  small and large molecules.

One of  the major limitations imposed by the arteriovenous approach was 
the unstable performance of  the circuit resulting from possible reductions of  
extracorporeal blood flow secondary to the patient’s hypotension, line kink-
ing, and filter clotting. This often resulted in treatment interruptions, reduced 
daily clearance, and treatment failure. Initially, the use of  continuous renal 
replacement therapy (CrrT) was limited to tertiary care centers, but over 
time, and by the late 1980s, CrrT had become more and more accepted in 
intensive care units (ICUs) as a standard form of  therapy. A major advance 
was the introduction of  machines that could perform continuous venove-
nous hemofiltration (CVVH) or continuous venovenous hemodiafiltration 
(CVVHDF), which used a standard double- lumen dialysis catheter. As a con-
sequence, the use of  CAVH started to decline and the more efficient CVVH 
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reaching daily clearances for urea in the range of  36 to 48 L. When predilution 
is performed, the requirement of  heparin may be remarkably reduced and 
ultrafiltration can be increased up to 48 to 70 L/ 24 h. Because predilution 
decreases the effective concentration of  the solute in the ultrafiltered blood, 
the amount of  solute removal is not proportional to the amount of  ultrafil-
tration and it must be scaled down by a factor depending on the percent of  
predilution versus blood flow.

The increased amount of  fluid exchanged per day in CVVH required auto-
mated blood modules equipped with blood leak detectors, pressure alarms, 
and pressure drop measurements in the dialyzer. However, despite the 
achievement of  greater efficiency, safety, and reliability, there were still limi-
tations because these machines were essentially derived from hemodialysis 
blood devices and were never designed as self- standing units for CrrT. In most 
cases, volumetric pumps were added to a blood module to achieve ultrafiltra-
tion and replacement fluid volume control. This approach is still in use in several 
units and it is defined as adaptive technology. Adaptive technology may be very 
effective, but it presents the risk of  operating with components that are not 
interconnected, and therefore they are not completely safe according to the 
standards of  an integrated machine. For this reason, a full spectrum of  CrrT 
machines has evolved throughout the years to become safer, more reliable, and 
easier to use (Figure 30.1).

CRRT TECHNOLOGY EVOLUTION

CAVH

Ev
ol

ut
io

n

Years 1977 1985 1989 2004 ?
CVVH-D CVVHDF HVHF

Progress o
f  CRRT Technology

Figure 30.1 evolution of  CrrT techniques over the years with a continuous progress 
towards a more sophisticated technology. 
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Machines for CRRT

The modern history of  CrrT is characterized by the development of  
complete CrrT machines designed specifically for acute renal replace-
ment in ICU patients (Figure 30.2). These machines are all equipped with 
integrated safety alarms, fluid- balancing controls, and connected blood 
modules with the capability of  performing CVVH, continuous venovenous 
hemodialysis (CVVHD), and CVVHDF. Such machines can now achieve 
a smooth conduction of  the renal replacement treatment in the ICU and 
they can perform continuous as well as intermittent renal replacement 
therapies with increased levels of  efficiency. Blood flows up to 500 mL/ 
min and dialysate/ replacement fluid flow rates of  up to 200 to 300 mL/ 
min are leading to urea clearances that may reach levels close to standard 
intermittent hemodialysis machines. At the same time, the highly perme-
able membranes used in CrrT systems achieve improved clearance of  the 
larger molecular weight solutes. As a result of  to the higher blood and dial-
ysate flow rates achievable in the system, higher surface areas can now be 
used and more efficient treatments can be carried out. The fluid control is 
achieved via gravimetric or volumetric control systems that drive peristal-
tic pumps both for ultrafiltration and reinfusion. The priming procedures 
are simplified because of  the step- by- step online help and the self- loading 
preassembled tubing sets.

The new machines are also equipped with a user- friendly interface, which 
leads to increased confidence in the personnel administering the therapy, and 
constant levels of  efficiency can be obtained without major problems or com-
plications. Some of  the new machines present operational conditions simi-
lar to those used for chronic hemodialysis, which provides the possibility of  
using the machines for different treatments and purposes (Table 30.1). Most 
machines work either in a pure convection or diffusion or combined mode. 
Again, the most recent machines have the capability of  performing treatments 
with high exchange volumes, such as high- volume hemofiltration. In these cir-
cumstances, the presence of  an adequate warmer for the substitution fluid 
is very important to maintain thermal balance. In this field, online monitors 
for thermal balance and for blood volume determination are available on the 
market, but they are integrated in the machines in isolated cases only. New 
machines are equipped with preset disposable circuits or with easy instruc-
tions for the rinsing/ priming phase of  the therapy. The user- friendly interface 
plays an important role in the selection of  the therapy mode and the smooth 
conduction of  the entire session, which makes these machines well suited 
for use in ICUs, where the experience of  the personnel may not be as wide 
as in the dialysis setting. The presence of  an increased number of  pressure 
sensors in the machines renders the monitoring of  the treatment easier and 
accurate. In particular, the measurement of  the end- to- end pressure drop in 
the filter allows for the monitoring of  the patency of  the blood compartment 
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machines, the pressure transducers are designed to prevent the contact of  
blood with air, and the lines are constructed with special membrane buttons 
that transmit the pressure values to the sensor without air- to- blood interface. 
The measurement of  net ultrafiltration and the balance between ultrafiltra-
tion and reinfusion is done with one or two scales in different machines, or 
with volumetric fluid control. Most of  these systems also operate in continu-
ous hemodialysis to achieve the desired balance between the dialysate inlet 
and the dialysate outlet.

Metabolic control of  acute renal failure generally requires at least 30 L urea 
clearance/ day, and positive outcomes have considered adequate a dosage greater 
than 35 mL/ kg/ h, although some evidence may suggest that dosages between 
20 mL/ kg/ h and 35 mL/ kg/ h can be equally safe. The combination of diffusion 
and convection has shown that satisfactory clearances of small and medium– large 
molecules can generally be achieved. Furthermore, in cases of  sepsis, patients 
may present increased levels of substances in the middle- molecular weight range  
(500– 5000 Da), such as chemical mediators of the humoral response to endo-
toxins. In this case, the treatment should control not only urea and other waste 
products, but also the circulating levels of these proinflammatory substances. To 
achieve such a complex task, high convective rates may be required. In these con-
ditions, the necessary rate of convection can be obtained in continuous hemofil-
tration, in continuous hemodiafiltration (in this case, four pumps are required), 
or in continuous high- flux hemodialysis with continuous dialysate volume control 
(three pumps are required along with a reliable ultrafiltration control system). 
In hemodiafiltration, dialysate outlet flow exceeds the volume of inlet dialysate 
volume and the required ultrafiltration, and for this reason a replacement fluid is 
required. In high- flux hemodialysis, substitution fluid is not required and the bal-
ance is obtained by a mechanism of internal backfiltration. Warmed dialysate is 
delivered at a programmed flow rate and the second pump regulates the dialy-
sate outlet flow rate and net ultrafiltration with a continuous volume control. In 
some machines, this treatment has been performed in recirculation mode and it 
has been defined continuous high- flux hemodialysis because of the internal filtration– 
backfiltration mechanism similar to that of high- flux hemodialysis in chronic hemo-
dialysis. When the patient’s dry weight has been achieved, the circuit may operate 
at zero net ultrafiltration using sterile dialysate at various flows (50– 200 mL/ min). 
With relatively high- volume hemofiltration (2– 3 L/ h), hemodiafiltration, or high- 
flux hemodialysis, the clearance of small and large molecules is improved. If  per-
formed continuously, the treatments can provide weekly Kt/ V in the range of 7 
to 10, resulting in treatment efficacy much greater than that achieved with other 
intermittent dialysis therapies. At the same time, significant amount of proinflam-
matory mediators can be removed, leading to improved hemodynamic stability.

Besides the number of  the pumps, an important feature of  CrrT machines 
is the operator interface. The wide color screen of  some machines allows easy 
access to required information and online help for most of  the functions. The 
issue of  collecting the treatment data is an important one, and almost all machines 
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Multi�ltrate Prisma�ex Diapact CRRT Acquarius Equa - Smart

BM 25 Prisma HF 400 Hygeia plus Performer LRT

Figure 30.2 A group of  CrrT machines developed in recent years.
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Table 30.1 Characteristics of recent CRRT machines

Company Pumps Qb (ml/
min)

Qd (ml/
min)

Fluid 
manag 
(Liters)

Heater Heparin 
Pump

Reinfus 
sites

Pressure 
sensors

Printer/
RS-332 P

Scales Possible 
techniques

Acquarius ew L S Baxter 4 0-450 0–165 10 L Y Y pre post 
pre-post

4 no Y 2 (IHD-IHFD)-IHF , 
peX-pAp SCUF -  
CVVH - CVVHD- 
CVVHFD pediatric Tx

BM 25 ew L S Baxter 3 30–500 0–150 16 L no no pre post 2 no Y 2 SCUF-CVVH-
CVVHD-peX 
pediatric Tx (Qb=5-
150 ml/min)

Diapact B.Braun 3 10–500 5–400 25 L Y no pre post 4 no Y 1 IHD-IHFD-IHF , peX- 
pAp SCUF -CVVH -  
CVVHD-

equa-Smart Medicine 2* 5–400 0–150 10 L Y Y pre post 3 Y Y 3 CVVHFD 
SCUF-CWH-
CVVHD -CVVHDF- 
peX - pediatric Tx

2008 H 
2008K

FMC-NA 1+3** 0–500 0–300 open Y Y no 3 no Y Volu- 
metric

IHD-IHFD., SLeD-
SCUF-CVVHD 
pediatric Tx

Multimat B Bellco 2*** 0–400 0–75 25 L no Y pre post 3 no no 1 SCUF-CVVH-
CVVHD-CpFA

HF = 400 Informed 4 0–450 0–200 12 L Y Y pre post 
pre-post

4 no Y 2 IHD-IHFD-IHF , 
peX., SCUF - CVVH - 
CVVHD - CVVHFD- 
CVVHDF -pediatric 
Tx

Hygeia plus Kimal 4 0–500 0–66 4 L Y Y pre post 
pre-post

4 Y Y Volu- 
metric

SCUF-CVVH-
CVVHD 
CVVHDF-peX

performer rand 4**** 5–500 0–500 20 L Y Y pre post 4 Y Y 1 IHD-IHFD-IHF , peX-
pAp - SCUF - CVVH 
- CVVHD-CVVHFD- 
CVVHFD

prisma Gambro 4 0–180 0–40 5 L Blood 
warmer

Y pre post 
pre-post

4 no Y 3 SCUF - CVVH - 
CVVHDCVVHFD - 
CVVHDF - peX

Multifiltrate FMC 4 0–500 0–70 24 L Y in-line Y pre post 
pre-post

4 no Y 4 SCUF - CVVH — 
HV-HF CVVHD 
CVVHFD - 
CVVHDF — peX

prismaflex Gambro 5 0–450 0–133 15 L Y in-line Y pre post 
pre-Bp

5 no Y 4 SCUF - CVVH — 
HV-HF CVVHD 
CVVHFD - 
CVVHDF —peX

* 2 pumps + 2 intelligent clamps;

** the 3 pumps for dialysate and fluid replacement are positioned inside the hydraulic circuit of  the monitor

*** every pump runs two tubing segments;

**** the machine is equipped with thermal sensors.
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** the 3 pumps for dialysate and fluid replacement are positioned inside the hydraulic circuit of  the monitor

*** every pump runs two tubing segments;

**** the machine is equipped with thermal sensors.
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are now equipped with a computer port that allows complete data extraction 
and the possibility of  exporting data to populate a spreadsheet or database. 
Some machines are even equipped with built- in printers with automatic printing 
of  the data at the end of  the session. The transportability of  the machine is an 
important aspect to be considered because these treatments may be performed 
in different sites of  the same hospital or even outside, especially in peripheral 
units or disaster areas. The structure of  the machines includes, in most of  the 
cases, a practical trolley that effects easy movement of  the equipment.

