
review article

T h e  n e w  e ng l a nd  j o u r na l  o f  m e dic i n e

n engl j med 357;13 www.nejm.org september 27, 20071316

MEDICAL PROGRESS

Uremia
Timothy W. Meyer, M.D., and Thomas H. Hostetter, M.D.

From Stanford University School of Med-
icine, Veterans Affairs Palo Alto Health 
Care System, Palo Alto, CA (T.W.M.), and 
the Albert Einstein College of Medicine, 
New York (T.H.H.). Address reprint re-
quests to Dr. Hostetter at the Albert Ein-
stein College of Medicine, Rm. 615, Ull-
mann Bldg., 1300 Morris Park Ave., Bronx, 
NY 10461, or at thostett@aecom.yu.edu.

N Engl J Med 2007;357:1316-25.
Copyright © 2007 Massachusetts Medical Society.

Medical progress has altered the course and thus the defini-
tion of uremia, which once encompassed all the signs and symptoms of ad-
vanced kidney failure. Hypertension due to volume overload, hypocalcemic 

tetany, and anemia due to erythropoietin deficiency were once considered signs of 
uremia but were removed from this category as their causes were discovered. Today 
the term “uremia” is used loosely to describe the illness accompanying kidney failure 
that cannot be explained by derangements in extracellular volume, inorganic ion con-
centrations, or lack of known renal synthetic products. We now assume that uremic 
illness is due largely to the accumulation of organic waste products, not all identified 
as yet, that are normally cleared by the kidneys.

No specific time point demarcates the onset of uremia in patients with progressive 
loss of kidney function. The features of uremia identified in patients with end-stage 
kidney failure may be present to a lesser degree in people with a glomerular filtra-
tion rate that is barely below 50% of the normal rate, which at 30 years of age ranges 
between 100 and 120 ml per minute per 1.73 m2 of body-surface area. Thus, in the 
United States alone, uremic symptoms may be present to some degree in an esti-
mated 8 million people who have a glomerular filtration rate below 60 ml per min-
ute per 1.73 m2 of body-surface area.1 However, early symptoms of uremia, such as 
fatigue, are nonspecific, making the condition difficult to identify. At present, 
moreover, we can slow progression to kidney failure but can treat uremia only by 
replacing kidney function. Thus, the question of whether a patient has uremia 
comes down to whether dialysis or a transplant would be beneficial.

Treatment of uremia is now dominated by dialysis, in large part because donor 
kidneys are in short supply. In the United States in 2004, approximately 100,000 
people began receiving kidney-replacement therapy for end-stage renal disease, and 
335,000 people were receiving ongoing treatment with dialysis.2 In some cases, pa-
tients are treated with dialysis for decades, but overall outcomes are disappointing. 
The 5-year survival rates between 1995 and 1999 were under 35% for both hemodi-
alysis and peritoneal dialysis. Patients treated with dialysis are hospitalized on aver-
age twice a year, and their quality of life is often low.

Not all of the illness of a patient undergoing dialysis can be ascribed to uremia. 
Indeed, the evolution of dialysis has made the effects of uremia more difficult to dis-
tinguish, since the severity of classic uremic symptoms is attenuated. Instead, pa-
tients undergoing dialysis now have a new illness, which Depner3 aptly named the 
“residual syndrome.” This illness comprises partially treated uremia; ill effects of di-
alysis, such as fluctuation in the extracellular fluid volume and exposure to bioincom-
patible materials; and residual inorganic ion disturbances, including acidemia and 
hyperphosphatemia. In many patients, the residual syndrome is complicated by the 
effects of advancing age and systemic diseases that were responsible for the loss of 
kidney function.

Although patients undergoing dialysis have a complex illness, there are compelling 
reasons to believe that inadequate removal of organic wastes is an important con-
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tributor. Dialysis is initiated when uremic symp-
toms, among which anorexia and lethargy are 
usually the most prominent, advance to the point 
at which treatment is expected to effect an im-
provement. The glomerular filtration rate at this 
point averages about 7% of the normal value. As 
compared with such a low glomerular filtration 
rate, conventional dialysis provides only slightly 
better removal of many solutes and inferior re-
moval of some. Renal replacement therapy does 
keep patients alive, but because of these limita-
tions, it does not completely relieve uremic symp-
toms. The fact that transplantation reverses this 
residual syndrome constitutes strong evidence for 
the ill effects of toxic solute accumulation despite 
dialysis. Successful transplantation, which can re-
store the glomerular filtration rate to more than 
half the normal value, markedly improves the over-
all quality of life and enhances specific functions, 
including sleep, sexual function, cognition, exer-
cise capacity, and, in children, growth.4-7

Solu tes Cle a r ed by the K idne y 
a nd R e ta ined in Ur emi a

Although retained uremic solutes cause symptoms, 
identifying the responsible solutes has proved dif-
ficult because of the multiplicity of retained solutes 
(reviewed by the European Uremic Toxin Work 
Group8) as well as the variety and subtlety of the 
symptoms. Advances in chromatography and spec-

troscopy continue to lengthen the list of implicated 
solutes. In general, solutes that accumulate in the 
highest concentrations, and were therefore iden-
tified first, have been the most studied. But only 
a few compounds have been linked to specific toxic 
effects.9-11 Plasma concentrations of several com-
pounds correlate more closely with altered men-
tal function than do concentrations of urea. Some 
of these compounds, including certain guani-
dines, accumulate in the cerebrospinal fluid, which 
is consistent with their proposed effects on the 
brain.12 However, we lack experiments showing 
that uremic signs and symptoms can be replicated 
by raising solute levels in people or animals with 
normal kidney function to equal those in patients 
with uremia. Uremic solutes are therefore usually 
categorized on the basis of their structure. Selected 
examples are shown in Table 1.

Urea is quantitatively the most important solute 
excreted by the kidney and was the first organic 
solute detected in the blood of patients with kid-
ney failure. Both hemodialysis and peritoneal di-
alysis are currently prescribed to achieve target 
values for urea clearance. Yet early studies indi-
cated that urea itself causes only a minor part of 
uremic illness.13,14 One study showed that uremic 
symptoms were relieved by initiation of dialysis, 
even when urea was added to the dialysate to 
maintain the blood urea nitrogen level at approxi-
mately 90 mg per deciliter (urea, 32 mmol per 
liter).14

Table 1. Uremic Solutes.*

Solute Group Example Source Characteristics

Peptides and small 
proteins

Beta2-microglobulin Shed from MHC Poorly dialyzed because of large size

Guanidines Guanidinosuccinic  
acid

Arginine Increased production in uremia

Phenols p-Cresol sulfate Phenylalanine, tyrosine Protein bound, produced by gut bacteria

Indoles Indican Tryptophan Protein bound, produced by gut bacteria

Aliphatic amines Dimethylamine Choline Large volume of distribution, produced by 
gut bacteria

Furans CMPF Unknown Tightly protein bound

Polyols Myoinositol Dietary intake, cell synthesis 
from glucose

Normally degraded by the kidney rather  
than excreted

Nucleosides Pseudouridine tRNA Most prominent of several altered RNA  
species

Dicarboxylic acids Oxalate Ascorbic acid Formation of crystal deposits 

Carbonyls Glyoxal Glycolytic intermediates Reaction with proteins to form advanced  
glycation end products

* Uremic solutes may have multiple sources, although only one is listed. MHC denotes major histocompatibility complex, 
and CMPF 3-carboxy-4-methyl-5-propyl-2-furanpropionic acid.
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Other simple nitrogen-containing solutes that 
accumulate in uremia include the aliphatic amines 
monomethylamine, dimethylamine, and trimeth-
ylamine. These compounds are produced by both 
gut bacteria and mammalian cells. They are posi-
tively charged at physiologic pH, and their removal 
during intermittent hemodialysis may be limited 
by their preferential distribution within the rela-
tively acidic intracellular compartment.15 The ure-
mic fetor, or fishy breath, of patients with uremia 
is attributable to trimethylamine, and amines have 
been associated with impaired brain function in 
both patients and animal models.16-18

Many uremic solutes contain aromatic rings. 
The uremic phenols derive from the amino acids 
tyrosine and phenylalanine and from aromatic 
compounds in vegetables. Indoles arise in analo-
gous fashion from tryptophan and vegetable in-
doles. In both cases, metabolism of parent com-
pounds by methylation, dehydroxylation, oxidation, 
reduction, or conjugation produces a bewildering 
array of solutes. In contrast to methylamines, con-
jugated phenols and indoles are often negatively 
charged and contribute to the increase in the an-
ion gap observed in kidney failure. The structural 
similarity of waste phenols and indoles to neuro-
transmitters has encouraged speculation that 
these compounds interfere with the function of the 
central nervous system, but evidence of the tox-
icity of individual compounds is weak. The most 
extensively studied phenol is p-cresol, which is 
formed by colonic bacteria from tyrosine and phe-
nylalanine and then circulates conjugated with 
sulfate.19,20 High p-cresol levels have been associ-
ated with poor outcomes in patients undergoing 
dialysis.19,21

The kidney clears not only small molecules but 
also proteins with molecular weights between 10 
and 30 kD. Plasma levels of these low-molecular-
weight proteins rise as the kidney fails, but only 
beta2-microglobulin, which causes dialysis-related 
amyloidosis, has known toxicity.9,22 The extent to 
which kidney failure increases the levels of pep-
tides with molecular weights between 500 D and 
10 kD is less well defined,23 although it is expected 
that proteomic techniques may ultimately yield a 
more complete picture.23,24

Solu te R emova l by Di a lysis

Uremia could theoretically be treated by reducing 
solute production, but this is not part of current 
practice. High protein intake increases the produc-

tion of many solutes, including various guanidines, 
indoles, and phenols. Patients with kidney failure 
tend to reduce their protein intake spontaneously, 
and before dialysis became available, physicians 
found that marked protein restriction relieved ure-
mic symptoms.25,26 Protein restriction can have ill 
effects, however, and it is now recommended that 
patients undergoing dialysis receive 1.2 g of pro-
tein per kilogram of body weight per day, which 
is nearly the amount provided by an average diet 
in the United States. Since a number of the best-
known uremic solutes — such as aliphatic amines, 
d-amino acids, methylguanidine, hippurate, and 
many indoles and phenols — are produced entirely 
or in part by gut bacteria, the use of sorbents to 
reduce the load of such solutes has been considered 
but has not been systematically studied.27

At present, most patients with end-stage renal 
disease undergo hemodialysis three times per 
week. The dialysis prescription is adjusted to re-
move about two thirds of the total-body urea con-
tent during each treatment (Fig. 1). This standard 
was adopted after clinical trials showed that to a 
point, patient outcomes improve with increasing 
fractional urea removal.3,28 The Hemodialysis 
(HEMO) Study29 showed that outcomes are not 
improved by increasing fractional urea removal 
above the current standard. Treatment that re-
moves the majority of urea should also remove 
more toxic solutes if, like urea, they diffuse rela-
tively freely throughout body water. But removal 
of many solutes is more limited, owing to large 
molecular size, protein binding, or sequestration 
within body compartments. Plasma levels of such 
solutes therefore remain much higher than normal 
urea levels in patients undergoing conventional 
dialysis (Fig. 2). Removal of such solutes can be 
increased by various modifications of the stan-
dard dialysis treatment. If a specific modification 
of dialysis reduced illness, this might reveal the 
characteristics of important uremic toxins.

Large Solutes

Hemodialysis was initially performed with the use 
of dialysis membranes that provided limited clear-
ance of solutes with molecular weights above 1 kD. 
Treatment with the use of these membranes wak-
ened comatose patients, relieved vomiting, and 
partially reversed other classic uremic symptoms. 
This provided evidence, which remains convincing, 
that some important uremic toxins are small. But 
clinical observations led pioneering investigators 
to speculate that other important toxins were “mid-
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dle molecules,” with molecular weights between 
300 D and 2 kD.32 The original middle-molecule 
hypothesis was never carefully tested. Although 
the phrase “middle molecules” remains in use, its 
meaning has gradually shifted to include larger sol-
utes. The adoption of new, more permeable mem-
brane materials essentially ended investigation of 
the relative toxicity of solutes in size ranges below 
1 kD. However, the toxicity of solutes with mo-
lecular weights above 1 kD remains under inves-
tigation. Increasing the removal of large solutes, 
such as beta2-microglobulin, with the use of “high-
flux” as compared with “low-flux” membranes had 
no significant benefit in the HEMO Study.29 How-
ever, the clearance of large molecules can be in-
creased further by adding ultrafiltration to the di-
alysis process (Fig. 3). Ongoing multicenter trials 
may reveal whether the combination of ultrafil-
tration with dialysis, called hemodiafiltration, im-
proves outcomes.33

Solutes Bound to Albumin

Solutes that bind to albumin are poorly removed 
by conventional dialysis3,20,34,35 not because they 
are large but because only the free, unbound sol-
ute concentration contributes to the gradient driv-
ing solute across the dialysis membrane. When ex-

pressed as multiples of normal levels, the levels of 
these compounds are therefore higher than those 
of unbound solutes, such as urea, in patients un-
dergoing hemodialysis. There is reason to suspect 
that at least some protein-bound solutes are toxic. 
The normal kidney clears many protein-bound sol-
utes by active tubular secretion. Presumably, the 
combination of protein binding and tubular secre-
tion represents an evolutionary adaptation that al-
lows the excretion of toxic molecules and keeps the 
extracellular fluid concentrations of their unbound 
fraction very low. The aggregate toxicity of protein-
bound solutes could theoretically be assessed by 
comparing the effects of different modifications 
of dialysis, but this has not been attempted in 
practice.36

Sequestered Solutes

Other solutes are sequestered, or retained, in com-
partments where their concentration does not 
equilibrate rapidly with that of the plasma.37 In-
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Figure 2. Time-Averaged Plasma Solute Levels in Patients 
Undergoing Conventional Thrice-Weekly Hemodialysis.

Conventional hemodialysis is prescribed to remove 
blood urea nitrogen effectively, so that the average 
urea level in a patient undergoing hemodialysis is only 
about four times the normal value. But dialysis is much 
less effective in controlling the levels of other solutes. 
Binding to albumin limits the dialysis of p-cresol sul-
fate, and large molecular size limits the dialysis of beta2-
microglobulin; as a result, the average levels of these 
solutes in patients undergoing hemodialysis are about 
10 times and 20 times the normal levels, respectively. 
The plasma level of guanidinosuccinic acid is even 
higher, averaging more than 40 times the normal val-
ue. Guanidinosuccinic acid levels rise this high largely 
because the production of guanidinosuccinic acid in-
creases in patients with uremia; sequestration within 
cells impairs the efficiency of dialysis and contributes 
to the elevation of plasma levels of related guanidines. 
Solute ratios are approximations based on data from 
Martinez et al.,20 Raj et al.,30 and Eloot et al.31
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Figure 1. Blood Urea Nitrogen Levels in Two Theoretical 
Patients Undergoing Conventional Thrice-Weekly 
 Hemodialysis for 3 Hours on Monday, Wednesday,  
and Friday.

Urea nitrogen levels fall precipitously as urea is rapidly 
removed during treatment and then rise gradually be-
tween treatments, with the highest levels observed after 
the 3-day interdialytic interval (from Friday after dialysis 
until Monday before dialysis). Both patients were re-
ceiving the same dose of dialysis, as evidenced by the 
68% drop in urea levels for both patients with each 
treatment. This drop constitutes adequate dialysis, 
 according to the current U.S. standard. Patient 1, who 
had higher absolute plasma urea levels than Patient 2, 
was presumably eating more protein. To convert the 
values for blood urea nitrogen to millimoles of urea 
per liter, multiply by 0.357.
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termittent dialysis may rapidly lower the plasma 
concentration of such solutes but removes only a 
small portion of the total-body solute content. Se-
questration only slightly impairs the removal of 
urea, which is currently used to assess the ade-
quacy of dialysis.3 But other solutes may equilibrate 
more slowly than urea between body compart-
ments, such as between cell water and plasma, ef-
fectively sequestering them from dialysis. Only a 
few solutes have been carefully studied, but clin-
ically significant sequestration has been demon-
strated for phosphate, creatinine, uric acid, several 
guanidines, and beta2-microglobulin. Theoretical-
ly, the contribution of sequestered solutes to ure-
mic toxicity, like the contribution of large solutes 
or protein-bound solutes, could be assessed by 
comparing the efficacy of different dialysis pre-
scriptions. When treatment is intermittent, the re-
moval of sequestered as compared with rapidly 
equilibrating solutes can be increased by length-
ening each dialysis session or by increasing the 
number of sessions per week. Retrospective stud-
ies have shown that longer sessions are associated 
with better outcomes, but these studies were not 
sufficiently well controlled to confirm that length-
ening treatment is beneficial.38 In the United States, 

the combined preference of patients and providers 
for short dialysis sessions has reduced treatment 
time toward the minimum required to achieve the 
target urea removal, making the average duration 
of each hemodialysis session about 3.5 hours.

Signs a nd S ymp t oms of Ur emi a

Frequently identified signs and symptoms of ure-
mia are listed in Table 2. That a fundamental met-
abolic disturbance such as uremia should have such 
a wide variety of consequences is not remarkable. 
The complications of untreated diabetes and hy-
perthyroidism are similarly extensive. But uremia 
is different in that we cannot trace all its compli-
cations to dysregulation of a single, key compound. 
And with the exception of kidney transplantation, 
current therapy for uremia is less successful than 
insulin and thyroid hormone replacement in re-
storing normal function.

Given the signs and symptoms listed in Table 2, 
it is not surprising that the quality of life declines 
in people with chronic kidney disease. A panel 
preparing treatment guidelines concluded that 
well-being was reduced when the glomerular fil-
tration rate was less than 60 ml per minute per 
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Figure 3. Dialysis versus Hemofiltration.

In dialysis (Panel A), solutes diffuse through a thin membrane separating the blood and dialysate, which flow in opposite directions. 
Small solutes such as urea (small yellow spheres) diffuse readily. Larger solutes, including low-molecular-weight proteins (large green 
spheres), diffuse less readily and are not cleared as effectively when blood passes through the dialyzer. In hemofiltration (Panel B), fluid 
is forced through the same membrane by pressure, and solutes are carried with the fluid by convection. As compared with diffusion, 
convection removes larger solutes at almost the same rate as small solutes. Standard dialysis treatments include some hemofiltration  
in order to remove the fluid that accumulates with daily intake. The removal of large solutes can be augmented by increasing the amount 
of ultrafiltration. The combined process of dialysis and high-volume ultrafiltration, which requires the provision of intravenous replace-
ment fluid to offset the ultrafiltration rate, is called hemodiafiltration.
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1.73 m2 of body-surface area.39 Subjects in the 
Modification of Diet in Renal Disease study who 
had glomerular filtration rates of less than 55 ml 
per minute per 1.73 m2 reported fatigue and re-
duced stamina that correlated with this rate.40 In a 
study using the Medical Outcomes Study 36-item 
Short-Form General Health Survey, people who 
had a glomerular filtration rate of less than 50 ml 
per minute per 1.73 m2 but who were not yet 
being treated with dialysis scored lower than the 
general population on 8 of the instrument’s 10 
scales.41 Physical functioning is also often im-
paired in patients with kidney failure. In those 
undergoing dialysis, exercise capacity has been 
reported to average only about 50% of normal 
capacity. Treatment of anemia improves but does 
not normalize exercise capacity. The most detailed 
studies suggest that susceptibility to fatigue is 
attributable to both muscle energy failure and 
neural defects.42 The degree to which the qual-
ity of life is impaired by the uremic environment, 
by the deconditioning of the patient, and by the 
effects of coexisting conditions has not been com-
pletely analyzed. A recent study indicated, however, 
that even selected, highly functional patients 
undergoing dialysis have notable physical limita-
tions, including impairment of balance, walking 
speed, and sensory function.43

A particularly interesting group of uremic signs 
and symptoms reflect altered nerve function. Clas-
sic descriptions emphasized that patients with 
uremia could appear alert despite defects in mem-
ory, ability to plan, and attention.13 Cognitive im-
pairment has been detected in people with glo-
merular filtration rates between 30 and 60 ml per 
minute per 1.73m2 of body-surface area.44 As 
kidney function worsened, patients progressed to 
coma or catatonia that could be relieved by dialy-
sis.13 Recent studies have shown that cognitive 
function remains impaired in patients receiving 
standard treatment with dialysis. Neuropsycho-
logical testing has revealed defects, particularly 
in attention, memory, and the performance of 
higher-order tasks. Central nervous system chang-
es due to vascular disease and other processes 
often contribute to these defects. But it has gen-
erally been concluded that patients undergoing 
dialysis have cognitive impairment that cannot 
be ascribed entirely to coexisting conditions.45,46 
Another reflection of altered central nervous sys-
tem function in patients with uremia is impaired 
sleep.5,47 Sleep is fragmented by brief arousals 
and apneic episodes, which are often associated 

with bursts of repetitive leg movement. When 
awake, patients may have the restless legs syn-
drome,48 a condition in which they continually 
feel the need to move their legs. In the past, se-
vere sensorimotor neuropathy developed in pa-
tients with untreated uremia, and remission of 
neuropathy was a major goal of dialysis. With 
current dialysis protocols, neuropathy is usually 
subclinical, but it can still be detected in nerve-
function tests.49,50

Me ta bol ic Effec t s of Ur emi a

Among the metabolic effects of uremia (Table 2), 
the most extensively studied is insulin resistance, 
which may contribute to the accelerated vascular 
disease that is the major cause of death in patients 
with kidney failure.51,52 When the glomerular fil-
tration rate falls below 50 ml per minute per 
1.73 m2, insulin resistance occurs.53 The reason 

Table 2. Signs and Symptoms of Uremia.

Neural and muscular

Fatigue 

Peripheral neuropathy

Decreased mental acuity

Seizures

Anorexia and nausea

Decreased sense of smell and taste

Cramps

Restless legs

Sleep disturbances

Coma

Reduced muscle membrane potential

Endocrine and metabolic

Amenorrhea and sexual dysfunction

Reduced body temperature

Altered amino acid levels

Bone disease due to phosphate retention, hyperparathy-
roidism, and vitamin D deficiency

Reduced resting energy expenditure

Insulin resistance

Increased protein–muscle catabolism

Other

Serositis (including pericarditis) 

Itching

Hiccups 

Oxidant stress

Anemia due to erythropoietin deficiency and shortened 
red-cell survival

Granulocyte and lymphocyte dysfunction

Platelet dysfunction
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it occurs is unclear. Insulin binds normally to its 
receptor, and receptor density is unchanged. The 
accumulation of hormones derived from fat and in-
creased levels of glucagon and fatty acids also seem 
insufficient to account for insulin resistance.52,54 
The observations that insulin resistance can be 
transferred by uremic serum and that it is improved 
by dialysis and protein restriction suggest that ac-
cumulation of nitrogenous solutes causes insulin 
resistance.52 In addition, physical inactivity dimin-
ishes the action of insulin, and in patients with 
uremia, insulin resistance may develop in part be-
cause of deconditioning.

Another effect of uremia that has been the ob-
ject of recent attention is oxidative stress.55 In-
creases in the levels of primary oxidants have not 
been documented, presumably because of the eva-
nescent nature of substances such as superoxide 
anion and hydrogen peroxide. Accumulation of 
oxidant reaction products is therefore taken as 
evidence of increased oxidant activity. Among the 
markers of oxidation are proteins containing oxi-
dized amino acids.56,57 Some proteins are modi-
fied by direct oxidation, and others by combi-
nation with carbonyl compounds. The modified 
proteins can form compounds identical to the ad-
vanced glycation products that were first identi-
fied in patients with diabetes. The carbonyls ini-
tiating protein modification have not been fully 
characterized but include glyoxal and methyl gly-
oxal, which are produced by oxidation of both 
sugars and lipids.58 Modified proteins presumably 
do not contribute to the effects of uremia that are 
rapidly reversible, such as confusion or nausea, but 
might cause gradual changes in tissue structure. 
The loss of extracellular reducing substances pro-
vides additional evidence of oxidant stress in ure-
mia. The case of albumin, which undergoes oxi-
dation at its single free cysteine thiol group, is 
particularly interesting. Plasma albumin is more 
highly oxidized in patients with uremia than in 
normal subjects, and it is rapidly converted to its 
reduced form by hemodialysis.59

A third recently identified concomitant of ure-
mia is systemic inflammation. Some patients have 
elevations in inflammatory markers, including 
C-reactive protein, interleukin-6, and tumor necro-
sis factor α, that are unexplained by coexisting 
conditions.60 Inflammation may interact with in-
sulin resistance and oxidant stress to promote 
vascular disease in these patients. Indeed, insulin 

resistance, oxidative stress, and inflammation ap-
pear before renal disease progresses to the point 
at which dialysis is required, and these factors may 
thus contribute to the high rates of cardiovascu-
lar morbidity and mortality among patients with 
chronic kidney disease.61

Cel lul a r F unc tions

Several effects of uremia are transferable by blood 
and plasma, underscoring the role of retained sol-
utes in generating toxicity. An often-described ab-
normality has been the inhibition of sodium–
potassium ATPase. Decreased sodium–potassium 
ATPase activity was first described in red cells from 
patients with uremia.62 Subsequent reports noted 
the same effect in other cell types and showed that 
the inhibition is attributable to one or more factors 
in uremic plasma.63 The evidence for a circulating 
inhibitor includes the findings that dialysis reduces 
the inhibitory activity and that uremic plasma can 
suppress sodium–potassium ATPase activity in the 
short term. A number of candidate factors have 
been considered, and digitalis-like substances have 
received the greatest attention. Several such com-
pounds, including marinobufagenin and telocino-
bufagin, have been identified in excess in patients 
with kidney failure.64 However, confirmation that 
these substances cause the inhibition of sodium–
potassium ATPase is lacking.

W h y Is  the Gl omerul a r 
Filtr ation R ate Nor m a l ly  

So High?

Presumably, the kidney evolved to rid the extracel-
lular fluid of the solutes that cause uremic illness 
when kidney function is reduced. Glomerular fil-
tration, the initial step in urine formation, proceeds 
at an extremely high rate; a volume equaling that 
of the entire extracellular f luid is filtered every 
2 hours. At rest, approximately 10% of the body’s 
energy consumption is devoted to reabsorption ne-
cessitated by this high filtration rate. The rate of 
fluid processing clearly exceeds that required sim-
ply to rid the body of the daily intake of water and 
inorganic ions. But uremia is not detected until the 
glomerular filtration rate is less than half the nor-
mal rate. One explanation for the apparent super-
abundance of kidney function is that it constitutes 
a safety factor, like the capacity of bone to with-

Copyright © 2007 Massachusetts Medical Society. All rights reserved. 
Downloaded from www.nejm.org by RENI ROUNCIVELL on October 6, 2007 . 



MEDICAL PROGRESS

n engl j med 357;13 www.nejm.org september 27, 2007 1323

stand greater-than-usual mechanical loads. In the 
case of the kidney, the ingestion of toxins may con-
stitute an analogous increase in load. If so, we 
would expect patients with uremia to have limited 
tolerance for certain foods, just as they have lim-
ited tolerance for certain medications. Patients un-
dergoing dialysis have become comatose after in-
gestion of star fruit.65 However, given the variety 
of chemicals found in plants, there are remarkably 
few reports of this kind. Perhaps toxin intake was 
greater before civilization improved the selection 
and preservation of foods, making a persistently 
high renal clearance rate worth the metabolic cost.

Alternatively, the glomerular filtration rate may 
appear to be excessive because our clinical criteria 
are too crude to detect the consequences of mild 
impairment in kidney function. Fitness in an evo-
lutionary sense may require that concentrations 
of some solutes be maintained below the levels at 
which disease is detected. It is possible, for in-
stance, that a sensitive process such as fertility, 
growth in children, or peak mental performance 
might be disturbed by a small increase in the levels 
of retained toxins. A particularly interesting find-
ing has been the identification of similar trans-
port systems in the kidney tubule and the blood–
brain barrier.66 This finding suggests that the 
kidney, together with the liver, may be designed to 
keep organic waste levels in the extracellular fluid 
sufficiently low to allow a second-stage pumping 
system in the blood–brain barrier to keep the brain 
interstitium exquisitely clean.

F u t ur e S t udies

Dialysis for acute kidney failure presents a partic-
ularly difficult problem. Symptoms that trigger the 
initiation of dialysis in patients with chronic kid-
ney failure often cannot be distinguished in pa-
tients who are in intensive care. Mortality rates are 
high, and some speculate that more aggressive 
therapy than is now prescribed for end-stage re-
nal disease is needed in these very sick patients. 
However, trials of continuous treatment with he-
modiafiltration or hemofiltration have shown no 
advantage over intermittent hemodialysis.67,68 An 
ongoing multicenter trial is investigating wheth-
er increasing urea removal beyond the standard 
for long-term hemodialysis will be helpful.69

Efforts are also under way to improve long-term 

dialysis. The HEMO Study showed no benefit of 
increased removal of urea or low-molecular-weight 
proteins during thrice-weekly hemodialysis.29 The 
decreases in time-averaged solute levels, however, 
were modest. As previously noted, ongoing Euro-
pean trials will establish whether more efficient 
removal of low-molecular-weight proteins by he-
modiafiltration is beneficial.33 Nightly home he-
modialysis allows for particularly large increases 
in solute removal.70 Patients receiving this treat-
ment report improvement in well-being and have 
partial reversal of the sleep disturbances that oc-
cur with conventional treatment.47 Ongoing tri-
als by the Frequent Hemodialysis Network are 
comparing nocturnal home hemodialysis or in-
center hemodialysis six times a week with stan-
dard thrice-weekly in-center hemodialysis.71 If more 
intensive dialysis proves beneficial, major issues 
of practicality and cost will loom. Relatively few 
patients are likely to be willing and able to per-
form hemodialysis at home, and frequent in-center 
hemodialysis would be both burdensome and 
costly. Peritoneal dialysis, now used by only about 
10% of patients in the United States, is easier to 
perform at home than hemodialysis and is less 
expensive as well. Although a randomized com-
parison of peritoneal dialysis and hemodialysis has 
not been possible, the two approaches appear to 
be associated with a similarly high overall burden 
of residual illness.

Summ a r y

Maintenance of life in patients without kidney 
function is a remarkable achievement of modern 
medicine. But current treatment with dialysis car-
ries a high price and leaves a persistent burden of 
disability. Although both the side effects of dialy-
sis and the coexisting conditions in patients re-
ceiving this treatment contribute to the residual 
illness, retained solutes that are poorly cleared by 
standard treatment are an important part of the 
problem. A better understanding of uremic solutes 
and their toxic effects would place dialysis on a 
more rational basis and should lead to more ef-
fective therapy.
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Acute kidney injury in the intensive care unit: An update and
primer for the intensivist

Paula Dennen, MD; Ivor S. Douglas, MD; Robert Anderson

Acute kidney injury (AKI), pre-
viously termed acute renal fail-
ure, refers to a sudden decline
in kidney function causing dis-

turbances in fluid, electrolyte, and acid–
base balance because of a loss in small
solute clearance and decreased glomeru-
lar filtration rate (GFR). The nomencla-
ture shift to AKI more accurately repre-
sents the spectrum of disease from
subclinical injury to complete organ fail-
ure. This review focuses on key questions
for the intensivist faced with AKI in the
ICU.

Epidemiology of Acute Kidney
Injury in the Intensive Care Unit

AKI in the ICU is common, increasing
in incidence (1–4), and is associated with

a substantial increase in morbidity and
mortality (5, 6). AKI occurs in approxi-
mately 7% of all hospitalized patients (7)
and in up to 36% to 67% of critically ill
patients depending on the definition used
(6, 8–11). Based on �75,000 critically ill
adults, more severe AKI occurs in 4% to
25% of all ICU admissions (6, 8, 9, 11).
On average, 5% to 6% of ICU patients
with AKI require renal replacement ther-
apy (RRT) (6, 8–11).

Reported mortality in ICU patients
with AKI varies considerably between
studies depending on AKI definition
and the patient population studied
(e.g., sepsis, trauma, cardiothoracic
surgery, or contrast nephropathy). In
the majority of studies, mortality in-
creases proportionately with increasing
severity of AKI (6, 10 –13). In patients
with severe AKI requiring RRT, mortal-
ity is approximately 50% to 70% (9,
14 –16). While AKI requiring RRT in the
ICU is a well-recognized independent
risk factor for in-hospital mortality
(17), even small changes in serum cre-
atinine (SCr) are associated with in-
creased mortality (18 –21). Notably,
multiple studies of patients with AKI
and sepsis (22–24), mechanical ventila-
tion (25), major trauma (26, 27), car-
diopulmonary bypass (17, 28 –30), and
burn injuries (31) have consistently

demonstrated an increased risk of death
despite adjustment for comorbidities
and severity of illness.

Morbidity, a less appreciated conse-
quence of AKI in the ICU, is associated
with increased cost (18), increased length
of stay (6, 14, 18, 26), and increased risk
of chronic kidney disease (CKD), includ-
ing end-stage kidney disease (9, 15, 16,
32–37). The true incidence of CKD after
AKI is unknown because epidemiologic
studies do not routinely or consistently
report rates of renal recovery and those
that do use variable definitions (38).

Definition of Acute Kidney
Injury in the Intensive Care Unit

More than 35 definitions of AKI cur-
rently exist in the literature (39). The
Acute Dialysis Quality Initiative convened
in 2002 and proposed the RIFLE classifi-
cation (risk, injury, failure, loss, end-
stage kidney disease) specifically for AKI
in critically ill patients (Table 1) (40).
Using SCr and urine output, the RIFLE
criteria define three grades of severity
and two outcome classes. The most se-
vere classification met by either criterion
should be used. Of note, patients with
primary kidney diseases such as glomer-
ulonephritis were excluded from this def-
inition.
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Objective: Acute kidney injury is common in critically ill
patients and is associated with significant morbidity and mor-
tality. Patients across the spectrum of critical illness have
acute kidney injury. This requires clinicians from across dis-
ciplines to be familiar with recent advances in definitions,
diagnosis, prevention, and management of acute kidney injury
in the intensive care unit. The purpose of this concise review,
therefore, is to address, for the non-nephrologist, clinically
relevant topical questions regarding acute kidney injury in the
intensive care unit.

Data Sources: The authors (nephrologists and intensivists)
performed a directed review of PubMed to evaluate topics
including the definition, diagnosis, prevention, and treatment
of acute kidney injury in the intensive care unit. The goal of

this review is to address topics important to the practicing
intensivist.

Data Synthesis and Findings: Whenever available, preferential
consideration was given to randomized controlled trials. In the
absence of randomized trials, observational and retrospective
studies and consensus opinions were included.

Conclusions: Acute kidney injury in the intensive care unit is a
clinically relevant problem requiring awareness and expertise
among physicians from a wide variety of fields. Although many
questions remain controversial and without definitive answers, a
periodic update of this rapidly evolving field provides a framework
for understanding and managing acute kidney injury in the inten-
sive care unit. (Crit Care Med 2010; 38:000–000)
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More recently the Acute Kidney Injury
Network (AKIN), an international multi-
disciplinary organization composed of
nephrologists and intensivists, further
modified the RIFLE criteria recognizing
that even very small changes in SCr
(�0.3 mg/dL) adversely impact clinical
outcome (6, 7, 10, 11, 19, 21, 41). Accord-
ing to AKIN, the most current consensus
diagnostic criteria for AKI is “an abrupt
(within 48 hrs) reduction in kidney func-
tion currently defined as an absolute in-
crease in serum creatinine of more than
or equal to 0.3 mg/dL (�26.4 �mol/L), a
percentage increase in serum creatinine
of �50% (1.5-fold from baseline), or a
reduction in urine output (documented
oliguria of �0.5 mL/kg per hr for �6
hrs)” (42). Importantly, the AKIN defini-
tion and classification system incorpo-
rates creatinine, urine output, and time
(Table 1). Both the RIFLE and AKIN cri-
teria were developed to facilitate clinical
investigation and comparison across
study populations. Epidemiologic data
comparing the RIFLE and AKIN criteria
have demonstrated concordance in criti-
cally ill patients (43, 44).

Diagnosis of Acute Kidney
Injury in the Intensive Care Unit

Traditional tools to diagnose AKI
(SCr) and determine etiology of AKI
(clinical history, physical examination,
renal ultrasound, fractional excretion of
sodium [FeNa], fractional excretion of
urea, blood urea nitrogen [BUN], and
urine microscopy) remain the corner-
stone of diagnostic tools available to the

clinician in the ICU. The use of SCr to
estimate GFR is limited, however, by the
lack of steady-state conditions in criti-
cally ill patients. Determinants of the SCr
(rate of production, apparent volume of
distribution, and rate of elimination) are
variable in the ICU setting (6, 8–11, 45,
46). Medications (e.g., trimethoprim,
cimetidine) impair creatinine secretion
and therefore may cause increases in SCr
without reflecting a true decrease in
GFR. Finally, SCr lacks sensitivity and
underestimates the degree of kidney dys-
function in a critically ill patient. In-
creases in SCr substantially lag behind a

reduction in GFR (Fig. 1) and thus do not
provide a useful real-time assessment of
GFR.

AKI spans the continuum from prere-
nal azotemia to acute tubular necrosis,
from functional to structural injury. Ef-
forts to differentiate between these two
entities have classically included FeNa
and urine microscopy. Urine microscopy
can be helpful in differential diagnosis
(e.g., granular casts and renal tubular
epithelial cells in acute tubular necrosis,
cellular casts in glomerular injury, eosi-
nophiluria in acute interstitial nephritis,
or atheroembolic AKI). Of clinical note,

Figure 1. Relationship between GFR and SCr. Large changes in GFR (e.g., 50% decrease from 120
mL/min to 60 mL/min) are reflected in only small changes in SCr (0.7 mg/dL to 1.2 mg/dL).

Table 1. Classification/staging systems for acute kidney injury

RIFLE SCr Criteria UOP Criteria
AKIN
Stage SCr Criteria UOP Criteria

R 1 SCr � 1.5 �0.5 mL/kg/hr � 6 hrs 1 1 in SCr �0.3 mg/dL or 1
�150% to 200% from
baseline (1.5- to 2-fold)

�0.5 mL/kg/hr for �8 hrs

I 1 SCr � 2 �0.5 mL/kg/hr � 12 hrs 2 1 in SCr to �200% to 300%
from baseline
(�2- to 3-fold)

�0.5 mL/kg/hr for �12 hrs

F 1 SCr � 3, or SCr �4 mg/dL
with an acute rise of at least
0.5 mg/dL

�0.5 mL/kg/hr � 24 hrs
or anuria � 12 hrs

3 1 in SCr to �300% (3-fold)
from baseline or SCr �4
mg/dL with an acute rise of
at least 0.5 mg/dL

�0.5 mL/kg/hr � 24 hrs or
anuria � 12 hrs

L Persistent loss of kidney function
for �4 wks

E Persistent loss of kidney function
for �3 months

RIFLE, risk, injury, failure, loss, end-stage kidney disease; AKIN, acute kidney injury network; UOP, urine output.
RIFLE criteria adapted from Bellomo et al (40). AKIN criteria adapted from Mehta et al (42).
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nephrologist review of urine microscopy
has been demonstrated to be superior to
clinical laboratory interpretation (47).
Using a proposed scoring system, micro-
scopic examination of the urine sediment
is a highly predictive method for differ-
entiating prerenal azotemia from acute
tubular necrosis (48). However, the pres-
ence of muddy brown casts and renal
tubular epithelial cells are usually seen
relatively late and thus are not sensitive
for early detection of AKI (49, 50). FeNa is
frequently useful for differentiating “pre-
renal” (diminished renal perfusion, FeNa
�1%) from “intra-renal” (ischemia or
nephrotoxins, FeNa �2%) (50, 51). Urine
microscopy and FeNa can be valuable
tools in determining the cause of AKI but
have no current role in early detection or
diagnosis of AKI. Furthermore, “prere-
nal” and “intra-renal” causes of AKI com-
monly coexist in the ICU patient.

Prerenal azotemia, in the absence of
validated new diagnostic biomarkers, of-
ten remains a retrospective diagnosis,
made only after response to a volume
challenge. Whereas it is important to ap-
propriately identify and treat prerenal
azotemia, fluid administration is not
without consequence in the critically ill
patient. A complete assessment of the pa-
tient’s overall volume status is pivotal
before aggressive resuscitative efforts to
enhance renal perfusion. This is of par-
ticular importance considering data dem-
onstrating adverse effects of volume over-
load in critically ill patients (52, 53).
Because of the limitations of traditional
tools, novel candidate biomarkers of AKI
(discussed separately) are being actively
investigated.

Common Causes of Acute
Kidney Injury in the Intensive
Care Unit

The cause of AKI in the ICU is com-
monly “multi-factorial” and frequently
develops from a combination of hypovo-
lemia, sepsis, medications, and hemody-
namic perturbations (Table 2). It is fre-
quently not possible to isolate a single
cause, thereby further complicating the
search for effective interventions in this
complex disease process. The pathophys-
iology of AKI varies according to the un-
derlying etiology and is beyond the scope
of this article.

Sepsis is the most common cause of
AKI in a general ICU, accounting for up
to 50% of cases (6, 8–11, 23, 45, 54). AKI
is common after cardiac surgery, occur-

ring in up to 42% of patients without
pre-existing kidney disease, and is associ-
ated with increased morbidity and mor-
tality with elevations in SCr as small as
0.3 mg/dL (19). Trauma associated AKI is
multi-factorial (e.g., hemorrhagic shock,
abdominal compartment syndrome,
rhabdomyolysis) and occurs in up to 31%
of adult trauma patients (55). The kid-
neys are early sensors of intra-abdominal
hypertension and abdominal compart-
ment pressures �12 mm Hg may be as-
sociated with AKI (56). A sustained intra-
abdominal pressure �20 mm Hg in
association with new organ dysfunction
will be associated with AKI in �30% of
cases (57, 58). Rhabdomyolysis accounts
for 28% of trauma-associated AKI requir-
ing dialysis (59).

Medications are a common cause of
AKI and, according to Uchino et al (9),
account for nearly 20% of all cases of AKI
in the ICU. The mechanism of medication
induced AKI is variable and includes
acute interstitial nephritis, direct tubular
toxicity (e.g., aminoglycosides), and he-
modynamic perturbations (e.g., nonste-
roidal anti-inflammatory agents, angio-
tensin-converting enzyme inhibitors).
Acute interstitial nephritis is likely an
under-recognized etiology of medication-
associated AKI in the ICU because of the
relative paucity of clinical findings and
need for high index of suspicion. Table 3
lists common nephrotoxins encountered
in the care of critically ill patients.

Prevention and Management of
Acute Kidney Injury in the
Intensive Care Unit

Primary prevention of AKI in the ICU
is limited to those conditions in which
the timing of injury are predictable, such
as exposure to radiocontrast dye, cardio-

pulmonary bypass, large-volume para-
centesis in a cirrhotic patient, or chemo-
therapy. In contrast to most cases of
community-acquired AKI, nearly all cases
of ICU-associated AKI result from more
than a single insult (6, 8–11, 45, 50, 60,
61). In the critically ill patient, the first
kidney insult is often not predictable.
Therefore, prevention of AKI in the ICU
often means prevention of a secondary
insult in an “at-risk” patient. For exam-
ple, in a retrospective study of �5000 ICU
patients, 67% of patients had AKI de-
velop, and 45% of AKI occurred after ICU
admission (6). It is in these patients that
there is a potential role for prevention.

General principles of “secondary” AKI
prevention include: (1) recognition of un-
derlying risk factors that predispose pa-
tients to AKI (e.g., diabetes, chronic kid-
ney disease, age, hypertension, cardiac or
liver dysfunction); and (2) maintenance
of renal perfusion, avoidance of hypergly-
cemia, and avoidance of nephrotoxins in
these high-risk patients. Specific clinical
situations in which there is evidence for
preventive strategies (e.g., contrast expo-
sure, hepatorenal syndrome [HRS]) are
discussed.

Preventing Contrast-Induced Ne-
phropathy. The primary strategies for con-
trast-induced nephropathy (CIN) preven-
tion include hydration, N-acetylcysteine
(NAC), and use of low-volume nonionic
low-osmolar or iso-osmolar contrast. No
strategy has been effective in completely
preventing CIN. Risk factors for CIN in-
clude diabetes, CKD, hypotension, effec-
tive or true volume depletion (including

Table 2. Common causes of AKI in the ICU

Five Most Common Causes of AKI in the ICUa

● Sepsis (most common)
● Major surgery
● Low cardiac output
● Hypovolemia
● Medications

Other Common Causes of AKI in the ICU
● Hepatorenal syndrome
● Trauma
● Cardiopulmonary bypass
● Abdominal compartment syndrome
● Rhabdomyolysis
● Obstruction

aThe five most common causes of AKI in the
ICU based on nearly 30,000 patients (9).

Table 3. Common nephrotoxins that cause AKI in
ICU patients

Exogenous
● Medications

● NSAIDS
● Antimicrobials

● Aminoglycosides
● Amphotericin
● Penicillinsa

● Acyclovirb

● Chemotherapeutic agents
● Radiocontrast dye
● Ingestions

● Ethylene glycol
Endogenous

● Rhabdomyolysis
● Hemolysis (HUS/TTP)
● Tumor lysis syndrome

NSAIDS, non-steroidal anti-inflammatory
drugs; HUS, hemolytic uremic syndrome; TTP,
thrombotic thrombocytopenic purpura.

aAcute interstitial nephritis (AIN); bcrystal
nephropathy.
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cirrhosis and congestive heart failure),
and concurrent use of nephrotoxic med-
ications. Critically ill patients intuitively
represent a patient population at high
risk for CIN given frequent hemodynamic
instability, multiple organ dysfunction,
use of nephrotoxic medications, and mul-
tiple underlying comorbidities (e.g., dia-
betes, CKD). However, despite the large
number of randomized controlled trials
(RCT) published on prevention strategies
for CIN, there has been only one RCT
performed specifically in critically ill
adults (111). The true incidence of and
risk for CIN in critically ill patients is
thus unknown.

Adequate hydration is a well-estab-
lished measure to decrease the risk of
CIN, whereas the choice of fluid remains
controversial. Trials comparing the use of
sodium bicarbonate and sodium chloride
for the prevention of CIN have yielded
conflicting results. Five meta-analyses of
sodium bicarbonate suggest a beneficial
role of isotonic sodium bicarbonate over
isotonic saline (112–116); however, there
is considerable heterogeneity and some
publication bias confounding these find-
ings. The most recent RCT of bicarbonate
vs. normal saline showed no difference in
the primary outcome of �25% decre-
ment in GFR within 4 days (117). Based
on currently available evidence, there is a
strong suggestion that sodium bicarbon-
ate may be superior to isotonic saline to
decrease the risk of CIN.

NAC is a free radical scavenger shown
to decrease the risk of CIN compared to
placebo (118). Since 2003, �10 meta-
analyses published on the role of NAC in
CIN have yielded conflicting results likely
attributable, in part, to heterogeneity in-
patient populations. In a recent meta-
analysis of 41 studies, NAC plus saline
reduced the risk for CIN more effectively
than saline alone (119). A previous meta-
analysis in 2007 by Gonzales et al (120)
did not support the efficacy of NAC to
prevent or decrease the risk of CIN. Fur-
thermore, there are conflicting data as to
whether NAC, itself, may decrease SCr
measurement without affecting GFR
(121, 122).

Low-volume nonionic low-osmolar or
iso-osmolar contrast preparations are
clearly associated with a decrease in CIN
when compared to high osmolar agents.
The data regarding nonionic low-osmolar
contrast media vs. iso-osmolar contrast
media (currently only iodixanol) is con-
troversial. Two meta-analyses report con-
flicting results (123, 124). McCullough et

al (123) found that use of iso-osmolar con-
trast media resulted in a lower incidence of
CIN when compared to low-osmolar con-
trast media. However, Heinrich et al (124),
in the most recent meta-analysis, re-
ported no significant difference between
the two unless the low-osmolar contrast
media was iohexol, suggesting that all
low-osmolar contrast media preparations
may not be the same.

Both small observational and prospec-
tive studies have shown an increase in the
risk of CIN with peri-procedural use of
angiotensin-converting enzyme inhibi-
tors (125–127). However, a recent ran-
domized prospective trial performed in
stable outpatients did not show any dif-
ference in incidence of CIN between pa-
tients who did or did not discontinue
angiotensin-converting enzyme inhibi-
tors or angiotensin receptor blockers be-
fore contrast (128). Angiotensin-convert-
ing enzyme inhibitors have not been
prospectively studied in the critically ill.
Therefore, although there is currently in-
sufficient evidence to support discontin-
uation of these medications in critically
ill adults, further study is warranted
given the widespread use of these agents
in clinical practice.

Whereas the use of peri-procedural
hemofiltration in patients undergoing
percutaneous coronary intervention was
shown, in two studies, to decrease the
risk of AKI (5% vs. 50%; p � 0.0001)
(129, 130), this has not been widely
adopted into clinical practice. In a sys-
tematic review of extracorporeal thera-
pies for prevention of CIN, analysis of the
hemodialysis studies alone (including five
RCT), there was no benefit of hemodial-
ysis and, in fact, there was a trend favor-
ing standard therapy compared to pro-
phylactic hemodialysis (131). A
subsequent RCT of prophylactic hemodi-
alysis in 82 patients with advanced CKD
(baseline SCr 4.9 mg/dL) demonstrated
improved outcomes (shorter length of
stay and lower rate of long-term dialysis
dependence after hospital discharge) with
prophylactic hemodialysis (132). A criti-
cal limitation of all of these studies is that
the clinical end point SCr was directly
impacted by the intervention itself (he-
mofiltration or hemodialysis).

Fenoldopam and theophylline are two
additional agents that have been consid-
ered for their potential role in the pre-
vention of CIN. None of the four RCT
comparing fenoldopam to either saline
alone (133, 134) or NAC (135, 136) dem-
onstrated any beneficial effect in the pre-

vention of CIN. The role of theophylline
for CIN prevention is inconsistent across
studies. Although two meta-analyses sug-
gest that prophylactic theophylline may
provide some benefit, the studies were
performed in primarily low-risk patients,
and clinically relevant outcomes were not
consistently reported (137, 138). There-
fore, we cannot currently recommend the
use of theophylline for prevention of CIN
in critically ill patients.

The majority of these studies were not
performed in critically ill patients and
therefore provide no definitive guidance
as to how the risk of CIN in the critically
ill should be ameliorated. Because of the
absence of sufficient data in the patient
population of interest, clinicians must ex-
trapolate from the best available evidence
from other patient populations. There-
fore, our recommendations include: (1)
avoid use of intravenous contrast in high-
risk patients if alterative imaging tech-
niques are available; (2) avoid preexpo-
sure volume expansion using either
bicarbonate or isotonic saline; (3) al-
though of questionable benefit, use of
NAC is safe, inexpensive, and may de-
crease risk of AKI; (4) avoid concomitant
use of nephrotoxic medications if possi-
ble; and (5) use low-volume low-osmolar
or iso-osmolar contrast. Future studies
are needed to determine the true role of
these preventive measures in critically ill
patients.

Preventing Acute Kidney Injury in
Hepatic Dysfunction. AKI is a common
complication of critically ill patients with
hepatic failure. Pentoxifylline decreases
the incidence of AKI attributable to HRS
in acute alcoholic hepatitis (139). Use of
intravenous albumin in patients with cir-
rhosis and spontaneous bacterial perito-
nitis significantly reduces both the inci-
dence of AKI (33% to 10%) and mortality
(41% to 22%) (140). Albumin decreases
the incidence of AKI after large-volume
paracentesis (141), and when used in
combination with splanchnic vasocon-
stricting agents (e.g., terlipressin) may
decrease mortality in HRS (142, 143).
However, definitive therapy for AKI as a
consequence of HRS remains liver trans-
plantation in appropriate candidates. Five
randomized trials of vasoconstricting
agents (terlipressin or noradrenalin) plus
albumin in the treatment of HRS all dem-
onstrated improved renal function in
HRS (144–148). A mortality benefit was
only demonstrated in responders to ther-
apy (145). Terlipressin is not available in
the US. In a retrospective study per-
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formed in the US, patients treated with
vasopressin had significantly higher re-
covery rates and improved survival when
compared to octreotide alone (149). Fur-
thermore, findings from three small ob-
servational and retrospective studies
demonstrate improved outcomes with
midodrine and octreotide (HRS reversal
and decreased mortality) (150 –152).
These findings justify a larger RCT to
appropriately evaluate this treatment
modality.

Management of AKI in the ICU re-
volves around optimizing hemodynamics
and renal perfusion, correcting metabolic
derangements, providing adequate nutri-
tion, and mitigating progression of in-
jury. These management considerations
are discussed.

Maintain Renal Perfusion. Optimiza-
tion of renal perfusion may require vol-
ume resuscitation, inotropic, or vasopres-
sor support. Extrapolated primarily from
animal studies (62, 63), the human kid-
ney has a compromised ability to auto-
regulate (maintain constancy of renal
blood flow and GFR over a wide range of
renal perfusion pressures) in AKI. There-
fore, as a priority, prevention or manage-
ment of AKI should include maintenance
of hemodynamic stability and avoidance
of volume depletion. A mean arterial
pressure of �65 mm Hg is a generally
accepted target; however, the data are
limited (64, 65) and do not include pa-
tients with established AKI (loss of auto-
regulation). The level at which renal
blood flow becomes dependent on sys-
temic arterial pressure varies signifi-
cantly based on age, underlying illness
(e.g., hypertension), and the acute illness
or condition (AKI, sepsis, and cardiopul-
monary bypass). After volume resuscita-
tion, blood flow should be restored to
within autoregulatory parameters. This
frequently requires vasopressor or inotro-
pic support in the setting of septic shock,
the most common cause of AKI in the
ICU. There are currently no RCT compar-
ing vasopressor agents; therefore, there is
no evidence that, from a renal protection
standpoint, there is a vasopressor agent
of choice to improve kidney outcomes.

Decreased renal blood flow (attribut-
able to either hypotension or high renal
vascular resistance, from an imbalance
between renal vasoconstriction and vaso-
dilation) is a common feature in many
forms of AKI. Consequently, there has
been considerable interest in renal vaso-
dilators to maintain renal perfusion for
prevention or treatment of AKI. Whereas

dopamine infusion may cause a transient
improvement in urine output (66), “re-
nal” dose dopamine does not reduce the
incidence of AKI, the need for RRT, or
improve outcomes in AKI (66–71). Fur-
thermore, “low-dose” dopamine may
worsen renal perfusion in critically ill
adults with AKI (72) and is associated
with increased myocardial oxygen de-
mand and an increased incidence of atrial
fibrillation (73). There is additional con-
cern for extrarenal adverse effects of do-
pamine, including negative immuno-
modulating effects (74). Thus, there is
broad consensus that dopamine is poten-
tially harmful and without evidence of
clinical benefit for either prevention or
treatment of AKI. Therefore, its contin-
ued use for putative “renal protection”
should be avoided.

Fenoldopam is a selective dopamine-1
receptor agonist approved for the treat-
ment of hypertensive crisis (75). Paradox-
ically, the lowest doses of fenoldopam
(�1 �g/kg per min) are purported to
increase renal blood flow without sys-
temic effects. Despite encouraging data
from pilot studies, (76–78) a prospective
placebo-controlled study of low-dose
fenoldopam in sepsis failed to decrease
mortality or need for RRT despite a
smaller increase in SCr (79). Larger stud-
ies to validate the meta-analytic observa-
tion that fenoldopam both reduces the
need for RRT (OR, 0.54; p � 0.007) and
decreases mortality (OR, 0.64; p � 0.01)
(80) are currently ongoing in cardiac sur-
gery patients (clinicaltrials.gov ID:
NCT00557219).

Fluid Choice in Acute Kidney Injury.
The primary physiologic intention of vol-
ume resuscitation is the restoration of
circulating volume to prevent or mitigate
organ injury. The kidneys normally re-
ceive up to 25% of the cardiac output and
are exquisitely sensitive to hypoperfusion
attributable to true or relative hypovole-
mia. For this reason, the question of
whether a particular type of fluid influ-
ences development of AKI is of pivotal
importance.

Whereas crystalloid solutions remain
the preferred treatment in usual care, the
debate over whether colloid solutions
provide any additional benefit remains an
area of active investigation (81–85). In a
landmark trial evaluating the impact of
fluid choice on clinical outcomes, the
SAFE study investigators randomized
nearly 7000 patients to volume resuscita-
tion with saline or albumin. They dem-
onstrated no difference in survival or

need for RRT between the two groups
(86). In post hoc subgroup analysis, re-
suscitation with albumin was associated
with increased mortality in critically ill
patients after traumatic brain injury (87).
In contrast, there was a trend toward
improved survival in septic shock patients
receiving albumin (30.7% in albumin
group vs. 35.3% in saline group; p � 0.09)
(86). Based on currently available litera-
ture, there is no evidence of a mortality
benefit supporting the preferential use of
albumin over crystalloids in a heteroge-
nous critically ill patient population (84).

Synthetic colloids (e.g., hydroxyethyl
starches, dextrans) are still widely used
despite multiple reported safety concerns
with regard to renal outcomes (88–90).
An increased risk of AKI with the use of
hydroxyethyl starches has been demon-
strated in multiple small studies, and
most recently a systematic review of 12
randomized trials demonstrated an in-
creased risk of AKI with the use of hy-
droxyethyl starches among patients with
sepsis (91). In contrast, the largest indi-
vidual retrospective analysis (SOAP study
cohort92) explored the effects of hydroxy-
ethyl starches on renal function and did
not find the use of hydroxyethyl starches
to be an independent risk factor for AKI
or need for RRT (93). The dose and prep-
aration varied between studies. The ad-
verse event profile has been linked, in
part, to the individual preparation, with
the lowest molecular weight offering the
best side effect profile.

The question of fluid management
does not end with the choice of fluid;
careful consideration of the amount of
fluid administered is also important. Crit-
ical illness is a dynamic process requiring
frequent assessment of and adjustment to
fluid status. In a prospective RCT of pa-
tients with ARDS, a fluid conservative
strategy decreased ventilator days and did
not increase the need for RRT (53). Fur-
thermore, an observational study of
�3000 patients demonstrated an associ-
ation between positive fluid balance and
increased mortality in patients with AKI
(52). However, the question remains
whether this is simply a marker of sever-
ity of illness or true causation; this ob-
servation warrants further investigation.

Avoid Hyperglycemia. Although the
beneficial effects of intensive insulin
therapy on mortality in critically ill pa-
tients remains controversial (94–96), two
large RCT demonstrated a decreased in-
cidence of AKI and a decreased require-
ment for RRT with tight glucose control
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(95, 96). Furthermore, a more detailed
secondary analysis strongly suggests that
tight blood glucose control may be reno-
protective in critically ill patients (97).
Two smaller retrospective studies re-
ported similar results (decreased inci-
dence of AKI and decreased need for post-
operative dialysis) in nondiabetic cardiac
surgical patients (98) and in patients re-
ceiving TPN (99). However, in contrast,
in the largest and most recent prospec-
tive RCT of intensive vs. conventional
glucose control in �6000 critically ill pa-
tients, there was no difference in the
number of patients requiring RRT (94).
The overall incidence of AKI, however,
was not reported in this study. It there-
fore remains unclear if there is a reno-
protective role for tight glycemic control
and, if present, whether any such effect is
attributable to the avoidance of glucose
toxicity or a beneficial effect of insulin.
These findings warrant further study, es-
pecially in view of the fact that intensive
glycemic control may be associated with
a higher frequency of clinically relevant
hypoglycemia.

Avoid Nephrotoxins. Nephrotoxic
medications are a contributing factor in
up to 25% of all severe AKI in critically ill
patients (8, 9; Table 3). Identification of
at-risk patients is pivotal. Aminoglyco-
sides, although less commonly used for
severe Gram-negative infections than
previously, are associated with significant
nephrotoxicity. Although once-daily dos-
ing of aminoglycosides has been shown,
in some studies, to decrease the inci-
dence of AKI (100, 101), published meta-
analyses support comparable efficacy and
decreased cost but do not consistently
demonstrate a significant reduction in
nephrotoxicity (102–106). Extended in-
terval dosing should not be used in pa-
tients with CKD. Standard amphotericin
B has been associated with AKI in 25% to
30% of patients (107). The lipid formula-
tion of amphotericin B is preferred be-
cause of reduced nephrotoxicity of 19%
vs. 34% (108). Caspofungin, a newer an-
tifungal agent, is associated with an even
safer renal profile (109). The use of apro-
tinin, a serine protease inhibitor used to
decrease blood loss during cardiac sur-
gery, has been associated with increased
risk of AKI and need for dialysis (110).

ICU patients frequently have fluctuat-
ing renal function and a variable volume
of distribution. Standard estimates of re-
nal function are poor in critically ill pa-
tients. Therefore, medications must be
carefully dose adjusted because of varied

pharmacokinetics in critically ill patients
with and without underlying CKD.

Diuretics in Acute Kidney Injury. Use
of diuretics in the prevention or treat-
ment of AKI has physiologic merit but its
use is not supported by prospective clin-
ical study. Diuretics can increase urine
output but have not been found to have a
consistent impact on mortality (153–
157). Mehta et al (157) demonstrated that
failure to respond to diuretics was asso-
ciated with an increased risk of death and
non-recovery of renal function. Subse-
quently, in a large, prospective, multina-
tional study, Uchino et al (158) did not
demonstrate an increased mortality, thus
leaving unresolved the therapeutic role of
diuretics in critically ill patients with re-
nal dysfunction. Although oliguric AKI
has been associated with worse outcomes
than nonoliguric AKI (159), there is no
evidence supporting efforts to convert
nonoliguric AKI with diuretics. Diuretics
have not been found to shorten the du-
ration of AKI, reduce the need for RRT, or
improve overall outcomes (160). Further-
more, a recently published RCT compar-
ing the use of furosemide vs. placebo in
the recovery phase of AKI requiring con-
tinuous renal replacement therapy
(CRRT), furosemide was found to in-
crease urine output and sodium excretion
but did not improve renal recovery (161).
In a multinational survey, nephrologists
and intensivists reported clinical uncer-
tainty about the use of diuretics in AKI,
thus justifying the need for a definitive
RCT (162).

Because diuretic use in AKI has not
been shown to decrease mortality, there
is no role for diuretics to convert oliguric
AKI to nonoliguric AKI. However, regard-
ing an increased appreciation for the po-
tential detrimental downstream effects of
volume overload, it may be reasonable to
try diuretics for control of volume over-
load. The clinician should, however, be
careful not to delay initiation of RRT for
volume overload in the critically ill pa-
tient with AKI.

Nutritional Considerations. Malnutri-
tion in hospitalized patients is associated
with increased mortality (163). Assess-
ment of the nutritional status of critically
ill patients is limited by the unreliability
of traditional markers of nutritional sta-
tus in critical illness in general, and AKI
in particular. Prealbumin is excreted
mainly by the kidneys and hence may be
falsely elevated in patients with AKI
(164). Patients with AKI are hypercata-
bolic with a negative nitrogen balance

(165), resulting from both increased pro-
tein catabolism and impaired protein syn-
thesis. Therefore, according to the asso-
ciated degree of catabolism, caloric
support with 25 to 35 kcal/kg per day is
recommended in AKI.

The impact of CRRT on nutrition in
the ICU is two-fold. Because protein ca-
tabolism is markedly increased in most
patients requiring CRRT (165–167), the
use of CRRT enhances the clinician’s abil-
ity to provide adequate nutrition because
of an improved ability to manage volume.
Unfortunately, the recommended
amount of protein in this population re-
mains controversial and recommenda-
tions are based solely on expert opinion,
because there are no data available from
RCT. Although there are no studies dem-
onstrating a benefit in outcomes (e.g.,
survival or dialysis-free days), consensus
recommendations include nonprotein ca-
loric intake of 20 to 30 kcal/kg body
weight per day and a protein intake of 1.5
g/kg per day (168). However, several stud-
ies have demonstrated a less negative or
even positive nitrogen balance in those
patients receiving up to 2.5 g/kg per day
while receiving CRRT without evidence of
adverse effects (169–171). An increase in
nonprotein calories in critically ill pa-
tients with AKI does not improve nitro-
gen balance (172).

Renal Replacement Therapy for
Acute Kidney Injury in the
Intensive Care Unit

Despite decades of clinical trials inves-
tigating potential pharmacologic inter-
ventions in AKI, current treatment op-
tions are primarily limited to RRT.
Practice patterns vary widely regarding
timing of initiation of RRT, dose deliv-
ered, and choice of modality as evidenced
by international surveys (173–176).
There is no current consensus on the
indications for RRT for AKI. With a
greater appreciation for and understand-
ing of the role of the kidney in distant
organ injury (177), it may be more appro-
priate to consider renal replacement
therapy as renal supportive therapy (178).
For the purposes of this review, we review
the most up-to-date evidence available
addressing timing, dosing, and modality
of RRT.

Timing of Renal Replacement. There
is little prospective data regarding the
appropriate timing of initiation of RRT
and that which are available are incon-
clusive. The “absolute” indications for
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initiation of dialysis (severe hyperkale-
mia, clinically apparent signs of uremia,
severe acidemia, and volume overload, in-
cluding pulmonary edema complicated
by hypoxia or cardiogenic shock) are
broadly accepted usual care standards.
“Prophylactic” dialysis was introduced in
the 1960s (179), and the first prospective
study was published in 1975 comparing a
BUN trigger of 70 mg/dL vs. nearly 150
mg/dL (180). Survival was 64% in the
“early intervention” group as compared
to 20% in the non-intensive or standard
intervention group (p � 0.01). Conven-
tional teaching based on this and other
studies (181, 182) has been to initiate
RRT before a BUN exceeds 100 mg/dL.
Unfortunately, not only is the “ideal”
BUN not established but also BUN per se
is an imperfect reference value because it
is widely influenced by nonrenal factors.

More recently, a review of the data
from the PICARD study demonstrated an
increased risk of death associated with
initiation of RRT with a BUN �76 mg/dL

in comparison to �76 mg/dL (183). An
important limitation of this study is that
patients who were conservatively man-
aged (did not receive RRT) are “invisible”
in this analysis, thereby limiting the va-
lidity of the findings regarding impact on
mortality. In the only randomized study
of timing of CRRT initiation (n � 106),
there was no effect on mortality (184).
“Early” dialysis was initiated after 6 hrs of
oliguria. Of the 36 patients included in
the “late” arm of this study, six patients
did not receive RRT, of whom four sur-
vived, a fact that likely influenced the
results of this study. Results from a large
prospective multi-centered observational
study of �1200 patients were internally
inconsistent and dependent on the defi-
nition of “early” or “late” initiation of
RRT (185). In this study, “late” initiation
of RRT was associated with worse out-
comes (higher crude mortality, longer
duration of RRT, increased hospital
length of stay, and greater dialysis depen-
dence) when “late” was defined relative to

date of ICU admission. However, there
was no difference in crude mortality if the
timing was defined by serum urea. Fi-
nally, there was a lower crude mortality if
timing of RRT initiation was defined by
SCr at initiation (higher SCr associated
with a lower mortality) (185). Unfortu-
nately, the question of timing remains
unanswered and controversial (185, 186).
There is clearly a need for a large RCT,
with a clear definition of “early,” to help
guide the clinician in determining the
appropriate timing for initiation of RRT
for AKI in the ICU.

Choosing a Renal Replacement Dose.
Six prospective RCT have been published
addressing the question of dose of RRT in
critically ill adults (37, 184, 187–190; Ta-
ble 4. Three of these studies suggest that
a higher dose of dialysis translates into
improved outcomes, specifically de-
creased mortality (37, 187, 188). Ronco et
al (187) published the first RCT in 2000
addressing this question. These investiga-
tors compared 20, 35, and 45 mL/kg per

Table 4. Summary of randomized controlled trials of dosing strategies for renal replacement therapy for acute kidney injury in the intensive care unit

Author N Design RRT Modality RRT Doses Prescribed/Delivered Survival

RCT With Mortality
Difference

Ronco 2000 (187) 425 Single center CVVH (post-filter dilution) (P) 20 mL/kg/hr 15-day: 41%
(P) 35 mL/kg/hr 57%
(P) 45 mL/kg/hr 58%
(D) �85%

(P) in 100% patients
Schiffl 2002 (37) 160 Single center Intermittent HD: daily vs.

alternate day
Daily HD Kt/V

(P) 1.19
(D) 0.92

28 day: 72%

Saudan 2006 (188) 206 Single center CVVH vs. CVVHDF
(pre-filter dilution)

Alternate day HD Kt/V
(P) 1.21
(D) 0.94

54%

(D) mean: 25 mL/kg/hr
87% of (P)

28-day: 39%

(D) Mean: 42 mL/kg/hr
83% of (P)

59%

Includes mean 24 mL/kg/hr
replacement and 18 mL/kg/hr
dialysate

RCT Without Mortality
Difference

Bouman 2002 (184) 106 Two centers CVVH (post-filter dilution):
early high-volume vs.
early low-volume vs. late
low-volume

(D) Mean: 48 ml/kg/hr (early) 28-day: 74%

(D) Mean: 20 ml/kg/hr (early) 69%

(D) Mean: 19 ml/kg/hr (late) 75%

Tolwani 2008 (189) 200 Single center CVVHDF
(pre-filter dilution)

(P) 20 mL/kg/hr ICU d/c or
30-day: 56%(D) 17 mL/kg/hr

(P) 35 mL/kg/hr 49%
(D) 29 mL/kg/hr

Palevsky 2008 (190) 1124 Multicenter Intensive vs. less intensive
RRT (CVVHDF or SLED
or HD)

(P) 21 mL/kg/hr or SLED or HD 3�/wk 60-day: 44%
(D) 22 mL/kg/hr or Kt/V 1.3 3�/wk 49%
(P) 36 mL/kg/hr or SLED or HD 6�/wk
(D) 35 mL/kg/hr or Kt/V 1.3 6�/wk

P, prescribed; D, delivered; CVVH, continuous veno-venous hemofiltration; HD, hemodialysis; CVVHDF, continuous veno-venous hemodiafiltration;
SLED, slow low-efficiency dialysis.
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hr dosing strategies. There was a high
mortality in all groups but a statistically
lower mortality in the two groups with
higher dose of ultrafiltration (35 and 45
mL/kg per hr) without any difference in
complication rates between groups (187).
In 2002, Schiffl et al (37) found daily
dialysis to be superior to alternate day
dialysis in a prospective randomized
study. There were significantly fewer hy-
potensive episodes in the daily dialysis
group (5% vs. 25%). In an intention-to-
treat analysis, mortality was 28% for daily
dialysis and 46% for alternate-day dialysis
(p � 0.01) (37). An important limitation
of this study is that the delivered dose was
significantly less than the prescribed
dose; therefore, the daily dialysis group
received only “adequate” therapy as
judged by contemporary standards. It
may be said, therefore, that it was a com-
parison between adequate and inadequate
dialysis. In 2006, Saudan et al demon-
strated that addition of dialysate (1–1.5
L/hr) to CVVH (1–2.5 L/hr; continuous
veno-venous hemodiafiltration improved
28- and 90-day survival when compared
to CVVH alone in 206 critically ill adults;
39% vs. 59%; p � 0.03 and 34% vs. 59%;
p � 0.0005, respectively), suggesting that
small solute clearance is important (188).

In contrast, three prospective RCT
have demonstrated no difference in mor-
tality (184, 189, 190; (Table 4). Bouman
et al (184), in 2002, showed no difference
in 28-day mortality when comparing
early high-volume hemofiltration, early
low-volume hemofiltration vs. late low-
volume hemofiltration with the median
dose (mL/kg per hr) of 48, 20, and 19,
respectively. More recently, Tolwani et al
(189) compared two different doses, 20
mL/kg per hr and 35 mL/kg per hr, of
continuous veno-venous hemodiafiltra-
tion (pre-filter) and found no difference
in 30-day mortality (44% vs. 51%, p �
0.32). Of note, the delivered dose in these
two groups were 17 mL/kg per hr and 29
mL/kg per hr, respectively (189). The larg-
est and only multi-centered trial designed
to address the question of dose of RRT in
critically ill adults is the acute tubular ne-
crosis study published in 2008 (190). This
was a two-arm study comparing intensive
to standard RRT. The intensive therapy
group underwent daily dialysis, continu-
ous veno-venous hemodiafiltration, or
sustained low-efficiency dialysis at a dose
of 35 mL/kg per hr, whereas the standard
therapy group had alternate day dialysis
(three times per wk), continuous veno-
venous hemodiafiltration, or sustained

low-efficiency dialysis at 20 mL/kg per hr.
Notably, patients were able to move from
intermittent to continuous modalities
based on hemodynamic stability but they
stayed within their assigned intensive or
standard treatment therapy groups.
There was no difference in the primary
outcome, death from any cause (190).
The RENAL study, comparing continuous
veno-venous hemodiafiltration 25 mL/kg
per hr to 40 mL/kg per hr, has completed
enrollment but results have not yet been
published.

An important factor in considering the
results of the currently available data are
the difference between study populations,
use of solely convective or combination
convective and diffusive modalities, and
the potential gap between prescribed and
delivered doses. Findings from these neg-
ative trials should not be interpreted to
mean that dose is not important. On the
contrary, it is likely that dose is impor-
tant and, above a minimal dose, further
escalation may not provide additional
benefit. Based on currently available data,
it is our recommendation that to ensure
an actual delivered dose of 20 mL/kg per
hr for continuous modalities one must
prescribe a higher dose (e.g., 25 mL/kg
per hr) to account for filter clotting, time
off the machine for interventions, or ra-
diographic studies, etc. For intermittent
RRT, one should target a Kt/V of 1.2 to
1.4 per treatment for alternate day (three
times per wk) hemodialysis. Further-
more, in addition to an appropriate target
dose, there must be close attention given
to the actual delivered dose. In summary,
one dose does not fit all; RRT dose must
be weight-adjusted.