Figure 30.3 The prisma machine. The first CrrT specific equipment ever developed.
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of Common CRRT Machines

The Prisma
The prisma machine (Gambro- Sweden) is the first integrated equipment 
designed specifically for CrrT. It features a preassembled cartridge that 
includes lines and the filter. Tubing loading is automatic, as is the prim-
ing procedure. The presence of  four pumps and three independent scales 
allows performance of  all CrrT treatments. Blood flows can vary from 0 to  
180 mL/ min; dialysate flow ranges between 0 mL/ min and 40 mL/ min.  

Figure 30.4 The prismaflex CrrT machine from Baxter healthcare.
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are available (Figure 30.3).

The Prismaflex Machine
The prismaflex machine (Gambro- Sweden) presents features designed spe-
cifically to perform therapies with high fluid volume exchange, currently 
supposedly effective in acute renal failure, sepsis, and MODS. The machine 
features five pumps (blood, dialysate, preblood pump [pBp] replacement 
solution, postblood pump replacement solution, and effluent),four scales 
(effluent, dialysate and two for replacement solutions), and a disposable set 

Figure 30.5 The Diapact machine from B. Braun.
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with preconnected high- flow filters and fluid circuitry. The machine allows the 
performance of  a complete spectrum of  therapies: slow, continuous ultrafil-
tration; CVVH; CVVHD; CVVHDF; therapeutic plasma exchange/ pex; and 
hemoperfusion. Three different preconnected kits with different surface- area 
filters for adult treatments are available— the M100 (the same as the prisma 
set with AN69 membrane), the HF 1000, and the HF 1400 (Figure 30.4)— 
which have a larger surface (0.60, 1.00, and 1.40 m2, respectively) and are 
especially useful in high- volume therapies. The last two also have different 
membranes (polyarylethersulfone). Contrary to the previous configuration 
in the classic prisma machine, in the primaflex the blood inlet is at the bottom 
of  the filter, facilitating the priming procedure and elimination of  air bubbles 
from the blood compartment. The innovative technical solution of  two pinch 
valves provides the ability of  varying the ratio between pre-  and postdilution 
with different simultaneous infusion rates. This ratio can also be changed dur-
ing therapy. pre-  or postdilution mode can also be selected for the CVVHDF 
modality. A heparin syringe pump was designed to accommodate different 
types and sizes of  syringes. Another innovative feature is now present in the 
prismaflex machine: the fifth pump. This pump delivers pBp fluid infusion and 
it makes possible to use citrate for circuit anticoagulation. This feature, in fact, 

Figure 30.6 Details of  the Diapact machine: The screen with pressure display, the pumps, 
the fluid bags and the dialysate warmer.
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allows citrate infusion just after the connection between the arterial access 
and the blood line.

The blood pump is bigger than in the earlier version and it allows blood 
flows within a range of  10– 450 mL/ min (depending on the filter in use). 
Fluid flow rate allows a maximum fluid handling of  8000 mL/ h, both in 
hemofiltration and in hemodiafiltration. If  pBp replacement solution is 
used, fluxes can be increased further. In this case, the blood pump is able 
to adjust its rotational speed automatically to maintain the prescribed 
blood flow, which otherwise would be relatively decreased by the scal-
ing down factor induced by pBp infusion. Total effluent delivery ranges 
from 0 to 10,000 mL/ h, allowing a maximum ultrafiltration of  2000 mL/ h  
combined with the maximum dialysate/ replacement flow rate. All these 
schemes are clearly designed to meet the issue of  high- volume hemofiltration. 
prismaflex software controls fluid flows by an accurate pump– scales feedback; 
30 g/ h is the accepted error for each pump and an alarm warns the operator 
if  this limit is exceeded. The accuracy warranty is ensured further by an end- 
of- treatment setup, in case of  scale damage or need for calibration. When 
the therapy is interrupted by a pressure alarm, it restarts automatically if  the 
pressure level normalizes within few seconds (i.e., during coughs or inadver-
tent line kinking resulting from patients movement). Scales have become four 
parallel, sliding “drawers” positioned below the monitor, which can be shifted 
out and allow easy and back- safe collection of  fluid bags. One of  the most 
frequent concerns, the air removal chamber clots, has been challenged by an 

Figure 30.7 The Acquarius/Accura machine (Nikkiso).
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Figure 30.8 The 2008H/K machine from Fresenius Medical Care North America.
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innovative design; the chamber is connected by a line to a pressure sensor 
that is able to adjust chamber blood levels via a pump. A reversed cone inside 
the chamber makes the blood run into the return line with a whirling move-
ment, which reduces stagnant flows. Furthermore, when replacement solution 
is reinfused postfilter, it is poured directly on top of  this cone to create a fluid 
layer between air and blood.

Sets are completed with 9- L effluent collection bags, which makes much 
more feasible the application of  high- volume therapies without generating an 
excessive workload for ICU nurses. The colored monitor displays pressures 

Figure 30.9 The NxStage System One (NSO) machine.
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history pages. A pCMCIA card allows downloading of  the data to laptop 
computers. Among the new features, filters with a modified and treated sur-
face (ST 60, ST 100, ST 150) are today available with various surface area in 
different kits.

The Diapact CRRT
The Diapact machine (B.Braun, Melsungen) is derived from a series of  pro-
totypes called emergency case units or ECUs. The system has three pumps 

Figure 30.10 The Fresenius Multifiltrate.
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mL/ min) (Figures 30.5 and 30.6). Fluid handling and ultrafiltration control 
is gravimetric with one scale. Dialysate is warmed and the heparin pump is 
included. reinfusion can be performed in either pre-  or postdilution mode 
during hemofiltration. The machine is particularly suited for continuous high- 
flux hemodialysis, with the possibility of  operating either in single- pass or 
recirculation mode.

The Acquarius/ Accura
The Acquarius/ Accura machine (edwards Life Sciences) is a modern machine 
for CrrT (Figure 30.7). The system includes four pumps and two scales with 
the option of  performing all CrrT treatments. Blood flow can be varied from 
0 to 450 mL/ min, and the dialysate flow rate ranges from 0 to 165 mL/ min. 
The system includes a preassembled tubing set and a wide color screen with a 
user- friendly interface. The priming procedure is automatic. A fluid heater and 
heparin pump are included in the machine. Two independent scales allow for 
accurate and continuous fluid balancing whereas four pressure sensors help 
monitor extracorporeal circuit function. pre- , post- , and simultaneous pre- / 
postdilution modes are available. remarkable flexibility and versatility charac-
terize this machine.

The 2008H/ K
The 2008H/ K machine (Fresenius Medical Care, Walnut Creek) is basically a 
standard intermittent hemodialysis machine that has been adapted to CrrT, 
and mostly sustained low- efficiency diafiltration, by modifying the software 
and the operational parameters (Figure 30.8). The machine is equipped with 
a blood pump plus three pumps for dialysate, which are internal. Blood flow 
can vary from 0 to 500 mL/ min whereas the dialysate flow in CrrT mode can 
be set at three fixed values of  100, 200, and 300 mL/ min. Dialysate is warmed 
and the heparin pump is built in. The system does not include a replacement 
pump, therefore hemofiltration modalities cannot be performed. The ultrafil-
tration control is open volumetric.

The NxStage System One
The NxStage System One (NSO) was developed to simplify CrrT 
treatments using new approaches in system design and technology  
(Figure 30.9). The key technological differentiator of  the NSO is its use of  
a disposable cartridge containing all the blood and fluid pathways, includ-
ing a volumetric fluid management system. This volumetric system balances 
fresh replacement fluid or dialysate with effluent coming from the dialyzer 
and removes excess fluid (net ultrafiltration) from the patient. The system 
allows the user to hang up to 29 L of  replacement fluid or dialysate at one 
time and to connect the effluent directly to a drain with an air break. This 
approach minimizes the number of  bag changes for the user to one or two 
per day, depending on the treatment prescription, and eliminates the need 
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to use (and empty) waste collection bags. The NSO does not use scales and 
is not subject to alarms resulting from bumping, moving, or swinging bags. 
The disposable cartridge loads into the NSO by opening the slide- out front 
door, placing the cartridge into the opening, and closing the door. All sensors, 
pumps, and actuators are loaded in this single step. After the user connects a 
1- L saline prime bag to the cartridge and presses one button, the NSO primes 
the cartridge and verifies all hardware/ disposable interfaces. This prime and 
testing process is accomplished without intervention from the user. The NSO 
can deliver intermittent or continuous therapies for continuous venovenous 

Figure 30.11 The Medica equasmart.
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hemofiltration CVVHF pre-  or postdilution; CVVHD; slow, continuous ultra-
filtration; and therapeutic plasma exchange therapies. However, the system 
does not perform CVVHDF. The blood pump speed range is 10 to 600 mL/ 
min. The replacement fluid or dialysate rate is 0 to 12 L/ h. The net ultrafiltra-
tion rate is 0 to 2.4 L/ h. To reduce the risk of  clotting, the cartridge does not 

Figure 30.12 The rAND MOST performer Machine.
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have air– blood interfaces. pressure sensing on the cartridge is done through 
airless pods or directly in the tubing/ flow paths. Air sensors are located on 
the arterial, replacement, and venous lines. Blood leak detection is located 
in the effluent line. Information generated by the NSO can also be ported to 
electronic medical record systems.