Choosing a Renal Replacement Mo-
dality. Continuous RRT modalities more
closely approximate normal physiology
with slow correction of metabolic de-
rangements and removal of fluid. There-
fore, CRRT is commonly thought to be
better-tolerated in the critically ill and
hemodynamically unstable patient. The
question of superiority remains given the
absence of clear evidence that these ap-
parent physiologic advantages translate
into a decrease in ICU or hospital mor-
tality (191–196).

Since 2000 there have been seven pro-
spective RCT designed to address the im-
portant clinical question regarding opti-
mal RRT modality (192, 193, 195, 197–
200); of these, only three were multi-
centered studies (193, 198, 200). Of note,
many of these trials, although published
after 2000, enrolled patients in the 1990s.

In six of the trials, mortality was the
primary outcome. There have been sev-
eral meta-analyses and systematic re-
views comparing outcomes of intermit-
tent vs. continuous renal replacement
modalities with conflicting results (191,
201–204). A recent meta-analysis (nine
randomized trials) comparing intermit-
tent to continuous renal replacement
therapy (intermittent RRT vs. CRRT) in
AKI demonstrated no difference in mor-
tality or renal recovery (defined as inde-
pendence from RRT) (202). Of note, mor-
tality was the primary outcome in eight
of the nine included trials. Mortality,
however, may not be the only clinically
significant outcome. Two studies have
shown that CRRT is associated with bet-
ter long-term kidney recovery when com-
pared to intermittent RRT (205, 206). In
contrast, four RCT that included renal
recovery as a primary outcome showed
no difference in need for chronic RRT
(193, 195, 198, 200). In the absence of
definitive data in support of a particular
modality (191, 201), the choice of RRT
modality is currently influenced by mul-
tiple factors, including individual site
availability, expertise, resources, cost,
and likely clinician bias.

Hybrid therapies include sustained
low-efficiency dialysis and extended daily
dialysis. These modalities utilize standard
intermittent hemodialysis machines but
provide a slower solute and fluid removal
similar to CRRT technologies. Although
there have been no prospective random-
ized trials evaluating outcomes, hybrid
therapies have been shown to be safe and
effective alternatives to treating AKI in
critically ill patients (207, 208).

The question of optimal modality has
not yet been definitively answered. It is
important to note that although the data
strongly suggest that there is no differ-
ence in outcome between intermittent
and continuous modalities, several key
patient populations have been excluded.
Namely, hemodynamically unstable pa-
tients, brain-injured patients, and those
with fulminant hepatic failure were ex-
cluded and are widely believed to require
continuous modalities. Furthermore, a
critical limitation of all of the studies is
the absence of a standardized dose (both
within and between modalities) (202).
RRT, like other medical treatments, must
be considered in terms of dose adequacy
to appropriately draw conclusions regard-
ing clinical outcomes. Large randomized
trials may be necessary to identify other
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potential subsets of patients who might
benefit from continuous modalities.

Anticoagulation is frequently required
to prevent clotting in extracorporeal cir-
cuits. There are no large RCT available to
guide the choice of anticoagulation: hep-
arin (unfractionated or low-molecular-
weight heparin) or citrate-based proto-
cols. Bleeding complications remain the
primary concern with anticoagulation.
Three small RCT, however, have demon-
strated both similar or prolonged filter
life and less bleeding and transfusion
with citrate protocols when compared to
use of heparins (209–211). In a recent
larger, randomized, non-blinded trial com-
paring citrate to nadroparin, circuit sur-
vival was similar in both groups, but the
citrate group had a lower mortality rate
(212). Currently available data support the
use of citrate for anticoagulation; however,
this requires local expertise.

In summary, whereas RRT remains
the cornerstone of treatment of AKI in
the ICU, many key questions remain con-
troversial. This is a rapidly evolving field
and requires early consultation for appro-
priate expertise in the management of
RRT for the critically ill patient with AKI.

On the Horizon

The identification of novel candidate
biomarkers of early AKI provides hope for
the success of future clinical early inter-
vention trials. Advances in treatment of
AKI have been limited by the inability to
diagnose AKI early. Previously failed in-
terventions may portend different out-
comes if implemented earlier in the
course of AKI. Novel pharmacologic
agents on the horizon include erythro-
poietic agents and natriuretic peptides.
Novel interventions include the use of
stem cell therapy, renal tubule assist de-
vice, and high-flux hemofiltration for
sepsis.

Candidate Biomarkers. Biomarkers of
AKI in the ICU have three primary poten-
tial roles: early detection of AKI, differen-
tial diagnosis (e.g., hepatorenal syndrome
vs. acute tubular necrosis), and prognosis
(e.g., need for RRT or mortality). The
ideal biomarker for AKI would be sensi-
tive, specific, inexpensive, available non-
invasively as a point-of-care test, and pro-
vide a real-time assessment of GFR. A
panel of biomarkers or kidney function
tests may be needed to address the com-
plexity and heterogeneity of AKI in the
ICU (213). Early identification of AKI
with rapid and reproducible biomarkers

is a critical first step toward improving
outcomes in AKI.

According to several studies in criti-
cally ill patients, serum cystatin C is bet-
ter than SCr for early detection of AKI
(214, 215) and as a more sensitive marker
of small changes in GFR (216 –218).
However, in one smaller study there was
no correlation between cystatin C and
SCr (219). In a recent study, urinary cys-
tatin C but not plasma cystatin C was
superior to conventional plasma markers
in the early identification of AKI after
cardiac surgery (220). Whereas rapid au-
tomated assays for cystatin C are cur-
rently available, more information on the
use of cystatin C in the ICU setting and in
specific patient populations (e.g., post-
cardiothoracic surgery, sepsis, and
trauma) is necessary before implementa-
tion in clinical practice.

Several studies support neutrophil ge-
latinase-associated lipocalin (221–227),
kidney injury molecule-1 (228, 229), and
IL-18 (222, 230, 231) as promising can-
didate biomarkers for the early detection
of AKI. Point-of-care tests for urinary
IL-18 and neutrophil gelatinase-associ-
ated lipocalin will likely be available for
clinical use soon (213, 231–234). Urinary
excretion of enzymes (alkaline phospha-
tase, gamma glutamyl transaminase, N-
acetyl-beta-d-glucosamide) (235), trans-
porters (sodium-hydrogen exchanger
isoform 3) (236), cytokines (IL-6, IL-8,
and IL-18), and protein-like substances
(fetuin A) (237) are presumably “shed”
into the urine with AKI; therefore, they
may have a role in the early identification
of AKI (232, 233).

In addition to emerging biomarkers,
promising real-time imaging for use in
early detection of AKI is on the horizon
(238, 239). Ongoing discovery using uri-
nary proteomic analyses or analysis of
genetic polymorphisms may identify sus-
ceptibility to AKI (240–244). Overall, bi-
omarkers in AKI, although rapidly evolv-
ing, are a field still in its relative infancy.
Their role in the diagnosis and manage-
ment of AKI in the ICU, although prom-
ising, remains unproven. Furthermore,
judging novel biomarkers against an im-
perfect “gold-standard” biomarker (SCr)
may have its limitations.

Erythropoietic Agents. The endothe-
lium plays a central role in the initiation
and maintenance phases of AKI. Animal
models demonstrate a renal-protective ef-
fect of erythropoietin on endotoxin-
related kidney injury (245). Decreased se-
verity of AKI is proposed to occur

through tubular regeneration from the
direct effects of erythropoietin on tubular
epithelial cells (246). These findings sup-
port the ongoing trials exploring the role
of erythropoietic agents in the prevention
or early intervention for AKI using early
biomarkers (personal communication
and clinicaltrials.gov NCT00476619).

Atrial Natriuretic Peptide. Recombi-
nant human atrial natriuretic peptide de-
creased the need for dialysis (21% vs.
47%) and improved dialysis-free survival
at 21 days (57% vs. 28%) in a RCT of 61
complicated post-cardiopulmonary by-
pass patients without preexisting CKD
(247). Previously, however, in two multi-
centered, prospective, randomized trials
in patients with acute tubular necrosis
(248) or late oliguric AKI (249), atrial
natriuretic peptide had no effect on need
for dialysis or overall mortality. Further
trials are needed before the use of atrial
natriuretic peptide can be recommended
for routine clinical use in cardiac surgery
patients.

Renal Tubule Assist Device. Results
from a recent RCT of the renal tubule
assist device, in which the renal tubule
assist device added to conventional CRRT
was compared to CRRT alone, are prom-
ising with respect to both safety and effi-
cacy. There was a non-statistically signif-
icant decrease in mortality at 28 days and
a statistically significant difference at 180
days (secondary outcome) (250).

Hemofiltration for Sepsis. Payen et al
(251) recently published the findings
from the largest RCT of hemofiltration
for severe sepsis and septic shock. At in-
terim analysis, standard CVVH was found
to be deleterious, with increased organ
failures in the CVVH group compared to
standard therapy. The study was stopped
at interim analysis and consequently en-
rollment was insufficient to detect a dif-
ference in mortality with sufficient
power. These findings contrast with those
of Honore et al (252) in 2000, suggesting
a beneficial role for hemofiltration in re-
fractory septic shock. An important dif-
ference between these two studies was
the delivered dose. In the first study, the
dose, on average, was approximately 2
L/hr, whereas in the second study the
dose was, on average, 8.7 L/hr for 4 hrs.

Stem Cells and the Kidney. Progenitor
cell therapies represent an exciting future
opportunity for treatment of AKI in the
critically ill. Phase 1 trials of mesenchymal
stem cells for treatment of patients at high
risk for cardiac surgery-associated AKI are
underway. A phase 2 RCT will be conducted
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if safety is demonstrated in phase 1 (clini-
caltrials.gov ID: NCT00733876).

CONCLUSIONS

Many unanswered questions remain
with respect to early identification, pre-
vention, optimal timing, dose, and mo-
dality of RRT for AKI in the ICU. With
respect to AKI in the ICU, the fundamen-
tal principal that guides all medical ther-
apy—do no harm—is especially perti-
nent. AKI in the ICU most commonly
results from multiple insults. Therefore,
appropriate and early identification of pa-
tients at risk for AKI provides an oppor-
tunity to prevent subsequent renal in-
sults and ultimately impact overall ICU
morbidity and mortality. Strategies to
prevent AKI in these patients are of piv-
otal importance. Key components of op-
timal prevention and management of the
critically ill patient with AKI include
maintenance of renal perfusion and
avoidance of nephrotoxins. Whereas
management of AKI remains limited pri-
marily to supportive care, there are many
potential therapies and interventions on
the horizon.

Although it is widely accepted that
early intervention therapies have been
limited by the lack of tools for early de-
tection, there are several promising can-
didate biomarkers in the pipeline. Fur-
thermore, through the establishment of
AKIN, an international and interdiscipli-
nary collaborative network with the over-
arching objective to address AKI in the
ICU, there has been tremendous progress
in establishing a uniform definition
(AKIN criteria) that is valuable for classi-
fication, clinical research study design,
and prognosis.

A greater appreciation for the role of
AKI in the ICU as an active contributor to
morbidity and mortality is essential to
furthering our knowledge and under-
standing of the influence of AKI in the
critically ill patient. Early detection will
facilitate early intervention. Early inter-
vention designed to target the deleterious
systemic effects of AKI will likely improve
overall morbidity and mortality. For now,
recognition of risk factors, excellent sup-
portive care, and avoidance of clinical
conditions known to cause or worsen AKI
remain the cornerstone of management
of AKI in the ICU.
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The complications of chronic kidney disease (CKD) present the anaesthetist with a number of

clinical challenges related in part to altered drug handling and to difficulties with vascular access

and fluid balance. Safe anaesthetic management requires an understanding of CKD pathophysiology

to prevent aggravation of pre-existing disease. This review will consider some recent changes in

the management of adult patients with CKD as they affect the anaesthetist. It will consider medical

problems associated with CKD together with new developments in perioperative management.
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Chronic kidney disease (CKD) is defined as either a

glomerular filtration rate (GFR) of ,60 ml min21 1.73 m22

for 3 months or more, irrespective of cause, or kidney damage

leading to a decrease in GFR, present for 3 months or more.73

The damage may manifest as abnormalities in the composition

of blood or urine, on radiological imaging, or in histology. It

is classified into five stages depending on GFR (Table 1).63

Prevalence

The 2006 UK Renal Registry Report documented the UK

annual incidence of new patients accepted for renal replace-

ment therapy (RRT) as 108 per million population.3 The

prevalence of UK adult patients alive on RRT at the end of

2005 was 694 per million. From 2001 to 2005, there was a

7.3% rise in the number accepted for RRT, due to an

ageing population and an increase in type 2 diabetes melli-

tus.89 In the USA in 2005, 43.8% of all incident cases of

established renal failure were due to diabetes mellitus.137

The number of patients with Stages 1–4 CKD (Table 1) is

likely to exceed the number with established renal failure

by as much as 50 times.89 Most individuals with CKD do

not develop established renal failure, in part due to an

increased mortality secondary to cardiovascular disease, the

advanced age at onset of many renal diseases, and the slow

rate of decline of renal function, especially if treated.73

Assessment of renal function

Estimation of the GFR is used to assess, define, and classify

renal function in CKD (Table 1). A quantitative assessment of

GFR involves measurement of the plasma clearance of an

exogenous marker, such as inulin,124 I-iothalamate, or 48

Cr-EDTA. This is time-consuming and often impracticable in

the clinical setting. Creatinine clearance may be used clini-

cally to estimate GFR, but this usually requires a 24 h urine

collection, which is inconvenient for the patient and prone to

collection errors. A shorter time period for urine collection,

e.g. 2 h, may be used in catheterized patients.129 In general,

creatinine clearance does not improve the estimate of GFR

over that provided by creatinine-based prediction equations

(see below), but it may still be useful in individuals with

exceptional dietary intake (patients on creatinine sup-

plements) or low muscle mass (amputees).80 The serum crea-

tinine concentration is influenced by factors such as age, sex,

muscle mass, and diet; it should not be used alone to assess

kidney function. It is insensitive to mild–moderate decreases

in GFR, which may be reduced by as much as 50% with

serum creatinine still in the normal range.126 To overcome

these limitations, a number of creatinine-based prediction

equations have been developed, and provide a more accurate

assessment of renal function. The most widely used are the

four-variable Modification of Diet in Renal Disease (MDRD)

equation and the Cockcroft–Gault formula (Table 2). The

MDRD equation estimates the GFR with surface area adjust-

ment whereas the Cockcroft–Gault formula estimates the

unadjusted creatinine clearance. These formulae have been

validated in patients with CKD.53 Both formulae are impre-

cise at high values of GFR, and in patients with a grossly

abnormal muscle mass, patients with a very low BMI, preg-

nant patients, and where renal function is changing rapidly.
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GFR may also be estimated using cystatin C-based equations,

for example, the Filler equation (Table 2). Cystatin C is a

protein (cysteine protease inhibitor) produced at a constant

rate by all nucleated cells. It is freely filtered by the kidney

and catabolized in the proximal tubule. The serum cystatin C

concentration was thought to be independent of body compo-

sition, but it has now been shown to be affected by lean

mass.79 A recent study of renal transplant recipients compared

the GFR measured using radio-labelled diethylenetriamine

pentaacetic acid (99mTc-DTPA) to estimated GFR using

cystatin C-based and creatinine-based equations.143 The Filler

equation correctly classified the stage of CKD in 76% of

patients, compared with only 65% with the four-variable

MDRD equation and 69% with the Cockcroft–Gault formula.

Patients on dialysis may have a degree of residual renal

function. The presence of any residual renal function is

associated with a lower mortality risk, reduced intradialytic

weight gain, and improved solute clearance in haemodialy-

sis (HD) patients.127 Residual renal function, defined as a

24 h urine volume .100 ml, is associated with an adjusted

odds ratio for death of 0.35 (95% CI: 0.18–0.68).127

Aetiology

Table 3 indicates the primary cause of established renal

failure as reported in the 2006 UK Renal Registry Report.3

CKD as a risk factor for perioperative
complications

CKD is a risk factor for serious postoperative complications,

such as acute renal failure and cardiovascular complications

which are associated with an increased morbidity and mor-

tality.58 59 70 98 102 In a systematic review of preoperative risk

factors for postoperative renal failure,102 preoperative renal

dysfunction was repeatedly found to be predictor of post-

operative renal failure. Howell and colleagues58 conducted a

case–control study of risk factors for cardiovascular death

after elective surgery under general anaesthesia. Patients

were diagnosed as having renal failure if their serum creati-

nine concentration on admission was .150 mmol litre21.

Conditional logistic regression was used to calculate

adjusted odds ratios. The adjusted odds ratio associated with

renal failure was 3.56 with a 95% confidence interval of

1.04–12.10. A similar study by the same authors examined

risk factors for cardiovascular death after urgent or emer-

gency surgery and found that an association between renal

impairment and cardiovascular mortality was evident on

univariate analysis, but not after adjustment for confounding

factors.59 This may have been due to a lack of statistical

power. Lee and colleagues70 conducted a prospective cohort

study to develop an index able to identify patients at higher

risk of cardiac complications after non-cardiac surgery. A

preoperative serum creatinine .176.8 mmol litre21 (2 mg

dl21) was found to be an independent predictor of cardiac

complications, and was associated with major cardiac

complications in 9% of cases. The Euroscore is a scoring

system for the prediction of early mortality in cardiac sur-

gical patients in Europe. A serum creatinine .200 mmol

litre21 is considered an objective risk factor, and contrib-

utes an added 2% to the predicted mortality.98

Pathophysiology

CKD is associated with pathophysiological changes in

many systems, which have implications for the safe

conduct of anaesthesia (Table 4).

Cardiovascular system

CKD is associated with an increased risk of cardiovascular

disease. Myocardial infarction, heart failure, and stroke are

Table 2 Equations to predict GFR using creatinine and cystatin C23 63 143

The four variable or abbreviated MDRD equation

GFR ðml min�1 1:73 m�2Þ ¼ 186� ½s-creatinineðmmol litre�1Þ=88:4��1:154 � age ðyrÞ�0:203 � 0:742 if female� 1:21 if African American

Cockcroft–Gault equation

Creatinine clearance ðml min�1Þ ¼ ð140� ageÞ � weight ðkgÞ=½72� creatinine ðmg dl�1Þ� � 0:85 if female

serum creatinine levels in mmol litre21 can be converted to mg dl21 by dividing by 88.4

Filler equation

Log ðGFR in ml min�11:73 m�2Þ ¼ 1:962þ ½1:123� logð1=cystatin C in mg litre�1Þ�

Table 1 Classification of CKD.63 Adapted from: Joint Specialty Committee

on Renal Medicine of the Royal College of Physicians and the Renal

Association, and the Royal College of General Practitioners.63 Copyright #

2006 Royal College of Physicians. Adapted with permission

Stage 1: Normal GFR; GFR �90 ml min21 1.73 m22 with other evidence of

chronic kidney damage*

Stage 2: Mild impairment; GFR 60–89 ml min21 1.73 m22 with other

evidence chronic kidney damage*

Stage 3: Moderate impairment; GFR 30–59 ml min21 1.73 m22

Stage 4: Severe impairment; GFR 15–29 ml min21 1.73 m22

Stage 5: Established renal failure: GFR ,15 ml min21 1.73 m22 or on

dialysis

*The ‘other evidence of chronic kidney damage’ may include: persistent

microalbuminuria; persistent proteinuria; persistent haematuria, after

exclusion of other causes, e.g. urological disease; structural abnormalities of

the kidneys demonstrated on ultrasound scanning or other radiological tests,

e.g. polycystic kidney disease, reflux nephropathy; biopsy-proven chronic

glomerulonephritis
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the leading cause of death in patients with established

renal failure.77

Left ventricular hypertrophy (LVH) occurs due to a

combination of pressure and volume overload. Volume

overload may be due to sodium and water retention, the

presence of an atrioventricular (AV) fistula, or chronic

anaemia with increased stroke volume and heart rate.77

Pressure overload is related to hypertension and arterio-

sclerosis. LVH is associated with myocardial fibrosis and

abnormalities of myocardial relaxation both of which

contribute to diastolic dysfunction and arrhythmias.77

Reduced LV compliance may result in increased sensi-

tivity to volume changes with a small increase in LV

volume precipitating pulmonary oedema.

Accelerated atherosclerosis is a feature of CKD

(Table 4).119 This may be explained by impaired

endothelial function, low grade inflammation, and dyslipi-

daemia. Lipoprotein metabolism is altered in CKD, in par-

ticular high-density lipoprotein levels fall and intermediate

density lipoprotein accumulates.119 Activation of the

renin–angiotensin system (RAS) may also contribute.

Angiotensin II, acting on the AT1 receptor, stimulates the

production of reactive oxygen species. This contributes to

endothelial dysfunction and vascular remodelling.119

Vascular calcification with calcified, stenotic athero-

sclerotic lesions, and valvular heart disease is another

cardiovascular complication of CKD and calcium sup-

plements may enhance this process.76 Calciphylaxis is a

specific dialysis-related type of vascular calcification

characterized by diffuse calcification of the media of small

to medium arteries and arterioles with intimal proliferation

and thrombosis. It results in skin ulcers and can lead to

life-threatening skin necrosis or acral gangrene.

Conduction abnormalities: Myocardial fibrosis and cal-

cification involving the conduction system results in an

increase in the prevalence of second- and third-degree AV

block in patients with CKD and an increase in the inci-

dence of permanent pacing in dialysis patients.71 Hyperka-

laemia and calcium channel blockers may contribute to

the development of complete AV block, as may epidural

anaesthesia, with its attendant reduction in sympathetic

activity.41

Hypertension may be the primary cause of kidney

disease or the result of renal parenchymal or renovascular

disease. Arterial pressure control and block of the RAS are

important in preserving residual function in patients with

both diabetic and non-diabetic renal disease.

The threshold for initiating treatment with antihyperten-

sive medication in patients with renal impairment is an

SBP �140 mm Hg, DBP �90 mm Hg, or both, unless the

urine protein:creatinine ratio is .100 mg mmol21, when a

threshold of 130/80 mm Hg is advocated. An arterial

pressure of ,130/80 mm Hg is required for optimal

control and an arterial pressure of ,125/75 mm Hg may

produce additional benefits in patients with proteinuria of

�1 g/24 h.63 147

Despite the fact that angiotensin-converting enzyme

inhibitors (ACEI) and angiotensin II receptor blockers

(ARBs) may precipitate a deterioration in renal function,

for instance, in the presence of bilateral atherosclerotic

renal artery stenosis, the majority of patients with CKD and

hypertension will benefit from such treatment. Blocking the

RAS may have renoprotective benefits beyond that of arter-

ial pressure control alone.47 ACEI and ARBs have a major

prognostic benefit in proteinuric renal disease.63 There is

Table 4 Complications of CKD

Cardiovascular system

Salt and water retention, hypertension, and LVH

Cardiomyopathy, congestive cardiac failure, and subclinical pulmonary

oedema

Accelerated atherosclerosis and stiffening of large capacitative arteries

Altered lipoprotein metabolism

Complications of AVF/shunts, e.g. heart failure, limb ischaemia, steal

syndrome, pulmonary atheroembolism

Uraemic pericarditis

Cardiovascular autonomic neuropathy with reduced baroreceptor sensitivity,

sympathetic hyperactivity, and parasympathetic dysfunction

Calciphylaxis and vascular calcification resulting in valvular heart disease

and calcified atherosclerotic lesions

Anaemia

Haemostasis and coagulation

Uraemic thrombocytopathy

Prothrombotic tendency/hypercoagulation and reduced fibrinolysis

Vascular access thrombosis

Metabolic acidosis

Bone resorption

Negative nitrogen balance, muscle wasting, growth retardation

Musculoskeletal system

Renal osteodystrophy

Rhabdomyolysis after major surgery

Endocrine system

Secondary and tertiary hyperparathyroidism, vitamin D deficiency

Diabetes mellitus

Gastrointestinal system

Delayed gastric emptying

Anorexia, vomiting, reduced protein intake, malnutrition

Reduced calcium absorption

Immune system

Immunosuppression due to uraemia or drugs

Fluid and electrolyte homeostasis

Hyperkalaemia

Volume overload

Dehydration

Table 3 Aetiology of established renal failure in the UK.3 The data reported

here have been reproduced with permission from the UK Renal Registry of

the Renal Association (http://www.renalreg.com/reports.renal-registry-reports/

2006/). The interpretation and reporting of these data are the responsibility of

the authors and in no way should be seen as an official policy or interpretation

of the UK Renal Registry or the Renal Association

Aetiology % total Male:female ratio

Diabetes mellitus 19.8 1.6

Glomerulonephritis 10.3 1.9

Pyelonephritis 8.2 1.7

Renovascular disease 7.6 1.8

Polycystic kidneys 6.1 1.1

Hypertension 4.8 2.4

Uncertain aetiology/glomerulonephritis unproven 28.0 1.6

Other 15.2 1.4
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also evidence that a combination of ARB and ACEI may be

more effective than ARB or ACEI alone in protecting renal

survival.96 Other antihypertensives that are commonly used

include thiazide and loop diuretics, the dihydropyridine

calcium channel blockers, a-adrenoceptor blockers, hydra-

lazine, moxonidine, and minoxidil.

Erythropoietin increases blood viscosity and vascular

resistance. This may aggravate hypertension.112

Calcineurin inhibitors such as ciclosporin and corticoster-

oids may also induce hypertension in renal transplant

recipients.

Haemostasis and coagulation

Patients with CKD are often considered to have a bleeding

tendency characterized by platelet dysfunction (uraemic

thrombocytopathy or thrombasthenia). There is, however,

evidence indicating a prothrombotic state in these

patients.109 116 135 136 The evidence of platelet dysfunction

is based upon laboratory findings and a prolonged bleeding

time. A number of abnormalities of platelet function have

been demonstrated including defective interaction of von

Willebrand factor with platelet glycoprotein IIb–IIIa

receptors, reduced platelet ADP content, and reduced

thromboxane A2.111 Platelet count is generally normal, but

anaemia may contribute to the bleeding tendency. A low

haematocrit has been associated with prolonged bleeding

time: patients subjected to a red cell transfusion pro-

gramme showed a normalized bleeding time once haema-

tocrit was .26%.40 Despite the haemostatic defect, there

is also a tendency towards hypercoagulation.

Thromboelastographic indices in patients with CKD

show that all aspects of coagulation are increased, including

initial fibrin formation, fibrin–platelet interaction, and

qualitative platelet function.109 There is also a reduction in

fibrinolysis. Vascular access thrombosis is of particular

importance in patients with Stage 5 CKD on HD as it is

associated with an increased mortality.1 Numerous studies

have attempted to identify factors associated with vascular

access failure46 52 56 61 81 92 130 (Table, see Supplementary

material available at British Journal of Anaesthesia online).

Neuraxial block

The combination of platelet dysfunction and the residual

effects of heparin given during dialysis have raised con-

cerns of an increased risk of epidural haematoma for-

mation. Despite this, there are a number of studies

reporting the use of epidural anaesthesia in patients with

various stages of CKD. The use of hypotensive epidural

anaesthesia in 50 patients, with CKD Stage 3 or more

undergoing total hip replacement,125 did not result in any

acute deterioration of renal function or other complications

from epidural anaesthesia. Beneficial effects in terms of

respiratory function and quality of analgesia were reported

in 13 patients who received combined epidural and

general anaesthesia for renal transplantation, when

compared with a control group who received general

anaesthesia and systemic analgesics.31 This study of only

25 patients was not adequately powered to detect differ-

ences related to haemodynamic stability, graft function, or

other safety issues.

There may be an association between HD and spon-

taneous epidural haematoma formation.124 HD is associ-

ated with a rise in intracranial pressure that may play a

role in its pathogenesis. Epidural anaesthesia in poorly

controlled hypertensive patients may result in haemo-

dynamic instability that could potentially compromise

renal perfusion and increase the likelihood of acute kidney

injury. Although there may be patients with CKD for

whom the benefits of epidural anaesthesia outweigh the

risks, a careful analysis of the individual case is required.

Metabolic acidosis

A reduction in ammonia synthesis and the ability to

excrete hydrogen ions results in metabolic acidosis in

patients with CKD. The potential for sodium bicarbonate

to exacerbate hypertension and volume overload has

caused concern. However, there was no evidence of this in

a recent systematic review.114 The effect of metabolic

acidosis on the perioperative management of CKD patients

relates to their reduced ability to compensate for respirat-

ory acidosis, and altered drug distribution and efficacy.

Preoperative assessment should include measurement of

plasma bicarbonate.

Autonomic neuropathy

Autonomic neuropathy is common in patients with CKD

and may have significant effect on arterial pressure peri-

operatively. A prevalence of 65% in non-diabetic predialy-

sis CKD patients has been noted, whereas studies of

patients with CKD on HD have revealed a prevalence

between 38% and 87.5%.15 117 118

The aetiology may be multifactorial, with uraemia, dia-

betes mellitus, and hyperparathyroidism82 contributing to

the pathogenesis. A significant association between the

radiological signs of osteodystrophy and the presence of

autonomic neuropathy132 has been shown, but not a link

between the biochemical measures of secondary hyperpar-

athyroidism and autonomic neuropathy. Symptoms of per-

ipheral sensory and motor neuropathy correlate with

cardiovascular autonomic neuropathy.118 Delayed gastric

emptying may be present in up to 69% of patients.2 The

autonomic dysfunction associated with CKD is character-

ized by reduced baroreceptor sensitivity, sympathetic over-

activity, and parasympathetic dysfunction,10 66 and may

predispose to the development of arrhythmias periopera-

tively.62 Elevated levels of angiotensin II and deafferenta-

tion of the baroreceptors may be responsible for the

increase in sympathetic tone. Treatment with ACE

inhibitors corrects this sympathetic overactivity.74 The

parasympathetic dysfunction results in reduced heart rate
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variability and a reduced heart rate response to atropine.10

Of the numerous tests described to assess the cardiac auto-

nomic reflexes, the heart rate variation during deep breath-

ing and arterial pressure response to hand grip exercise

have the best positive predictive value and are of use in pre-

operative assessment.117 The ECG may provide evidence of

autonomic neuropathy in the form of reduced heart rate

variability (reduced R-R interval variation). A simple ECG

rhythm strip may not detect this with great sensitivity.

However, heart rate variation is easy to quantify by record-

ing the ECG during deep breathing at 6 bpm (5 s inspi-

ration:5 s expiration) for 1 min. The mean of the difference

between maximum and minimum heart rates for each of the

six measured cycles is calculated from the R-R interval. A

value of 15 beats min21 or greater is considered normal.37

Fluid and electrolytes

Traditional teaching is that extracellular fluid volume and

electrolyte composition remain normal until the develop-

ment of dialysis-dependent renal failure.140 However, there

is evidence that patients with CKD develop fluid overload

early and this may be a stimulus for inflammation and

accelerated progression of renal disease.106 It is possible

that oedema is associated with altered gut permeability

and an associated inflammatory response.106

Patients with CKD are unable to adapt to large vari-

ations in salt intake and have an impaired ability to con-

centrate and dilute urine. Maximum sodium excretion is a

function of GFR.104 The impaired ability to excrete a

sodium load predisposes these patients to volume overload,

especially when large volumes of saline solutions are

administered. This propensity becomes more marked as

CKD progresses. Infusion of large volumes of saline will

also result in hyperchloraemic metabolic acidosis. The

deleterious effects of metabolic acidosis include depres-

sion of myocardial contractility, reduced cardiac output,

and reduced renal blood flow.105 Furthermore, hyperchlor-

aemia can reduce renal blood flow and GFR.146 If access

to free water is restricted in the perioperative period, the

inability to concentrate urine will result in hypernatraemia

and hypertonicity (Table, see Supplementary material

available at British Journal of Anaesthesia online).

In managing patients on dialysis, the anaesthetist should

establish the patient’s dry weight and compare it with their

weight immediately before coming to theatre. Failure to

achieve dry weight with dialysis is a common problem,

particularly with short duration dialysis prescriptions.

Plasma potassium concentration usually remains normal

until the onset of Stage 5 CKD. This is due to an increase

in the excretion of potassium per functioning nephron and

increased output in the stool.103 Nevertheless, patients

with CKD are at risk of developing hyperkalaemia if chal-

lenged with excessive exogenous potassium or transcellu-

lar potassium shifts. In this respect, acidaemia, insulin

deficiency, hypertonicity, and acute beta-adrenergic receptor

block should be avoided.104 The American College of

Cardiology/American Heart Association 2007 guidelines

on perioperative cardiovascular evaluation includes renal

insufficiency, defined as a serum creatinine .200 mmol

litre21, as a clinical risk factor.43 The guidelines rec-

ommend that the presence of one or more clinical risk

factors, in patients having vascular- or intermediate-risk

surgery, should prompt the anaesthetist to consider beta-

blocker therapy. However, there is a risk of hyperkalaemia

associated with the i.v. administration of beta-blockers.54

This is likely to be of greatest importance for patients with

Stage 5 CKD. Table 5 gives a list of drugs that may con-

tribute to the development of hyperkalaemia. I.V. fluids

containing hydroxyethyl starch have adverse effects on

renal function in renal transplant recipients and in criti-

cally ill patients with severe sepsis or septic shock.13 22 120

Vascular access

Maintenance of vascular access patency is of vital import-

ance in patients with Stage 5 CKD on HD. Vascular

access may be either permanent or temporary. Options for

permanent access include native arteriovenous fistulae

(AVF), arteriovenous grafts (AVG), and long-term

Table 5 Drugs associated with hyperkalaemia

Drug Comment

Succinylcholine Transient increase in serum potassium

concentration of 0.5–1 mmol litre21 under

halothane anaesthesia

May be used in patients with advanced renal

disease provided that preoperative potassium

level is normal. Avoid repeated

administration133

Non-steroidal

anti-inflammatory drugs

Inhibit aldosterone synthesis. Renal

prostaglandins stimulate renin synthesis and

increase the number of open high-conductance

potassium channels in the distal tubular

principal cells107

Beta-adrenergic receptor

blockers

Reduced cellular uptake of potassium and

inhibition of aldosterone secretion86

Heparin Inhibits aldosterone synthesis.107 Occurs within

a few days of the initiation of therapy. Monitor

potassium concentration if receiving heparin for

more than 3 days

ACE inhibitors and ARBs Inhibit aldosterone synthesis107

Digoxin Inhibition of the NAþ–Kþ-ATPase in the

basolateral membrane of the principal cells107

Spironolactone Potassium-sparing diuretic

Blocks the intracellular mineralocorticoid

receptor107

Amiloride and triamterene Potassium-sparing diuretics

Inhibit sodium transport channels in the luminal

membrane of the principal cells of the distal

tubule107

Ciclosporin Inhibition of the NAþ–Kþ-ATPase and apical

secretory potassium channel activity in

principal cells. Reduced aldosterone sectretion.

Increased potassium efflux from cells107

Tacrolimus Inhibition of the NAþ–Kþ-ATPase and

steroid-mediated sodium transport in the distal

tubule115
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catheters. Temporary vascular access includes: acute short-

term non-cuffed catheters which may or may not be tun-

nelled; long-term tunnelled cuffed catheters; and s.c. port

catheter systems.

Native AVF

A fistula-first approach is advocated as native fistulae have

the best long-term patency rates, require fewer interven-

tions, and are associated with fewer infective compli-

cations than catheters and grafts.100 The mortality risk is

also reduced in patients dialysing through fistulae.110

A period of maturation, characterized by an increase in

blood flow and an increase in the size of the vein, is

required before a newly created AVF can be used. This

takes 1–4 months. The anaesthetist should protect poten-

tial fistula construction sites, especially the cephalic vein,

perioperatively.

Arteriovenous grafts

AVG provide useful permanent access when superficial

veins are not suitable or have been exhausted. AVG may

be synthetic (e.g. polytetrafluoroethylene) or biological

(e.g. bovine mesenteric vein).

Vascular catheters for HD

Factors requiring consideration before the placement of a

central venous catheter for HD include: the duration for

which the catheter is required, the insertion site, the ideal

position of the tip of the catheter, and the method of

insertion.

Duration

The NKF K/DOQI Guidelines state that acute short-term

non-cuffed catheters should be used for ,1 week because

of the risk of infection.100 If a non-cuffed catheter is

required for longer, it should be converted to a tunnelled

cuffed catheter using the same site provided that there is

no evidence of infection.39 With long-term use, cuffed

central catheters are associated with a higher relative risk

of death due to infection than AVFs.32

Insertion site

The right internal jugular vein is the preferred site as the

risk of complications is lower.100 In particular, it is the

risk of stenosis of the vein that is reduced when using this

route.20 The left internal jugular site is associated with a

poorer blood flow rate and a greater rate of stenosis and

thrombosis.100 The subclavian route should be avoided as

the risk of stenosis after catheterization is unacceptably

high, with 40–50% of patients demonstrating some degree

of stricture on venography.20 Subclavian vein stenosis can

result in fistula dysfunction with elevated venous dialysis

pressures and painful arm oedema.121 In patients who are

candidates for renal transplantation, the femoral route

should be avoided to prevent stenosis of the external iliac

vein, as the transplanted kidney is anastomosed to it.100

The femoral route is also associated with the greatest risk

of infection.

Complications

Problems relating to vascular access are a leading cause of

hospitalization, morbidity and the need for anaesthesia in

patients with Stage 5 CKD.100 These include infection,

stenosis, thrombosis, aneurysm, limb ischaemia, limb

oedema, heart failure, pulmonary atheroembolism, steal

syndrome, and recirculation.

Pharmacology

In patients with CKD, the effect of altered clearance, the

production and accumulation of active metabolites, and

the risk of aggravating pre-existing kidney disease on drug

administration must be considered. Dose adjustment is not

usually necessary until the GFR is ,50 ml min21 1.73 m22.

CKD may influence both the pharmacokinetics and the

pharmacodynamics of a drug.

Pharmacokinetic changes

Absorption

Drug absorption may be altered by: gastroparesis causing

delayed gastric emptying, raised gastric pH caused by

gastric urease, converting urea to ammonia, and gut

oedema.101 Reduced intestinal P-glycoprotein, a transpor-

ter found on the apical cell surface of small and large

intestine mucosal cells which protects the body against

toxic compounds by transporting them into the intestinal

lumen, activity in CKD may lead to increased intestinal

absorption and bioavailability of certain compounds.101

Distribution

Volume of distribution may be increased or decreased by

alterations in body composition, especially total body

water, plasma protein binding, and tissue binding.101 Time

since the last dialysis session influences the volume of dis-

tribution of certain drugs, for example, remifentanil

(Table 6).30 A reduced volume of distribution after a dialy-

sis session may result in increased steady-state drug con-

centrations for drugs administered by continuous infusion.

Plasma protein binding of acidic drugs, which bind

mainly to albumin, is altered by the accumulation of

organic acids, such as uric acid and lactic acid, which

compete for binding sites on albumin. The albumin con-

centration is reduced in CKD and there is a change in its

conformational binding site.101 Basic drugs bind mainly to

a1-acid glycoprotein (AAG), an acute phase protein that is

often elevated in CKD. A reduction in plasma protein

binding with an increase in the free fraction of a drug may

result in an increased volume of distribution and clearance

with no significant change in drug exposure.101
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Table 6 The influence of Stage 5 CKD on drug disposition

Drug T1/2b Systemic clearance Volume of distribution at steady

state

Unbound fraction (%) Reference

Controls CKD Controls CKD Controls CKD Controls CKD

Opioids

Morphine 186 min 185 min 21.3 ml min21 kg21 17.1 ml min21 kg21 3.7 litre kg21 2.8 litre kg21 — — Chauvin and colleagues18

P,0.05

286 min 290 min 741 ml min21 533 ml min21 241 litre 141 litre — — Sear and colleagues123

P¼0.002

Fentanyl 405 min 594 min 14.8 ml min21 kg21 11.8 ml min21 kg21 7.7 litre kg21 9.5 litre kg21 — — Duthie,33 reproduced from Sear122

P,0.05

Alfentanil 83 min 58 min 6.5 ml min21 kg21 5.3 ml min21 kg21 0.46 litre kg21 0.304 litre kg21 — — Van Peer and colleagues138

P,0.05 P,0.05

90 min 107 min 3.1 ml min21 kg21 3.1 ml min21 kg21 0.281 litre kg21 0.405 litre kg21 11% 19% Chauvin and colleagues17

P,0.02 P,0.05

120.2 min 142.4 min 211.8 ml min21 341.9 ml min21 27.6 litre 40.5 litre 10.3% 12.4% Bower and Sear11

P,0.05 P,0.05

Remifentanil 16.3 min 18.86 min 48.7 ml min21 kg21 29.9 ml min21 kg21 0.566 litre kg21 0.358 litre kg21 — — Dahaba and colleagues30

P¼0.045 P¼0.017 P¼0.002

Oxycodone 138 min 234 min 1100 ml min21 840 ml min21 2.39 litre kg21 3.99 litre kg21 — — Kirvela and colleagues64

P¼0.028 P¼0.034

NMBAs

Atracurium 20.6 min 23.7 min 6.1 ml min21 kg21 6.7 ml min21 kg21 0.182 litre kg21 0.224 litre kg21 — — Fahey and colleagues38

19.3 min 20.1 min 5.5 ml min21 kg21 5.8 ml min21 kg21 0.153 litre kg21 0.141 litre kg21 — — Ward and colleagues141

Cisatracurium 30 min 34.2 min 293 ml min21 254 ml min21 — — – — Eastwood and colleagues34

P,0.05

Mivacurium

Cis–cis 68 min 80 min 3.8 ml min21 kg21 2.4 ml min21 kg21 0.227 litre kg21 0.224 litre kg21 — — Head-Rapson and colleagues57

P,0.01

Cis–trans 2 min 4.3 min 106 ml min21 kg21 80 ml min21 kg21 0.278 litre kg21 0.475 litre kg21 – – Head-Rapson 199557

Trans–trans 2.3 min 4.2 min 57 ml min21 kg21 47 ml min21 kg21 0.211 litre kg21 0.270 litre kg21 – – Head-Rapson 199557

Pancuronium 100 min 489 min 74 ml min21 20 ml min21 0.148 litre kg21 0.236 litre kg21 — — McLeod and colleagues87

P,0.05 P,0.005 P,0.05

Vecuronium 52.6 min 83.1 min 5.29 ml min21 kg21 3.08 ml min21 kg21 0.199 litre kg21 0.24 litre kg21 — — Lynam and colleagues78

P,0.05 P,0.05

Rocuronium 57 min 70 min 4.5 ml min21 kg21 2.7 ml min21 kg21 0.194 litre kg21 0.22 litre kg21 — — Robertson and colleagues113

P,0.0001

97.2 min 104.4 min 3.7 ml min21 kg21 2.5 ml min21 kg21 0.207 litre kg21 0.212 litre kg21 — — Cooper and colleagues25

P,0.05

Induction agents

Propofol 27.7 min 23.8 min 33.75 ml min21 kg21 30.66 ml min21 kg21 5.79 litre kg21 11.25 litre kg21 — — Ickx and colleagues60

0.98% 1.11% before HD Costela and colleagues27

0.87% after HD

Thiopental 611 min 583 min 3.2 ml min21 kg21 4.5 ml min21 kg21 1.9 litre kg21 3.0 litre kg21 15.7% 28% Burch and Stanski14

P,0.05 P,0.05 P,0.05

588 min 1069 min 2.7 ml min21 kg21 3.9 ml min21 kg21 1.4 litre kg21 3.2 litre kg21 11% 17.8% Christensen and colleagues19

P,0.05 P,0.05
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Local anaesthetics have two plasma protein binding

sites: a high affinity, low capacity site on AAG, and a low

affinity, high capacity site on albumin.88 The albumin

binding site becomes increasingly important as the plasma

concentration of the local anaesthetic increases. Metabolic

acidosis increases the percentage of unbound drug, and

this effect is more pronounced with bupivacaine.97 The

effect of these changes on the toxicity of local anaesthetics

is unclear.

Elimination

The kidneys contribute up to 18% of total cytochrome

P450 (CYP) activated drug metabolism and are also

involved in conjugation reactions.36 Interestingly, non-

renal clearance of many drugs is reduced in patients with

kidney disease.101 Hepatic clearance may vary with

changes in hepatic blood flow, the free fraction of a drug,

and the metabolic capacity of the liver enzymes.36 Animal

studies of experimental CKD have demonstrated a 40%

reduction in total microsomal CYP activity.69 Severe

kidney disease differentially affects hepatic CYP activity;

in particular, the activity of CYP 3A4 and CYP 2C9 is

reduced.101 In contrast, elevated plasma urea concentration

induces CYP 2E1 activity.101 The mechanism of altered

enzyme activity appears to relate in part to altered gene

transcription, although depletion of cofactors may also be

involved.36 101

Potent inhalation agents

Historically, methoxyflurane anaesthesia resulted in ele-

vated serum inorganic fluoride levels and polyuric renal

failure.28 Serum fluoride levels .50 mmol litre21 were

associated with an increased risk of renal damage.

Sevoflurane metabolism also results in elevated fluoride

levels, with peak levels .50 mmol litre21. Sevoflurane

reacts with strong bases in CO2 absorbents to produce

Compound A, a dose-related nephrotoxin in rats.48 A retro-

spective evaluation of pooled renal laboratory data from

22 clinical trials that compared sevoflurane with isoflurane,

enflurane, or propofol found that the incidence of raised

serum creatinine and blood urea nitrogen concentrations

was similar after sevoflurane or the control agents.84 There

was no specific trend with respect to postoperative serum

creatinine and fresh gas flow, type of CO2 absorbent, or

effect of concurrent treatment with nephrotoxic antibiotics

when sevoflurane was used. The authors concluded that

exposure to ,4 MAC h of sevoflurane was not associated

with an increased risk of renal toxicity. Serum fluoride

kinetics after sevoflurane anaesthesia have been studied in

patients with CKD and compared with a group with

normal renal function.99 In CKD patients, the serum inor-

ganic fluoride level and its rate of elimination did not

differ significantly from controls. Indices of renal tubular

function, such as b2-microglobulin and N-acetyl-b-D-

glucosaminidase, do not significantly change after

anaesthesia with sevoflurane in either patients with CKD

or controls.99 Despite initial concerns, sevoflurane is a

suitable choice of potent inhalation anaesthetic agent for

patients with CKD (Table, see Supplementary material

available at British Journal of Anaesthesia online).

Enflurane undergoes greater biotransformation to inor-

ganic fluoride than either isoflurane or desflurane. It is

known to cause vasopressin-resistant polyuria in rats, and

in volunteers prolonged enflurane anaesthesia resulted in a

25% reduction in urine concentrating ability and a transi-

ent reduction in creatinine clearance of 35%.4 85 Case

reports of renal failure after enflurane anaesthesia in

patients with renal dysfunction suggest that it is best

avoided in this group, although studies of the effects of

enflurane in patients with stable renal insufficiency found

no deterioration in function.24 35 144

Desflurane and isoflurane are not associated with renal

toxicity and appear safe to use in patients with CKD.75 148

I.V. anaesthetic agents

Propofol pharmacokinetics are unaltered by established

renal failure (Table 6). The induction dose of propofol

associated with a bispectral index value of 50 is signifi-

cantly higher in patients with established renal failure

compared with controls: 2.03 vs 1.39 mg kg21; P,0.05.49

The time interval between cessation of a propofol infusion

and eye opening is significantly shorter in renal failure

patients than controls (474 vs 714 s; P,0.05), although

blood propofol concentrations are not significantly differ-

ent on waking.60

Thiopental has an increased volume of distribution and

reduced plasma protein binding in renal failure (Table 6).

The brain is exposed to a higher free drug concentration.

The rate of administration should be reduced.122

Neuromuscular blocking and reversal agents

When selecting a neuromuscular blocking agent (NMBA)

for use in patients with CKD, consider the impact of renal

impairment on the elimination of the drug, the potential

for drug accumulation with incremental doses, and the

production of active metabolites. Other factors include the

effect of acidaemia and drug interactions on the intensity

and duration of block. In general, the initial dose required

to produce neuromuscular block (3�ED95, which is the

effective dose to produce 95% twitch depression) is larger

in patients with CKD than in normal subjects. But, with

the exception of atracurium and cisatracurium, the dose

required to maintain block is reduced.50 108 To prevent

postoperative residual curarization (PORC), the anaesthe-

tist should avoid using long-acting NMBA, or agents

which are excreted in part in the urine, and make routine

use of neuromuscular monitoring.

The problems of prolonged neuromuscular block and

PORC were particularly pertinent to the use of

D-tubocurarine and pancuronium, as both agents have a
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reduced clearance and prolonged half-life in the presence

of CKD. Furthermore, pancuronium has an active metab-

olite, 3-hydroxypancuronium, with half the neuromuscular

blocking potency of the parent compound.

Atracurium is not dependent upon renal or hepatic func-

tion for its elimination, as it undergoes spontaneous break-

down at body temperature and pH, a process known as

Hofmann degradation, and metabolism by non-specific

esterases. One of the products of Hofmann degradation, lau-

danosine, has been shown to be epileptogenic in animals.16

The pharmacodynamics and pharmacokinetics of atracur-

ium are not altered by CKD (Table 6).38 Atracurium is less

potent, results in greater histamine release, and has a

shorter duration of action than cisatracurium.12

Cisatracurium, the 1R cis-10R cis isomer of atracurium,

is subject to Hofmann degradation and ester hydrolysis,

albeit to differing degrees. As it is more potent, the

plasma concentration of laudanosine after cisatracurium is

lower than after an equipotent dose of atracurium. Although

the laudanosine levels are significantly higher in patients

with CKD who have received cisatracurium compared with

healthy controls, these levels are still approximately 1/10th

of those seen after atracurium.34 Renal failure alters the

pharmacokinetics, but has little impact on the pharmacody-

namics of cisatracurium. The clearance is reduced by 13%

and the terminal elimination half-life prolonged by 4.2 min

(Table 6).34 The only difference in onset or recovery

variables is a longer mean time to 90% depression of the

first twitch of the train-of-four response (T1/T0); 3.7 vs 2.4

min, probably due to a poorer cardiac output and slower

delivery to the neuromuscular junction.12

Mivacurium consists of three isomers: cis–trans (37%),

trans–trans (57%), and cis–cis (6%). Clearance of the

cis–cis isomer, the least potent, is significantly reduced

in patients with renal failure and it may accumulate

(Table 6).57 In renal failure, spontaneous recovery is

slower and lower infusion rates are required.108 There is an

acquired decrease in plasma cholinesterase activity in

CKD, and a negative correlation between cholinesterase

activity and time to recovery after mivacurium has been

demonstrated.108

Vecuronium undergoes predominantly biliary excretion,

although up to 30% may be excreted by the kidney.6 It is

also metabolized in the liver to 3-hydroxyvecuronium

which is active at the neuromuscular junction. Renal

failure results in a reduced clearance, increased terminal

elimination half-life, and prolonged duration of action

(Table 6).78 Accumulation occurs with repeat boluses or

constant infusions resulting in prolonged neuromuscular

block.8 72

Rocuronium is excreted primarily in the bile, although

up to 33% may be excreted in the urine within 24 h.145 A

small fraction is metabolized in the liver producing a

metabolite with very low neuromuscular blocking

activity.91 Renal failure reduces the clearance of rocuro-

nium by 39% (Table 6).113 The duration of action (25%

recovery of T1/T0) and time to recovery of the TOF ratio

to 0.7 are significantly prolonged in patients with renal

failure compared with controls: 49 vs 32 min and 88 vs 55

min, respectively.113 Importantly, inter-patient variability

is increased in patients with renal failure.25

Neostigmine clearance is reduced and its half-life is pro-

longed in CKD. This may result in a parasympathomimetic

response, including bradycardia and AV block, especially

when used in combination with atropine rather than the

longer-acting glycopyrronium.142

Sugammadex may prove useful in preventing PORC

when patients have received an aminosteroid NMBA. It is

a modified g-cyclodextrin that selectively encapsulates

steroid-based non-depolarizing NMBAs. The resulting

guest–host complex is water soluble and exists in equili-

brium but with a very low dissociation rate.95

Sugammadex is biologically inactive and does not bind

to plasma proteins. Furthermore, it appears to have rela-

tively few side-effects, although hypotension has been

documented.139 In individuals with normal renal function,

sugammadex is excreted unchanged in the urine and it also

enhances the renal excretion of rocuronium. Sorgenfrei and

colleagues131 showed that 59–77% of sugammadex is

excreted unchanged in the urine within 16 h. But, its effi-

cacy as a reversal agent does not appear to rely on renal

excretion of the cyclodextrin-relaxant complex.95

Analgesic agents

In administering analgesic agents, the anaesthetist needs to

consider: the impact of renal impairment on the distri-

bution and elimination of the parent compound and hence

the need for adjusting the dose or dose interval (Table 6);

the formation of active metabolites; and the risk of com-

promising residual renal function.

Acetaminophen

Oral acetaminophen 40 mg kg21 day21 for 3 days in

normal subjects and patients with CKD produced no

demonstrable change in glomerular or tubular function in

either group.7 Prolonged use of acetaminophen is associ-

ated with analgesic nephropathy, but occasional or mod-

erate use is safe.67 Analgesic nephropathy is mainly

associated with prolonged use of compound analgesics

containing two antipyretic agents with caffeine or codeine.

The use of acetaminophen in the perioperative period is

safe and does not require dose adjustment.

Non-steroidal anti-inflammatory agents

The adverse effects of the non-steroidal anti-inflammatory

drugs (NSAIDs) are likely to outweigh any potential

benefit in the perioperative period. They exacerbate hyper-

tension and precipitate oedema, hyponatraemia, and hyper-

kalaemia. There is an increased risk of gastrointestinal

bleeding, which may be aggravated by the combined
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effects of uraemic thrombasthenia and drug-induced plate-

let inhibition. Their use is associated with an increased

risk of cardiovascular complications in this at risk popu-

lation.93 They are nephrotoxic agents that precipitate an

acute decrease in GFR and may also cause acute intersti-

tial nephritis as part of an idiosyncratic reaction. The renal

effects of the COX-2 inhibitors are similar to those of the

non-selective NSAIDs.68

Opioids

Opioids have no direct toxic effects on the kidney. They

do, however, have an antidiuretic effect, and they may

cause urinary retention. Very rarely, their use has resulted

in rhabdomyolysis.9

Morphine

Morphine is metabolized in the liver to a number of

metabolites of which morphine-3-glucuronide is the

major one, accounting for 70% of the dose. Morphine-3-

glucuronide antagonizes the analgesic effect of morphine,

and is associated with irritability and a lower seizure

threshold.94 Approximately 5% of a dose of morphine is

metabolized to morphine-6-glucuronide (M6G), which has

potent analgesic properties and may result in delayed

onset of sedation and respiratory depression. The elimin-

ation of M6G is dependent on renal function, and in

patients with renal failure, its half-life is prolonged from 2

to 27 h.94 The metabolite load from an equi-analgesic

dose of morphine given by the oral route is greater than

that from the parenteral route, due to extensive first-pass

metabolism. In renal patients, the dose of morphine should

be reduced and the patient carefully monitored for signs of

delayed onset respiratory depression postoperatively

(Table 6). A significant fraction of morphine will be

removed by HD.5

Fentanyl

Fentanyl undergoes extensive hepatic metabolism with

no active metabolites. Approximately 7% is excreted

unchanged in the urine.68 Clearance is reduced in CKD,

with a strong negative correlation between clearance and

urea concentration.65 HD has little impact on fentanyl

plasma concentration.5

Alfentanil

Elimination half-life and plasma clearance are not altered

in renal failure, although protein binding is reduced with

an increase in the free fraction of alfentanil (Table 6).17

There are no active metabolites. The dose required is

reduced, but the dose interval remains unchanged.94

Remifentanil

Remifentanil is not dependent on renal function for elim-

ination. It undergoes ester hydrolysis and its main metab-

olite is minimally active with 1/300–1/1000 the potency

of the parent compound.30 In patients on HD, remifentanil

had a reduced clearance and prolonged elimination half-

life (Table 6).30 A lower infusion rate is required, but

recovery is not significantly prolonged.29

Oxycodone

Oxycodone is metabolized in the liver to noroxycodone

and oxymorphone. Oxymorphone has analgesic activity

and both the parent compound and the metabolites accum-

ulate in renal failure.64 The elimination half-life of oxyco-

done is prolonged, from 2.3 h in controls to 3.9 h in

established renal failure (Table 6).64 The dose should be

reduced and dose interval increased.

Tramadol

Thirty per cent of tramadol is excreted unchanged in the

urine. O-Demethyl tramadol is an active metabolite which

is excreted by the kidneys. Uraemia is associated with a

lowered seizure threshold, and tramadol may be epilepto-

genic in these circumstances.44 Tramadol is removed by HD.

Other opioids

Meperidine is metabolized to normeperidine which is depen-

dent on renal function for elimination. The use of meperidine

in patients with CKD has been associated with seizures,

myoclonus, and altered mental state.55 Codeine and dihydro-

codeine are also best avoided as their elimination half-life

is significantly prolonged, and conventional doses have

resulted in central nervous system depression.51 83

Immunosupression therapy

Patients with Stage 5 CKD who have undergone renal

transplantation require immunosuppression. These drugs

are usually given by the oral route. If enteral adminis-

tration is inappropriate, then i.v. administration with dose

adjustment will be required. Traditional regimens include

some form of triple therapy, consisting of a calcineurin

inhibitor (ciclosporin or tacrolimus), an antiproliferative

agent (azathioprine or mycophenolate mofetil), and a cor-

ticosteroid.149 Newer regimens attempt to spare or elimin-

ate corticosteroids and calcineurin inhibitors. Polyconal

and monoclonal antibodies also form part of the

armamentarium.

Calcineurin inhibitors

Ciclosporin and tacrolimus are calcineurin inhibitors

which form the mainstay of immunosuppression therapy.

They prevent cytokine mediated T-cell activation and pro-

liferation by blocking the calcineurin phosphatase-

dependent pathway involved in the transcription of several

cytokines, interleukin-2 being the most important.45 Both

ciclosporin and tacrolimus are metabolized by CYP 3A4:

drugs that either induce or inhibit this enzyme will alter

the plasma concentration of these immunosuppressants.

The oral bioavailability of ciclosporin is variable and is
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influenced by the formulation used. The oral bioavailabil-

ity of the unmodified formulation is 30%. The i.v. dose

should be reduced accordingly and levels monitored.149

The solvent in i.v. ciclosporin, cremophor EL, has been

associated with anaphylactic reactions. Furthermore, i.v.

ciclosporin may cause vasoconstriction and hyperkalae-

mia.134 It should therefore be administered slowly as a

continuous infusion.45 Adverse effects include hyperten-

sion, hyperlipidaemia, hyperkalaemia, gum hypertrophy,

and nephrotoxicity with renal fibrosis. Ciclosporin has

been shown to increase the hypnotic effect of barbiturates

and the analgesic effect of fentanyl in mice.21 A retrospec-

tive study in humans found no evidence of clinically sig-

nificant prolongation of anaesthetic effect.90 Ciclosporin

potentiates neuromuscular block. Its intraoperative use is

associated with an increased risk of postoperative respirat-

ory failure.128

Tacrolimus is similar to ciclosporin, but may have a

better cardiovascular risk profile, with less hypertension

and hyperlipidaemia, and although it is also nephrotoxic,

it is associated with improved long-term post-transplant

renal function.42 Important adverse effects include

disturbed glucose metabolism and diabetes mellitus,

tremor, diarrhoea, neurotoxicity, and nephrotoxicity. Dose

is adjusted according to monitored levels and an i.v. prep-

aration is available.

Antiproliferative agents

Mycophenolate mofetil has replaced azathioprine. It acts

by inhibiting de novo purine synthesis in lymphocytes. It

is dosed empirically and adjusted when side-effects

occur.149 These include leucopaenia, diarrhoea, and infec-

tion. It is not nephrotoxic. The oral bioavailability is 94%.

Azathioprine causes transient antagonism of neuromuscu-

lar block which is unlikely to be of clinical importance.50

Mammalian target of rapamycin inhibitors

Sirolimus and everolimus are used in some newer regi-

mens to replace calcineurin inhibitors as they are less

nephrotoxic. They act by blocking signal transduction in

the interleukin-2 pathway. They are metabolized by CYP

3A4, with enzyme inducers and inhibitors affecting the

level of immunsuppression. Side-effects include hyperlipi-

daemia, leucopaenia, thrombocytopaenia, pneumonitis,

and, rarely, angioedema.149

Antibodies

Examples include antilymphocyte and antithymocyte anti-

bodies (polyclonal), OKT3 which is a monoclonal mouse

antibody directed against the CD3 protein complex, and

anti-interleukin-2 receptor monoclonal antibody. OKT3

has been associated with non-cardiogenic pulmonary

oedema, particularly in combination with pre-existing

increased intravascular volume.26 A biphasic response may

follow administration with fever, hypertension, and tachy-

cardia followed by hypotension and hypoxia.

Conclusions

In managing patients with CKD, the anaesthetist aims to

minimize the risk of perioperative complications. This

requires careful patient assessment and efforts to modify

identified risk factors, for example, hyperkalaemia, to

improve patient outcome. Recent developments in this

regard include: a refined appreciation of the association

between CKD and cardiovascular disease, knowledge of

the importance of blocking the RAS to delay progression

of the condition, and new insights into the complex pro-

thrombotic and haemostatic abnormalities involved. It is

clear that temporary vascular access for HD is to be

avoided and subclavian HD catheters are associated with

an unacceptably high risk of subclavian vein stenosis. The

pharmacokinetic and pharmacodynamic changes must be

taken into consideration: many drugs having reduced renal

and non-renal clearance in CKD. PORC remains a risk.

Supplementary material

Supplementary material is available at British Journal of

Anaesthesia online.
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Paper I                  (3 hours) 
 
All questions are to be answered.  Each question to be answered in a separate book (or books if more than one is 
required for the one answer) 
Al die vrae moet beantwoord word.  Elke vraag moet in ’n aparte boek (of boeke indien meer as een nodig is vir ’n 
vraag) geskryf word 
 
1 Write  detailed  notes  on the  complete perioperative management of an acute ascending 

aorta dissection (including anaesthesia).         [100] 
 
1 Skryf gedetailleerde notas oor die volledige perioperatiewe hantering van ’n akute 

stygende aorta disseksie (narkose ingesluit).        [100] 
 
 
2 A 45-year-old female with a body mass index (BMI) of 32 presents for an elective 

laparoscopic cholecystectomy 
a) Describe your pre-operative assessment and recommendations.      (30) 
b) Write short notes about the possible intra- and post-operative complications.     (30) 
c) What anaesthetic technique would you employ?         (40) 

[100] 
 

2 ’n Vyf-en-veertigjarige vrou met ligaamsmassa indeks (LMI) van 32 presenteer vir 
elektiewe laparoskopiese cholesistektomie 
a) Beskryf u pre-operatiewe evaluasie en aanbevelings.        (30) 
b) Skryf kort notas oor die moontlike intra- en post-operatiewe komplikasies.     (30) 
c) Watter narkosetegniek sal u gebruik?          (40) 

[100] 
 
 
3 Discuss the management of a 6-year-old HIV positive child, on anti-retroviral therapy, 

under the following headings 
a) Potential peri-operative drug interactions. 
b) The management of pain during the peri-operative period. 
c) Risks of infection.           [100] 

 
3 Bespreek die hantering van ’n 6-jaar-oue MIV positiewe kind, op anti-retrovirale terapie, 

onder die volgende hoofde 
a) Potensiële peri-operatiewe geneesmiddel interaksies. 

 
                PTO/ Page 2 Question 3 ii)... 
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b) Die hantering van pyn in die peri-operatiewe periode. 
c) Risiko’s vir infeksie.           [100] 

 
 
4 A 40-year-old man is scheduled to have a living donor renal transplant. He has been on 

haemodialysis for 5-years. Discuss briefly 
a) The more likely possible causes of end-stage renal disease in this patient.       (5) 
b) Common medical problems secondary to end-stage renal disease that may impact  

 on the anaesthetic management of the patient.         (20) 
c) The anaesthetic management and monitoring of the recipient.       (40) 
d) The anaesthetic management and monitoring of the living donor.      (20) 
e) Post-operative pain management in the recipient and donor.       (15) 

[100] 
 

4 ’n 40-Jarige man is geskeduleer om ’n lewende donor nieroorplanting te ondergaan. Hy  
is al vir 5-jare op hemodialise. Bespreek kortliks 
a) Die meer waarskynlike moontlike oorsake vir eindstadium nierversaking in hierdie 

pasiënt.                 (5) 
b) Algemene mediese probleme sekondêr tot eindstadium nierversaking wat ’n invloed 

mag hê op die narkosehantering van die pasiënt.         (20) 
c) Die narkosehantering en monitering van die ontvanger.        (40) 
d) Die narkosehantering en monitering van die lewende skenker.       (20) 
e) Post-operatiewe pynhantering by die ontvanger en skenker.       (15) 

[100] 
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Paper II                  (3 hours) 
 
All questions are to be answered.  Each question to be answered in a separate book (or books if more than one is 
required for the one answer) 
Al die vrae moet beantwoord word.  Elke vraag moet in ’n aparte boek (of boeke indien meer as een nodig is vir ’n 
vraag) geskryf word 
 
1 Discuss CO2 under the following headings 

a) Pathophysiological effects of an abnormal pCO2.         (30) 
b) Useful applications of CO2 gas in theatre.            (20) 
c) Permissive hypercarbia.            (50) 

[100] 
 
1 Bespreek CO2 onder die volgende hoofde 

a) Die patofisiologiese effekte van ’n abnormale pCO2.        (30) 
b) Bruikbare toepassings van CO2 gas in die teater.         (20) 
c) Toegelate hiperkarbie.            (50) 

[100] 
 
 
2 a) What  are the  risks  involved  in  performing  a  lumbar   epidural  on   a   labouring 

parturient, and how can these risks be prevented?        (40) 
b) How may an epidural for labour be converted to anaesthesia for caesarean 

section?              (20) 
c) Why does central neuraxial anaesthesia sometimes fail to work, and how can this 

failure be prevented?             (40) 
[100] 

 
2 a) Wat is  die  risiko’s betrokke in die uitvoer van ’n lumbale epiduraal op ’n pasiënt in 

kraam, en hoe kan hierdie risiko’s voorkom word?        (40) 
b) Hoe kan ’n epiduraal vir kraam verander word in narkose vir keisersnit?     (20) 
c) Hoekom werk sentrale neuraksiale narkose soms nie, en hoe kan hierdie 

mislukking voorkom word?            (40) 
[100] 

 
 
 
 
 



-2- 
 
3 A patient presents to your hospital with 60% lower limb and torso burns.  

Describe your management of the following 
a) Initial resuscitation.             (40) 
b) Anaesthesia for initial escharotomy .          (20) 
c) Sedation for dressing changes.           (20) 
d) Anaesthesia for skin grafting .           (20) 

  [100] 
 
3 ’n Pasiënt presenteer by jou hospitaal met 60% brandwonde van die onderbene en 

torso. Beskryf jou hantering van die volgende 
a) Aanvanklike resussitasie.            (40) 
b) Narkose vir aanvanklike eskarotomie.          (20) 
c) Sedasie vir verband omruiling.           (20) 
d) Narkose vir veloorplanting.            (20) 

[100] 
 
 
4 Patients with rheumatoid arthritis pose several challenges to the anaesthesiologist.  

Discuss.             [100] 
 
4 Pasiënte met rheumatoiede arthritis bied verskeie uitdagings aan die anestesioloog.  

Bespreek.             [100] 
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CANDIDATE NUMBER…………………… 
 



Question 1 / Vraag 1 
 
A 65-year-old woman is booked for an elective cholecystectomy.  On history the patient 
complains of neck pain that became worse since she had a car accident 4-years ago. On 
examination she has a limited range of neck movement. The x-ray below (Figure 1) was taken 
pre-operatively. 
’n 65-Jarige vrou is bespreek vir elektiewe cholesistektomie.  Sy gee geskiedenis van nekpyn 
wat erger geword het sedert ’n motorongeluk 4-jaar gelede.  By ondersoek het sy ’n beperkte 
nekbeweging. Die x-straal hieronder (Figuur 1) is pre-operatief geneem. 
 
a) Describe the findings on the neck x-ray. 

Beskryf die bevindinge op hierdie x-foto.       (2) 
 

 ............................................................................................................................................
.. 
 ............................................................................................................................................
.. 
 ............................................................................................................................................
.. 
 ............................................................................................................................................
.. 
 
b) What are the special anaesthetic considerations with regard to the findings on this x-

ray? 
Wat is die special narkoseoorwegings rakende die x-straal bevindinge?   (3) 

 
 ............................................................................................................................................ 

 ............................................................................................................................................ 

 ............................................................................................................................................ 

 ............................................................................................................................................ 

 ............................................................................................................................................

.. 
 
c) Would you like further investigations of the neck complaint before the procedure? Why? 

Sou u verdere ondersoeke rakende die nek klagte wou hê voor die prosedure? Hoekom?(2) 
 

 ............................................................................................................................................ 

 ............................................................................................................................................ 

 ............................................................................................................................................ 

 ............................................................................................................................................ 

 

 

 

 



d) If you decide to anaesthetise the patient what would be your anaesthetic technique? 
As u besluit om die pasiënt narkose te gee, wat sou u narkosetegniek wees?  (3) 

 
 ............................................................................................................................................ 

 ............................................................................................................................................ 

 ............................................................................................................................................ 

 ............................................................................................................................................ 

   [10] 
 
Question 2 / Vraag 2 
 
A 70-year-old woman has fractured her hip 5-days ago. She presents to theatre for a total hip 
replacement. 
On examination her pulse rate is 95 beats/min. Figure 2 below is the patient’s ECG. 
’n 70-Jarige vrou het haar heup 5-dae gelede fraktuur.  Sy presenteer in teater vir ’n totale 
heupvervanging. 
By ondersoek is haar polstempo 95 slae/minuut. Figuur 2 hieronder is die pasiënt se EKG. 
 
a) Interpret the ECG. 

Interpreteer die EKG.          (6) 
 

 ............................................................................................................................................ 

 ............................................................................................................................................ 

 ............................................................................................................................................ 

 ............................................................................................................................................ 

 ............................................................................................................................................ 

 ............................................................................................................................................ 

 ............................................................................................................................................ 

 ............................................................................................................................................ 

 ............................................................................................................................................ 
 
b) What would be your next investigation and what do you expect to find? 

Wat sou u volgende ondersoek wees en wat verwag u om te vind?    (4) 
 

 ............................................................................................................................................ 

 ............................................................................................................................................ 

 ............................................................................................................................................ 

 ............................................................................................................................................ 

 ............................................................................................................................................ 

 ............................................................................................................................................

.. 

[10] 
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Question 3 / Vraag 3 
 
A fifty-year-old patient develops sudden hypotension following manipulation of a long bone 
fracture under general anaesthesia 
’n Vyftigjarige pasiënt ontwikkel skielik hipotensie na manipulasie van ’n langbeen fraktuur 
onder algemene narkose 
 
a) What are your differential diagnoses of this hypotension? 

 Wat is u differensiële diagnose van hierdie hipotensie? 
 

i) ............................................................................................................................... 

ii) ............................................................................................................................... 

½ mark each (total 1 mark) 
 
b) How would your monitoring of this patient help with the diagnosis? 

 Hoe sou u monitering van hierdie pasiënt help met diagnose? 
 

i) ............................................................................................................................... 

ii) ............................................................................................................................... 

iii) ............................................................................................................................... 

iv) ............................................................................................................................... 

v) ............................................................................................................................... 

                                                                                                                                     (5) 
 
c) Outline principles of management of this patient’s hypotension. 

 Omlyn beginsels van hantering van hierdie pasiënt se hipotensie 
 

i) ............................................................................................................................... 

ii) ............................................................................................................................... 

iii) ............................................................................................................................... 

iv) ............................................................................................................................... 

    (4) 
 [10] 

 
Question 4 / Vraag 4 
 
A 25-year-old para 2 gravida 3 with an atrial septal defect measuring 24 mm, severe 
pulmonary hypertension, and an ejection fraction of 62% is not cyanosed,nor is she in heart 
failure.  She is scheduled for surgical delivery. 
’n 25-Jarige para 2 gravida 3 met atriale septale defek van 24 mm deursnee, erge pulmonale 
hipertensie, en ejeksiefraksie van 62 %  is nie sianoties of in hartversaking nie.  Sy is 
geskeduleer vir chirurgiese verlossing. 
 
 
 
 



a) What problems can you expect during anaesthesia? 
Watter probleme kan u verwag tydens narkose?         (4) 
 
........................................................................................................................................ 

........................................................................................................................................ 

........................................................................................................................................ 

........................................................................................................................................ 

........................................................................................................................................ 

........................................................................................................................................ 

........................................................................................................................................ 

 
b) Outline your anaesthetic plan for this patient. 

Omlyn u narkoseplan vir hierdie pasiënt.          (6) 
 
........................................................................................................................................ 

........................................................................................................................................ 

........................................................................................................................................ 

........................................................................................................................................ 

........................................................................................................................................ 

........................................................................................................................................ 

........................................................................................................................................ 

........................................................................................................................................ 

........................................................................................................................................ 

[10] 
 
Question 5 / Vraag 5 
 
Outline the electrolyte abnormalities in the following gastro-intestinal tract obstructions 
Verskaf die elektrolietafwykings in die volgende gastrointestinale traktus obstruksies 
 
a) Gastric outlet obstruction. 

Maaguitgang obstruksie. 
 
i) ............................................................................................................................... 

ii) ............................................................................................................................... 

iii) ............................................................................................................................... 

iv) ............................................................................................................................... 

v) ............................................................................................................................... 

½ mark each (total 2 ½ ) 
 
 



b) Duodenal atresia. 
 Duodenale atresie. 
 

i) ............................................................................................................................... 

ii) ............................................................................................................................... 

iii) ............................................................................................................................... 

iv) ............................................................................................................................... 

v) ............................................................................................................................... 