Figure 30.13 The Fresenius Multifiltrate pro.
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Figure 30.14 The primaflex Mars combination for liver support.

The Fresenius Multifiltrate

This machine (Figure 30.10) has allowed to carry over treatments with large 
amount of  fluid exchange such as high volume hemofiltration (HVHF) and 
pulse high volume hemofiltration (pHVHF). The machine has been equipped 
quite early with a citrate anticoagulation feature allowing also to use any filter 
without captive preassembled disposable. The machine also features a step-
by-step software with the possibility to follow the different phases of  the treat-
ment with a clear and well designed screen. The machine is only available in 
europe.

The Medica Equasmart

Another machine designed to perform any CrrT treatment is the Medica 
equasmart (Figure 30.11). This machine was one of  the first equipped with a 
built in printer to summarize the data of  the treatment and a built-it warmer. 
The machine can be used with any type of  filter.
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Current and Future Technology

The evolution of  CrrT has brought the concept of  MOST: Multiple Organ 
Support Therapy. With this concept, the CrrT machine becomes a “platform” 
for extracorporeal therapies. Today, a fourth generation of  machines for CrrT 
has been created, and further developments are planned for the years to come. 
The original simple machinery with blood pump and ultrafiltration/ replace-
ment pumps has been replaced by new, complex hardware in which five or six 
pumps are present, allowing one to perform almost any type of  extracorporeal 

Figure 30.15 The Medica DeCAp-CrrT machine.
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therapy designed for organ support. Anticoagulation regimes such as citrate 
may rely on dedicated hardware components. A large display is almost the rule 
for a more user- friendly interface. A large volume of  fluid handling is ensured by 
precision scales, and blood or dialysate can be warmed for better comfort for 
the patient. New- generation machines have allowed to support different organ 
function with specific modalities. A new generation of  machines is appearing 
on the scene. Some of  them have not reached their full clinical application yet; 
nevertheless, they represent the future of  this field. In addition to the safety of  
the therapy application being essential, the safeguarding of  a smooth treatment 
performance and efficient use of  resources have become significantly more 
important.

One example is the rAND MOST performer (Figure 30.12) that not only 
makes possible to perform different therapies to support Heart, Liver, Kidney 
and Lung, but also has made possible the performance of  locoregional phar-
macological or thermal therapies.

Figure 30.16 The B.Braun OMNI machine.
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Fresenius Medical Care has launched the Multifiltrate pro (Figure 30.13), 
which is designed and engineered to fit the requirement of  long-lasting, easy-
to-use smooth CrrT therapy with a limited end user workload. In particu-
lar, fully integrated citrate anticoagulation and superflux membranes enable 
an effective treatment of  acute kidney injury as well as multiple-organ failure. 

Figure 30.17 The Asahi medical plasauto machine for apheresis.
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Baxter will launch the prismax, which is an evolution of  the prismaflex. In the 
meantime the prismaflex machine has been combined with the MArS cir-
cuit for the treatment of  liver failure (Figure 30.14) or with a small oxygen-
ator to remove CO2 and support the lungs in case of  hypercapnia, allowing 
ultraprotective mechanical ventilation. Medica has also developed a machine 
capable to perform extracorporal CO2 removal in combination with CrrT  

Figure 30.18 The Asahi medical Kibou machine for CrrT.
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(Figure 30.15). B.Braun has launched a new CrrT machine called OMNI 
(Figure 30.16) with full capability for administering all extracorporeal thera-
pies. This machine represents a real step forward in comparison with the 
previous Diapact machine. ASAHI has recently proposed the plasauto system 
(Figure 30.17) and this machine is basically utilized for therapeutic apheresis. 
The company however has entered the field of  CrrT with the newly designed 
Kibou CrrT machine (Figure 30.18). Bellco has developed a system for 

Figure 30.19 The Amplya Machine for CrrT and CpFA.
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Coupled plasma Filtration Adsorption (CpFA) application and has launched a 
new integrated machine called Amplya (Figure 30.19). The same company has 
made a great deal of  effort to develop, in conjunction with the International 
renal research Institute of  Vicenza, a specifically designed machine for neo-
nates called Carpediem (Figure 30.20). This machine is unique being spe-
cifically designed for neonates and infants enabling CrrT in babies less than  
3 Kg. estor, in conjunction with Toray, has developed a machine called 

Figure 30.20 The CArpeDIeM machine for CrrT in neonates.
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Figure 30.21 The first neonate in the world treated with the miniaturized CArpeDIeM 
Machine.

Figure 30.22 The estorflow machine for Hp and eCCO2r.
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Figure 30.24 The disposable cassette with blood and dialysate circuit and pump segments.

Figure 30.23 The Spectral SAM machine.
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extracorporeal CO2 removal (Figure 30.22). Although other machines have 
been recently adapted to remove CO2 through small oxygenators placed in 
series with a CrrT circuit or as a stand-alone therapy, this machine is the only 
one equipped with online measurement of  CO2 removal. Spectral company 
in Canada has recently presented the Spectral Apheresis Machine (SAM), a 
new, advanced extracorporeal treatment platform designed to perform vari-
ous CrrT and sustained low-efficiency hemodiafiltration techniques, as well 
as other extracorporeal therapies, such as direct hemoperfusion and CO2 
removal (Figure 30.23). The system uses a synchronized piston pump system 
run by four internal cam shafts that also run the pump clamps. This piston-
driven system has demonstrated less hemolysis during preliminary testing ver-
sus a traditional occlusive rotary pump. The compact nature of  the cam-driven 
system allows for the use of  a compact, solid disposable cassette that can be 
inserted into the machine in one simple step (Figure 30.24). When this cas-
sette is installed, the pressure monitoring system, pumps, clamps, chambers, 
and blood leak and air detectors are all connected automatically in parallel. 
The simplicity of  loading the cassette makes the installation of  the tubing set 
nearly effortless, as well as reduces machine setup time drastically. The com-
pact nature of  the system also means that SAM is one of  the smallest extracor-
poreal platforms available, without lacking any key features.

SAM is supplied with several different disposables for various treatments, 
including a cassette that is less restrictive than those provided for other CrrT 
machines. This open system allows SAM to be more flexible than other CrrT 
machines, permitting a very wide variety of  treatment applications. SAM is 
currently under final development by Spectral Medical Inc., and its planned 
launch to the european and North American market is by the end of  2016.

In conclusion, all these new platforms will likely make CrrT safer and sim-
pler, and allow clinicians to perform therapy more efficiently and safely.

An important evolution in CrrT technology is taking place in this moment 
with development and placement on the market of  brand new machines for 
CrrT but beyond them, new models of  connectivity, electronics and human 
interface are under evaluation. The years to come will therefore see a further 
evolution of  this therapy or group of  therapies for a better care of  our patients.
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Chapter 31

Quality Improvement 
for Continuous Renal 
Replacement Therapies
Ian Baldwin and rinaldo Bellomo

There are different clinical parameters that can reflect the successful use of  
continuous renal replacement therapy (CrrT) and the achievement of  rel-
evant therapeutic goals. The major goals of  CrrT include desired toxic sol-
ute clearance, acid– base homeostasis, electrolyte balance, appropriate fluid 
removal and balance, and temperature control. These goals should, ideally, 
be achieved in a timely and cost- effective manner. establishing and maintaining 
a unit CrrT database is useful to gauge success, compare unit performance 
with that of  others, and enable review or change over time to detect poten-
tially useful trends in performance. This quality improvement process is use-
ful in respect to the changing clinical context, personnel changes and training 
requirements, new devices and CrrT machines, access devices, and technical 
variations in the prescription for anticoagulation and fluid balance.

Data collection can be done in the form of  a specific “snapshot” assessment 
over a short period (e.g., 1 month) or done continuously. Common useful 
quality measures are listed here and summarized in Table 31.1. Here, we dis-
cuss some important aspects of  quality improvement:

• Daily review of  patient biochemistry and fluid balance for adequate vol-
ume control is vital. This would appear to be an obvious quality activ-
ity. However, a bedside review is useful, particularly when prescribing 
physicians and nurses change frequently for the same patient over many 
days. Fluid balance needs to be assessed to determine whether inputs 
exceed fluid loss. Fluid removed by the treatment does not necessar-
ily mean a neutral or negative patient balance has been achieved. This 
is an important process to clarify in bedside discussions and treatment 
prescriptions to ensure goals are being achieved. Adequate written and 
formal documentation of  fluid management goals and fluid balance is 
mandatory.

• Number of  patients treated, duration of  each treatment, and days of  treat-
ment for each patient are important, necessary data. Some ICU database 
schedules capture these data already. However, a review of  these data 
is useful for a team providing CrrT. Individual treatment data can be 
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maintained on bedside charts/ computers and is very helpful in monitoring 
success and failure in a patient. Sequential, progressive charting of  a treat-
ment, with each new treatment starting again at hour 1, achieves this and 
provides a quick assessment for time on treatment or filter life. A common 
filter life using CrrT across all patients in the ICU is a median of  20 con-
secutive hours. The mean value is often skewed by outlying data: one very 
long or short treatment.

• The time without treatment or “off time” in each patient ICU stay. The time 
when renal replacement therapy is not occurring, or downtime, is a useful 
measure of  efficiency because solute levels will rise with increasing downtime. 
There are many reasons for extended periods without CrrT being applied, 
despite a continuous prescription. However, these data can reflect inefficient 
practices, lack of  nursing staff and skill, delayed medical review, the frequent 
need for out- of- ICU diagnostics, and bad policies. Such data are often not 

Table 31.1 Quality Indicators Associated with Renal 
Replacement Therapy

Quality 
Assurance Item

Clinical Comment

Daily review Solutes, urea, and creatinine should be declining or stable each 
day. Fluid loss is usually required and should be achieved each day, 
considering all fluid inputs and losses, not those of  the machine alone. 
An accurate patient weight is useful.

Number of  
patients treated

This piece of  information is useful in staff level justification, 
budgeting, and notation of  patterns of  prescribing and number of  
machines in use.

Time without 
treatment

Time without treatment can reflect differences over 24- hour periods, 
staffing changes, training, and medical review. It may also reflect 
inadequate dosing and undertreatment, if  excessive.

errors, adverse 
events

Frequent mistakes reflect a need to change policy or add more 
training and resource development. For example, fluid balance 
mistakes may suggest misunderstanding of  orders and how clinicians 
interpret fluid loss. Is this machine loss or patient net loss?

Access catheters 
used

How many access catheters are being used? Are they being replaced 
frequently? Such data suggest a need to change methods, use a new 
design, and/ or review and amend maintenance and care routines, 
such as management of  the device when not used, how the dressing, 
is placed and secured.