½ mark each (2 ½ marks) 
 
c) Intersussception of the small bowel. 

 Intussusepsie van die dunderm. 
 

i) ............................................................................................................................... 

ii) ............................................................................................................................... 

iii) ............................................................................................................................... 

iv) ............................................................................................................................... 

v) ............................................................................................................................... 

½ mark each (total 2 ½ marks) 
 

 
d) Large bowel volvulus. 
 Dikderm volvulus. 
 

i) ............................................................................................................................... 

ii) ............................................................................................................................... 

iii) ............................................................................................................................... 

iv) ............................................................................................................................... 

v) ............................................................................................................................... 

½ mark each (total 2 ½ marks)  
[10] 
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Question 6 / Vraag 6 
The trends of heart rate and blood pressure in Figure 3 were taken from a healthy 30-year-old 
man who underwent a laparoscopic Nissen fundoplication 
Die opname oor tyd van hart-tempo en bloedruk in Figuur 3  is geneem van ’n 30-jarige 
gesonde man wat ’n Nissen fundoplikasie ondergaan het 

 
a) Explain the haemodynamic changes seen between the two arrows. 

Verduidlik die hemodinaimiese veranderings wat tussen die twee pyltjies plaasvind. (4) 
 

..........................................................................................................................................

.......................................................................................................................................... 

.......................................................................................................................................... 

.......................................................................................................................................... 

.......................................................................................................................................... 

.......................................................................................................................................... 

.......................................................................................................................................... 

 
b) How would you have responded to these changes?  

Hoe sou jy hierdie veranderings behandel het?      (6) 
 
..........................................................................................................................................

.......................................................................................................................................... 

.......................................................................................................................................... 

.......................................................................................................................................... 

.......................................................................................................................................... 

.......................................................................................................................................... 

.......................................................................................................................................... 

..........................................................................................................................................

.......................................................................................................................................... 

[10] 
 
 
 
 
 
 
 
 
 
 
 
 



Question 7/ Vraag 7 
 
A 25-year-old female presents with respiratory distress and a temperature of 39oC. She is 
intubated in the emergency room and the chest x-ray (Figure 4) is taken 
’n 25-Jarige vrou presenteer met respiratorise nood en ’n koors van 39oC. Sy is in die nood-
eenheid geintubeer en die bors x-straal (Figuur 4) is geneem 
a) What is the most likely diagnosis? 

Wat is die mees waarskynlike diagnose?       (2) 
 
.......................................................................................................................................... 

.......................................................................................................................................... 

.......................................................................................................................................... 

.......................................................................................................................................... 

.......................................................................................................................................... 

.......................................................................................................................................... 

 
b) Describe your initial ventilatory management in the intensive care unit.  

Beskryf jou aanvanklike ventilatoriese behandeling in die waakeenheid.   (8) 
.......................................................................................................................................... 

.......................................................................................................................................... 

.......................................................................................................................................... 

.......................................................................................................................................... 

.......................................................................................................................................... 

.......................................................................................................................................... 

.......................................................................................................................................... 

.......................................................................................................................................... 

.......................................................................................................................................... 

.......................................................................................................................................... 

.......................................................................................................................................... 

.......................................................................................................................................... 

[10] 
 
 
 
 
 
 
 
 
 
 



Question 8 / Vraag 8 
 
a) Describe the feature of note in the flow-time loop below (Figure 5). 

Beskryf die kenmerk in die onderstaande  vloei-tyd lus (Figuur 5).    (4) 
 

.......................................................................................................................................... 

.......................................................................................................................................... 

.......................................................................................................................................... 

.......................................................................................................................................... 

.......................................................................................................................................... 

.......................................................................................................................................... 

 
b) Which three ventilator settings could have been changed to achieve the flow-time loop 

below (Figure 6)? 
Watter drie ventilator stelling mag verander word om die lus onder (figuur 6) te bereik? 
                 (6) 
 
.......................................................................................................................................... 

.......................................................................................................................................... 

.......................................................................................................................................... 

.......................................................................................................................................... 

.......................................................................................................................................... 

.......................................................................................................................................... 

.......................................................................................................................................... 

.......................................................................................................................................... 

.......................................................................................................................................... 

[10] 
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Question 9 / Vraag 9 
 
A 35-year-old man presents with diarrhoea and asthma. Clinical examination reveals facial 
telangectasia and a systolic murmur loudest in the left second intercostal space. 
’n 35-Jarige man presenteer met diaree en asma.  Kliniese ondersoek toon telangiektase van 
die gesig en ’n sistoliese geruis, hardste in die linker interkostale spasie. 

 
a) What syndrome should be suspected? 

Watter sindroom moet vermoed word?         (1) 
 

.......................................................................................................................................... 

.......................................................................................................................................... 

.......................................................................................................................................... 

.......................................................................................................................................... 

  
b) What tests should be performed to confirm this diagnosis? 

Watter toetse behoort gedoen te word om hierdie diagnose te bevestig?    (3) 
 

.......................................................................................................................................... 

.......................................................................................................................................... 

.......................................................................................................................................... 

.......................................................................................................................................... 

.......................................................................................................................................... 

.......................................................................................................................................... 

  
c) How should this patient be managed in order to prevent the potential adverse effects of 

this syndrome intraoperatively? 
Hoe moet die pasiënt hanteer word ten einde die potensiële newe-effekte van die 
sindroom intra-operatief te hanteer?         (6) 
 

…….................................................................................................................................. 

.......................................................................................................................................... 

.......................................................................................................................................... 

.......................................................................................................................................... 

.......................................................................................................................................... 

.......................................................................................................................................... 

.......................................................................................................................................... 

.......................................................................................................................................... 

[10] 
 
 
 
 



Question 10 / Vraag 10 
 
The man shown in this drawing (Figure 7) presented with headaches and visual disturbance. 
Die man op die skets (Figuur 7) het presenteer met hoofpyn en gesigsteurnis. 
 
a) What is his most likely medical condition? 

Wat is sy mees waarskynlike mediese toestand?          (1) 
 

…………………………………………………………………………………………………..... 

…………………………………………………………………………………………………..... 

…………………………………………………………………………………………………..... 

 
His pre-operative blood tests were normal. Surgery to treat his condition is performed and 
post-operatively his blood tests are 
Sy pre-operatiewe bloedtoetse was normaal.  Chirurgie vir sy toestand word gedoen en post-
operatief is sy bloeduitslae 
 
Sodium/natrium      156 mmol/l 
Potassium/kalium       4.2 mmol/l 
Urea/ureum        9.8 mmol/l 
Bicarbonate/bicarbonaat      28 mmol/l 
Plasma osmolality/plasma osmolaliteit 330/mosmol/kg H2O. 
 
b) What post-operative complication do you suspect has occurred and how would you 

treat it? 
Watter post-operatiewe komplikasies het plaasgevind en hoe sal u dit behandel?    (9) 
…………………………………………………………………………………………………..... 

…………………………………………………………………………………………………..... 

…………………………………………………………………………………………………..... 

…………………………………………………………………………………………………..... 

…………………………………………………………………………………………………..... 

…………………………………………………………………………………………………..... 

…………………………………………………………………………………………………..... 

…………………………………………………………………………………………………..... 

…………………………………………………………………………………………………..... 

…………………………………………………………………………………………………..... 

…………………………………………………………………………………………………..... 

…………………………………………………………………………………………………..... 

[10] 
 
 
 
 



Question 11 / Vraag 11 
 
A 76-year-old lady attends the pre-operative anaesthetic clinic. She has been booked for a 
total hip replacement in two-weeks time. She does not have any cardiac symptoms although 
she can only walk 10m due to hip pain. This is her ECG (Figure 8) 
’n 76-Jarige dame besoek die pre-operatiewe narkosekliniek.  Sy is bespreek vir ’n totale 
heupvervanging binne 2-weke.  Sy het geen kardiale simptome maar kan slegs 10 meter loop 
weens heuppyn.  Hierdie is haar EKG (Figuur 8) 

 
a) What is the abnormality and what are the possible causes? 

Wat is die abnormaliteit en wat is die moontlike oorsake?      (4) 
 

…………………………………………………………………………………………………..... 

…………………………………………………………………………………………………..... 

…………………………………………………………………………………………………..... 

…………………………………………………………………………………………………..... 

…………………………………………………………………………………………………..... 

…………………………………………………………………………………………………..... 

 
b) How does this affect your peri-operative management of this patient? 

Hoe beïnvloed dit u peri-operatiewe hantering van hierdie pasiënt?    (6) 
 

…………………………………………………………………………………………………..... 

…………………………………………………………………………………………………..... 

…………………………………………………………………………………………………..... 

…………………………………………………………………………………………………..... 

…………………………………………………………………………………………………..... 

…………………………………………………………………………………………………..... 

…………………………………………………………………………………………………..... 

…………………………………………………………………………………………………..... 

…………………………………………………………………………………………………..... 

…………………………………………………………………………………………………..... 

…………………………………………………………………………………………………..... 

 [10] 
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Question 12 / Vraag 12 
 
A surgery intern asks your opinion about a serum potassium of 6.0 mmol/l in a patient booked 
for anesthesia. 
’n Intern by chirurgie vra u opinie oor ’n serum kalium van 6.0 mmol/l in ’n pasiënt wat 
bespreek word vir narkose. 
 
a) What other measurement(s) from the blood investigations would you ask about? 

Watter ander bloed ondersoek bevinding(e) sou u oor navraag doen?    (2) 
 

 ……………………………………………………………………………………………………. 

 ……………………………………………………………………………………………………. 

 ……………………………………………………………………………………………………. 

 ……………………………………………………………………………………………………. 

 
b) List important causes of hyperkalaemia. 

Maak ’n lys van die belangrike oorsake van hiperkalemie.      (5) 
 

 ……………………………………………………………………………………………………. 

 ……………………………………………………………………………………………………. 

 ……………………………………………………………………………………………………. 

 ……………………………………………………………………………………………………. 

 ……………………………………………………………………………………………………. 

 ……………………………………………………………………………………………………. 

 ……………………………………………………………………………………………………. 

 ……………………………………………………………………………………………………. 

 
c) Describe your immediate treatment of a patient with symptomatic hyperkalaemia. 

Beskryf u onmiddellike behandeling van ’n pasiënt met simptomatiese hiperkalemie.(3) 
  

 ……………………………………………………………………………………………………. 

 ……………………………………………………………………………………………………. 

 ……………………………………………………………………………………………………. 

 ……………………………………………………………………………………………………. 

 ……………………………………………………………………………………………………. 

[10] 
 
 
 
 
 
 



Question 13 / Vraag 13 
 
You administer heparin 7000 IU intravenously to an adult weighing 70kg for aorta- bifemoral 
bypass. His activated clotting time after three minutes is 110 seconds. His pre-induction ACT 
was 100 seconds. 
U dien heparien 7000 IE intraveneus toe aan ’n 70kg volwassene wat aorta-bifemorale 
omleiding ondergaan. Die geaktiveerde stol tyd drie minute later is 110 sekondes. Dit was voor 
induksie 100 sekondes. 
 
a) List the causes of apparent heparin resistance. 

Lys oorsake van skynbare heparien weerstandigheid.      (5) 
 

 ……………………………………………………………………………………………………. 

 ……………………………………………………………………………………………………. 

 ……………………………………………………………………………………………………. 

 ……………………………………………………………………………………………………. 

 ……………………………………………………………………………………………………. 

 ……………………………………………………………………………………………………. 

 ……………………………………………………………………………………………………. 

 ……………………………………………………………………………………………………. 

 
b) Briefly discuss your management. 

Beskryf u hantering kortliks.          (5) 
 

 ……………………………………………………………………………………………………. 

 ……………………………………………………………………………………………………. 

 ……………………………………………………………………………………………………. 

 ……………………………………………………………………………………………………. 

 ……………………………………………………………………………………………………. 

 ……………………………………………………………………………………………………. 

 ……………………………………………………………………………………………………. 

 ……………………………………………………………………………………………………. 

[10] 
 
 
 
 
 
 
 
 
 
 



Question 14 / Vraag 14 
 
You ventilate a relaxed, intubated child of 30 kg using your anaesthetic ventilator. You have 
real-time spirometry on your display (Figure 9). 
U ventileer ’n geïntubeerde, verslapte kind van 30kg met u narkose ventilator. U narkose 
monitor het ’n intydse spirometrie vertoon (Figuur 9). 

 
a) Comment on the spirometry curve. 

         Lewer kommentaar op die spirometrie kurwe.         (2) 
 

 ……………………………………………………………………………………………………. 

 ……………………………………………………………………………………………………. 

 ……………………………………………………………………………………………………. 

 ……………………………………………………………………………………………………. 

 
b) What causes would you consider? 

         Watter oorsake sal u in ag neem?         (3) 
 

 ……………………………………………………………………………………………………. 

 ……………………………………………………………………………………………………. 

 ……………………………………………………………………………………………………. 

 ……………………………………………………………………………………………………. 

 ……………………………………………………………………………………………………. 

 
c) What are the risks to the patient? 

         Wat is die gevare vir die pasïent?         (3) 
 

 ……………………………………………………………………………………………………. 

 ……………………………………………………………………………………………………. 

 ……………………………………………………………………………………………………. 

 ……………………………………………………………………………………………………. 

 ……………………………………………………………………………………………………. 

 
d) In the absence of other reversible causes, how would you adjust your ventilator? 
         Hoe sal u die ventilator verstel nadat u ander omkeerbare oorsake uitgeskakel het? (2) 

 

 ……………………………………………………………………………………………………. 

 ……………………………………………………………………………………………………. 

 ……………………………………………………………………………………………………. 

 ……………………………………………………………………………………………………. 

 ……………………………………………………………………………………………………. 

             [10] 
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Question 15 / Vraag 15 
 
A 55-year-old woman is brought to the casualty unit by ambulance. She is semi-comatose and 
ill for several days and has a past history of heart failure. Current medication is digoxin and a 
thiazide diuretic. An arterial blood gas is obtained whilst breathing room air 
’n 55-jarige vrou word per ambulans ingebring na die ongevalle-eenheid. Sy is semi-komateus, 
siek vir verskeie dae en het ook ’n geskiedenis van hartversaking. Huidige medikasie is 
digoksien en ’n tiasied-diuretikum. ’n Arteriële bloedgas word gedoen op kamerlug 
 
pH = 7.41 
PCO2 = 32 mmHg 
PO2 = 85 mmHg 
HCO3

- = 19 mmol/l 
Anion gap = 33 mmol/l 
S-glucose = 67 mmol/l 
S-K+ = 2.7 mmol/l 
 
a) Give 2 likely causes for the abnormal anion gap. 

Gee 2 waarskynlike oorsake vir die abnormale anioongaping.     (2) 
 

 ……………………………………………………………………………………………………… 

 ……………………………………………………………………………………………………… 

 ……………………………………………………………………………………………………… 

 ……………………………………………………………………………………………………… 

 
b) A pre-existing high S-HCO3

- is likely. Explain why? Calculate the likely pre-existing S-
HCO3

-. Show your calculations. 
’n Voorafgaande hoë S-HCO3

- is waarskynlik. Verduidelik hoekom? Bereken die 
waarskynlike voorafgaande S-HCO3

-. Wys u berekeninge.      (4) 
 

 ……………………………………………………………………………………………………… 

 ……………………………………………………………………………………………………… 

 ……………………………………………………………………………………………………… 

 ……………………………………………………………………………………………………… 

 ……………………………………………………………………………………………………… 

 ……………………………………………………………………………………………………… 

 
c) What is the expected PaCO2 for a chronic S-HCO3

- = 19 mmol/l? 
Wat is die verwagte PaCO2 vir ’n chroniese S-HCO3

- = 19 mmol/l?     (2) 
 

 ……………………………………………………………………………………………………… 

 ……………………………………………………………………………………………………… 

 ……………………………………………………………………………………………………… 

 ……………………………………………………………………………………………………… 

 



d) What conclusion can be drawn from your finding in (c)? 
Watter gevolgtrekking kan gemaak word uit u bevinding in (c)?     (2) 

 

  

 ……………………………………………………………………………………………………… 

 ……………………………………………………………………………………………………… 

 ……………………………………………………………………………………………………… 

 ……………………………………………………………………………………………………… 

[10] 
 
Question 16 / Vraag 16 
 
A nerve stimulator is applied over the ulnar nerve on the forearm of a patient with post-
operative apnoea. The motor function of the adductor pollicis is monitored. Draw the motor 
response of this muscle schematically as found in the following possible scenarios 
’n Senuweestimulator word geplaas oor die ulnare senuwee in die voorarm van ’n pasiënt met 
post-operatiewe apnee. Die motorfunksie van die adduktor pollicis word gemoniteer. Teken 
skematies die motorrespons van hierdie spier soos gevind met die volgende moontlike 
scenario’s 
 
a) A partial depolarising block when using a tetanic stimulus. 

’n Gedeeltelike depolariserende blok wanneer ’n tetaniese stimulus toegedien word.  (2) 
 

 ……………………………………………………………………………………………………… 

 ……………………………………………………………………………………………………… 

 ……………………………………………………………………………………………………… 

 ……………………………………………………………………………………………………… 
 
b) A partial nondepolarising block when using a train-of-four stimulation. 

’n  Gedeeltelike  nie-depolariserende  blok  wanneer  ’n  rits-van-vier  stimulasies  gebruik 
word.              (2) 

 

 ……………………………………………………………………………………………………… 

 ……………………………………………………………………………………………………… 

 ……………………………………………………………………………………………………… 

 ……………………………………………………………………………………………………… 

 
c) Testing for posttetanic facilitation in the presence of a complete depolarising block. 

Toets vir posttetaniese potensiasie in die aanwesigheid van ’n volledige depolariserende 
blok.              (2) 

 

 ……………………………………………………………………………………………………… 

 ……………………………………………………………………………………………………… 

 ……………………………………………………………………………………………………… 

 ……………………………………………………………………………………………………… 



d) Testing for posttetanic facilitation in the presence of a partial nondepolarising block.  
Toets vir posttetaniese potensiasie in die teenwoordigheid van ’n gedeeltelike nie-
depolariserende blok.            (2) 

 

 ……………………………………………………………………………………………………… 

 ……………………………………………………………………………………………………… 

 ……………………………………………………………………………………………………… 

 ……………………………………………………………………………………………………… 

 
e) Applying a tetanic stimulus in the absence of a neuromuscular block in a man with 

myasthenic syndrome. 
Toediening van ’n tetaniese stimulus in die afwesigheid van ’n neuromuskulêre blok by ’n 
man met miasteniese sindroom.          (2) 

 

 ……………………………………………………………………………………………………… 

 ……………………………………………………………………………………………………… 

 ……………………………………………………………………………………………………… 

 ……………………………………………………………………………………………………… 

[10] 
Question 17 / Vraag 17 
 
a) A neonate is breathing spontaneously with a fast respiratory rate utilising the Jackson-Rees 

system. The fresh gas flow is 5 litres per minute. The capnograph side stream aspiration 
tube is connected to the paediatric airway filter on to the distal end of the endotracheal 
tube. 

’n Neonaat haal spontaan asem met ’n Jackson-Reessisteem teen ’n vinnige respiratoriese 
tempo. Die varsgasvloei is 5 liter per minuut. Die kapnograaf-systroomaspirasiepypie is 
gekonnekteer aan die pediatriese lugwegfilter aan die distale einde van die endotrageale 
buis. 

i) Identify two seemingly obvious abnormalities identifiable from the capnogram tracing in 
Figure 10. 
Identifiseer twee oënskynlik duidelike abnormaliteite identifiseerbaar op die 
kapnogramuitdruk in Figuur 10          (1) 
 

 ……………………………………………………………………………………………………… 

 ……………………………………………………………………………………………………… 

 ……………………………………………………………………………………………………… 

ii) Describe the interpretational difficulties associated with a capnogram lacking a 
plateau phase. 
Beskryf die interpretasieprobleme geassosieer met ’n kapnogram sonder ’n  
platofase.            (2) 
 

 ……………………………………………………………………………………………………… 

 ……………………………………………………………………………………………………… 

 ……………………………………………………………………………………………………… 



iii) Describe the interpretational difficulties associated with a capnogram at such a fast 
respiratory rate. 
Beskryf die interpretasieprobeleme geassosieer met ’n kapnogram waar die 
respiratoriese tempo so vinnig is.         (2) 

 

 ……………………………………………………………………………………………………… 

 ……………………………………………………………………………………………………… 

 ……………………………………………………………………………………………………… 

 ……………………………………………………………………………………………………… 

 
b) Volume control ventilation is applied in an adequately paralyzed young female during a 

laparotomy for a ruptured ectopic pregnancy. The tidal volume is 400 ml and the ventilatory 
rate is 12 per minute. Her blood pressure is 65/35 when an arterial bloodgas determination 
is done. The PaCO2 is 68 mmHg although the ETCO2 recording at the moment of blood 
sampling read 48 mmHg.  
Volume-beheerventilasie word toegepas gedurende ’n laparotomie vir ’n geruptuurde 
ektopiese swangerskap by ’n voldoende verslapte jong vrou. Die getyvolume is 400 ml en 
die ventilatoriese tempo is 12 per minuut. Haar bloeddruk is 65/35 wanneer ’n arteriële 
bloedgasanalise gedoen word. Die PaCO2 is 68 mmHg alhoewel die ETCO2-lesing op die 
oomblik van die bloedmonsterneming 48 mmHg was. 

i) What PaCO2-ETCO2 gradient is considered to be acceptable during ideal physiological  
circumstances? 
Watter PaCO2-ETCO2-gradiënt word as aanvaarbaar beskou gedurende idiale 
fisiologies omstandighede?          (1) 

 ……………………………………………………………………………………………………… 

 ……………………………………………………………………………………………………… 

 ……………………………………………………………………………………………………… 

ii) Explain the possible cause of the abnormal PaCO2-ETCO2 gradient in the  
mentioned patient. 

Verduidelik die moontlike oorsaak van die abnormale PaCO2-ETCO2-gradiënt in 
die genoemde geval.           (2) 

 

 ……………………………………………………………………………………………………… 

 ……………………………………………………………………………………………………… 

 ……………………………………………………………………………………………………… 

 ……………………………………………………………………………………………………… 

iii) Under which unique circumstance can the PaCO2-ETCO2 gradient be reversed for a  
limited period (negative gradient, not necessarily related to the above case)? 
Onder watter unieke omstandighede kan die PaCO2-ETCO2-gradiënt  omgekeerd 
wees vir ’n beperkte periode (negatiewe gradient, nie noodwendig verwant aan  
bogenoemde pasiënt nie)?         
              (1) 

 

 ……………………………………………………………………………………………………… 

 ……………………………………………………………………………………………………… 



iv) Explain briefly how significant hypercarbia can contribute towards tissue hypoxia  
in this clinical scenario. 

Verduidelik kortliks hoe betekenisvolle hiperkarbie in hierdie scenario kan bydra tot 
weefselhipoksie.               (1) 

 

 ……………………………………………………………………………………………………… 

 ……………………………………………………………………………………………………… 

 ……………………………………………………………………………………………………… 

[10] 
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Fifty years ago, Belding Scribner and his colleagues at the Uni-
versity of Washington developed a blood-access device using Teflon-coated 
plastic tubes, which facilitated the use of repeated hemodialysis as a life-sus-

taining treatment for patients with uremia.1,2 The introduction of the Scribner shunt, 
as it became known, soon led to the development of a variety of surgical techniques 
for the creation of arteriovenous fistulas and grafts. Consequently, hemodialysis has 
made survival possible for more than a million people throughout the world who 
have end-stage renal disease (ESRD) with limited or no kidney function. The expan-
sion of dialysis into a form of long-term renal-replacement therapy transformed the 
field of nephrology and also created a new area of medical science, which has been 
called the physiology of the artificial kidney. This review describes the medical, 
social, and economic evolution of hemodialysis therapy.

G oa l s of Hemodi a lysis

Dialysis is defined as the diffusion of molecules in solution across a semipermeable 
membrane along an electrochemical concentration gradient.3 The primary goal of 
hemodialysis is to restore the intracellular and extracellular fluid environment that 
is characteristic of normal kidney function. This is accomplished by the transport 
of solutes such as urea from the blood into the dialysate and by the transport of 
solutes such as bicarbonate from the dialysate into the blood (Fig. 1A). Solute con-
centration and molecular weight are the primary determinants of diffusion rates. 
Small molecules, such as urea, diffuse quickly, whereas compartmentalized and 
larger molecules, such as phosphate, β2-microglobulin, and albumin, and protein-
bound solutes, such as p-cresol, diffuse much more slowly (Fig. 1B and 1C). In addi-
tion to diffusion, solutes may pass through pores in the membrane by means of a 
convective process driven by hydrostatic or osmotic pressure gradients — a process 
called ultrafiltration.4 During ultrafiltration, there is no change in solute concentra-
tions; its primary purpose is the removal of excess total body water.

For each dialysis session, the patient’s physiological status should be assessed 
so that the dialysis prescription can be aligned with the goals for the session. This 
is accomplished by integrating the separate but related components of the dialysis 
prescription to achieve the desired rates and total amount of solute and fluid re-
moval (Table 1). By replacing kidney excretory function, dialysis is intended to elimi-
nate the symptom complex known as the uremic syndrome, although ascribing 
particular cellular or organ dysfunction to the accumulation of specific solutes in 
uremia has proved to be difficult.5

Qua n tif y ing the D ose a nd A dequac y of Di a lysis

Measuring the clearance of solutes that accumulate in patients with uremia has be-
come the mainstay for calculating the dose of dialysis and determining its adequa-
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cy as delivered. Precise standards and goals of di-
alysis adequacy are based on the clearance of urea, 
a byproduct of protein catabolism, which can be 
readily and accurately measured. The volume of 
distribution of urea, which is neither lipophilic nor 
highly protein-bound, reflects total body water; 
consequently, urea is an attractive molecule for 
quantifying dialysis adequacy through mathemat-
ical modeling based on changing blood concen-
trations.3,6 Urea kinetic modeling predicts mor-
bidity and mortality better than kinetic modeling 
of any other known solute. The amount of urea to 
be removed is usually calculated according to the 
patient’s body size with the use of the following 
dimensionless construct, which relates the clear-
ance of urea to its volume of distribution in the 
patient: Kt/Vurea, where K is the urea clearance of 
the dialyzer, t is the duration of dialysis, and Vurea 
is the patient’s volume of urea distribution. This 
construct has been readily adopted by the nephrol-
ogy community to calculate the dialysis dose.6 
Some investigators have suggested that adjusting 
the amount of solute clearance according to the 
volume of distribution rather than according to 
the patient’s body-surface area may result in un-
derdosing in small patients and women.7-9 Al-
though alternative means of adjusting clearance 
for body size have been proposed, none currently 
constitute the standard of care.

The importance of clearance of middle-molec-
ular-weight solutes (500 to 30,000 daltons) with 
respect to clinical outcomes has long been debat-
ed.10 Current high-flux hemodialysis membranes 
have larger pores than did earlier-generation mem-
branes, and they permit the passage of larger 
uremic toxins. Since the β2-microglobulin concen-
tration is easy to measure, it is frequently used as 
a marker solute for middle-molecular-weight sol-
utes. Several retrospective, observational studies 
have suggested an association between the use of 
high-flux hemodialysis membranes and reduced 
mortality.11-14 However, increased clearance of 
middle-molecular-weight solutes has not been con-
clusively shown to be an important factor in a 
well-powered, prospective, randomized trial.

Tr e atmen t Time

An important component of the dialysis prescrip-
tion is treatment time, which can influence the 
ability to safely remove solutes and accumulated 
excess fluid. In the 1980s, shortening the treatment 

time to cut costs while maintaining an adequate 
level of urea clearance became common practice 
in the United States. However, subsequent studies 
revealed that outcomes were adversely affected by 
shorter treatment times.15 Advocates for longer 
treatment times pointed to the better outcomes in 
Europe and Asia, where treatment times are pro-
longed.16,17 Patients who gain more weight with 
dialysis are at increased risk for death,18 and a 
longer treatment time is often required for such 
patients to help maintain fluid balance. However, 
to date, little effort has been made to evaluate dif-
ferent fluid-removal strategies in controlled studies.

Reports from individual centers that have used 
extended dialysis sessions (8 to 12 hours per treat-
ment, often provided overnight) are receiving more 
attention. Extended treatment times clearly im-
prove blood-pressure control and phosphate re-
moval while having a modest effect on overall 
solute clearance.19,20 Excellent outcomes have been 
reported from these centers, although, again, not 
in the context of randomized clinical trials.21,22 
It is unclear whether extended treatments provided 
at night are practical and would be accepted by 
most patients undergoing dialysis.

Fr equenc y of Di a lysis

For more than four decades, the standard sched-
ule for hemodialysis has continued to be three 
sessions a week, largely owing to logistic and cost 
concerns. Although several centers have treated a 
small number of patients with more frequent he-
modialysis, a systematic study of outcomes after 
such therapy is only now being undertaken. Most 
available reports are from case–control studies 
or uncontrolled interventional studies.23 A major-
ity of such studies have shown reductions in blood-
pressure levels and in the need for antihypertensive 
medications, with variable effects on regression of 
left ventricular hypertrophy, a frequent occurrence 
among patients receiving long-term hemodialysis. 
Health-related quality-of-life measures appear to 
improve with more frequent dialysis treatments, 
whereas mixed results are reported for measures 
of anemia control and calcium phosphate metabo-
lism.24 A recent randomized, controlled pilot trial 
compared daily nocturnal hemodialysis with con-
ventional thrice-weekly hemodialysis.25 In the pri-
mary analysis, there was a significant reduction 
in left ventricular mass in the group treated with 
daily dialysis, as compared with the conventionally 
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treated group. Improvements in blood-pressure 
control, serum calcium–phosphorus product, and 
selected quality-of-life measures were also ob-
served. The Frequent Hemodialysis Network, spon-
sored by the National Institutes of Health, is 
currently conducting two studies: in one, daily 
in-center dialysis involving short treatment times 
is being compared with conventional thrice-weekly 
dialysis, and in the other, daily nocturnal dialysis 
involving longer treatment times is being com-

pared with conventional thrice-weekly dialysis.26 
Outcomes will include survival, change in left ven-
tricular mass, and quality of life.

E volu tion of Hemodi a lysis  
in the Uni ted S tates

Long-term dialysis was initially available only for 
patients who were enrolled in a handful of pro-
grams (Fig. 2). In 1972, President Richard Nixon 

Table 1. Key Components of the Hemodialysis Prescription.

Component Comments

Dialyzer

Configuration Hollow-fiber dialyzers are preferred owing to improved safety.

Membrane biomaterials Synthetic membranes are used more frequently than cellulose membranes owing to fewer blood–membrane 
interactions.

Membrane permeability High-flux membranes are constructed with larger pores, which allow greater removal of higher-molecular-
weight solutes, with similar removal of lower-molecular-weight solutes as compared with low-flux mem-
branes.

Treatment time Usual treatment time is about 4 hours.
Longer treatment times allow more fluid removal with less risk of intradialytic hypotension, and the removal  

of compartmentalized solutes such as phosphate is increased; nevertheless, increased dialysis time has 
limited effects on removal of many solutes because of decreasing plasma concentrations.

Treatment frequency Usual frequency is 3 times per week.
Increasing the frequency of dialysis to >3 times per week improves solute clearance and fluid removal; effects 

on clinical outcomes and quality of life are being evaluated in randomized trials.

Blood flow rate Usual prescription is 200 to 400 ml per minute.
Achievable blood flow depends on the type and quality of vascular access. Increasing blood flow increases sol-

ute removal; however, increased flow resistance will eventually limit the augmented clearance.

Dialysate flow rate Usual rate is twice the achieved blood flow rate in order to attain near-maximal solute clearance.

Ultrafiltration rate Should be less than 10 ml per kilogram of body weight per hour to reduce the risk of intradialytic hypo tension.

Dialysate composition

Sodium Between 130 and 145 mmol per liter.
Higher sodium concentrations decrease the risk of intradialytic hypotension but increase thirst and inter-

dialytic weight gain.

Potassium Generally 2 to 3 mmol per liter.
Lower levels of dialysate potassium are associated with sudden cardiac death; intradialytic potassium removal 

is highly variable, and plasma potassium levels rebound about 30% after dialysis.

Calcium Generally 1.25 to 1.75 mmol per liter.
Only non–protein-bound calcium is removed; higher levels of dialysate calcium increase intradialytic blood 

pressure.

Magnesium Generally 0.5 mmol per liter.
The optimal level of magnesium is unresolved, and magnesium flux is difficult to predict.

Alkaline buffers Commonly 30 to 40 mmol per liter.
Predominantly bicarbonate with a small amount of acetate; bicarbonate concentration can be adjusted to  

correct metabolic acidosis.

Chloride Defined by prescribed cations and alkaline buffers in dialysate.

Glucose Commonly 100 to 200 mg per deciliter.
Higher levels of glucose promote hypertriglyceridemia.

Intradialytic medications Erythropoietin, iron, vitamin D analogues, antibiotics.

Anticoagulation Heparin or other agents.
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signed legislation authorizing Medicare coverage 
for the costs of ESRD treatments, including dialysis 
and kidney transplantation, for all eligible Amer-
icans.27 With little public or congressional debate, 
the passage of this legislation heralded an era of 
nearly universal entitlement for ESRD care, in 
marked contrast to other organ failure–related dis-
ease states such as end-stage heart disease or liver 
disease. Legislators approved the law with the 
understanding that dialysis would provide high-
level rehabilitation and social benefit to a rela-

tively small number of people at low cost.28 Since 
1972, a geometric increase in the number of pa-
tients receiving dialysis has expanded the scope 
of the Medicare ESRD Program enormously. From 
an economic and societal perspective, salient 
changes during the evolution of this program 
have included steadily increasing aggregate costs 
to Medicare, diminished per-treatment reimburse-
ment in inflation-adjusted dollars, a dramatic in-
crease in costs associated with medications given 
during dialysis, a steady decline in the use of home 

1955 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010

Allows for repeated,
long-term dialysis

1960 Scribner shunt
invented

Sets the stage
for eventual

congressional
action on

funding ESRD
care; projects
a low rate of

dialysis treat-
ment, with a

high rehabili-
tation rate

1968 Incorporation of National Medical Care,
the first for-profit dialysis provider

1967 Gottschalk Committee report

Authorizes
Medicare
payment for
ESRD treat-
ment,
including
dialysis and
kidney
transplan-
tation    

1972 Public law 92-603, section 2991

1978 Public law 95-292

1978 Congress authorizes ESRD networks

Paves the way
for a bundled
composite rate
of payment
for dialysis
services 

Facilitates  quality
assurance and
continuous quality
improvement  

1989 Medicare
coverage of

erythropoietin

1988 Establishment
of U.S. Renal
Data System

Creates a government-
mandated comprehensive

data set on dialysis outcomes

Results in coverage of injectable
medications in dialysis treatment

1991 Institute of
Medicine’s report:

Kidney Failure
and the Federal

Government 

Initiates
public
reporting
of quality
measures
and out-
comes

1999 Establishment
of ESRD Clinical
Performance
Measures Project

Facilitates
development
of quality
monitoring
in dialysis

Initiates successful
focused quality-

improvement
program

2003 Launch of Fistula First
Breakthrough Initiative by CMS

2005–06 Consolidation of
dialysis industry through
mergers and acquisitions

2008 Passage of Medicare
Improvements for Patients
and Providers Act

Creates an oligopoly
whereby two companies
control more than 60%

of the market

Increases bundling
of payments for
dialysis in 2011;
establishes reimburse-
ment for preventive 
care and institutes 
payments for quality

Figure 2. Timeline for the Evolution of Hemodialysis.

The widespread implementation of dialysis therapy over the past 50 years has been accompanied by considerable medical, social, eco-
nomic, and regulatory changes in the U.S. End-Stage Renal Disease (ESRD) Program. Fueled by concerns about increasing costs for the 
program, associated high morbidity and mortality, and incomplete rehabilitation for patients undergoing dialysis, developments in the 
evolution of the ESRD Program provided an early window into trends that have subsequently affected the U.S. health care system as a 
whole. The ESRD Program has served as an incubator for efforts to develop robust vehicles to collect data, measure quality and deter-
mine performance indicators, and initiate quality-improvement projects. Legislative changes are under way to institute payments for the 
delivery of high-quality care and to increase the bundling of payments for ESRD services. CMS denotes Centers for Medicare and Medic-
aid Services.
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dialysis (including peritoneal dialysis), and the rise 
and consolidation of a for-profit dialysis-provider 
industry.29,30

The demographics of the dialysis population 
have also changed dramatically over time. Less 
stringent selection of patients has led to treatment 
of an increasing proportion of elderly patients, 
patients with diabetes, and patients who are frail 
and have complex coexisting conditions. The ini-
tiation of dialysis in patients with higher levels of 
residual kidney function has occurred concomi-
tantly, particularly among patients older than 75 
years of age.31 Among elderly nursing-home resi-
dents, the initiation of dialysis is associated with 
a substantial decline in functional status and high 
mortality.32 The factors driving these clinical prac-
tices, and their societal implications, are only 
beginning to be studied but may well lead to 
increased consideration of conservative manage-
ment and palliative-care options for some pa-
tients.30,33-35

The Medicare Improvements for Patients and 
Providers Act (MIPPA) of 2008 contains provisions 
that are likely to change the Medicare ESRD Pro-
gram substantially. Currently, dialysis facilities 
receive a bundled payment for each dialysis ses-
sion they provide, which includes funds to cover 
supplies, staffing, and selected ESRD-related lab-
oratory tests; the costs of intravenous medications 
are billed separately. MIPPA mandates an expan-
sion of the bundled-payment system to include 
funds for all ESRD-related medications and labo-
ratory tests, beginning in 2011. Including medi-
cation reimbursement along with these bundled 
payments to dialysis providers should remove any 
possible financial incentive to overprescribe med-
ications during treatment, but simultaneously, it 
may create incentives for providers to underuse 
medications or choose to treat patients on the 
basis of characteristics that may translate into re-
duced medication expenditures. MIPPA relies on 
adjustments for case mix to prevent providers from 
deselecting or cherry-picking patients and also 
mandates the development of a payment system 
for quality indicators by 2012.

Me a sur ing a nd Improv ing 
Qua li t y in Di a lysis  C a r e

The ability to evaluate outcomes among patients 
with ESRD increased dramatically after 1988, when 
the United States Renal Data System (USRDS) was 

established to record and issue reports that would 
track mortality and morbidity and determine fac-
tors affecting clinical outcomes. Perhaps the most 
robust disease-specific data sets available within 
the entire Medicare population, these USRDS re-
ports have greatly facilitated the development of 
quality goals and metrics, at the same time as 
evidence-based clinical practice guidelines, such 
as those issued by the Kidney Disease Outcomes 
Quality Initiative and the Kidney Disease: Improv-
ing Global Outcomes program, have been devel-
oped.36-38 In 2003 the Centers for Medicare and 
Medicaid Services (CMS) and other key stakehold-
ers jointly developed a national quality-improve-
ment effort to increase the use of arteriovenous 
fistulas as the preferred choice for vascular ac-
cess — a choice that had historically lagged be-
hind other indicators of high-quality care. This 
collaborative initiative, known as Fistula First, led 
to a dramatic increase in the use of fistulas.39 In 
an effort to facilitate patient choice and promote 
quality improvement, the CMS developed Dialysis 
Facility Compare, a Web site that allows consum-
ers to compare the mandatory reported perfor-
mance of dialysis facilities.40

Patien t S a fe t y a nd Technic a l 
A dva nces

Hemodialysis is now substantially safer than it 
was initially, and deaths directly related to the di-
alysis procedure are rare. Improved dialysate de-
livery systems, more reliable monitoring devices, 
and automated safety mechanisms have reduced 
the risk of complications. Other technical im-
provements include the standard use of the more 
physiologic bicarbonate-based dialysate, better 
water-quality standards, volumetric ultrafiltration 
controls, and computer-controlled sodium and po-
tassium modeling.41 Several in-line devices now 
allow dynamic monitoring of the rate of blood 
flow through the vascular access,42 changes in the 
hematocrit (to measure vascular refilling during 
ultrafiltration), and changes in the electrical con-
ductivity of the dialysate (to estimate the amount 
of solute being removed).43

Thus, dialysis machines with feedback-control 
systems currently allow for computer-controlled, 
real-time adjustments in the critical components 
of dialysis, such as the ultrafiltration rate.44 Au-
tomated control of dialysate temperature helps 
maintain a constant body temperature during di-
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alysis, which may reduce the incidence of intra-
dialytic hypotension.45 Although studies in small 
groups of patients have suggested possible bene-
fits from in-line monitoring or feedback-control 
systems, evidence of improved outcomes in large, 
rigorously controlled trials is lacking.46

Tr ends in Ou t comes 
in the Uni ted S tates

The steady improvement in procedure-focused and 
process-related measures of quality has led to a 
noticeable improvement in survival over the past 
two decades.36 Nevertheless, the death rate among 
U.S. patients undergoing dialysis continues to ex-
ceed 20% per year during the first 2 years after 
maintenance dialysis is begun. Unfortunately, hos-
pitalization rates have remained nearly constant, 
averaging almost 13 hospital days and two admis-
sions per patient-year.47 The exclusive reliance on 
dialysis-focused quality measures (e.g., adequacy 
of dialysis, presence or absence of anemia, and 
mineral metabolism) has previously been ques-
tioned, since such measures may account for only 
15% of the variations in mortality and morbidi-
ty.48 It has been suggested that quality measures 
also include an assessment of risk factors for car-
diovascular disease and infection, which consti-
tute the major causes of hospitalization and death 
in the population receiving dialysis. Practice pat-
terns also vary greatly, such as variations in the 
placement and use of fistulas, the rate of coronary 
revascularization, and the rate of pneumococcal 
vaccination. Practice-pattern variations in achiev-
ing quality-of-care goals, including predialysis care 
with timely fistula placement, represent a poten-
tial area for the improvement of outcomes.

Clinical care of the patient undergoing dialysis 
is highly complex, given the insidious but pro-
tean manifestations of uremia (Table 2).37,38,49-62 
Although symptoms of uremia are often nonspe-
cific, virtually every organ system in the body is 
affected by the disruption in metabolic homeo-
stasis associated with ESRD. Physicians who treat 
patients receiving dialysis must be cognizant of the 
numerous complications that can result from the 
loss of kidney function and of the complex rela-
tionships between uremia and dialysis treatment. 
For example, uremia-induced alterations in gastro-
intestinal tract function can alter nutrient intake 
and result in poor nutritional status, which in 
turn increases the risks of cardiovascular disease 

and infection, particularly when dialysis involves 
tunneled catheters. Given the problems associat-
ed with ESRD, physicians who care for patients 
receiving hemodialysis face unique and difficult 
challenges.63 Caring for such patients is particu-
larly difficult because of the lack of high-level 
evidence in support of target ranges for many of 
the important components of dialysis care, such 
as optimal concentrations of parathyroid hormone 
and low-density lipoprotein (LDL) cholesterol or 
blood-pressure levels (Table 2).

In ter nationa l Compa r isons

Many investigators have noted that crude mortal-
ity rates are consistently higher in the United States 
than in Europe or Japan. Probably the best avail-
able comparative data come from the Dialysis Out-
comes and Practice Patterns Study (DOPPS), which 
uses a prospective design and attempts to har-
monize data collection across several countries 
and continents.64 The DOPPS reported that crude 
1-year mortality rates from 1996 to 2002 were 6.6% 
in Japan, 15.6% in Europe, and 21.7% in the Unit-
ed States.65 Although dramatic differences in de-
mographic characteristics, clinical factors, com-
pleteness of data ascertainment, and access to 
kidney transplantation can limit the validity of 
these transnational comparisons, the relative risk 
of death after adjustments have been made for age 
and multiple coexisting disorders is still higher 
in the United States than in Japan or Europe.66 
Features of practice patterns in the United States 
that differ from those in the other two countries 
may account in part for the observed differences 
in the risk of death. Such features include shorter 
treatment times, less frequent use of fistulas, and 
staffing of dialysis units with patient care techni-
cians rather than nurses.67

One trend of concern in the United States is 
the increasing proportion of patients who begin 
dialysis with a tunneled catheter rather than with 
a more permanent type of vascular access. The use 
of such catheters is strongly associated with in-
creases in the rate of hospitalization, the risk of 
death, and the cost of care, owing in large part to 
the risk of catheter-related bacteremia.55 Although 
the preponderance of available data suggests worse 
outcomes in the United States, not all investiga-
tors agree that differences in practice patterns 
account for the differences in outcomes. Alterna-
tively, results of a study that used the World Health 
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Organization mortality database suggest that 
much of the international variation in mortality 
is attributable to differences in the risk of death 
that are related to cardiovascular disease in the 
respective general populations.68

Con trolled Tr i a l s of Di a lysis 
Ther a py

Several randomized, controlled clinical trials with 
sufficient power to detect changes in mortality 
or hospitalization rates have evaluated the ade-
quacy of dialysis therapy. The National Coopera-
tive Dialysis Study (NCDS), performed during the 

1970s, was designed to determine whether alter-
ing the time-averaged concentration of urea or 
the treatment time — each of which is consid-
ered an important determinant of the adequacy 
of hemodialysis — would affect hospitalization 
rates.69 The results of the NCDS indicated that a 
high urea concentration was significantly associ-
ated with increased hospitalizations. On the ba-
sis of the NCDS results, a minimum delivered di-
alysis dose equivalent to a single-pool Kt/Vurea value 
of 1.2 was initially established as a standard, which 
was incorporated into clinical practice guidelines 
and performance measures. The NCDS was not 
powered to evaluate mortality as an outcome. Al-

Table 2. Clinical Care of Patients Receiving Hemodialysis.*

Variable Goals and Targets

Dialysis dose Monitor urea kinetic modeling; target single-pool Kt/Vurea >1.4.†

Fluid management and estimated 
body weight

Carry out individualized management and assessment; interdialytic weight gain should ideally be less 
than 5% of total body weight.

Dialysate quality Monitor endotoxin and bacteria concentrations in water used for dialysate; the use of ultrapure dialy-
sate may reduce inflammation.49

Anemia Try to attain a hemoglobin level of 10 to 12 g per deciliter (although current recommendations may 
change on the basis of results from clinical trials involving patients with chronic kidney dis-
ease50-53); avoid high-dose erythropoietin; evaluate patients with erythropoietin resistance for 
inflammation and iron deficiency; monitor iron levels and treat iron deficiency; the long-term  
safety and efficacy of iron administration in patients with high ferritin levels have not been well  
established.54†‡

Vascular access Implement strategies to increase the placement and use of fistulas and eliminate catheter use when-
ever feasible55; monitor to detect possible access dysfunction.†§

Bone and mineral disorders Aim for a serum calcium level of 8.4 to 9.5 mg per deciliter and a serum phosphate level of 3.5 to  
5.5 mg per deciliter; monitor serum levels of intact PTH; although the optimal target PTH level  
has not been well defined, maintain PTH level at >2 times the upper limit of the normal range to 
minimize risk of low bone turnover; suppress rising PTH levels with vitamin D analogues, calcimi-
metics, and phosphate binders.¶

Nutrition Aim for serum albumin level >4.0 g per deciliter; consider enteral supplementation for progressive 
signs of protein energy wasting; refer patient to dietitian for nutritional counseling; restrict phos-
phorus, sodium, and potassium intake, as guided by laboratory studies.†

Blood pressure Optimal targets and management strategies have not been well defined.57

LDL cholesterol Aim for LDL cholesterol level of <100 mg per deciliter; the relationship between LDL cholesterol and 
cardiovascular risk is confounded by inflammation; statins are without proven benefit.58-60

Diabetes management Balance benefits of tighter glycemic control, which carries an increased risk of hypoglycemia, by means  
of individualized therapy; glycated hemoglobin targets have not been well defined61; manage other 
aspects of diabetes, such as peripheral vascular disease, intestinal dysmotility, and eye problems.

Transplantation referral Provide education about transplantation and timely referrals for suitable candidates; monitor status of 
wait-listed patients.§

Quality-of-life and psychosocial 
evaluation

The evaluation, conducted by a social worker with the support of a multidisciplinary team, should be 
aimed at optimizing adjustment to kidney failure and its treatment; the Kidney Disease Quality of 
Life (KDQOL-36) instrument is often used for the evaluation.62§

* LDL denotes low-density lipoprotein, and PTH parathyroid hormone.
† This recommendation is supported by the Kidney Disease Outcomes Quality Initiative Clinical Practice Guidelines.38

‡ This recommendation is compatible with those of the Food and Drug Administration and the European Medicines Agency.
§ This recommendation is mandated by the Centers for Medicare and Medicaid Services Conditions of Coverage for end-stage renal disease 

facilities.56

¶ This recommendation is supported by the Kidney Disease: Improving Global Outcomes Clinical Practice Guidelines.37
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though the NCDS was an exemplary early ran-
domized, controlled trial of the adequacy of di-
alysis, the delivered dose in the low-dose treatment 
group was well below that routinely delivered to-
day, and the patient population was not represen-
tative of current dialysis recipients.

In the 1990s, several large, observational stud-
ies suggested that doses of dialysis that were 
higher than standard doses and the use of dialy-
sis membranes with higher-permeability charac-
teristics (or flux) were associated with lower mor-
tality.11-13,70-72 The Hemodialysis (HEMO) Study, 
funded by the National Institutes of Health, sub-
sequently compared the effects of a standard di-
alysis dose (a single-pool Kt/Vurea value of 1.25) 
with a higher dose for urea clearance and also 
compared the effects of high versus low mem-
brane flux on morbidity and mortality. A total of 
1846 subjects were followed for 7 years, and the 
study had reasonably high power to detect a re-
duction in mortality. The results of the HEMO 
study showed no significant differences in all-
cause mortality or in seven other prespecified 
outcomes among any of the treatment groups.73 
Another well-conducted, randomized trial, the 
Adequacy of Peritoneal Dialysis in Mexico  
(ADEMEX) trial, also showed no relationship be-
tween dialysis dose and outcomes among pa-
tients receiving peritoneal dialysis.74 Taken col-
lectively, the results of these important trials 
suggest that there is a threshold–plateau relation-
ship between the dose of dialysis and outcomes 
and that increasing the dose to greater than the 
currently recommended target of a single-pool 
Kt/Vurea value of 1.4 (in order to ensure an achieved 
dose of at least 1.2) does not improve important 
outcomes. These studies also illustrate the limi-
tations of what is achievable with current dialy-
sis practice and underscore the need for more 
innovative approaches.

Con trolled Tr i a l s t o E va luate 
C a r diova scul a r R isk

Many randomized, controlled trials have focused 
on mitigating cardiovascular events and mortal-
ity in patients undergoing hemodialysis, but re-
sults have been disappointing. Notably, two inves-
tigations evaluating the use of atorvastatin and 
rosuvastatin showed no improvement in major 
outcomes, despite being well powered because of 
the high cardiovascular event rate in each treat-
ment group.58,59 Trials evaluating homocysteine-

lowering drugs,75 non–calcium-containing phos-
phorus binders,76 and erythropoietin at doses that 
target higher hemoglobin concentrations77 have 
all supported the null hypothesis or even suggest-
ed harm. In interpreting such trial results, it is 
important to consider that many metabolic and 
structural contributors to cardiovascular risk 
among patients undergoing dialysis may differ 
from those among patients without kidney disease 
(Fig. 3). Furthermore, in cross-sectional studies, 
conventional cardiovascular risk factors, such as 
elevated serum cholesterol levels and blood pres-
sure or a high degree of adiposity, have been 
found to be less predictive of risk among patients 
receiving dialysis than among persons with pre-
served kidney function.

Uremic cardiovascular disease is characterized 
by a high prevalence of medial vascular calcifica-
tion, arterial stiffness, and altered left ventricu-
lar geometry.78-80 The development of aggressive 
intimal hyperplasia is common after either coro-
nary angioplasty or the establishment of arterio-
venous access.81 Cardiac arrest and congestive 
heart failure are more prominent causes of car-
diovascular death than is acute myocardial in-
farction in patients with uremia.82 Metabolically, 
ESRD is strongly associated with acute inflamma-
tion, oxidative stress, endothelial dysfunction, in-
sulin resistance, and excess sympathetic tone.83-91 
A number of uremic toxins that are highly pro-
tein-bound or sequestered within cells or bone, 
such as p-cresol sulfate, indoxyl sulfate, and phos-
phate, may contribute directly to cardiovascular 
risk and are not sufficiently removed by means 
of conventional dialysis (Fig. 1).5,10 Further re-
search is needed to understand more precisely how 
uremic toxins contribute to cardiovascular risk and 
to evaluate novel approaches to reducing this risk. 
Innovative experimental approaches to dialysis 
have been advocated, such as wearable artificial 
kidneys and the use of nanotechnology for more 
rational membrane design.92-94 However, the large-
scale implementation of any of these novel experi-
mental approaches is not likely to occur in the 
near future.95

Conclusions

Over the past half century, the widespread use of 
dialysis to prolong life for people without kidney 
function has been a remarkable achievement. As 
a result of its growth and evolution, the U.S. ESRD 
Program has often provided an early window into 
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Figure 3. Pathobiology of Increased Cardiovascular Risk in End-Stage Renal Disease (ESRD).

The factors leading to an increased risk of cardiovascular disease among patients with ESRD are multifaceted and in many cases incom-
pletely understood. Although patients who undergo dialysis often have conventional cardiovascular risk factors, the presence of such fac-
tors does not appear to fully explain the high level of risk. In patients with uremia, multiple mediators related to the metabolic changes 
resulting from the loss of kidney function appear to contribute to this increased risk by causing multiple functional and structural chang-
es in the heart and blood vessels. These mediators include increased inflammation, greater sympathetic-nerve activity, oxidative stress, 
disturbed mineral balance, and profound endothelial dysfunction. Concurrent medical problems, such as anemia, hypertension, and hy-
pervolemia, also contribute to structural cardiac and vascular alterations, frequently resulting in heart failure. Excessive vascular calcifi-
cation, increased myocardial fibrosis, and increased intimal hyperplasia are common findings. In addition to ischemic cardiovascular 
events, the incidence of sudden death is excessively high in patients receiving hemodialysis. FGF-23 denotes fibroblast growth factor 23. 
The histologic photomicrographs are courtesy of Dr. Michael Laflamme and the angiographic image is courtesy of Dr. Thomas S. Hatsukami.
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social, political, and economic developments in 
health care, and these changes have later been 
reflected throughout the U.S. health care system. 
Despite such successes, the use of dialysis in the 
treatment of ESRD is problematic in some respects. 
The number of patients treated, especially in the 
United States, has escalated and is far beyond 
early estimates. Aggregate dialysis-associated costs 
have increased accordingly, and morbidity and 
mortality among treated patients remain high 
despite considerable technical and scientific im-
provements. Our knowledge of which uremic tox-
ins confer injury and of how they can be optimally 
removed during dialysis therapy remains incom-
plete. The limited number of clinical trials that 
have attempted to improve outcomes have had 
disappointing results, so more well-designed and 
adequately powered clinical trials are needed.

Ongoing studies are assessing whether longer 
or more frequent dialysis treatments, or both, can 
improve outcomes and whether these changes 
would be acceptable to most patients. However, 
substantive improvements for patients receiving 

dialysis will probably require major technologi-
cal breakthroughs that will be predicated on an 
improved understanding of uremic toxins and ure-
mic complications.
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The kidney is a remarkable organ that accomplishes a multitude of tasks.
Its main functions include maintaining fluid and electrolyte balance, excret-
ing metabolic waste products, controlling vascular tone, and regulating
hematopoiesis and bone metabolism. The kidneys are paired organs located
in the retroperitoneal space lateral to the vertebral bodies of T12. Each
kidney weighs approximately 125 g, is 8 to 10 cm long and 4 cm wide. The
kidneys receive 20% of cardiac output, whereas they comprise only 0.5%
body weight, which makes them the best-perfused organs per gram weight.

Vascular anatomy

A single renal artery supplies each kidney, although accessory renal ar-
teries are not uncommon. The renal arteries branch off the aorta, enter
the kidneys at the hilum, and divide to form an anterior and a posterior
branch. The anterior branch then divides into segmental arteries, which
are ‘‘end arteries’’ because there is no collateral circulation between them.
The segmental arteries further divide into interlobular arteries. Afferent ar-
terioles arise from smaller branches of the interlobular arteries. Each neph-
ron is supplied by an afferent arteriole that delivers blood to the glomerular
tuft of capillaries. The afferent arteriolar sphincter regulates blood flow to
the glomerular tuft. Constriction of the sphincter reduces blood flow in
response to an increase in glomerular filtration rate (GFR), by way of the
secretion of renin and angiotensin.

Blood drains from the glomerular tuft into the efferent arteriole, past the
efferent arteriolar sphincter. Efferent arterioles of the cortical nephrons then
become peritubular capillaries that drain into the interlobular veins and the
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arcuate veins. Efferent arterioles of juxtamedullary nephrons become the
descending vasa recta to supply medullary capillaries. Blood then flows
through the ascending vasa recta directly into the arcuate veins, which drain
blood into the segmental veins and then finally into the renal veins (Fig. 1).

Glomerular function

Each kidney contains approximately 1 million nephrons, each composed
of a glomerulus and a proximal, intermediate and distal tubule. The glomer-
ular tuft contains a tortuous convolute of capillaries that cover the glomer-
ular basement membrane. The glomerulus is responsible for the production
of an ultrafiltrate of plasma. In the glomerulus, hydrostatic pressure pushes
fluid through the capillaries, the glomerular basement membrane, and the
visceral epithelium into Bowman’s space, a blind-ending sack, consisting
of visceral and parietal epithelium, that drains filtrate into the proximal
tubule.

The capillaries have 50- to 100-nm wide pores, and the glomerular base-
ment membrane has openings of 350 nm. The capillaries avert cells from be-
ing filtrated, whereas the glomerular basement membrane inhibits the

Fig. 1. Anatomy of the nephron. (FromMariebNM.Human anatomy& physiology, 5th edition.

San Francisco; London: Benjamin Cummings; 2001. p. 1010; with permission.)
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filtration of proteins. Any molecule that is smaller than 1.8 nm is filtrated
freely, whereas only cations between 1.8 and 3.6 nm are filtrated [1].

The amount of filtrate depends on the hydrostatic and oncotic pressures
of the capillary and the filtrate, as well as the permeability of the barrier.
The afferent and efferent arterioles regulate the hydrostatic pressure of the
capillaries. Dilation of the afferent arteriolar sphincter or constriction of
the efferent arteriolar sphincter results in an increase in hydrostatic pressure,
and therefore the GFR. On average, the GFR is about 180 mL/min.

Tubular function

The filtrate enters the proximal tubule, which consists of a convoluted
segment (the pars convolute) and a straight portion (the pars recta). The
pars recta enters the outer medulla to become the descending portion of
the loop of Henle. The two subsets of nephrons are cortical and juxtamedul-
lary. Cortical nephrons, which comprise approximately 40% of the neph-
rons, have short loops that extend only to the outer medulla. Their
glomeruli are located mostly in the outer cortex and they do not have an as-
cending thick portion of the loop of Henle [2]. Long-looped nephrons orig-
inating from the juxtamedullary glomeruli have long loops of Henle that
include a thick ascending limb.

The cortical segment of the thick ascending loop reapproaches its glomer-
ulus to form the macula densa. The macula densa and the connecting por-
tions of the afferent and efferent arterioles form the juxtaglomerular
apparatus. Chemoreceptors in the macula densa sense the concentration
of sodium chloride, NaCl. They release renin in response to an increase in
chloride concentration in the tubules. The release of renin leads to the
formation of angiotensin, which constricts the afferent vascular sphincter
and decreases GFR.

Filtrate empties from Bowman’s space into the proximal tubule. Hydro-
gen ions and sodium are absorbed actively from the proximal tubule to the
apical cells in exchange for bicarbonate. Sodium is then transported to the
interstitial space, using a Na-K-ATPase transport system, resulting in an
increased interstitial osmolality, and leading to the reabsorption of
water, sodium, and chloride that was filtered into Bowman’s space. Or-
ganic anions and cations, and drugs such as bile salts, creatinine, dopa-
mine, cimetidine, and penicillin are secreted actively into the tubular
lumen at the proximal tubule. These active transport systems can become
saturated.

The remaining filtrate then enters the loop of Henle, which consists of
four segments: the thin descending limb and the thin ascending limb, fol-
lowed by the medullary thick ascending limb and the cortical thick ascend-
ing limb. The function of the loop of Henle is to allow for dramatic changes
in the osmolality of urine during times of volume depletion or volume
overload.



526 WAGENER & BRENTJENS
The descending limb is water permeable, and urine osmolarity equili-
brates passively with the medullary interstitium. The thin ascending limb
is not water permeable, and contains an active transport system that moves
NaCl into the interstitium. Rising interstitial NaCl concentrations increase
the interstitial osmolarity, which results in more water being pulled from
the descending limb. Consequently, the highest intratubular and interstitial
osmolarity can be reached at the 180-degree turn in the inner medulla. The
osmolarity at the papillary tip is increased further by the active transport of
urea from the collecting tubules into the medullary interstitium [3,4]. The
countercurrent mechanism of the loop of Henle and the collecting ducts
produces an increase in osmolarity from the cortex to the medulla, and
allows for the production of concentrated or dilute urine in response to
hypo/hypervolemia (Fig. 2).

Response to ischemia

Although the kidneys receive about 20% of the cardiac output, blood
flow distribution within the kidney is very heterogeneous. The cortex re-
ceives more than 85% of the blood flow, even though the medulla is highly
active metabolically. Tissue pO2 is approximately 50 to 100 mm Hg in the
cortex, whereas it is as low as 10 to 15mm Hg in the medullary thick ascend-
ing limb. This progressive fall in tissue pO2 from the cortex to the medulla is
secondary to countercurrent oxygen exchange. Energy is required for the
various active transport mechanisms, especially in the metabolically active
thick ascending limb of the loop of Henle. Therefore, the medulla is more
prone to ischemic injury secondary to hypoperfusion. During periods of
ischemia, sympathoadrenal activation redistributes blood preferentially to
the medulla to attenuate medullary ischemia [5,6].

Prolonged ischemia leads to a breakdown of active transport systems in
the thick ascending loop, increasing intratubular NaCl concentration. In the
macula densa, the increased NaCl concentration decreases GFR by way of
the secretion of renin and angiotensin. This feedback mechanism decreases
GFR and results in decreased delivery of solute to the thick ascending limb,
which helps to prevent massive fluid losses in the case of tubular dysfunc-
tion, and resulting disturbances of tubular water reabsorption. This preven-
tion of massive fluid loss after renal ischemia has been phrased ‘‘acute renal
success’’ rather than acute renal failure [7].

Regulation of blood flow

Under normal circumstances, renal blood flow and glomerular filtration
rate are maintained by autoregulation (ie, at a constant rate over a wide
range of renal perfusion pressures) [8]. The afferent arterioles dilate and
the efferent arterioles constrict in response to a decrease in perfusion
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pressure to maintain the transglomerular pressure. Only when the mean ar-
terial pressure drops below 70 mm Hg do transglomerular pressure and
GFR decrease as well. It is thought that afferent arterioles contain myogenic
stretch receptors that cause vasoconstriction in response to stretch, second-
ary to an increase in perfusion pressure. However, the exact mechanism of
renal autoregulation is not completely understood [9,10]. A number of me-
diators play a role in the modulation of renal blood flow, including angio-
tensin II, dopamine, vasopressin, prostaglandins, atrial natriuretic peptide
(ANP), endothelin, nitric oxide, and adenosine.

If renal perfusion pressure decreases because of hypotension or hypovole-
mia, specialized cells in the afferent arteriole release renin from secretory

Fig. 2. Tubular electrolytes and fluid transport.
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granules. Renin is also secreted by the activation of the sympathetic-adrenal
system and as a response to increased chloride concentrations in the distal
tubule [11].

Renin converts circulating angiotensinogen, produced primarily in the
liver, to angiotensin I. Angiotensin I is then converted to angiotensin II
by angiotensin-converting enzyme (ACE). ACE concentrations are highest
in the lung but are also present in the vascular endothelium, kidneys, adre-
nal glands, and brain [9,10]. At low levels, angiotensin II decreases cortical
perfusion and constricts efferent arterioles, allowing the GFR to remain pre-
served [12]. At higher concentrations, angiotensin II results in systemic va-
soconstriction and water and sodium reabsorption in the proximal tubule
through the angiotensin II receptors, AT-1 and AT-2, helping to restore
normotension and euvolemia. It constricts the glomerular mesangium and
decreases the effective surface area available for filtration, leading to a reduc-
tion in GFR. It also increases the sensitivity of the afferent arteriole to the
vasoconstrictor effects of the juxtaglomerular apparatus [13–15].

Excessive decreases of GFR by angiotensin II are prevented in two ways:
(1) angiotensin II stimulates prostaglandin release from glomeruli, causing
renal vasodilation; (2) at high concentrations it has a more substantial effect
on efferent arterioles than on afferent arterioles, thereby maintaining glo-
merular perfusion pressure. Even at very low concentrations, angiotensin
II stimulates the release of aldosterone from the adrenal cortex. Aldosterone
causes sodium and water retention as well as Kþ and Hþ secretion in the
distal and collecting tubules (Fig. 3).

The kidney receives sympathetic innervation through autonomic fibers of
the celiac plexus, but has no parasympathetic innervation. Adrenergic stim-
ulation, by way of the neuronal release of circulating catecholamines as a re-
sponse to stress or hypovolemia, causes alpha-mediated vasoconstriction.
Beta-2–sympathetic receptors are rarely found in the kidney. Low concen-
trations of epinephrine and alpha stimulation constrict efferent arterioles
and preserve GFR, whereas higher concentrations constrict afferent arteri-
oles and decrease GFR [16]. Adrenergic stimulation also causes the release
of renin and further vasoconstriction, mediated by way of angiotensin II
[17]. Direct neurohormonal adrenergic stimulation of the nephron causes in-
creased sodium reabsorption, which results in water retention.

DA-1 dopamine receptors are located in the splanchnic and renal vascu-
lature and in the proximal tubules. Activation of DA-1 receptors causes re-
nal vasodilation and sodium reabsorption, resulting in increased renal blood
flow, GFR, and natriuresis [18,19]. DA-2 receptors are presynaptic postgan-
glionic receptors that inhibit the release of norepinephrine, leading to sys-
temic vasodilation without a direct renal effect.

Arginine-vasopressin (AVP) is produced in the anterior hypothalamus
and then transported to granules of the posterior pituitary gland. Secretion
of AVP is regulated by hypothalamic osmo-receptors. When plasma osmo-
lality increases to more than approximately 280 mmol/l, AVP is released to
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aid in the maintenance of intravascular volume. There are two types of va-
sopressin receptors. Stimulation of renal V2 receptors by AVP in the collect-
ing ducts causes increased water reabsorption and urine osmolality,
effectively decreasing urine output. At higher concentrations, AVP stimu-
lates V1 receptors, located in vascular smooth muscle and the vasa recta,
and results in vasoconstriction [20,21].

Prostaglandins help regulate intrarenal blood flow distribution. Phospho-
lipase A2 converts phospholipids into arachidonic acid, which is then con-
verted by cyclooxygenase 1 to PGG2. PGG2 can be converted into three
different prostaglandins: PGD2, PGE2 and PGI2 (prostacyclin). These pros-
taglandins cause direct vasodilation and maintain renal cortical blood flow
in response to hypotension, catecholamine release, angiotensin II, and AVP.
They modulate the effects of these renal vasoconstrictors, acting as

Fig. 3. The Renin-Angiotensin-Aldosterone System. (From Palmer BF. Current Concepts:

Managing hyperkalemia caused by inhibitors of the rennin–angiotensin–aldosterone system.

N Engl J Med 2004;351:588; with permission.)
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a negative feedback loop, to prevent excessive renal vasoconstriction. Pros-
taglandins also cause natriuresis by reducing sodium reabsorption in the
thick ascending loop and the collecting duct.

At baseline, prostaglandin levels are low, and blockade of cyclooxygenase
in healthy subjects by nonsteroidal anti-inflammatory drugs (NSAIDs) has
a significant effect on GFR and renal perfusion only in those with increased
renal vasoconstriction [15,22]. Cyclooxygenase 2 mediates the formation of
PGF2 and TXA2 (thromboxane), which act as vasoconstrictors. They con-
strict mesangial cells through TXA2 receptors, thereby reducing the area
available for filtration and GFR, and decreasing renal blood flow [23].

ANP is secreted from myocardial cells of the atria in response to stretch,
secondary to hypervolemia [24,25]. ANP release causes systemic vasodila-
tion by way of the activation of cam. It blocks Naþ reabsorption in the
proximal tubule and increases GFR, with no effect on renal blood flow.
ANP inhibits renin, aldosterone, and AVP secretion, resulting in increased
urine output and sodium excretion [26–28].

Brain natriuretic peptide was detected initially in the central nervous sys-
tem, but is also secreted by cardiac ventricles, as a response to stretch. It has
an effect similar to ANP, but is much less potent [29,30]. C-natriuretic pep-
tide, produced by vascular smooth muscle and the kidney, has been identi-
fied as well. Its role and significance in renal function remain uncertain
(Fig. 4) [26].

Endothelin is released by vascular endothelial cells and acts as a potent
vasoconstrictor. This vasoconstrictor effect is attenuated by the endothelin-
induced release of prostaglandins. In postischemic states, endothelin may
be released from damaged endothelium and can effectively worsen renal per-
fusion and renal failure [27,28].

Nitric oxide is formed by endothelial nitric oxide synthase and acts by
mediating an increase of intracellular cyclic GMP, which relaxes smooth
muscle and inhibits inflammation. Nitric oxide seems to modulate the vaso-
constrictor effect of endothelin and angiotensin II, and protects against ex-
cessive renal vasoconstriction [31,32].

Adenosine appears to be a mediator of juxtaglomerular feedback that de-
creases GFR in response to an increase in tubular chloride concentration.
Four subtypes of adenosine receptors are identified in the kidney. Depend-
ing on the subtype, adenosine causes increases or decreases in renin release
and results in either vasoconstriction or vasodilation. Stimulation of A1 or
A2 adenosine receptors before ischemic injury has been shown to be protec-
tive [33–35].

Hematopoiesis

Another function of the kidney is to aid in hematopoiesis. Interstitial re-
nal cells and proximal tubular cells release erythropoietin in response to de-
creased oxygen delivery. The kidney produces 90% of erythropoietin, and
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the liver produces the remaining 10%. Circulating erythropoietin binds to
a receptor on the surface of erythrocyte precursor cells, inducing their pro-
liferation and maturation to erythrocytes.

A reduction in renal blood flow leads to a compensatory decrease in the
activity of active tubular transport systems, which are metabolically very
costly. This decrease allows renal oxygen content to remain relatively stable
in the kidney, even with decreased renal blood flow. Erythropoietin release
depends on changes in arterial oxygen content and is independent of varia-
tions in renal blood flow [36,37].

Evaluation of renal function

No sensitive and specific marker evaluates both tubular and glomerular
function. Most clinically used tests evaluate the ability of the kidney to clear
plasma of a specified substance. The glomerular filtration rate allows one to
quantify the glomeruli’s ability to filter fluid. Rather than measuring the

Fig. 4. Physiology of the natriuretic peptides. (FromWilkins MR. The natriuretic peptides fam-

ily. Lancet 1997;349:1308; with permission.)
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amount of filtrated fluid directly, one can measure the ability of the kidney
to clear the plasma of a substance easily filtered into the Bowman space. Ide-
ally, this substance would undergo neither tubular secretion nor reabsorp-
tion, to allow for the measurement of only glomerular function.

Creatinine is a product of skeletal muscle and dietary meat metabolism.
Its production is relatively constant, it is filtered freely across the glomerular
membrane, and it is not absorbed or metabolized in the tubules. However,
tubular secretion accounts for 15% of urinary creatinine [38]. If one ignores
the tubular secretion, creatinine clearance should therefore equal GFR:

CLCreatinine ¼ GFR

¼ CLUrine creatinine � Urine flow

CLPlasma creatinine

; where CL is clearance

Normal values for GFR are approximately 95 � 20 mL/min in females
and 120 � 25 mL/min in males. Urine flow is measured during either
2- or 24-hour intervals [39]. A calculated creatinine clearance usually over-
estimates GFR, because it does not take into account secreted creatinine.

Two formulas allow for the estimation of creatinine clearance when the
serum creatinine concentration is known: the Modification of Diet in Renal
Disease [40] and Cockroft-Gault equation [41]. The Cockroft-Gault equa-
tion corrects for gender, age, and body mass:

CLCreatinine ðml=minÞ ¼ ð140�AgeÞ�Lean body weightðkgÞ
Cðmg=dLÞ� 72

ð� 0:85 for femalesÞ; whereC is creatinine

The estimation of creatinine clearance is only appropriate in a steady
state, because serum creatinine does not reflect acute changes in GFR.

Inulin is neither secreted nor reabsorbed in the renal tubules and is fil-
tered freely across the glomerular membrane. Therefore, inulin clearance
equals GFR, unlike creatinine clearance, which overestimates GFR. Inulin
must be given as an intravenous infusion to achieve steady state before
plasma and urine levels are measured. Inulin clearance is used rarely for clin-
ical use, because the technique is cumbersome.

Tests of tubular function are an attempt to differentiate between prerenal
azotemia and intrinsic renal failure. The kidney loses the ability to concen-
trate urine appropriately with impaired tubular function. During periods of
hypotension, the proximal and distal tubules reabsorb most of the filtered
sodium and water, resulting in urine with low sodium concentration. If tu-
bular function deteriorates, as in acute tubular necrosis (ATN), the distal tu-
bule is unable to reabsorb sodium appropriately, and urine sodium
increases. Urinary sodium excretion of greater than 40 mEq/L suggests an
impaired ability of the renal tubules to resorb sodium. Concomitant use
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of diuretics impairs tubular sodium reabsorption and increases urine sodium
concentration, even if tubular function is intact.