Cost of  
consumables

It useful to have up- to- date knowledge of  consumables costs and 
then determine the average cost for each patient, The total cost of  
all consumables and number of  patients treated annually indicates the 
cost per patient.

No and attendees 
at education 
sessions

review how many education sessions are being provided that focus 
on CrrT, and the number or percent of  staff attending. Focus on 
clinicians understanding the CrrT circuit.

CrrT, continuous renal replacement therapy.



27
7

C
H

A
pT

er
 3

1 
Q

ua
lit

y 
Im

pr
ov

em
en

t 
fo

r 
C

R
R

Treported. However, publications indicate that a downtime of  approximately  
\5 hours for each 24 hours may be common.

• Errors, adverse events and mistakes, specific alarm events, and machine 
repairs are relatively common. Although many mistakes and malfunctions 
are not reported, or lack surrounding context data, these data provide use-
ful feedback to the CrrT team. Such data must be managed with sensitivity 
and be used to improve CrrT in a constructive manner, avoiding individu-
als being targeted. Frequent identical events reflect a need to change and 
modify policy. Where many CrrT machines exist, naming or numbering 
each machine makes tracking of  machines and repairs or failures easier.

• Access catheters used and microbiology associated with clinical use. Access 
devices can be overlooked as separate from therapy. The number used and 
type and site of  insertion provide useful data. A database with informa-
tion on such devices, site of  insertion, time of  insertion, date of  insertion, 
person who inserted the device, and complications related to insertion or 
subsequent catheter colonization, infection, or vessel thrombosis are very 
useful in monitoring the safety and quality of  catheter management.

Table 31.2 Potential CRRT Problems and Responses

Problem Response
Frequent filter clotting 
in unit

review nurse education. review anticoagulation policies. 
review site and choice of  vascular access catheter.

Frequent filter clotting 
in individual patients

review circumstances around episode. Check resistance of  
outflow/ inflow in access catheter. Check choice of  vascular 
access site. review patient position and movement. review 
anticoagulation approach.

Long downtime review nurse training. emphasize need to prime circuit quickly. 
See previous responses to frequent filter clotting.

errors in fluid balance Optimize physician and nurse education. Chart fluid balance 
accurately and ensure clarity of  medical prescription of  desired 
fluid balance.

patient on vasopressor 
therapy and 
hypotension

Initiate CrrT slowly. Begin with slow blood flow (20– 30 mL/ 
min) for more than 5 minutes until the circuit is filled with blood 
and blood is returning to the patient. Increase the blood pump 
flow slowly to the desired rate by 20– 50- mL/ min increments. 
Initiate therapy only after the blood flow is at the desired level. 
If  necessary, increase vasopressor drug therapy by 10% to 20% 
before the start of  CrrT or administer a small fluid bolus . This 
fuid can be removed after therapy has been established.

Unexplained fever or 
leukocytosis

examine vascular access site. Consider removal of  catheter 
(guidewire exchange preferred as initial step).

Swollen limb distal to 
catheter

Consider deep venous thrombosis. perform ultrasound. If  a 
large clot is present, initiate anticoagulation. Do not remove the 
catheter immediately because this can trigger a lethal embolism.

CrrT, continuous renal replacement therapy.
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CrrT circuit. This information provides feedback for managers and helps 
with decision making on purchasing and supply contracts.

Table 31.2 lists potential CrrT problems and appropriate responses.

Summary

Collection and review of  patient daily biochemistry, filter life, and time without 
treatment all provide useful measures of  CrrT quality. Biochemistry should 
reflect solute reduction, filter life should be approximately 20 hours, and time 
without treatment should be minimal. reviewing adverse events, machine 
repairs, and simple mistakes and errors is necessary to prevent serious harm 
during CrrT. Such information helps guide effective education and policy 
development. Cost data can be a measure of  success; increasing costs are 
associated with inefficient treatments, access catheter malfunction, and poor 
filter life. The safety and quality of  CrrT are highly dependent on the collec-
tion of  quality improvement data. If  this is not done, the quality and safety of  
CrrT are seriously undermined, and patients are exposed to a risk of  major 
complications.
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Chapter 32

Educational Resources
Ian Baldwin and Kimberly Whiteman

Continuous renal replacement therapy (CrrT) requires a significant commit-
ment to ongoing education and training. Machines for CrrT are automated 
for the priming and preparation sequence; however, they can be challenging 
for new learners to master and operate safely. Fluid balance and anticoag-
ulation regimens can be a source of  mistakes without adequate education. 
It is also important to recognize that manufacturers’ operating manuals for 
machines are not always suitably prepared for the clinical environment, and 
idiosyncrasies of  clinical patient care when using a machine need to be devel-
oped and taught locally.

The application of  theoretical frameworks to psychomotor clinical skills 
for CrrT is a challenge for the nursing instructor and is best achieved using 
a variety of  approaches. The use of  multiple teaching strategies recognizes 
that people learn in different ways and may need different experiences to gain 
knowledge and clinical skills. Instructional methods can include video or DVD 
review; system simulation exercises; circuit setup using suitable abstract mod-
els, such as drawing board exercises or computer diagrams; computerized 
instruction; priming practice with nonsterile circuits on machines when not in 
use; bedside instruction; and, last, real- life patient care experiences with and 
without supervision. educational needs can be divided into introductory com-
petency development and ongoing continuing education.

Introductory Education: Theory  
and Practical Training

Theory must accompany practical training. Nurses caring for patients on 
CrrT need to know the science behind treatments and how to oper-
ate the equipment safely. In addition, education about f luid balance 
and anticoagulation regimes helps to eliminate errors. education deliv-
ery may vary depending on the setting, but the content that needs to 
be learned remains constant. A  method of  delivery for small groups of   
8 to 12 nurses is a 1- day seminar, with theory in the morning and practical 
machine activities in the afternoon (Figure 32.1). The core content suggested 
here can be adapted to any learning environment or time frame.
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Theory can be taught as a lecture set with course handout notes and cur-
rent journal references. Suggested lectures include the following content:

• Acute kidney injury and critical illness
• Begin the course with a review of  acute kidney injury and historical treat-

ments, such as hemodialysis and peritoneal dialysis. review that standard 
safety measures with central lines, such as radiographic confirmation of  
line placement, should be completed before treatment initiation. Include 
and emphasize that treatments should be initiated as soon as possible 
after the confirmation of  line placement. emphasize the need for immedi-
ate treatment of  patients with severe electrolyte imbalances and not to 
wait for initiation of  CrrT. For example, patients with high potassium 
levels should be treated with standard regimes such as insulin and glucose 
or sodium polystyrene sulfonate (Kayexylate) until CrrT can be started.

• Theory of  solvent and solute removal
• Describe the principles of  ultrafiltration, diffusion, and convection. 

Discuss clearance of  fluid and small molecules as the goal of  treat-
ment. review commonly prescribed drugs and how blood levels can be 
affected by CrrT.

• Treatments of  CrrT: slow continuous ultrafiltration, continuous veno-
venous hemofiltration, continuous venovenous hemodialysis, continuous 
venovenous hemodiafiltration

CRRT

Figure 32.1 A continuous renal replacement therapy (CrrT) classroom for theory using a 
standard lecture set.
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hollow fibers, and the blood and fluid flow for each of  the four possible 
treatments.

• With regard to diffusive techniques, the filter is a hemodialyzer with hol-
low fibers inside. The blood flows through the center of  the hollow fibers, 
and the dialysate flows around the hollow fibers. Commonly, blood and 
fluid flow in opposite directions, which is called countercurrent flow.

• The fluid flow path varies slightly depending on the treatment. It is 
important for class participants to understand that dialysate fluid is not 
intended to enter the bloodstream. Dialysate flows around the hollow 
fibers, diffusion occurs, and waste is pumped directly into the effluent 
bag or dialysate drain along with any additional fluid removed from the 
patient during treatment. Depending on the manufacturer and the type 
of  treatment, replacement fluids might enter the bloodstream before 
the filter (predilution) or after the filter (postdilution) or both.

• The blood path for all CrrT modalities mandates blood is pulled or 
sucked from the patient with negative pressure, enters the filter through 
tubing that is color- coded red (access), exits the filter, and is returned or 
pushed to the patient under positive pressure in lines color- coded blue 
(return).

• Fluids and fluid balance
• review the dialysis principles and blood and fluid flow used in each of  

the four types of CrrT.
1. Slow continuous ultrafiltration: ultrafiltration
2. Continuous venovenous hemofiltration:  convection and ultra-  

filtration
3. Continuous venovenous hemodialysis:  diffusion and ultra-  

filtration
4. Continuous venovenous hemodiafiltration: diffusion and convection

• Discuss the components of  net fluid balance for any given period of  
time.
• Net fluid balance = All fluids in –  All fluids out
• Generally, the goal for fluid balance is a negative number or zero

• Nurses performing CrrT should be aware of  the daily fluid balance 
goals set for the patient. periodically, throughout each shift or as fre-
quently as prescribed, check to see whether the fluid balance goals are 
being achieved.

• emphasize that fluid and solute removal is calculated on the delivery of  a 
continuous treatment. prolonged, unplanned lapses in treatment should 
be avoided; when they occur, they may contribute to a positive fluid 
balance.

• review examples of  clinical situations in which blood products or new 
orders for large volumes of  antibiotics affect the net negative balance, 
along with how to mitigate the fluid gain.
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protocols might include a standing order to call the physician if  the net 
negative fluid balance goals are not met, or a protocol to increase fluid 
removal rates with blood transfusions or other large volumes of  fluid, 
such as newly prescribed antibiotics.

• Manufacturers vary in regard to what fluids are calculated automatically 
into the machine fluid balance and what fluids need to be added sepa-
rately into the intake and output. This information is important for calcu-
lating the intake and output.

• Anticoagulation protocol and potential complications
• Discuss the reason for anticoagulation and review any site- specific pro-

tocols for administration and monitoring.
• If  citrate is used as an anticoagulant, review the calcium replacement 

protocol, ionized calcium monitoring, and signs and symptoms of  hypo-
calcemia and hypercalcemia.

• If  heparin is used, review dosing, protamine reversal protocols, pro-
thrombin time, and international normalization ratio normal values.

• Complications of CrrT
• Discuss possible complications related to CrrT and how to prevent and 

treat them. Complications include hypotension, electrolyte imbalance, 
hypothermia, bleeding, blood leak, and infection.

• Air embolism is a complication associated with the use of  any extracor-
poreal circuit, and procedures for removing air should be taught and 
practiced in a simulated environment.

• Special considerations for patients taking angiotensin- converting enzyme 
inhibitors may be required.

Other course materials may include the following:

• excerpts from the manufacturer’s operator manual can be reprinted 
with permission.

• references, lectures, and course material may also be placed on computers 
or intranet sites for reference.

• Hospital policy or protocol documents are an essential reference. As with 
many areas of  intensive care machine management, a multidisciplinary 
consensus policy is useful as a “baseline” reference point for learners. 
Some new learners prefer a bulleted list of  the descriptive steps and pic-
tures in lieu of  the procedure, which can be a long list when the rationale 
is added.

• emergency procedures to be followed in case of  cardiac arrest should 
be determined in an interprofessional forum and made available to cli-
nicians. Consider including a scenario with a cardiac arrest or other 
emergency during the practical part of  the course to provide experience 
with the psychomotor skills of  managing an emergency with the CrrT 
equipment.
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Practical Experience

After the participants have gained an understanding of  the theories behind 
treatment with CrrT, provide time to work with the machine to be used in 
clinical treatment (Figure 32.2).

The following components are suggestions for practical experience. For 
small classes, use a sequential model, with the whole class working through the 
skills. For larger classes, breakout sessions with multiple machines or stations 
and a final demonstration of  synthesis of  steps can help to save time and keep 
the participants engaged:

• Machines and extracorporeal circuit setup
• In a controlled classroom environment, each nurse should be given the 

opportunity to set up and prime a machine. In larger classes, it may be 
necessary to work in pairs. Allow the nurses time to read on- screen 
directions and help screens.

• Care and maintenance of  temporary dialysis catheter
• Have the temporary dialysis catheters used in the clinical areas at your 

site available in class for participants to view and handle.
• Discuss the anatomic placement of  the temporary dialysis catheter. 

Double- lumen dialysis catheters (15– 20 cm) placed in the right internal 
jugular vein have the most direct path to the right atria and tend to have 

Figure 32.2 Continuous renal replacement therapy basic simulation with resuscitation doll 
and machine for demonstration of  priming, patient connection, and common alarms.
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Longer catheters (e.g., 24 cm) are used in the femoral vein only. This 
length of  catheter is unsuitable for jugular or subclavian use. The subcla-
vian site is generally used last to preserve its integrity in case a semiper-
manent dialysis catheter might need to be inserted later.

• review the flow through the double- lumen dialysis catheter. One 
lumen is color- coded red and is sometimes referred to as the access 
line, because blood is pulled from the patient into the filter through this 
lumen. Blood is returned through the blue lumen or “return” that exits at 
the distal end of  the catheter. When the catheter lumens are connected 
properly to the CrrT tubing lines, this design prevents recirculation of  
clean blood through the circuit.

• When CrrT is interrupted or discontinued, the temporary dialysis cath-
eter is capped. end caps should not accommodate needle or intrave-
nous entry. Often an anticoagulant, such as heparin, is instilled in the 
lumens. Lumens should be clearly labeled with the type and dose of  
anticoagulant. Consider placing a label or barrier over the end caps as a 
physical reminder to personnel that anticoagulant is present and needs 
to be withdrawn and discarded before use.

• entrance into the temporary dialysis catheter and dressing changes 
should be performed using aseptic technique, and should follow hospital 
policies for dressings and sterile procedures.

• Two professional organizations provide evidence- based recommenda-
tions for care of  temporary dialysis catheters and patients on CrrT and 
may be helpful in developing local policies and procedures:
1. The Amercian Association of  Critical Care Nurses: AACN Procedure 

Manual for Critical Care
2. American Nephrology Nurses Association (ANNA): Nephrology 

Nursing Process of  Care: Apheresis and Therapeutic Plasma Exchange 
and Continuous Renal Replacement Therapy

• To troubleshoot during nursing care of  a patient on CrrT, use the 
acronym pACe:
• Patient: Look at the patient first. Coughing, patient positioning, and 

movement can sometimes set off circuit alarms.
• Access: Access refers to the temporary dialysis catheter. Check for a 

blood return and flow before starting treatment and for patency, kinks, 
or clamps when alarms occur. Consider teaching a standard access 
troubleshooting sequence, such as the following example:
• release kinks in the catheter
• reposition the patient
• reposition the catheter
• Attempt to flush the catheter

• Circuit: The circuit is the disposable filter and tubing. Clots or gas bubbles 
can cause alarms. Teach participants to remove air from lines using man-
ufacturers’ guidelines, inspect the filter for clots, and use the pressures 
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within the circuit. For example, highly negative access pressure may be 
indicative of  access line kinking.

• Equipment: equipment failure or power outages can cause a disruption in 
care. The machine should be plugged into the emergency power source 
to permit automatic switching to backup power in case of  an outage. 
procedures for equipment failure should be developed and reviewed 
in class.

• Alarm conditions
• Common alarm conditions can be simulated easily in the classroom 

setting.
• Suggested alarms that should be simulated in class include access (high 

negative pressure) and return line (high positive pressure) kinks, air in 
line, and alarms that require nursing intervention, such as fluid bag chang-
ing and fluid balance settings.

• Nurses should be aware that repeated alarms should be investigated 
thoroughly. Consider a “three strikes” policy that requires nurses to seek 
help if  they are unable to remedy an alarm on the third try (Figure 32.3).

• Termination of  treatment
• review the sequence for termination of  treatment. Consider combin-

ing this simulation with a scenario that includes flushing the temporary 
dialysis catheter, instilling anticoagulant, and labeling.

• If  desired, develop and practice a protocol for recirculation or tempo-
rary disconnection for off- unit interventions, such as in radiology or the 
operating room.

• Discuss signs of  a blood leak or rupture of  the filter, including blood 
in the effluent. Instruct participants to discontinue treatment without 
returning the blood to the patient in cases of  confirmed blood leaks.

• Documentation

Alarm Sounds

If the alarm resets:
Continue CRRT.

If the same alarm
sounds three
times and the
patient is stable,
continue CRRT
and seek help.

If the same alarm
sounds three times
and the patient is
unstable, discontinue
CRRT and seek help.

Figure 32.3 Troubleshooting tree. CrrT, continuous renal replacement therapy.
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• patient and family education regarding the CrrT procedure
• Condition of  the catheter insertion site
• Intake and output

Whenever possible, use actual bedside documentation tools in class. Use sev-
eral hours of  data for intake and output measurements, and check that all 
participants can complete the charting accurately.

Learning Environment

Offer a variety of  practical approaches for learning. Develop methods 
for teaching CrrT that appeal to a variety of  learning styles, including the 
following:

• Video-  or computer- assisted instruction for review or individual learning
• Cue cards or quick reference charts that can be kept with the machine 

after class
• Troubleshooting tutorials or scenarios that include common alarm condi-

tions and potential complications of  treatment such as hypothermia, air 
embolism, and frequent filter clotting

• Case exemplars that include common errors in clinical practice such as fluid 
balance and anticoagulation errors

• Mentored real- life experience with CrrT in which expert nurses provide an 
extended time for practical learning of  skills after class participation

• A competency checklist that includes critical skills: setup, on and off procedures 
for connecting to the temporary dialysis catheter, termination of treatment

This varied approach to learning can link the sequence of  abstract discussion, 
simulation, and then real- life experience (Figure 32.4).

Discussion using
whiteboard and
circuit diagram or
sketch

Training sequence

Unsterile circuit prepared with
RRT machine. Use saline bag
as patient. Use  resuscitation
doll as patient.

Patient care with
supervision and teacher
support

Abstract

Simulation

“Real-life” experience

Figure 32.4 Suggested learning sequence useful in continuous renal replacement therapy 
education. rrT, renal replacement therapy.
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Quizzes, demonstrations of  key skills by the participants, or other measure-
ments of  learning should be developed. participation in a debriefing session 
after troubleshooting simulations or real- life experience can help with devel-
opment of  critical thinking skills. encourage learners to describe their under-
standing of  why alarms and problems occur, in addition to their suggested 
remedy to demonstrate their understanding. This activity is in contrast to sim-
ply correcting the problem each time.

Observation of  clinical practice can be evaluated after the formal class day 
either by the instructor or by CrrT clinical experts on the units.

CRRT Champion

After initial training, bedside experts are necessary to sustain a program. 
A nurse instructor or experienced clinical nurse on staff is necessary to “cham-
pion” CrrT and link education and clinical implementation. The CrrT cham-
pion needs to be able to work with other disciplines within the organization 
and with the manufacturer to coordinate care of  patients. periodic updates to 
standards and policies need to be completed and disseminated. New research 
and techniques should be reviewed and considered for implementation into 
practice. A multidisciplinary team approach to care helps to ensure patients 
receive safe and effective care. The CrrT champion can serve as the coordi-
nator of  the team (Figure 32.5).

RRT and multidisciplinary team

Nurses

Technicians

Physicians

Pharmacy

Suppliers

Teachers
Audit

Patient care: RRT

RRT education

Standards

Policies and documents

Figure 32.5 The continuous renal replacement therapy educator is central to others 
involved and is a “champion” for this specialized aspect of  nursing in the intensive care unit. 
rrT, renal replacement therapy.

 

 



28
8

C
H

A
pT

er
 3

2 
E

du
ca

ti
on

al
 R

es
ou

rc
es

Competency and Ongoing Education

Nurses will be exposed to patients on CrrT at varying levels, depending upon 
the medical practice and patient care needs. The CrrT educator or champion 
should plan for programs to ensure ongoing competence of  staff  on an as- 
needed or yearly basis. Topics for competency education should be selected 
based on institutional needs. Quality and risk management reports, as well 
as manufacturer changes to machine hardware and software, can be used to 
develop updates for clinical staff. Nurses who frequently perform CrrT may 
have different yearly competencies and learning needs than those who seldom 
perform the skills. Consider competencies based on theory, and skills needed 
for setting up, maintaining, and discontinuing treatment. Track questions asked 
of  the nurse educator to determine common or frequently asked questions 
to consider for yearly education. Information from alarm or treatment history 
recorded in the machines or maintenance records may be used to determine 
frequent problems. review of  risk management or quality data, such as tem-
porary dialysis catheter- associated infections, can also be used to plan compe-
tency education. New knowledge or advances in treatment should be reviewed 
when available, but at least yearly, with all staff caring for patients on CrrT.

Consider the development of  an advanced CrrT user program or unit- 
based expert development program. This program could include more in- 
depth troubleshooting and current trends in practice taken from the literature. 
Advanced users could also be mentors or preceptors for nurses who have 
recently begun caring for patients on CrrT, providing for supervised real- life 
learning experience.