Functioning kidneys attempt to preserve water and sodium as a response
to hypovolemia. The kidneys are capable of increasing urine osmolality to at
least 1.5 times that of the plasma osmolality in response to hypovolemia. In
the case of tubular damage, this concentrating ability is impaired and urine
osmolality may remain low, despite a high plasma osmolality.

Markers of renal injury

Tests of renal function often detect deterioration in function long after
the causative insult. In order for therapy to be successful, it must be imple-
mented early in the course of renal injury. Early markers of renal injury are
therefore important. Neutrophil gelatinase-associated lipocalin (NGAL) is
a protein that is not detectable in the urine of normal subjects or those
with chronic renal insufficiency. However, shortly after even a small renal
injury, whether it is an ischemic or nephrotoxic insult, urinary NGAL in-
creases significantly [42–44]. Additional studies are needed to evaluate if
NGAL will be clinically useful and will allow the early detection and treat-
ment of renal injury.

Effect of anesthetics and surgery on renal function

Surgical stress causes the release of catecholamines, renin, angiotensin,
AVP, and other vasoactive substances [45]. A small surgical stress may re-
sult in an increase in sodium and water reabsorption, whereas a high degree
of surgical stress can lead to a redistribution of renal blood flow, afferent
arteriolar vasoconstriction, and a decrease in GFR. The end-result is a de-
crease in urine output that can affect even adequately hydrated patients.

Usually, general anesthetics do not impair renal blood flow or function in
any considerable way; however, if the anesthetic affects systemic hemody-
namics by causing hypotension or a decrease in systemic vascular resistance
or cardiac output, this can lead to a reduction in renal perfusion. Sevoflur-
ane undergoes significant metabolism that results in the production of inor-
ganic fluoride. Inorganic fluoride is a tubular nephrotoxin, but the
administration of sevoflurane has not been shown to cause any clinically sig-
nificant renal injury in humans [45]. Enflurane has been implicated in signif-
icant renal injury; it is no longer widely used.

Positive pressure ventilation used during general anesthesia can decrease
cardiac output, renal blood flow, and GFR, especially when used in combi-
nation with high levels of positive end-expiratory pressure. Decreased car-
diac output leads to a release of catecholamines, renin, and angiotensin
II, and the activation of the sympathoadrenal system, which results in de-
creased renal blood flow. Insufflation of the abdomen during laparoscopic
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surgery has a similar effect on renal blood flow and GFR. Additionally, dur-
ing laparoscopic surgery, the increased intra-abdominal pressure is transmit-
ted directly to the kidney and results in a further reduction of renal blood
flow.

Regional anesthesia that achieves a sympathetic blockade of levels T4 to
T10 also blocks the sympathetic innervation of the kidney and thereby sup-
presses the neurohormonal effect of surgical stress. If systemic vascular re-
sistance and cardiac output are maintained during spinal or epidural
anesthesia, the resulting sympathetic blockade can cause an attenuation of
catecholamine-induced renal vasoconstriction. Clinically, there is no evi-
dence of a clear advantage of regional over general anesthesia with regard
to renal function and protection.

Anesthetic management

Many drugs commonly used during anesthesia depend to some degree on
renal excretion for elimination. When devising an anesthetic plan for a pa-
tient who has renal insufficiency or renal failure, the anesthesiologist must
take this into consideration. Patients with renal disease display an increased
sensitivity to barbiturates and benzodiazepines as a result of decreased pro-
tein binding. Morphine and meperidine should be used judiciously because
they have active metabolites and may have prolonged activity in the setting
of renal insufficiency. Succinylcholine can be used if the serum potassium
concentration is normal at the time of induction. However, if the potassium
concentration is not known, it is best to avoid its use, if possible. Cisatracu-
rium and atracurium are metabolized by enzymatic ester hydrolysis and
Hofmann elimination and are unaffected by renal failure. The reversal
agents rely on renal excretion; therefore, their effects are prolonged, so the
reversal of neuromuscular blockade should not be an issue in the setting
of renal failure. Many antimicrobial agents must be dosed to account for re-
nal dysfunction. NSAIDs should be avoided because they may aggravate re-
nal insufficiency.

Patients with end-stage renal disease presenting for elective surgery
should be dialyzed ideally the day of, or the day before, surgery to optimize
the patient’s fluid and metabolic status. Intravenous fluids are usually kept
to a minimum for small procedures, such as catheters for dialysis access or
a hernia repair. Normal saline, 0.9% NaCl, is usually the crystalloid
of choice, although lactated ringers may be used safely, as it has only
4 mEq/L of potassium [46]. During larger procedures, it may be advisable
to place a central line to help guide intraoperative fluid management. If
blood transfusion is necessary, one should keep in mind both the volume
load and potassium load. Frequent monitoring of electrolytes and blood
gases is often necessary. If a patient becomes hyperkalemic, severely aci-
dotic, or volume overloaded, it may be necessary to inform the dialysis
unit that the patient may need urgent dialysis in the Post Anesthesia Care
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Unit (PACU) after surgery. In the operating room, medical managementd
including calcium, insulin, and glucose for the treatment of hyperkalemia,
and hyperventilation to improve metabolic acidosisdcan be invaluable.

Chronic renal failure

Chronic renal failure results from a progressive and irreversible loss of
functioning nephrons, with a resultant decrease in GFR. The many causes
of chronic renal failure include diabetic nephropathy, hypertensive nephro-
sclerosis, progressive glomerulonephritis, polycystic kidney disease, and
pharmacologic toxicity, to name a few. Patients have decreased renal reserve
but remain asymptomatic with at least 40% functioning nephrons. Renal in-
sufficiency results when only 10% to 40% of nephrons are functioning,
which puts the patient at risk for renal failure with even small stresses, be-
cause there is virtually no renal reserve. Loss of more than 90% of function-
ing nephrons results in renal failure, necessitating either hemodialysis (HD)
or peritoneal dialysis (PD). Patients have moderate renal insufficiency when
creatinine clearance decreases to less than 40 ml/min. Patients exhibit renal
failure with a creatinine clearance of less than 25 ml/min and will be dialysis
dependent at creatinine clearances of less than 10 ml/min.

Patients with renal failure can develop a myriad of metabolic abnormal-
ities, including hyperkalemia, hyperphosphatemia, hypocalcemia, uremia,
and metabolic acidosis, to name a few. Cardiac dysrhythmias often result
because of the metabolic disarray. An obvious problem in chronic renal fail-
ure is fluid overload, which can lead to congestive heart failure. Other prob-
lems include anemia, platelet dysfunction, leukocyte dysfunction, and
pruritus.

Acute renal failure

Acute postoperative renal failure is associated with a high morbidity and
mortality [47,48]. Ahlstrom and colleagues [49] showed recently that criti-
cally ill patients requiring renal replacement therapy have a 28% mortality.
Various mechanisms can lead to acute renal failure. Factors such as pre-
existing renal insufficiency, advanced age, diabetes, and cardiovascular co-
morbidities increase the risk of renal failure significantly. Perioperative
disturbances of renal blood flow secondary to relative fluid depletion, and
mild degrees of hypotension that are well tolerated in the healthy patient,
can tip the balance toward acute renal failure in the compromised patient
(Fig. 5).

The absence of a universally accepted definition of renal failure makes the
comparison of studies very difficult [50]. Commonly used definitions of
acute renal failure include an increase in creatinine of more than 0.5 mg/dl
or by more than 50% over baseline; a decrease in GFR by more than
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50% or to less than 30 mg/min; and renal failure requiring renal replacement
therapy [51]. The Second International Consensus Conference of the Acute
Dialysis Quality Initiative recently suggested a five-step definition of acute
renal failure, the RIFLE criteria, that is based on either GFR or urinary out-
put (Fig. 6.) This classification includes the spectrum of renal failure from
a mild reduction in renal function to end-stage kidney disease, and may be
the first step toward a universally accepted definition of renal failure [52].

Prerenal injury

Prerenal failure is defined as a decrease in renal perfusion with preserved
tubular and glomerular function [53]. Decreases in renal perfusion due to
hypovolemia or cardiogenic shock lower the transglomerular pressure
and, consequently, GFR. Sodium and water reabsorption in the thick as-
cending limb increases, causing increased medullary oxygen demand at
a time when oxygen delivery is decreased. Sodium reabsorption is increased
by multiple mechanisms, including increased renin and AVP release, and ac-
tivation of the sympathetic system.

The effects of prerenal failure are easily reversible when renal perfusion is
reestablished, unless it is prolonged or the kidney suffers additional insults.
Concomitant administration of NSAIDs or ACE inhibitors prevents the re-
lease of protective prostaglandins and can convert prerenal failure into acute
renal failure [54]. The transformation of prerenal into intrinsic renal failure
is a continuum; prolonged prerenal states or additional insults to the kidney
may lead to ischemic renal failure.

Fig. 5. Classification of acute renal failure. (From Lameire N, Van Biesen W, Vanholder R.

Acute renal failure. Lancet 2005;365(9457):418; with permission.)
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Intrinsic renal failure

Renal hypoperfusion for an extended period causes depletion of ATP
stores, especially in the metabolically active thick ascending limb in the me-
dulla. The tubular brush border disappears, tubular cells lose their polarity,
and Na-K transport systems move from the basolateral to the tubular side
of the cells [55]. Further ischemia causes tubular cell death, through either
necrosis or apoptosis. The sloughing of cellular material into the tubular
lumen results in cast obstruction and leads to ATN. Backpressure to the
glomerulus and activation of the juxtaglomerular apparatus secondary to
increased intratubular NaCl concentration decreases GFR and ultimately
prevents massive fluid loss after ischemia [38].

Cell injury leads to depletion of energy stores and the release of metabo-
lites of ATP, including inosine, adenosine, and hypoxanthine, that release
activated oxygen species. Activated oxygen radicals further worsen tubular
cell damage and renal failure [56]. Circulating neutrophils adhere to vascular
endothelium in the kidney after ischemic injury, through the expression of
endovascular intracellular adhesion molecules. Activated leukocytes migrate
into the extravascular tissue by way of chemotaxis, controlled by comple-
ment activation. Neutrophils, macrophages, and T cells release activated

Fig. 6. RIFLE criteria for acute renal failure. (From Bellomo R, Ronco C, Kellum JA, et al.

Acute renal failure - definition, outcome measures, animal models, fluid therapy and informa-

tion technology needs: the Second International Consensus Conference of the Acute Dialysis

Quality Initiative (ADQI) Group. Crit Care 2004;8:R206; with permission.)
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oxygen species, proteases, and myeloperoxidases, which cause cell lysis and
increase vascular permeability, further propagating cellular injury [57].

Proximal tubules are able to undergo repair, regeneration, and prolifera-
tion after damage. During the reparative phase, growth factors are ex-
pressed that stimulate the spread and proliferation of new epithelial
tubular cells [58]. These cells then repolarize, create a new brush border,
and resume their function [59].

Acute Renal Failure (ARF) occurs in 23% of patients with severe sepsis
and in 51% with septic shock and positive blood cultures [60]. The hallmark
of sepsis is vasodilation with a resultant decrease in systemic vascular resis-
tance, leading to a compensatory increase in cardiac output. Potent renal
vasoconstrictors, including norepinephrine, angiotensin II, and thrombox-
ane, are released in sepsis to compensate for these hemodynamic alterations,
which results in a decrease in GFR and renal ischemia. Afferent arteriolar
vasoconstriction and efferent arteriolar vasodilatation cause a decrease in
transglomerular perfusion pressure and GFR [61,62]. Studies were able to
show that renal failure occurs in septic, hyperdynamic shock, even if renal
blood flow is maintained [63,64].

Plasma vasopressin levels are low in profound septic shock and the
administration of vasopressin (0.03–0.1 U/kg/hr) can significantly improve
vasomotor tone and renal perfusion, and increase GFR. In vasopressin-
deficient states, such as sepsis, there is a substantial increase in the vasopressin
sensitivity of endovascular cells, and replacement of vasopressin improves
vasomotor tone and renal perfusion dramatically [21,65,66].

Cardiopulmonary bypass (CPB) can cause significant decreases in blood
pressure with nonpulsatile flow. Additionally, CPB results in high levels of
circulating catecholamines, the stimulation of renin and angiotensin II pro-
duction, and the release of other vasoactive substances that generate pro-
found renal vasoconstriction and result in the reduction of GFR [67,68].
No agent to date has proved to provide adequate protection from renal in-
jury during CPB. Early postoperative serum creatinine may be misleading if
used to assess renal function. Serum creatinine often decreases within the
first 24 hours after cardiac surgery, even if the GFR acutely deteriorates
because of the hypervolemia and hemodilution that can result after CPB.
Acute renal failure after cardiac surgery is surprisingly rare, with an inci-
dence of between 1% and 15%, but if it occurs it increases mortality to
more than 60% [69–72].

Patients undergoing open aortic aneurysm repair are at increased risk for
ATN. Infrarenal aortic cross clamping leads to a reduction in renal blood
flow of up to 40%, secondary to an increase in renal vascular resistance
[73], thought, in turn, to be secondary to the decrease in cardiac output dur-
ing the cross clamp. During suprarenal cross clamping of the aorta, it is im-
portant to keep the ischemic time to the kidneys as brief as possible. It is also
imperative to try to maintain adequate volume status and hemodynamics, to
minimize the ischemic insult.
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Hepatorenal syndrome presents with deteriorating renal function and oli-
guria in the presence of hepatic cirrhosis and ascites. Splanchnic vasodila-
tion is thought to cause a reflex renal vasoconstriction that initially leads
to prerenal azotemia and then progresses to acute renal failure [74]. Patients
usually do not respond to any treatment unless they undergo liver transplan-
tation. Recently, the vasopressin analog terlipressin has been used success-
fully in some cases to treat hepatorenal syndrome [75]. Concomitant
episodes of sepsis or bleeding further exacerbate renal failure in these patients.

Nephrotoxic renal failure

Agents impairing renal perfusion rarely cause acute renal failure in the
absence of concomitant renal insufficiency, hypovolemia, advanced age, di-
abetes, or other additional nephrotoxic insults. Common pharmacologic
agents frequently implicated in nephrotoxic renal failure include NSAIDs,
ACE inhibitors, calcineurin inhibitors, radiocontrast agents, and antibiotics.

NSAIDs inhibit prostaglandin synthesis by blocking cyclooxygenase 1.
Use of NSAIDs in states of renal hypoperfusion leaves angiotensin-II–
induced vasoconstriction unopposed and causes medullary renal ischemia
[76]. Therefore, NSAIDs, which rarely cause renal failure in a healthy indi-
vidual, are nephrotoxic in combination with pre-existing renal insufficiency
or when renal perfusion has already decreased, as in heart failure, liver fail-
ure, and hypovolemia [77].

ACE inhibitors block the transformation of angiotensin I into angioten-
sin II. In normovolemic patients, ACE inhibition may improve renal func-
tion and prevent decreases in GFR caused by high levels of angiotensin II
[78]. ACE inhibitors have been shown to be beneficial in the long-term treat-
ment of hypertension, because improved cardiac output by way of afterload
reduction in hypertensive heart failure results in improved renal perfusion
[78,79]. However, in the face of hypovolemia or pre-existing renal dysfunc-
tion, ACE inhibition can result in a diminished vasoconstrictor effect of an-
giotensin II on efferent arterioles, thereby decreasing GFR and potentially
inducing acute renal failure.

Aminoglycosides accumulate in the renal cortex and can lead to ATN.
This toxicity is usually reversible if the drug is discontinued. High peak
levels with once daily dosing is less likely to cause damage, compared
with sustained high levels seen with more frequent dosing [80].

Calcineurin inhibitors, such as tacrolimus, FK-506, and cyclosporine,
cause renal vasoconstriction though the release of vasoactive substances
such as thromboxane and endothelin. Hypertension and renal failure are es-
pecially common during the induction phase for immunosuppression after
transplantation [81]. Most patients treated with cyclosporine after trans-
plantation will develop a modest degree of renal insufficiency, and approx-
imately 16.5% of all patients receiving nonrenal solid organ transplants will
develop chronic renal failure [82].
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Contrast-induced nephropathy is the third-leading cause of hospital-
acquired renal failure [83]. The increase of endovascular surgical procedures
will most likely add to this problem. Radiocontrast agents cause renal vaso-
constriction and direct tubular toxicity [84]. Direct toxicity to nephrons is
related to the osmolality of the contrast; therefore, low osmolar contrast
should be used in at-risk patients, if possible. Risk factors for contrast-
induced renal failure include renal insufficiency, volume depletion, diabetes,
pre-existing hypertension, periprocedure hypotension, and large volumes of
contrast. Adequate hydration before exposure to radiocontrast agents sig-
nificantly decreases the incidence of renal failure. If possible, nephrotoxic
drugs should be discontinued before a procedure requiring contrast. Multi-
ple treatment regimens are used for preventing radiocontrast-induced renal
failure. Of these, bicarbonate infusion and acetylcysteine have shown prom-
ising results [85,86].

Rhabdomyolysis is the third-leading cause of acute renal failure in the
US. Trauma, crush injury, malignant hyperthermia, neuroleptic malignant
syndrome, diabetic ketoacidosis, and illicit drugs are some causes of rhabdo-
myolysis. Severe injury to skeletal muscle causes muscle necrosis and the re-
lease of myoglobin. Myoglobin is filtrated through the glomerular basement
membrane and then converted to ferrihematin in the acidotic filtrate. Ferri-
hematin precipitates and obstructs renal tubules, leads to cytokine release,
and may result in acute renal failure. Additionally, rhabdomyolysis causes
renal vasoconstriction by increasing circulating levels of renin and activating
the sympathetic nervous system. Treatment consists of aggressive hydration
to maintain a high urine output to flush out precipitates, and alkalinization
of the urine to increase the solubility of myoglobin [87]. Mannitol may be
useful because it is a renal vasodilator, osmotic diuretic, and free radical
scavenger, and it prevents the precipitation of myoglobin.

Postrenal obstruction

In all cases of oliguria, postrenal obstruction should be ruled out. Most
commonly, it is caused by prostatic hypertrophy and blockage of the ure-
thra, but can also be caused by bladder cancer, calculi, hematoma, or ob-
struction of the ureter in patients with a solitary kidney [38]. Occluded or
kinked urinary catheters are frequent culprits that cause obstruction of urine
flow. Postrenal obstruction may be accompanied by flank or abdominal
pain and urgency. Prompt relief of the obstruction usually alleviates ob-
structive renal failure quickly, although prolonged obstruction can result
in thinning of the renal cortex and irreversible damage.

Renal protection: prevention and treatment of acute tubular necrosis

The best strategy to prevent ATN is to ensure adequate hydration and
hemodynamics to avoid renal ischemia. To date, no agent provides adequate
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renal protection in cases of major renal injury. Renal protective strategies
are usually implemented after renal function is already deteriorated. Most
studies evaluating renal protective strategies are underpowered and a signif-
icant effect cannot be concluded. Renal failure requiring renal replacement
therapy after renal injury is rare, and requires a large number of subjects if it
used as an endpoint. More frequent endpoints, such as changes in serum cre-
atinine, commonly have only a weak correlation with outcomes and are of-
ten not useful as substitute endpoints.

The definition of acute renal failure needs to be standardized to allow the
comparison of studies and the inclusion of clinical trials into meta-analysis.
Further understanding of the molecular mechanisms of renal response to,
and recovery after, injury that surpasses mechanistic models such as renal
blood flow may allow for the development of new renal protective agents
in the future.

Dopamine increases renal blood flow and induces natriuresis. It has long
been thought to be renal protective at low doses of 2 to 3 mcg/kg/min.
Bellomo and colleagues [87] showed in a large randomized placebo-
controlled study of critically ill subjects at risk for renal failure that low-
dose dopamine had no protective effects. Other studies have confirmed this
finding [88,89]. Dopamine may be valuable to increase renal perfusion in
low cardiac output states, but it does not have any intrinsic renal protective
properties.

Fenoldopam is a selective D-1 dopamine receptor agonist that causes sys-
temic vasodilation and leads to increased renal blood flow and natriuresis. It
is used for the treatment of hypertension and one study has shown a renal
protective effect in abdominal aortic aneurysm surgery [90].

Diuretics increase urinary output, and their theoretic benefit in the treat-
ment of ATN is to flush out necrotic cell debris from tubules after an ische-
mic insult, which would otherwise obstruct these tubules. Cantarovich and
colleagues [91] found no effect of furosemide on mortality or morbidity in
a large randomized trial of subjects with acute renal failure.

Mannitol is an osmotic diuretic that increases intratubular osmolality
and prevents water reabsorption. Its osmotic effect may also decrease tubu-
lar cell swelling after an ischemic injury. Its clinical effectiveness has not
been proven in a large randomized trial.

Acetylcysteine is an antioxidant that has been shown to prevent acute re-
nal failure after exposure to radiocontrast agents [92,93]. Others failed to
show an effect [93]. It appears to be more effective if given before the injury
and in patients who are at high risk for renal failure.

Renal replacement therapy

When renal function deteriorates to a degree that the kidneys are unable
to maintain orthostasis, fluid, electrolytes, and metabolic products accumu-
late and end-stage renal disease ensues. The patient will now require renal
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replacement therapy or a renal transplant. The two modes of commonly
used renal replacement therapy are hemodialysis (HD) and peritoneal
dialysis (PD).

During HD, blood is drawn from a venous access device and flows across
a semipermeable membrane. On the other side of this membrane, a dialysate
fluid with a similar electrolyte concentration as the blood runs in opposite
direction. Electrolytes and waste products transverse the membrane from
the blood to the dialysate fluid and alkali moves from the dialysate to the
blood by way of concentration gradients. Negative pressure on the dialysate
side results in fluid removal from the patient. The membrane consists of hol-
low fibers with a surface area of 1 to 1.8 m2. Purified blood is returned to the
patient. Vascular access is often achieved with an arteriovenous fistula or
graft that is created in the arm or by way of a venous catheter [94,95].

The duration of HD depends on the flow of the dialysate fluid across the
membrane. Unfortunately, high flow rates cause rapid changes in electro-
lytes and fluid status that are frequently not well tolerated. HD is usually
scheduled three times a week for 4 to 6 hours. Hypotension is common dur-
ing HD and is not explained entirely by intravascular fluid removal. The ad-
equacy of HD is assessed by the removal of urea, and inadequate HD is not
uncommon.

Patients receiving intermittent HD have a high mortality, and approxi-
mately 5% of these patients die each year primarily because of cardiovascu-
lar complications and infections [94]. The short-term mortality may be lower
for younger patients when continuous or nightly intermittent abdominal PD
is used instead of HD. PD is labor intensive and requires a high degree of
compliance on the patient’s part, but it reduces the effects of sudden fluid
shifts during dialysis and eliminates the need to stay in a dialysis facility
three times a week.

PD utilizes the peritoneum as the semipermeable membrane. Dialysate
fluid is inserted through a catheter in the abdominal wall into the peritoneal
space and is usually exchanged three times a day, while the fluid dwells in the
abdomen at night. Many other intermittent or continuous schedules have
been developed with none having a clear advantage over the other. Perito-
nitis is a common complication of PD.

Acute renal failure in critically ill patients is frequently due to shock and
hypotension, and these patients often do not tolerate the rapid fluid shifts
associated with intermittent HD. Continuous veno-venous hemodialysis
(CVVHD) or filtration (CVVHF), allows renal replacement therapy in the
hemodynamically unstable patient. Blood is pulled from a venous catheter
that crosses a dialysis membrane and is then returned to the patient using
a different lumen of the same catheter. The indications for CVVHD in acute
renal failure include volume overload, metabolic acidosis, hyperkalemia,
uremic encephalopathy and intoxication with a dialyzable substance.

When using hemofiltration, only fluid is removed, whereas CVVHD also
removes electrolytes and waste products and correcting metabolic acidosis.
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Because fluid removal is continuous and can be adjusted to the intravascular
volume status of the patient, CVVHF/D does not cause any significant he-
modynamic derangements and can be used even in the setting of multisys-
tem organ failure with high doses of vasopressors [96].

Summary

The kidney is a remarkable organ whose functions include maintaining
fluid and electrolyte balance, excreting metabolic waste products, and con-
trolling vascular tone. Blood flow within the kidney is very heterogeneous,
which places the metabolically active medulla at high risk for ischemic in-
jury. A number of mediators play a role in the modulation of renal blood
flow, including angiotensin II, dopamine, vasopressin, prostaglandins, atrial
natriuretic peptide, endothelin, and nitric oxide. Early markers of renal in-
jury elicit strong interest, although currently there is no reliable marker
available.

Surgery causes the release of catecholamines, renin, angiotensin, and
AVP that lead to a redistribution of renal blood flow and a decrease in
GFR. Additionally, general anesthesia often results in some degree of hypo-
tension and depressed cardiac output, which further reduces renal perfusion
and potentially jeopardizes renal function. A careful anesthetic plan is im-
perative in the patient with renal insufficiency or failure because acute renal
failure in the perioperative period is associated with a high morbidity and
mortality. Factors including advanced age, diabetes, underlying renal insuf-
ficiency, and heart failure place a patient at high risk for developing acute
renal failure. It is imperative to maintain euvolemia, normotension, and car-
diac output, and to avoid nephrotoxic agents to optimize renal blood flow
and renal perfusion as the best prevention of renal dysfunction. Further
studies are needed to establish if any therapies exist to prevent or treat renal
dysfunction effectively.

References

[1] KanwarYS, Liu ZZ,KashiharaN, et al. Current status of the structural and functional basis

of glomerular filtration and proteinuria. Semin Nephrol 1991;11:390–413.

[2] JacobsonHR. Functional segmentation of themammalian nephron. Am J Physiol 1981;241:

F203–18.

[3] Sands JM,Kokko JP. Current concepts of the countercurrent multiplication system.Kidney

Int Suppl 1996;57:S93–9.

[4] Sands JM, Kokko JP. Countercurrent system. Kidney Int 1990;38:695–9.

[5] HollenbergNK,EpsteinM,Rosen SM, et al. Acute oliguric renal failure inman: evidence for

preferential renal cortical ischemia. Medicine (Baltimore) 1968;47:455–74.

[6] Schrier RW. Effects of adrenergic nervous system and catecholamines on systemic and renal

hemodynamics, sodium andwater excretion and renin secretion.Kidney Int 1974;6:291–306.

[7] Thurau K, Boylan JW. Acute renal success. The unexpected logic of oliguria in acute renal

failure. Am J Med 1976;61:308–15.



544 WAGENER & BRENTJENS
[8] Navar LG. Renal autoregulation: perspectives from whole kidney and single nephron

studies. Am J Physiol 1978;234:F357–70.

[9] Kifor I, Moore TJ, Fallo F, et al. Potassium-stimulated angiotensin release from superfused

adrenal capsules and enzymatically dispersed cells of the zona glomerulosa. Endocrinology

1991;129:823–31.

[10] Schunkert H, Ingelfinger JR, HirschAT, et al. Evidence for tissue-specific activation of renal

angiotensinogenmRNAexpression in chronic stable experimental heart failure. J Clin Invest

1992;90:1523–9.

[11] Skott O, Jensen BL. Cellular and intrarenal control of renin secretion. Clin Sci (Lond) 1993;

84:1–10.

[12] Ichikawi I, Harris RC. Angiotensin actions in the kidney: renewed insight into the old

hormone. Kidney Int 1991;40:583–96.

[13] Casellas D, Moore LC. Autoregulation and tubuloglomerular feedback in juxtamedullary

glomerular arterioles. Am J Physiol 1990;258:F660–9.

[14] Goodfriend TL, Elliott ME, Catt KJ. Angiotensin receptors and their antagonists. N Engl

J Med 1996;334:1649–54.

[15] Romero JC, Knox FG. Mechanisms underlying pressure-related natriuresis: the role of the

renin-angiotensin and prostaglandin systems. State of the art lecture. Hypertension 1988;11:

724–38.

[16] Myers BD, Deen WM, Brenner BM. Effects of norepinephrine and angiotensin II on the

determinants of glomerular ultrafiltration and proximal tubule fluid reabsorption in the

rat. Circ Res 1975;37:101–10.

[17] Oliver JA, Pinto J, Sciacca RR, et al. Increased renal secretion of norepinephrine and pros-

taglandin E2 during sodium depletion in the dog. J Clin Invest 1980;66:748–56.

[18] Jose PA, Eisner GM, Felder RA. Role of dopamine receptors in the kidney in the regulation

of blood pressure. Curr Opin Nephrol Hypertens 2002;11:87–92.

[19] Steinhausen M, Endlich K, Wiegman DL. Glomerular blood flow. Kidney Int 1990;38:

769–84.

[20] Holmes CL, Landry DW, Granton JT. Science review: Vasopressin and the cardiovascular

system part 1–receptor physiology. Crit Care 2003;7:427–34.

[21] Holmes CL, Landry DW, Granton JT. Science Review: Vasopressin and the cardiovascular

system part 2dclinical physiology. Crit Care 2004;8:15–23.

[22] Breyer MD, Breyer RM. Prostaglandin receptors: their role in regulating renal function.

Curr Opin Nephrol Hypertens 2000;9:23–9.

[23] Welch WJ, Wilcox CS. Potentiation of tubuloglomerular feedback in the rat by thrombox-

ane mimetic. Role of macula densa. J Clin Invest 1992;89:1857–65.

[24] de Bold AJ, Borenstein HB, Veress AT, et al. A rapid and potent natriuretic response to

intravenous injection of atrial myocardial extract in rats. Life Sci 1981;28:89–94.

[25] Webster MW, Sharpe DN, Coxon R, et al. Effect of reducing atrial pressure on atrial natri-

uretic factor and vasoactive hormones in congestive heart failure secondary to ischemic and

nonischemic dilated cardiomyopathy. Am J Cardiol 1989;63:217–21.

[26] Mattingly MT, Brandt RR, Heublein DM, et al. Presence of C-type natriuretic peptide in

human kidney and urine. Kidney Int 1994;46:744–7.

[27] Kohan DE. Endothelins in the normal and diseased kidney. Am J Kidney Dis 1997;29:

2–26.

[28] Chou SY, DahhanA, Porush JG. Renal actions of endothelin: interaction with prostacyclin.

Am J Physiol 1990;259:F645–52.

[29] MukoyamaM, Nakao K, Hosoda K, et al. Brain natriuretic peptide as a novel cardiac hor-

mone in humans. Evidence for an exquisite dual natriuretic peptide system, atrial natriuretic

peptide and brain natriuretic peptide. J Clin Invest 1991;87:1402–12.

[30] Davidson NC, Struthers AD. Brain natriuretic peptide. J Hypertens 1994;12:329–36.

[31] Ito S, Carretero OA, Abe K. Nitric oxide in the regulation of renal blood flow. New Horiz

1995;3:615–23.



545RENAL DISEASE: THE ANESTHESIOLOGIST’S PERSPECTIVE
[32] Berthold H, Just A, Kirchheim HR, et al. Interaction between nitric oxide and endogenous

vasoconstrictors in control of renal blood flow. Hypertension 1999;34:1254–8.

[33] Weihprecht H, Lorenz JN, Schnermann J, et al. Effect of adenosine1-receptor blockade on

renin release from rabbit isolated perfused juxtaglomerular apparatus. J Clin Invest 1990;85:

1622–8.

[34] Hansen PB, Schnermann J. Vasoconstrictor and vasodilator effects of adenosine in the

kidney. Am J Physiol Renal Physiol 2003;285:F590–9.

[35] Lee HT, XuH, Nasr SH, et al. A1 adenosine receptor knockout mice exhibit increased renal

injury following ischemia and reperfusion. Am J Physiol Renal Physiol 2004;286:F298–306.

[36] Pfeilschifter J, Huwiler A. Erythropoietin is more than just a promoter of erythropoiesis.

J Am Soc Nephrol 2004;15:2240–1.

[37] Fisher JW.Erythropoietin: physiologyandpharmacologyupdate.ExpBiolMed (Maywood)

2003;228:1–14.

[38] Lameire N, Van Biesen W, Vanholder R. Acute renal failure. Lancet 2005;365:417–30.

[39] Sladen RN, Endo E, Harrison T. Two-hour versus 22-hour creatinine clearance in critically

ill patients. Anesthesiology 1987;67:1013–6.

[40] Levey AS, Bosch JP, Lewis JB, et al. A more accurate method to estimate glomerular filtra-

tion rate from serum creatinine: a new prediction equation. Modification of Diet in Renal

Disease Study Group. Ann Intern Med 1999;130:461–70.

[41] Cockcroft DW, Gault MH. Prediction of creatinine clearance from serum creatinine.

Nephron 1976;16:31–41.

[42] Mishra J, Dent C, Tarabishi R, et al. Neutrophil gelatinase-associated lipocalin (NGAL) as

a biomarker for acute renal injury after cardiac surgery. Lancet 2005;365:1231–8.

[43] Mishra J, Mori K, Ma Q, et al. Neutrophil gelatinase-associated lipocalin: a novel early

urinary biomarker for cisplatin nephrotoxicity. Am J Nephrol 2004;24:307–15.

[44] Wagener GJM, KimM, Mori M, et al. Association between increases in urinary neutrophil

gelatinase-associated lipocalin and acute renal dysfunction after adult cardiac surgery. An-

esthesiology 2006, in press.

[45] Herd JA. Cardiovascular response to stress. Physiol Rev 1991;71:305–30.

[46] O’Malley CM, Frumento RJ, Bennett-Guerrero E. Intravenous fluid therapy in renal trans-

plant recipients: results of a US survey. Transplant Proc 2002;34:3142–5.

[47] ChertowGM.Dialysis: cost-effective ‘‘SUPPORT’’ for patients with acute renal failure. Am

J Kidney Dis 1998;31:545–8 [discussion: 548–9].

[48] Chertow GM, Lazarus JM, Paganini EP, et al. Predictors of mortality and the provision of

dialysis in patients with acute tubular necrosis. TheAuriculin Anaritide Acute Renal Failure

Study Group. J Am Soc Nephrol 1998;9:692–8.

[49] Ahlstrom A, Tallgren M, Peltonen S, et al. Survival and quality of life of patients requiring

acute renal replacement therapy. Intensive Care Med 2005;31:1222–8.

[50] Palevsky PM,Metnitz PG, Piccinni P, et al. Selection of endpoints for clinical trials of acute

renal failure in critically ill patients. Curr Opin Crit Care 2002;8:515–8.

[51] Lameire N, Hoste E. Reflections on the definition, classification, and diagnostic evaluation

of acute renal failure. Curr Opin Crit Care 2004;10:468–75.

[52] Bellomo R, Ronco C, Kellum JA, et al. 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:R204–12.

[53] BadrKF, Ichikawa I. Prerenal failure: a deleterious shift from renal compensation to decom-

pensation. N Engl J Med 1988;319:623–9.

[54] Blantz RC. Pathophysiology of pre-renal azotemia. Kidney Int 1998;53:512–23.

[55] Alejandro VS, Nelson WJ, Huie P, et al. Postischemic injury, delayed function and Na þ /

K(þ)-ATPase distribution in the transplanted kidney. Kidney Int 1995;48:1308–15.

[56] Nath KA, Norby SM. Reactive oxygen species and acute renal failure. Am JMed 2000;109:

665–78.



546 WAGENER & BRENTJENS
[57] Bonventre JV, Weinberg JM. Recent advances in the pathophysiology of ischemic acute

renal failure. J Am Soc Nephrol 2003;14:2199–210.

[58] LameireNH, Vanholder R. Pathophysiology of ischaemic acute renal failure. Best Pract Res

Clin Anaesthesiol 2004;18:21–36.

[59] Nigam S, Lieberthal W. Acute renal failure. III. The role of growth factors in the process of

renal regeneration and repair. Am J Physiol Renal Physiol 2000;279:F3–11.

[60] Schrier RW, Wang W. Acute renal failure and sepsis. N Engl J Med 2004;351:159–69.

[61] Badr KF, Kelley VE, Rennke HG, et al. Roles for thromboxane A2 and leukotrienes in

endotoxin-induced acute renal failure. Kidney Int 1986;30:474–80.

[62] Ravikant T, Lucas CE. Renal blood flow distribution in septic hyperdynamic pigs. J Surg

Res 1977;22:294–8.

[63] Brenner M, Schaer GL, Mallory DL, et al. Detection of renal blood flow abnormalities in

septic and critically ill patients using a newly designed indwelling thermodilution renal

vein catheter. Chest 1990;98:170–9.

[64] Di Giantomasso D, Morimatsu H, May CN, et al. Intrarenal blood flow distribution in

hyperdynamic septic shock: Effect of norepinephrine. Crit Care Med 2003;31:2509–13.

[65] Landry DW, Levin HR, Gallant EM, et al. Vasopressin pressor hypersensitivity in vasodi-

latory septic shock. Crit Care Med 1997;25:1279–82.

[66] Holmes CL, Patel BM, Russell JA, et al. Physiology of vasopressin relevant to management

of septic shock. Chest 2001;120:989–1002.

[67] Hilberman M, Myers BD, Carrie BJ, et al. Acute renal failure following cardiac surgery.