Box 32.1 Definitions: Key Terms Associated with RRT

abstract model an activity using some aspects of  simulation to prepare for real events 
using concepts with readily available representative materials (e.g., use simple cut- out 
pictures of  renal replacement therapy machines and components rather than the machine 
itself )

competency being able to perform a task or skill within a set time with no mistakes; able 
to recognize an error and fix it

education a process that provides instruction and information for analysis and knowledge 
development; responding to cognition

lecture a series of  topics designed and presented in sequence; used when information is 
sensitive to logical flow in learning from simple to complex

real- life experience undertaking tasks and applying knowledge previously learned in a 
simulation or education process in a real, nonartificial situation

simulation an activity that copies real- life events for learners to develop knowledge with-
out fear of  mistakes and to seek feedback when they fail or lack competency

troubleshooting recognizing an error and applying remedies to correct the error 
with effect
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Skilled care of  patients with CrrT in the intensive care unit is a specialized area 
of  knowledge for nurses. As with mechanical ventilation and cardiac support 
devices, it takes time to learn the “language,” make sense of  the treatment 
prescription, and master the machines that are used to provide treatment. 
Theory, abstract learning, simulation, and live experience with supervision all 
facilitate learning and the development of  clinical expertise. An experienced 
nurse champion who has been educated in the care of  patients on CrrT is 
an effective way to achieve positive outcomes in a busy intensive care unit 
environment.
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Glossary

Access failure: it refers to obstruction within the catheter such that blood aspiration 
and/ or flush is not adequate for rrT to function.

Blood in- flow pressure sensor (upstream blood pump- even known as access pressure 
sensor): it monitors the negative pressure between the patient’s vascular access 
and the blood pump.

Activated partial thromboplastin time (APTT): a laboratory test used to monitor the 
degree of  anticoagulation achieved with heparin.

Acute liver failure: is a syndrome in which rapid loss of  metabolic and synthetic liver 
function leads to the hepatic encephalopathy and multi- organ failure in patients 
with no previous history of  liver disease.

Acute on chronic liver failure: is a syndrome that occurs in patients with long- standing 
liver failure and cirrhosis of  the liver where there is an acute decompensation of  
their disease process.

Adsorption: this term refers to the removal of  molecules from the circulation inde-
pendent of  diffusion or convection, by binding of  the molecules to the spongy 
layer of  the filtering membrane.

Adverse event: an unexpected and undesirable outcome caused by the CrrT pro-
cedure. It may include premature filter clotting and obstruction with blood loss, 
patient bleeding due to excessive anticoagulation, hypovolaemia due to incor-
rect fluid balance settings, arrhythmia due to inappropriate electrolyte or vol-
ume management, hypotension due to incorrect fluid management, induction of  
electrolyte or acid base disorders due to incorrect fluid composition, or other 
similar unwanted complications of CrrT.

Air removal chamber (or air trap or bubble trap): a component of  the CrrT circuit, 
located after the filter, to prevent air entry into the circuit, which would risk 
embolizing into the extracorporeal circuit or the patient’s circulation.

Air- blood interface: a pocket of  gas above the level of  blood in the air removal cham-
ber. This interface exposes blood to this gas and promotes clotting. The gas is 
initially air at the start of  rrT, and enriches with carbon dioxide when bicarbon-
ate fluids are used as substitution solution and heat liberates carbon dioxide.

Albumin dialysis: a form of  artificial liver support where serum albumin is used as a 
component of  the dialysate to enhance protein- bound toxin removal.

Anticoagulant/ specific antagonist pumps: infuse anticoagulants/ specific antagonists 
into the blood circuit. Based on the anticoagulation therapy, they can be further 
divided in systemic anticoagulation pumps (e.g. heparin), regional anticoagula-
tion pumps (e.g. citrate) and reversal anticoagulation pumps (e.g. calcium). If  
necessary, specific antagonist drugs can be infused via a separate pump into the 
blood out- flow line (i.e., protamine).

Anticoagulant: a term used to describe any agent given to decrease blood clotting.

Artificial liver support: any device designed to specifically purify liver- related toxins, 
which may be responsible for the metabolic encephalopathy and multi- organ 
failure induced by liver failure.
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intra-  and extra- vascular fluid volume. Such assessment is complex and imperfect. It 
requires review of  previous and current fluid balance and weight; consideration of  
vital signs; assessment of  capillary refill and presence or absence of  warm extremities; 
assessment of  central venous pressure or neck veins; invasive and non- invasive, static 
or dynamic hemodynamic measurements; information on the effects of  fluid therapy; 
radiological information; urinary output monitoring; measurement of  blood lactate 
levels; and assessment of  their changes over time and in response to therapy. Such 
assessment is necessary to guide fluid balance prescription during CrrT. Because of  its 
complexity, such assessment is typically the source of  much debate and disagreement 
at the bedside. The overriding principle of  ICU fluid management is to ensure adequate 
tissue perfusion and to prevent intra-  and extra- vascular fluid overload or depletion.

Backfiltration: it describes the movement of  fluid from the dialysate compartment to 
the blood compartment due to local “negative” TMp (when pressure in dialysate/ 
ultrafiltrate compartment is higher than blood compartment pressure). Backfiltration 
usually is localized along the distal part of  the filter.

Bioartificial liver support: any form of  liver support which use filters impregnated with 
human or animal (usually porcine) liver cells (hepatocytes) to perform the three main 
functions of  the liver: detoxification, biosynthesis and regulation.

Blood circulating phase: before starting the treatment phase, blood is circulated into the 
extracorporeal circuit (in this stage, the blood pump works but other pumps don’t). 
An operator checklist is required to evaluate treatment parameters, appropriate air 
removal chamber blood level, and to avoid circuit bubbles.

Blood flow rate (QB): it is the volume of  blood circulating into the extracorporeal circuit 
per unit of  time, expressed in milliliters per minute (ml/ min). During a treatment 
the configurable blood flow depends on the modality used, the type and quality of  
the vascular access and the hemodynamic stability of  the patient.

Blood flow reduction: it identifies a blood flow less than set or prescribed, due to access 
catheter outflow failure and insufficient stroke volume of  the roller pump tubing. It 
is usually associated with increasing negative blood in- flow pressure. Often, operator 
may remain unaware as pump rotation may remain stable.

Blood Leakage Detector (BLD): placed on the effluent line, monitors unwanted blood 
leaks from the blood compartment of  the filter. Leak is caused by membrane rupture.

Blood pump: it is the pump that drives the blood through the extracorporeal circuit.

Blood purification: this term refers to the use of  extracorporeal therapies such as CrrT 
for the treatment of  a variety of  conditions (drug overdose, liver failure, volume 
overload, diuretic resistant cardiac failure, severe sepsis) where a biological rationale 
exists for their application.

Blood return phase: this procedure is performed to return the blood to the patient. This 
is usually performed by connecting a saline solution bag to the blood in- flow line and 
running the blood pump.

Bolus dose: drug administration aimed at achieving therapeutic blood levels quickly. 
A continuous infusion at a lower dose is then provided to maintain this level.

Bubble detector: transducer that detects the presence of  air in the blood out- flow line.

Catheter tip culture: assessment of  a catheter tip (e.g. access catheter) for microbiological 
culture to identify the presence of  catheter colonization.

Circuit life: an equivalent term for filter life. It is probably a more correct term than 
filter life because some circuits develop obstruction to adequate blood flow 
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itself.

Citrate: a molecule administered to chelate (bind) calcium in the extracorporeal circuit 
blood and make it unavailable as a co- factor in the activation of  the clotting pro-
cess. The majority of  infused citrate is dialyzed or ultrafiltered out of  the system, 
with bound calcium. remaining citrate enters the patient, where the liver and mus-
cle metabolize it into bicarbonate. The calcium lost into the effluent or ultrafiltrate 
(bound to citrate) is then replaced by a separate infusion of  calcium. Citrate acts as 
both an anticoagulant and a buffer when it converts into bicarbonate. The amount 
given is sufficient to inhibit clotting within the circuit but typically does not have an 
effect on systemic anticoagulation.

Connection to the patient: this phase consists of  the connection of  the extracorporeal 
lines to the patient vascular access. The procedure must be performed keeping asep-
tic conditions.

Continuous Veno- Venous Hemodiafiltration (CVVHDF): this therapy combines hemodialysis 
and hemofiltration modalities.

Continuous Veno- Venous Hemodialysis (CVVHD): a modality of  continuous HD character-
ized by slow counter- current/ co- current dialysate flow into the dialysate compart-
ment of  the hemodialyzer. The main mechanism of  transmembrane solute transport 
is diffusion.

Continuous Veno- Venous Hemofiltration (CVVH): a modality of  continuous HF. The mecha-
nism of  transmembrane solute transport is convection.

Continuous Veno- Venous high- flux Hemodialysis (CVVHFD): it consists of  the same modal-
ity as in CVVHD but carried out utilizing high- flux membranes. Due to the high- flux 
properties of  the membrane, a convective component of  solute clearance is achieved 
even if  replacement fluid is not infused.

Convection: it is the process whereby solutes pass through the membrane’s pores 
dragged by fluid movement (ultrafiltration); fluid movement is driven by a hydrostatic 
or osmotic transmembrane pressure gradient.

Cut- Off: for a specific membrane, the cut- off point represents the range of  molecular 
weights of  the smallest solutes retained by the membranes. Taking into account the 
normal distribution of  membranes’ pore size, the statistical cut- off value is identi-
fied as the molecular weight of  the solute with a sieving coefficient of  0.1. It mainly 
depends on pore dimensions and geometry.

Delivered Dose: the delivered dose or real dose is the clinically relevant amount of  (mea-
sured) clearance delivered to the patient. It mainly depends on specific rrT modality, 
treatment settings and other technical and clinical issues that qualitatively and quan-
titatively affect clearance, including: differences between the displayed and real flows 
of  blood or effluent rate; adequacy of  vascular access; adequacy of  priming proce-
dure; potential loss of  surface area (by clotting or air); adsorption to the membrane; 
loss of  permeability (clotting of  the membrane, protein cake deposition on the inner 
surface of  membranes, concentration polarization); high blood viscosity and hemato-
crit; and excessive filtration fraction.

Dialysate pump: it is the pump that drives the dialysate into the hemodialyzer.

Dialysate flow rate (QD): it is the amount of  dialysis fluid running into the circuit per unit of  
time (minutes, hours). QD is measured in ml/ h.

Dialysate volume(VD) it is the amount of  dialysis fluid running into the hemodialyzer dur-
ing the whole treatment. VD is expressed in milliliters (ml).
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particle size and concentration gradients.

Diffusion: it is a process whereby molecules move across a membrane in all directions. 
Statistically, this movement results in the passage of  solutes from a more concen-
trated to a less concentrated area until equilibrium concentration between the two 
sites is reached. The concentration gradient (C1– C2 = dc) is the driving force.

Direct (or internal) filtration: direct filtration identifies the one- directional movement of  
plasma water from the blood- side to the dialysate/ ultrafiltrate side of  the filter due 
to local positive TMp (l): plasma water is removed from blood and transferred into 
the dialysate compartment. Direct filtration takes place in the proximal section of  the 
filter, until a critical point along the length of  the filter is reached, when TMp (l)=0.

Disconnection phase: in a CrrT treatment, procedure of  disconnection of  the tubes 
from the vascular access of  the patient.

Disposables (consumables): components that together make a functioning system and, in 
the case of  CrrT, a circuit. Commonly, disposable plastic pieces connecting together 
are known as disposables or consumables.

Diuretic resistance: this term refers to conditions where marked edema (anasarca) 
develops despite intensive, high dose, multiple diuretic- based attempts to remove 
excess fluid.

Downtime: it is the time when the CrrT machine treatment is stopped. Interruptions 
during the treatment can occur due to machine alarms, circuit clotting, vascular 
access malfunctions or when patient requires procedures performed outside the 
intensive care unit, i.e. surgery or radiological investigations.

Dry weight: this is the patient’s normal/ optimal weight before the onset of  illness. This 
weight is often available in detail in elective operative patients where it is typically 
measured before the operation. In other cases, it might need to be estimated.

Edema: this term refers to the accumulation of  excess fluid in the extracellular compart-
ment. In the subcutaneous tissue, it can be detected by the phenomenon of  pitting of  
the skin under pressure. In the lungs, if  significant, it can be detected by radiography. 
CT scanning may detect brain or intestinal edema. edema of  other organs (heart, 
liver, kidney) is likely important but cannot be detected unless extreme.

Effective time of  treatment: it is the cumulative time while the effluent pump is working.

Efficacy: measures the effective removal of  a specific solute resulting from a given treat-
ment in a given patient. It can be identified as the ratio of  the entire volume cleared 
during the treatment to the volume of  distribution of  that solute. Operatively, effi-
cacy is a dimensionless number that it can be numerically defined as the ratio between 
intensity and the volume of  distribution of  a specific solute.

Efficiency: identified as a clearance (K), the efficiency represents the volume of  blood 
cleared of  a solute over a given period of  time. It can be expressed as the ratio of  
blood volume over time (ml/ min, ml/ h, l/ h, l/ 24h, etc.) and is generally normalized 
to ideal patient weight (ml/ Kg/ h).

Effluent flow rate (QEFF): it is the effluent volume coming from the exit (outflow) port 
on side of  the filter per unit of  time (minutes, hours). It is expressed in ml/ h. 
Quantitatively it can be expressed as:

Q Q Q Q Q QEFF UF D UF
NET

R D= + = + +

Effluent volume (VEFF): measured in ml/ h, it represents the waste fluids coming from the 
filter exit (outflow) port on the side of  the filter. Quantitatively it can be expressed as:
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Effluent/ ultrafiltrate pressure sensor: monitors the pressure in the effluent/ ultrafiltrate 
side of  the filter. It is placed before the effluent pump and allows calculating trans-
membrane pressure.

Effluent/ ultrafiltrate pump: is the pump that drives the removal of  fluid from the filter.

Extracorporeal circuit (E.C.): the path for blood flow outside the body. Includes the plastic 
tubing carrying the blood to the filter from the access catheter and from the filter 
back to the body via the access catheter.

Filter:  it is the key disposable where blood is effectively depurated. Historically, the 
designation filter describes the entire depurative extracorporeal device system (i.e. 
membranes, housing, etc.) and includes all the particular terms like hemofilter, hemo-
dialyzer, hemodiafilter and plasmafilter.

Filter holder: holds the filter or the entire filter- tubing kit on the machine.

Filter life: it is defined as the time elapsed (h, min) between the start of  blood flow 
through the filter and the time when blood is unable to pass through the filter due to 
clot formation and obstruction of  the filter.

Filtration fraction (FF): it is defined as

FF
ot

ot
IN

OUT

=
−pr

pr

1

where ProtIN is the protein concentration in plasma entering the filter, while ProtOUT is the 
protein concentration in plasma exiting the filter. Anyway, a directly measurable value 
of  FF can be estimated as the ratio between the ultrafiltration rate and the plasma 
flow rate expressed as a fraction:

FF
Q
Q

Q
Q HCT Q

UF

P

UF

B R
PRE= =

−( ) +1

whereQR
PRE  is the pre infusion rate.For practical clinical purposes, however, it is usually 

defined as the ratio of  the ultrafiltration rate over the blood flow rate:

FF
Q

Q Q
UF

B R
PRE=

+

Fluid control system: allows a direct monitoring of  the treatment fluid balance. It can be 
gravimetric, volumetric, flowmetric or a combination of  those mechanisms.

Free drug concentration: this term refers to the percentage or amount of  a given drug that 
is not protein- bound. This concept is important because, in case of  drug overdose 
with a water- soluble drug (e.g. lithium, virtually 0% protein bound, or sodium valpro-
ate, 90- 95% protein bound), only the free (unbound) drug is available for removal 
by CrrT.

Heater: heats the dialysate/ replacement fluids, or the blood flowing through the blood 
out- flow line of  the extracorporeal circuit.

Hemodiafilter (or diafilter): filter designed for hemodiafiltration modality.

Hemodiafiltration (HDF): combines both HD and HF, whereby the mechanisms involved 
in solute removal are both diffusive and convective.
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which is especially effective in the removal of  small solutes. HD involves the use of  a 
hemodialyzer where blood and an appropriate dialysate solution circulate counter- 
current or co- current to each other.

Hemodialyzer (or dialyzer): filter designed for hemodialysis modality.

Hemofilter: filter designed for hemofiltration modality.

Hemofiltration (HF): it is an exclusively ultrafiltration/ convection treatment, where no 
dialysis fluid is used. Infusion of  a sterile solution into the blood circuit replaces the 
reduced plasma volume and reduces solute concentration. Infusion of  a sterile solution 
(replacement fluid) can replace totally or partially the filtered volume. replacement 
fluid can be infused pre- filter (pre- Dilution) or post- filter (post- Dilution).

Hemoperfusion (HP): in hemoperfusion, blood circulates through a column containing 
specific sorbents; adsorption is the only removal mechanism.

Heparin coating: administering the drug heparin into the circuit priming solution with 
the aim of  preventing clotting due to blood contact with plastic surfaces where the 
heparin has coated the surface.

Heparin: a drug commonly used to prevent blood clotting within the extracorporeal 
circuit.

High- cut off  hemofiltration: this modality refers to the use of  high- cut off membranes in 
hemofilters to increase CrrT’s ability to remove soluble mediators in patients with 
sepsis. This therapy is controversial; no trials have shown evidence of  clinical benefit.

High- cut off  membranes: this term describes membranes with a cut- off  value that 
approximates the molecular weight of  albumin.

High- flux hemodialysis (HFD): it is a HD with high flux membranes and it can achieve 
significant ultrafiltration/ convective transport.

High flux membranes: membranes with a KUF > 25ml/ h/ mmHg/ m2

High- volume hemofiltration: this term refers to a CrrT modality where the convective 
delivered dose is higher than 35 ml/ Kg/ h. The goal of  such therapy is to increase the 
intensity of  blood purification to address not just renal dysfunction, but also humoral 
components of  sepsis (cytokines) whose removal from the circulation may be desir-
able. This therapy is controversial; recent trials have shown lack of  clinical benefit.

Humoral theory of  sepsis: this term refers to a particular framework of  biological thinking 
used to explain the clinical manifestations of  severe sepsis. According to this theory, 
the severe sepsis or septic shock syndrome is due to an excessive release of  cyto-
kines into the blood stream. This conceptual framework provides the rationale for 
using CrrT in sepsis.

International normalized ratio for the prothrombin time(INR): this test is used to measure 
and monitor the degree of  anticoagulation achieved with warfarin. It is frequently 
prolonged in patients with liver disease and may be used to guide the (sometimes 
unnecessary) need for additional anticoagulant treatment in such patients.

Intensity: it can be defined by the product “efficiency X Time”. Operatively, intensity 
represents the blood volume cleared of  a solute after a certain period of  time; it can 
be expressed as ml or l.

Isolated Ultrafiltration (iUF): the main goal of  iUF is to remove fluid by ultrafiltration, utiliz-
ing highly permeable membranes without volume replacement. Isolated ultrafiltration 
removes solutes in terms of  mass, rather than concentration (solvent drag).
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The different priorities of  the alarms should be univocally categorized according to 
a specific standard.

Liver support devices: any artificial device to purify blood in the setting of  liver failure. This 
term encompasses both artificial and bioartificial liver support systems.

Low flux membranes: membranes with a KUF < 10ml/ h/ mmHg/ m2

Low molecular weight heparin (LMWH): a drug that is a modification of  the naturally occur-
ring unfractionated heparin molecule, which can be used to achieve circuit anticoagu-
lation during CrrT. It can be given as a single subcutaneous dose once a day. Various 
types of  LMWH exist and some can accumulate in patients with kidney failure, thus 
its activity should be monitored daily by assays for anti- factor Xa activity rather than 
the apTT. The effects of  LMWH can only be partially reversed by protamine.

Machine (CRRT) fluid balance: this term refers to the total balance over a 24 hour period 
of  fluids infused into the CrrT circuit (dialysate, replacement fluid or both, depend-
ing on the technique and (any) additional anticoagulant infusion) and fluids removed 
by the CrrT machine into the effluent (ultrafiltration).

Mass transfer area coefficient (K0A): it represents the overall capacity of  the membrane to 
remove a solute by diffusion over the entire filter surface. It is defined as the product 
of  the solute flux per unit of  membrane area (K0) and the entire membrane surface 
area. The unit of  measure is ml/ min.

Membrane porosity(ρ): it is function of  number and size of  pores. It can be approximated 

as ρ π= ⋅ ⋅ −N rp p
2 , where Np is the number of  pores and rp

− is mean pore radius. The 
mass transfer coefficient can be considered the intrinsic clearance of  a filter- solute 
pair where clearance is the rate of  solute removal per unit of  gradient of  solute 
concentration.

Middle flux membranes: membranes with a 10 ml/ h/ mmHg/ m2 < KUF < 25 ml/ h/ 
mmHg/ m2

Middle- molecular weight molecules: this term refers to all molecules that are > 0.5 kDa in 
molecular weight but less than albumin (66 kDa) in size. These molecules, if  water- 
soluble, can theoretically, be removed by CrrT. Because of  their size, they are more 
efficiently removed by convection than by diffusion. Many of  these molecules are 
soluble mediators/ cytokines.

Net ultrafiltration flow rate (QUF
NET ): it is the net amount of  fluid extracted from the patient 

per unit of  time.QUF
NET is expressed in liters per hour (ml/ h) or grams per hour (g/ 

h).QUF
NET can also be expressed as Δ weight rate or weight loss rate when referred to the 

treatment and not to the patient.

Net ultrafiltration volume(VUF
NET ): it is the net amount of  fluid withdrawn/ removed from 

the patient, measured in milliliters (ml).VUF
NET  can be expressed as ml or grams (g) since 

the density of  plasma water can be approximated to 1 Kg/ dm3 (1 g = 1 ml). VUF
NET  can 

also be expressed as Δ weight or weight loss when referred to the treatment and not 
to the patient.

No anticoagulation: in patients considered at high risk of  bleeding because of  recent 
major surgery, low platelet count, abnormal clotting tests or any combination of  
these can receive CrrT without the administration of  any anticoagulant drug.
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anticoagulate the circuit in the presence of  the heparin induced thrombocytopenia 
thrombosis syndrome (HITTS).

Patient fluid balance: this term refers to the total balance over a 24- hour period of  fluids 
administered (intermittent drugs, continuous infusions of  drugs, blood, blood prod-
ucts, nutrient solutions, additional fluids) minus measurable fluids removed (drainage 
from chest or abdomen, urine –  if  present, blood loss and excess fluid removed by 
the CrrT machine).

Plasma flow rate (QP):  it is the volume of  plasma circulating into the extracorpo-
real circuit per unit of  time, expressed in milliliters per minute (ml/ min). It can be 
approximated as:

Q HCT QP B= −( )1

where HCT is hematocrit and QB the blood flow.
Post dialysate pump pressure sensor: monitors the pressure in the dialysate line before the 

connection with the filter. It permits a better estimate of  transmembrane pressure.

Post Infusion (QR
POST): in post infusion (or post dilution or post- filter infusion) modalities, 

replacement fluid is infused downstream the filter.

Pre filter pressure sensor (downstream blood pump): located between blood pump and 
filter, it monitors the positive blood pressure and allows calculating transmembrane 
pressure and pressure drop in the filter.

Pre Infusion (QR
PRE ): in pre infusion (or pre dilution or pre- filter infusion) modalities, the 

replacement fluid is infused upstream of  the filter.

Preparation phase: it includes the collection of  the necessary disposable material, the 
identification and control of  the disposable set, set charge (cassette tubing), connec-
tion to the filter, positioning of  tubing, and hanging of  bags and tubes connection.

Pre- Post Infusion(QR
PRE POST/ ): in pre- post infusion (or pre- post dilution or pre- post filter 

infusion) modalities, replacement fluid is infused both upstream and downstream the 
filter. The ratio of  the upstream to downstream infusion can be modulated to achieve 
the optimal compromise to maximize clearance while avoiding the consequences of  a 
high TMp and hemoconcentration.

Pre replacement pump pressure sensor: monitors the negative pressure before the 
replacement pump. It provides information about the ability of  the pump to obtain 
fluids from its bags.

Prescription phase: during CrrT, it includes decisions on required modality and related 
operational parameters. It includes even a periodic reassessment and/ or change of  
the prescription.

Priming phase: priming solution is infused into extracorporeal circuit in order to remove 
air. When heparin anticoagulation is used, it is usually added into the priming solution. 
During this phase, the machine makes a general check of  all components and sensors.

Priming volume of  the filter (Vb): represents the volume of the blood compart-
ment of the filter. It can be approximated as V N rb f i= ⋅ ⋅ ⋅L π σ2 , where Nf is 

the number of  fibers, L the length of  fibers and ri
σ the mean inner radius of  the fibers.

Prostacyclin: a drug that interferes with platelet aggregation and can be used as a continu-
ous infusion to retard circuit clotting during CrrT.
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cal effective ratio for full heparin effect blockade is 1 mg of  protamine for each 100 
international units of  heparin. protamine can be given to reverse the effect of  heparin 
within the circuit, before blood is returned to the patient.

Regional anticoagulation: any anticoagulation of  the circuit but not of  the patient. This 
might include the use of  citrate with separate administration of  calcium, or the use of  
heparin with simultaneous administration of  protamine post- filter, to reverse its effect 
before the blood is returned to the patient.rejection Coefficient (RC): it is defined as:

RC SC= −1

where SC is the sieving coefficient

Replacement flow rate(QR): it is the amount of  fluid replaced into the CrrT circuit per 
time interval (minute, hour). Qr is usually measured in ml/ h.

Replacement/ infusion pump: is the pump that drives the flow of  replacement fluid into 
the blood in- flow line (predilution, usually between the blood pump and the filter) 
and/ or into the blood out- flow line (postdilution, usually in the air removal chamber).

Replacement volume(VR): it is the amount of  fluid (milliliters) replaced either upstream 
(pre infusion or pre dilution) or downstream (post infusion or post dilution) or both 
(pre- post infusion or pre- post dilution) of  the filter into the rrT circuit.

Air removal chamber clotting: clot formation in the circuit air removal chamber, sited 
between the filter and the patient’s vascular access.

Safety electroclamp: produces a safety occlusion in blood out- flow line when air is 
detected by the bubble detector.

Screen: the monitor through which the user interacts with the machine (ensuring good 
visualization and good maneuverability). Software operator interface must allow a 
complete, easy and friendly access to all the required information.

Sieving coefficient (SC): it is the ratio of  a specific solute concentration in the ultrafiltrate 
(removed solely by convective mechanism) over the mean solute concentration in 
the plasma before and after the filter:

SC
C

C C
UF

Pi Po

= ⋅
+

2

SC is specific for each solute and for every specific membrane. It is common to simplify 
this formula into the ratio between the concentration in the ultrafiltrate and the sol-
ute concentration in the plasma before the filter.

Slow Continuous Ultra Filtration (SCUF): it is a therapy based only on slow removal of  
plasma water based on ultrafiltration.

Snap shot data: data collected to measure clinical care or outcomes during a short period 
of  time, designed to provide a quick picture that might suggest a longer- term behav-
ior, trend or outcome.

Soluble mediators: this term refers to molecules (mostly small to medium- sized peptides), 
which participate in the pathogenesis of  the pro-  and anti- inflammatory responses 
seen after major body injury or infection. These molecules are water soluble and 
therefore potentially removable by CrrT. Many of  these molecules are called 
“cytokines”.

Sorbent: even called cartridge or adsorber, this device doesn’t belong to the category of  
filters and adsorption is the only purifying modality.
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sate, replacement fluid, regional anticoagulation bags (e.g. when citrate anticoagu-
lation is used) and exchange of  syringes (e.g. when using heparin anticoagulation), 
temporary disconnection, recirculation, and replacement of  filter and kit

Surface area of  a filter (A): represents the total area of membrane directly in 

contact with blood. It can be approximated as A N f= ⋅ ⋅ ⋅ ⋅2 L π σri  , where 

Nf is the number of  fibers, L the length of  fibers and ri
σ the mean inner radius of  the 

fibers.

Systemic anticoagulation: where an administered anticoagulant has a direct effect on the 
patient’s ability to activate the clotting cascade. The delay of  the coagulation is moni-
tored by blood tests specific for the agent used.

Target Prescribed dose: it is the amount of  clearance the physician desires to set in the 
machine. It is the only value that can be set in the machine. The target delivered dose 
is usually set as a target delivered efficiency or by specifying the flow settings and rrT 
modality.

Total time of  treatment: it is defined as the sum of  the effective time of  treatment and 
downtime.

Transmembrane pressure (TMP): in hollow fibers filters, TMp is the pressure gradient 
across the membranes. The terms that define TMp are the hydrostatic pressure (PB) 
in the blood compartment, the hydrostatic pressure (PD) in the dialysate- ultrafiltrate 
compartment and the oncotic pressure (πB).Generally, TMP is expressed using a sim-
plified formula:

TMP
P P P PBi Bo Di Do Bi Bo* = + − + − +

2 2 2
π π

where PBi is blood inlet pressure, PBo is blood outlet pressure, PDi is dialysate/ ultrafiltrate 
inlet pressure, PDo is dialysate/ ultrafiltrate outlet pressure, πBi is oncotic pressure of  
blood inlet, πBo is oncotic pressure of  blood outlet.

Furthermore, usually the CrrT machines don’t have a direct measurement of  the dialy-
sate inlet pressure (PDi) and can’t measure the oncotic pressure; so the TMp is calcu-
lated through a further simpler formula:

TMP
P P

PBi Bo
EFF

** = + −
2

where PEEF is the pressure measured in the effluent line by the machine.

Treatment phase: it is the phase where blood purification is properly performed and 
ultrafiltration and diffusive and/ or convective solute transport are activated (all the 
pumps work). patient vital signs and circuit pressures must be monitored throughout 
the treatment phase.

Ultrafiltrate volume (VUF: measured in milliliters (ml), it is the total amount of  fluid 
removed by positive TMp in the filter during a rrT treatment. VUF depends on vari-
ous extracorporeal circuit parameters, including blood flow, filter and fiber design, 
TMp, membrane ultrafiltration coefficient and surface area.Vr and VUF

NET
, determine 

the ultrafiltrate volume VUF:

V V VUF R UF
NET= +
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permeable membrane, driven by a hydraulic pressure gradient between blood and 
dialysate compartments.

Ultrafiltration coefficient of  the membrane (KUF): represents the water permeability of  
filter’s membranes per unit of  pressure and surface. It depends on the dimension and 
the number of  the pores. The unit of  measure is ml/ h/ mmHg/ m2. Therefore, treat-
ment parameters, which enhance or reduce pore blockage will induce change in the 
value of  KUF. KUF is empirically and practically measured as:

K
Q
TMP AUF

UF= ⋅ 1

where QUF is the ultrafiltration flow rate, TMp is transmembrane pressure and A is the 
membranes surface area.

Ultrafiltration Coefficient of  the filter (DKUF): it is defined as the product of  the ultrafiltra-
tion coefficient of  the membrane KUF times membranes surface area (A):

DK K AUF UF= ⋅

The unit of  measure is ml/ h/ mmHg.

DKUF can be empirically and practically measured by membrane manufacturers as the 
ratio between the ultrafiltration rate (QUF) obtained and the applied transmembrane 
pressure TMp.

Ultrafiltration flow rate (QUF): it is the amount of  ultrafiltrate produced per time interval 
(minute, hour). The unit of  measure is milliliters per hour (ml/ h). QUF is prescribed 
to achieve a desired VUF within the scheduled treatment duration (usually 24 hours).

Unload phase: in a CrrT treatment, procedure of  unloading of  the disposables from the 
hardware of  the machine.
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