J Thorac Cardiovasc Surg 1979;77:880–8.

[68] Ip-Yam PC, Murphy S, Baines M, et al. Renal function and proteinuria after cardiopulmo-

nary bypass: the effects of temperature and mannitol. Anesth Analg 1994;78:842–7.

[69] Chertow GM, Levy EM, Hammermeister KE, et al. Independent association between acute

renal failure and mortality following cardiac surgery. Am J Med 1998;104:343–8.

[70] Chertow GM, Lazarus JM, Christiansen CL, et al. Preoperative renal risk stratification.

Circulation 1997;95:878–84.

[71] Conlon PJ, Stafford-Smith M, White WD, et al. Acute renal failure following cardiac

surgery. Nephrol Dial Transplant 1999;14:1158–62.

[72] deMoraes Lobo EM, Burdmann EA,Abdulkader RC. Renal function changes after elective

cardiac surgery with cardiopulmonary bypass. Ren Fail 2000;22:487–97.

[73] Gamulin Z, Forster A, Morel D, et al. Effects of infrarenal aortic cross-clamping on renal

hemodynamics in humans. Anesthesiology 1984;61:394–9.

[74] Gines P, Guevara M, Arroyo V, et al. Hepatorenal syndrome. Lancet 2003;362:1819–27.

[75] Uriz J, Gines P, Cardenas A, et al. Terlipressin plus albumin infusion: an effective and safe

therapy of hepatorenal syndrome. J Hepatol 2000;33:43–8.

[76] Clive DM, Stoff JS. Renal syndromes associated with nonsteroidal antiinflammatory drugs.

N Engl J Med 1984;310:563–72.

[77] Oates JA, FitzGerald GA, Branch RA, et al. Clinical implications of prostaglandin and

thromboxane A2 formation. N Engl J Med 1988;319.

[78] Schmieder RE. Optimizing therapeutic strategies to achieve renal and cardiovascular risk

reduction in diabetic patients with angiotensin receptor blockers. J Hypertens 2005;23:

905–11.

[79] Lewis EJ,HunsickerLG,ClarkeWR, et al. Renoprotective effect of the angiotensin-receptor

antagonist irbesartan in patients with nephropathy due to type 2 diabetes. N Engl J Med

2001;345:851–60.

[80] Zager RA. Endotoxemia, renal hypoperfusion, and fever: interactive risk factors for amino-

glycoside and sepsis-associated acute renal failure. Am J Kidney Dis 1992;20:223–30.

[81] Rodicio JL. Calcium antagonists and renal protection from cyclosporine nephrotoxicity:

long-term trial in renal transplantation patients. J Cardiovasc Pharmacol 2000;35:S7–11.

[82] Ojo AO, Held PJ, Port FK, et al. Chronic renal failure after transplantation of a nonrenal

organ. N Engl J Med 2003;349:931–40.



547RENAL DISEASE: THE ANESTHESIOLOGIST’S PERSPECTIVE
[83] Nash K, Hafeez A, Hou S. Hospital-acquired renal insufficiency. Am J Kidney Dis 2002;39:

930–6.

[84] Liss P, Nygren A, Erikson U, et al. Injection of low and iso-osmolar contrast medium

decreases oxygen tension in the renal medulla. Kidney Int 1998;53:698–702.

[85] Solomon R. Contrast-medium-induced acute renal failure. Kidney Int 1998;53:230–42.

[86] Itoh Y, Yano T, Sendo T, et al. Clinical and experimental evidence for prevention of acute

renal failure induced by radiographic contrast media. J Pharmacol Sci 2005;97:473–88.

[87] BellomoR, ChapmanM, Finfer S, et al. Low dose dopamine in patients with early renal dys-

function: a placebo-controlled randomized trial. Australian and New Zealand Intensive

Care Society (ANZICS) Clinical Trials Group. Lancet 2000;356:2139–43.

[88] Lassnigg A, Donner E, Grubhofer G, et al. Lack of renoprotective effects of dopamine and

furosemide during cardiac surgery. J Am Soc Nephrol 2000;11:97–104.

[89] Woo EB, Tang AT, el-Gamel A, et al. Dopamine therapy for patients at risk of renal

dysfunction following cardiac surgery: science or fiction? Eur J Cardiothorac Surg 2002;

22:106–11.

[90] HalpennyM,RusheC, Breen P, et al. The effects of fenoldopamon renal function in patients

undergoing elective aortic surgery. Eur J Anaesthesiol 2002;19:32–9.

[91] Cantarovich F, Rangoonwala B, Lorenz H, et al. High-dose furosemide for established

ARF: a prospective, randomized, double-blind, placebo-controlled, multicenter trial. Am

J Kidney Dis 2004;44:402–9.

[92] Kay J, Chow WH, Chan TM, et al. Acetylcysteine for prevention of acute deterioration of

renal function following elective coronary angiography and intervention: a randomized

controlled trial. JAMA 2003;289:553–8.

[93] Shyu KG, Cheng JJ, Kuan P. Acetylcysteine protects against acute renal damage in patients

with abnormal renal function undergoing a coronary procedure. J AmColl Cardiol 2002;40:

1383–8.

[94] Mallick NP, Gokal R. Haemodialysis. Lancet 1999;353:737–42.

[95] Pastan S, Bailey J. Dialysis therapy. N Engl J Med 1998;338:1428–37.

[96] Forni LG, Hilton PJ. Continuous hemofiltration in the treatment of acute renal failure.

N Engl J Med 1997;336:1303–9.



Fax +41 61 306 12 34
E-Mail karger@karger.ch
www.karger.com

 Minireview 

 Nephron Clin Pract 2009;112:c222–c229  
 DOI: 10.1159/000224788 

 Renal Replacement Therapy for Acute 
Kidney Injury 

 Heather Fieghen    a     Ron Wald    a, b     Bertrand L. Jaber    c   

  a    Division of Nephrology, St. Michael’s Hospital and the University of Toronto, and  b    The Keenan Research Centre
in the Li Ka Shing Knowledge Institute of St. Michael’s Hospital,  Toronto, Ont. , Canada;  c    Division of Nephrology,
St. Elizabeth’s Medical Center and Tufts University School of Medicine,  Boston, Mass. , USA 

hospitalized patients. This is to some extent related to the 
lack of a uniform definition for AKI. Two classification 
systems have emerged that may serve to unify communi-
cation concerning AKI ( table 1 )  [3, 4] . The RIFLE classi-
fication system was formulated by the Acute Dialysis 
Quality Initiative and defines three strata of increasing 
severity of AKI: Risk, Injury and Failure, based on rela-
tive changes in serum creatinine and urine output, and 
two outcome strata (Loss and End-stage renal failure)  [5] . 
The three-stage Acute Kidney Injury Network classifica-
tion system largely overlaps with the three first stages of 
 RIFLE, with the addition of an absolute serum creatinine 
increase of 0.3 mg/dl to qualify for stage 1, a limit on the 
time interval for the creatinine rise to 48 h, and categori-
zation of patients started on renal replacement therapy 
(RRT) as stage 3 regardless of creatinine or urine output. 
In both classification systems, escalating severity of AKI 
is associated with incrementally worse outcomes  [6] .

  Although understanding of the epidemiology of AKI 
has improved, there are no proven therapies that reverse 
the course of established AKI. RRT is a key component of 
the supportive care given to patients with severe AKI. Ap-
proximately 4% of all critically ill patients will require 
RRT  [7] . Among RRT-requiring patients who survive the 
critical phase of their illness, the majority will be free of 
RRT at the time of hospital discharge  [7, 8] . This review 
will discuss novel diagnostic strategies for AKI but will 
focus on the management of AKI, with an emphasis on 
renal replacement strategies.

 Key Words 
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 Abstract 

 The treatment of established acute kidney injury (AKI) is 
largely supportive in nature. Renal replacement therapy re-
mains the cornerstone of management for the minority of 
patients who have severe AKI. Optimization of renal replace-
ment therapy may modulate the high mortality associated 
with AKI. Recent trials indicated that continuous renal re-
placement therapy does not confer a survival advantage as 
compared to intermittent hemodialysis. Furthermore, there 
is no evidence to support a more intensive strategy of renal 
replacement therapy in the setting of AKI. There is compara-
tively limited data regarding the ideal timing of renal re-
placement therapy initiation and the preferred mode of sol-
ute clearance.  Copyright © 2009 S. Karger AG, Basel 

 Introduction 

 Acute kidney injury (AKI) is a frequent complication 
of hospitalization that is associated with substantial mor-
bidity, mortality and health care expenditures  [1, 2] . 
There is significant variability in the reported prevalence 
(1–25%) and mortality (20–60%) associated with AKI in 
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  New Biomarkers in AKI 

 Current diagnostic paradigms for AKI are limited by 
reliance on serum creatinine, which is affected by age, 
gender and muscle mass. In addition, elevations in serum 
creatinine may occur several days after the actual injury. 
The search for AKI biomarkers has focused on identify-
ing alternatives to serum creatinine. Urinary neutrophil 
gelatinase-associated lipocalin (NGAL) and interleukin-
18 may provide insights into the cause of AKI  [9, 10] . Sim-
ilarly, urinary and serum NGAL, serum cystatin C and 
urinary kidney injury molecule-1 (KIM-1) may facilitate 
the early diagnosis of AKI. KIM-1 also shows promise in 
predicting adverse events in patients with established 
AKI  [11] . Ongoing studies are clarifying the role of these 
biomarkers in larger patient cohorts. Ultimately, it will 
need to be shown that integration of novel biomarkers 
into clinical decision-making impacts on patient-rele-
vant outcomes.

  Pharmacological Treatment of AKI 

 Pharmacological interventions in AKI have targeted 
the prevention of renal ischemia or modulation of the en-
suing inflammatory or hormonal milieus. Low-dose do-
pamine, historically thought to improve renal perfusion 
and thus prevent AKI, has recently been shown in a meta-
analysis to have no effect on mortality and RRT require-
ment  [12] . Similarly, atrial natriuretic peptide (ANP), a 
vasoactive endogenous hormone that increases glomeru-
lar filtration by dilating afferent and constricting efferent 

arterioles, was felt to be a promising therapeutic option. 
Anaritide, an ANP analogue, was initially shown to have 
no effect on dialysis-free survival and caused increased 
rates of hypotension in a randomized controlled trial 
(RCT) of AKI of variable etiology when given at a dose of 
200 ng/kg/min  [13] . However, in a small randomized 
study of 59 postcardiac surgery patients with AKI, anarit-
ide at a lower dose (50 ng/kg/min) was found to signifi-
cantly increase the rate of 21-day dialysis-free survival 
 [14] . A recent meta-analysis of 19 different RCTs showed 
a trend towards reduction of RRT requirement when 
ANP was used in the prevention of AKI, however an 
overall increase in mortality was observed when ANP 
was used in the treatment of established AKI (particu-
larly with higher doses)  [15] .

  Recombinant human insulin-like growth factor 1 
showed encouraging results at reducing renal tubular 
apoptosis and inflammation in mice when administered 
immediately after renal ischemia  [16] . In a small RCT of 
72 critically ill patients with AKI, insulin-like growth 
factor  1  failed  to  show  any  benefit  [17] . More recently, 
 N-acetylcysteine and sodium bicarbonate have received 
a great deal of attention in the setting of contrast ne-
phropathy and postcardiac surgery AKI prevention  [18, 
19] . The clinical benefits of these interventions remain 
controversial.

  There are a number of other agents in preclinical stud-
ies that show promise in the prevention or early treatment 
of AKI. However, the efficacy of these therapies in clin-
ical practice may depend on the early identification of 
AKI  [20] .

Table 1. The Acute Dialysis Quality Initiative and Acute Kidney Injury Network classification systems for AKI

Stage Serum creatinine change Urine output criteria

Acute Dialysis Quality Initiative RIFLE criteria [4, 5]
Risk increase in serum creatinine of 1.5–2 times baseline less than 0.5 ml/kg/h for more than 6 h
Injury increase in serum creatinine of  2–3 times baseline less than 0.5 ml/kg/h for more than 12 h
Failure increase in serum creatinine of >3 times baseline OR if baseline creatinine 

>4 mg/dl, any 0.5 mg/dl increase qualifies
less than 0.3 ml/kg/h for more than 24 h 
OR anuria for >12 h

Loss persistent need for RRT for >4 weeks
End-stage persistent need for RRT for >3 months

Acute Kidney Injury Network criteria
1 increase in serum creatinine of 1.5–2 times baseline OR 0.3 mg/dl

increase from baseline
less than 0.5 ml/kg/h for more than 6 h

2 increase in serum creatinine of 2–3 times baseline less than 0.5 ml/kg/h for more than 12 h
3 increase in serum creatinine of >3 times baseline OR if baseline creatinine 

>4 mg/dl, any 0.5 mg/dl increase qualifies OR if any RRT given
less than 0.3 ml/kg/h for more than 24 h 
OR anuria for >12 h
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  RRT Modality Choice 

 Intermittent hemodialysis (IHD), continuous renal re-
placement therapies (CRRT) and sustained low-efficien-
cy dialysis (SLED) are the principal RRT modalities that 
are used in the acute setting. Although institutional pol-
icies may determine the local availability of these mo-
dalities, CRRT and SLED tend to be used in patients with 
greater hemodynamic instability. There is likely substan-
tial intercenter variability with respect to how each of 
these forms of RRT is utilized and prescribed.

  IHD is typically administered with conventional di-
alysis machinery that is used in the chronic dialysis pop-
ulation with session length ranging from 3 to 5 h. CRRT 
is applied with an intended treatment time of 24 h and 
generally requires dedicated machines that operate at 
comparatively lower blood and dialysate pump speeds. 
CRRT  may  be  administered  as  hemodialysis   (continu-
ous venovenous hemodialysis, CVVHD), hemofiltration 
(continuous venovenous hemofiltration, CVVH) or a 
combination of these (continuous venovenous hemodia-
filtration, CVVHDF). SLED, sometimes referred to as 
 extended dialysis, is considered a ‘hybrid’ of IHD and 

CRRT. SLED is administered using conventional dialysis 
technology but typical sessions run for 8–12 h using blood 
and dialysis flows that are intermediate to those pre-
scribed in IHD and CRRT.  Table 2  summarizes the dif-
ferences between these three modalities.

  CRRT versus IHD 
 Most trials that addressed the question of optimal 

RRT modality compared CRRT and IHD ( table 3 ). A tri-
al by Mehta et al.  [21]  revealed higher ICU mortality in 
patients treated with CRRT as compared to IHD (59.5 vs. 
41.5%). This finding was tempered by apparent baseline 
imbalances between the groups, whereby patients ran-
domized to CRRT had a greater severity of illness. Renal 
recovery did not differ between the groups.

  In a larger multicenter RCT conducted in France com-
paring CRRT and IHD in critically ill patients with AKI 
 [22] , 60-day mortality was not reduced by CRRT, and 
there was no significant difference in the duration of RRT 
dependence. Three additional trials have shown no sur-
vival benefit with CRRT  [23–25] .

  The presumption of greater hemodynamic stability 
with CRRT also remains controversial. Three RCTs sug-

Table 2. Practical comparison of acute RRT modalities

Intermittent
hemodialysis

Sustained low-
efficiency dialysis

Continuous renal
replacement therapy

Session duration, h 3–5 8–12 24
Blood flow, ml/min 300–400 200–300 100–200
Dialysate flow, ml/min 500–800 200–350 25–40
Anticoagulation requirement heparin or none heparin or none heparin or regional citrate

Table 3. Results of individual RCTs comparing CRRT to IHD

Study Sample size Primary endpoint Mortality, % Persistent dialysis
requirementa, %

CRRT IHD CRRT IHD CRRT IHD

Mehta et al. [21] 84 82 ICU mortality 59.5 41.5 14.0 7.0
Augustine et al. [23] 40 40 in-hospital mortality 67.5 70.0 61.5 66.7
Uehlinger et al. [24] 70 55 in-hospital mortality 47.0 51.0 2.7 3.7
Vinsonneau et al. [22] 175 184 60-day mortality 67.4 68.5 1.8 0.0
Lins et al. [25] 172 144 in-hospital mortality 58.1 62.5 16.9b 25.5b

a Defined as dialysis dependence at the time of hospital discharge among survivors.
b Glomerular filtration rate <15 ml/min at the time of hospital discharge.
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gested no advantage with CRRT as compared to IHD  [22, 
24, 26] , while others demonstrated more favorable hemo-
dynamics with CRRT  [23, 27] . Even if CRRT confers a 
hemodynamic benefit, it is unclear whether this trans-
lates into improvements in the patient-relevant outcomes 
of survival and renal recovery.

  CRRT versus SLED 
 In addition to the absence of a survival advantage, 

CRRT is more costly than IHD and is associated with a 
number of obstacles such as continuous patient immo-
bilization, the requirement for anticoagulation and the 
need for specialized machines and premixed commercial 
solutions  [28] . This has stimulated a search for a strategy 
that incorporates the putative hemodynamic benefits of 
CRRT without the associated logistic and resource con-
straints. SLED meets many of these criteria.

  Observational data from single centers suggest that 
SLED is a feasible way of providing RRT that is adequate, 
hemodynamically well tolerated, potentially anticoagu-
lation-free and possibly cost-effective  [29, 30] . However, 
only two small RCTs have compared SLED and CRRT 
 [31, 32] . Kielstein et al.  [31]  randomized 39 critically ill 
patients with AKI to receive either 24 h of CVVH or 12 
h of SLED. Using invasive monitoring, these authors 
found no significant differences in all measured hemo-
dynamic parameters (mean arterial pressure, systemic 
vascular resistance, cardiac output) with comparable re-
moval of creatinine and urea. A smaller study random-
ized 16 patients to receive three sessions with either 
CVVH or SLED (with an added hemofiltration compo-
nent), and showed that fluid removal and hemodynamic 
parameters were similar in both groups  [32] . Although 
these preliminary data suggest that SLED may supplant 
CRRT as the modality of choice for hemodynamically 
unstable patients with AKI, further studies that utilize 
patient-relevant outcomes are required to define the pre-
cise role of SLED.

  A strategy has recently been described whereby CRRT 
machinery was applied over a contracted treatment time 
of 9 h, using increased blood and effluent flow rates. 
Termed accelerated venovenous hemofiltration, this mo-
dality retains many of the feasibility advantages of SLED, 
but dedicated commercial solutions were still required. A 
retrospective case series demonstrated adequate solute 
removal, acceptable hemodynamic tolerability and the 
ability to avoid systemic anticoagulation  [33] .

  Intensity of RRT 

 The impact of RRT intensity or dose on patient out-
comes has been a matter of controversy. Most definitions 
of acute RRT dose are based on small molecule removal, 
as exemplified by urea, while ignoring other crucial as-
pects of RRT adequacy in AKI, such as volume and elec-
trolyte control. Furthermore, assumptions pertaining to 
urea kinetic modeling that are applied to end-stage renal 
disease are inappropriate in the acute setting. Finally, 
many of the benefits derived from acute RRT may relate 
to large-molecular-weight solute clearance, which is 
poorly quantified.

  Schiffl et al.  [34]  compared daily to thrice-weekly IHD 
in 146 critically ill patients with AKI. Patients receiving 
daily hemodialysis had significantly lower mortality as 
compared to those receiving alternate-day dialysis (28 vs. 
46%) and a shorter time to renal recovery, as defined by 
independence from dialysis (mean of 9 vs. 16 days). The 
study was designed to provide a minimum Kt/V urea  of 1.2 
for each treatment session in both arms of the study. 
However, the authors demonstrated that the actual de-
livered dose per session was significantly lower than in-
tended, albeit similar in both arms of the study (mean 
Kt/V urea  of 0.92 vs. 0.94). It is therefore unclear if the sur-
vival benefit demonstrated in this study was mediated by 
the mere provision of an adequate dialysis dose in the 
daily dialysis arm or by the true merits of more intensive 
therapy.

  Ronco et al.  [35]  randomized 425 critically ill patients 
with AKI to continuous hemofiltration rates of 20, 35 or 
45 ml/kg/h. They showed enhanced survival at 15 days 
following discontinuation of RRT in the two high-dose 
groups when compared to the low-dose group. The ben-
efits of high-intensity CRRT were also seen in a trial by 
Saudan et al.  [36]  who compared CVVH (mean effluent 
flow of 25 ml/kg/h) with CVVHDF (mean effluent flow 
of 42 ml/kg/h) in 206 critically ill patients. Ninety-day 
survival was significantly higher among patients treated 
with CVVHDF as compared with CVVH (59 vs. 34%). 
These results contrasted with two other trials demon-
strating no benefit with intensified therapy  [37, 38] .

  In the recently completed Veterans Administration/
National Institutes of Health Acute Renal Failure Trial 
Network (ATN) study, over 1,100 critically ill patients 
with AKI requiring RRT were randomized to an inten-
sive or a less intensive treatment strategy  [39] . In the in-
tensive arm, hemodynamically unstable patients received 
CRRT at 35 ml/kg/h or 6 sessions per week of SLED; if 
patients were hemodynamically stable, IHD was admin-
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istered 6 times per week. In the less intensive arm, hemo-
dynamically unstable patients received CRRT at 20 ml/
kg/h or thrice-weekly SLED; stable patients received 
thrice-weekly IHD. Patients were able to shift between 
RRT modalities depending on their evolving hemody-
namic status, thereby reflecting usual clinical practice. 
The trial was well executed with minimal crossover and 
excellent follow-up. Sixty-day mortality was 53.6 and 
51.8% in the intensive and less intensive arms, respec-
tively (NS). There were no appreciable differences in renal 
recovery.

  Two important limitations of the ATN study should be 
considered. In both treatment arms, CRRT was delivered 
as an equal mix of hemodialysis and hemofiltration. The 
benefits of more intensive RRT may be conferred by the 
latter component, and it is notable that hemofiltration 
was administered exclusively in the positive trial by Ron-
co et al.  [35] . The generalizability of the ATN study is also 
limited by the exclusion of patients with significant pre-
morbid chronic kidney disease, a population that com-
prises a large proportion of AKI patients seen in clinical 
practice  [7, 40] . The Randomised Evaluation of Normal 
vs. Augmented Level (RENAL) Replacement Therapy 
study (ClinicalTrials.gov identifier NCT00221013) en-
rolled 1,500 critically ill patients in Australia and New 
Zealand with AKI at multiple sites. Preliminary study re-
sults have been reported (although not published to date) 
and indicate that CVVHDF at a dose of 40 ml/kg/h did 
not confer improved 90-day survival as compared to a 
dose of 25 ml/kg/h.

  Timing of RRT Initiation 

 Conventional indications for RRT initiation in AKI 
include refractory hyperkalemia, severe metabolic acido-
sis, hypervolemia, and uremic end-organ complications. 
However, one or more of these indications may emerge 
well after the time of the kidney insult. The resulting de-
lay in initiating RRT may prolong patient exposure to the 
uncorrected metabolic effects of kidney failure, which 
may in turn contribute to adverse outcomes.

  There is a very limited evidence base to guide the tim-
ing of RRT initiation in AKI. A recent meta-analysis 
identified 23 relevant studies and found a wide array of 
study designs and definitions for ‘early’ and ‘late’ RRT 
initiation  [41] . In the 5 RCTs that addressed this issue, 
early initiation of RRT was associated with a trend to-
wards mortality reduction [risk ratio (RR) 0.64, 95% con-
fidence interval (CI) 0.40–1.05] and in the 18 observa-

tional studies, a mortality risk reduction of 28% (RR 0.72, 
95% CI 0.64–0.82) was observed. It is noteworthy that all 
of the RCTs cited in the meta-analysis had small sample 
sizes and were generally of poor quality.

  Defining the optimal timing of RRT initiation in AKI 
remains a research priority. Prior to embarking on a de-
finitive RCT, substantial preliminary work will be re-
quired to determine the prevailing standard of care in the 
timing of RRT initiation. This should set the parameters 
for the control arm in such a trial. An ‘early start’ strat-
egy could then be derived relative to the standard of 
care.

  Convection and Removal of Large-Molecular-Weight 

Solutes 

 Convection, as provided through hemofiltration, and 
diffusion, as provided through hemodialysis, are the 
principal modes of solute removal in AKI. Convection 
utilizes hydrostatic pressure to effect the translocation of 
water across the semi-permeable membrane while con-
comitantly dragging solutes with molecular weights that 
are below the pore size of the membrane. Diffusion fuels 
the movement of solutes across a semi-permeable mem-
brane down concentration gradients for the respective 
solutes. Both modes provide reliable clearance of low-
molecular-weight molecules such as urea, whereas larger-
molecular-weight solutes are more effectively removed by 
convection. Large molecules of particular interest in-
clude inflammatory cytokines such as tumor necrosis 
factor- �  and interleukin-6 that may serve as key media-
tors in the pathogenesis of AKI. Despite the conceptual 
appeal of convective clearance, there is a paucity of pa-
tient-level data on the optimal mode of clearance in AKI 
resulting in a great deal of practice variability. A small 
RCT evaluated outcomes of 20 patients who received 
CVVH versus CVVHD. There were no significant differ-
ences in mortality, renal recovery or duration of ICU stay 
 [42] .

  Removal of large-molecular-weight solutes may also 
be enhanced by the use of hemodiafilters with larger pore 
sizes. These so-called high cutoff hemodiafilters have 
pores of 50–60 kDa (as compared to 20–30 kDa for con-
ventional hemodiafilters), thereby enabling the translo-
cation of larger-sized inflammatory mediators. Haase et 
al.  [43]  recently completed a double-blind crossover RCT 
of 10 septic patients with AKI who received 4-hour ses-
sions of hemodialysis with a high cutoff dialyzer and a 
standard high-flux dialyzer, respectively, in random se-
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quence. Interleukin-6, interleukin-8 and interleukin-10 
concentrations were significantly reduced following ther-
apy with the high cutoff dialyzers with little change in 
these markers following treatment with the high-flux di-
alyzer. Similar small solute control was achieved with 
both dialyzers. Although the clinical implications of 
these findings need further clarification, other work done 
by this group suggested improved hemodynamic control 
in patients treated with a high cutoff hemodiafilter  [44] .

  Renal Tubule Cell Therapy 

 Contemporary RRT devices are designed to replace 
the filtration component of kidney function but tubular 
function is not addressed. Humes et al.  [45]  have devel-
oped a bioartificial kidney known as a renal assist device 
(RAD), composed of sheets of human tubular cells that 
are housed within a high-flux hemodiafilter. Preliminary 
data indicated that these cells successfully performed 
many of the transport and endocrinologic functions nor-
mally attributed to the renal tubular epithelium  [46] . A 
phase II RCT of 58 critically ill patients with AKI com-
pared 72 h of continuous treatment with the RAD and a 
conventional filter (in series with each other) versus con-
ventional CRRT  [47] . Treatment with the RAD was found 
to be safe with a trend towards reduced mortality at 28 
days (33 vs. 61% in patients treated with conventional 
CRRT). The RR of death in the   RAD group, adjusted for 
comorbid illness, was 0.48 (95% CI = 0.23–0.99). In addi-
tion, higher rates of renal recovery were seen in patients 
treated with the RAD. It should be noted that only 10 of 
the 40 patients treated with RAD completed the planned 
72 h of therapy.

  Conclusions 

 New classification systems for AKI may enhance stan-
dardization around diagnosis and staging of this clinical 
syndrome. Novel biomarkers for the early diagnosis of 
AKI may represent a breakthrough for clinicians if they 
are accurate, reproducible and applicable in different set-
tings. There are currently no specific therapeutic inter-
ventions for patients with established AKI.

  It is possible that optimization of the RRT prescription 
will impact on patient outcomes. Recently completed 
RCTs have provided clinicians with guidance on some 
aspects of the RRT prescription but several areas remain 
unclear. Despite the conceptual advantages of CRRT, 
multiple RCTs have shown no evidence of improved pa-
tient outcomes with this modality, as compared to con-
ventional IHD. The logistic challenges associated with 
CRRT and the relatively high costs of this modality may 
stimulate the increased use of SLED. However, well-de-
signed RCTs are still needed to better characterize the 
reported benefits of SLED prior to its widespread adop-
tion. Recent data have also clarified important questions 
regarding RRT intensity in AKI. The current balance of 
evidence suggests that among hemodynamically unsta-
ble patients, CRRT need not be administered at doses 
higher than 20 ml/kg/h, and in more stable patients, al-
ternate-day IHD is acceptable.

  There are several areas in the AKI arena where high-
quality evidence is lacking. The optimal timing of RRT 
initiation in AKI remains a critical area of uncertainty. A 
well-powered trial to examine this issue, in which an ear-
ly intervention may be guided by novel AKI biomarkers, 
is needed. Further trials to address the clinical benefits 
conferred by convective clearance, high cutoff filters and 
the bioartificial kidney are also required. 
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 This excellent review by Fieghen, Wald and Jaber from 
Toronto and Boston highlights recent advances in the 
classification of AKI whilst drawing attention to the lim-
itations of clinical trials in the field. It also brings to the 
reader’s awareness the recent interest in the predictive 
value of a number of biomarkers including NGAL, IL-18 
and KIM-1. These biomarkers have been put forward as 
early diagnostic and prognostic indicators in AKI.

  More recently, Jaber’s group in Boston has reported on 
the influence of patients’ genotype on outcomes in AKI. 
They noted a relationship to adverse outcome of a non-
synonymous polymorphism in the coding region of the 
HIF-1 �  gene where a C to T substitution occurs at posi-
tion +85 in exon 12 [Kolyada et al., 2009]. This associa-
tion warrants further investigation.

  In their minireview, the authors thoroughly and criti-
cally review a number of clinical trials of pharmacologi-
cal interventions as well as those based on replacement 
therapy modalities or intensity in AKI. Most of these in-

 Editorial Comment 

 M. El Nahas, Sheffield 

tervention trials are negative as they fail to show signifi-
cant advantage. This may be due in part to the fact that 
clinical trials in AKI are very difficult to conduct due to 
the heterogeneity of the patients involved and associated 
comorbidities.

  Recent interest has also emerged in the impact AKI 
may have on the incidence of chronic kidney disease as 
well as on the acceleration of the progression of estab-
lished chronic kidney disease to end-stage renal disease. 
This is likely to be particularly relevant in the elderly 
whose recovery from AKI is often limited and may pre-
cipitate end-stage renal disease. 
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Indications and timing of renal replacement therapy in acute
kidney injury

Paul M. Palevsky, MD

Conventional indications for
initiating renal replacement
therapy (RRT) in acute kidney
injury (AKI) include volume

overload, hyperkalemia, metabolic acidosis,
and overt uremic manifestation such as en-
cephalopathy and pericarditis (Table 1).
Acute dialysis also is indicated when AKI
occurs in the setting of acute intoxication
with a dialyzable drug or toxin. While these
indications are well accepted, they also are
subject to interpretation. How severe a de-
gree of volume overload, hyperkalemia, or
metabolic acidosis? What, if any, medical
therapies should be tried before initiating
RRT? If diuretic therapy is initiated, what
dose constitutes diuretic resistance? In
many patients, RRT is initiated in the ab-
sence of specific indications in response to
persistent oliguria unresponsive to volume
administration or progressive azotemia
without uremic manifestations. Observa-
tion practice patterns within and across in-
stitutions suggest that there is no uniform
standard of care and that wide variations in
clinical practice prevail (1).

In the past, the paradigm for manage-
ment of severe AKI was that patients died
with, but did not die of, their renal failure,
so long as acute uremic complications were
prevented. The corollary of this view was
that management of RRT merely needed to
assure that patients did not succumb to
hyperkalemia, metabolic acidosis, or vol-
ume overload; and that overt uremic com-
plications, such as pericarditis and enceph-
alopathy, were prevented. During the past
decade, this paradigm has been challenged
by data demonstrating that AKI is an inde-
pendent risk factor for mortality (2–6). An
implication of these data is that the specific
management of RRT may impact the out-
comes of AKI and that optimization of renal
support may reduce its high mortality (7–
9). Although multiple recent clinical trials
have prospectively evaluated the impact of
dose (10–13) and modality (14–17) of RRT,
the literature on timing of initiation of RRT
in AKI is far less robust. In the remainder of
this review, we will summarize the current
data on timing of initiation of RRT in AKI
that guide current clinical practices (Table
2) and discuss issues that need to be ad-
dressed in future clinical trials.

1950S to 1970S: Retrospective
Case Series and Observational
Studies

The concept of prophylactic hemodi-
alysis in AKI was introduced by Dr. Te-
schan and colleagues (18, 19) almost 50
yrs ago, within the first decade after the
introduction of hemodialysis into routine
clinical practice for the management of

severe acute renal failure. In their land-
mark report, Dr. Teschan and colleagues
described their experience using “prophy-
lactic” hemodialysis in 15 patients with
oliguric acute renal failure treated at the
Renal Center of the U.S. Army Surgical
Research Unit (18). Hemodialysis was ini-
tiated before the blood nonprotein nitro-
gen reached 200 mg/dL and obvious ure-
mic symptoms appeared. Although no
control group was included in this report,
the authors stated that the results con-
trasted dramatically with their own past
experience in patients in whom dialysis
was not initiated until “conventional” in-
dications were present, with a mortality
rate of only 33% and with patients expe-
riencing a “stable, convalescent clinical
course . . . free from uremic symptoms or
chemical imbalances . . .” (18).

Subsequently, multiple retrospective
case series and observational studies in
the 1960s and early 1970s compared
“early” initiation of hemodialysis (as de-
fined by blood urea nitrogen [BUN] con-
centrations ranging from �93 mg/dL to
levels of approximately 150 mg/dL) to
“late” initiation of therapy (as defined by
BUN levels of 163 mg/dL to �200 mg/dL)
(20–22). All of these studies (Table 2)
demonstrated improved survival with
earlier initiation of hemodialysis.

1970S to 1980S: Small
Prospective Clinical Trials

The first prospective evaluation of
“prophylactic” dialysis in acute renal fail-
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ure was reported by Dr. Conger in 1975
(23). In this study, conducted on the U.S.
Naval Hospital Ship USS Sanctuary be-
tween April and October 1970, 18 pa-
tients with post-traumatic AKI were as-
signed alternately to an intensive
hemodialysis regimen that maintained
predialysis BUN �70 mg/dL and serum
creatinine �5 mg/dL, or to a noninten-
sive regimen in which dialysis was not
carried out until BUN and serum creati-
nine approached 150 mg/dL and 10 mg/
dL, respectively, or clinical indications
for therapy (e.g., hyperkalemia, volume

overload, or uremic encephalopathy) su-
pervened. Survival was 64% (five of eight
patients) in the intensive treatment
group as compared with 20% (two of ten
patients) with the nonintensive dialysis
strategy (p � .14). In addition, major
complications, including hemorrhage
and Gram-negative sepsis, were less fre-
quent in the intensive hemodialysis arm.

Approximately a decade later, Dr. Con-
ger and associates (24) re-examined the
intensity of hemodialysis in 34 patients
treated at the University of Colorado
Health Sciences Center Hospitals. Pairs
of patients were assigned randomly when
serum creatinine reached 8 mg/dL to ei-
ther an intensive regimen, designed to
maintain the predialysis BUN �60 mg/dL
and serum creatinine �5 mg/dL or to a
less intensive regimen in which BUN and
serum creatinine were permitted to reach
100 mg/dL and 9 mg/dL, respectively.
While the treatment strategies in this
study were not designed to strictly eval-
uate timing of imitation of therapy, the
average time from onset of AKI to initia-
tion of dialysis was 5 � 2 days in the intensive
therapy arm as compared with 7 � 3 days in
the nonintensive regimen. Mortality was
higher in the more intensively dialyzed
group; however, given the small sample

size, this difference was not statistically
significant (p � .73).

On the basis of these data, the conven-
tional teaching became that in the ab-
sence of specific symptoms, hemodialysis
should be initiated when BUN reaches a
level of approximately 100 mg/dL, but
that no additional benefit was associated
with earlier initiation or more intensive
therapy. It should be recognized, how-
ever, that the studies on which this argu-
ment is based had inadequate statistical
power to draw definitive conclusions.

The Past Decade

No additional studies examining the
timing of initiation of hemodialysis or
other modalities of renal replacement
therapy were published until the end of
the 1990s. During the past decade, how-
ever, multiple studies have re-examined
this issue, focusing almost exclusively on
the timing of initiation of continuous re-
nal replacement therapy (CRRT). In 1999,
Dr. Gettings and colleagues (25) pub-
lished a retrospective analysis of the tim-
ing of initiation of CRRT on outcomes in
100 consecutive patients with post-
traumatic AKI. Patients were classified as
early or late initiation of therapy based on

Table 1. Conventional indications for renal re-
placement therapy in acute kidney injury

Intravascular volume overload unresponsive to
diuretic therapy

Hyperkalemia refractory to medical
management

Metabolic acidosis refractory to medical
management

Concomitant intoxication with dialyzable drug
or toxin

Overt uremic symptoms
Encephalopathy
Pericarditis
Uremic bleeding diathesis

Progressive azotemia in the absence of specific
symptoms

Table 2. Summary of studies evaluating the timing of initiation of renal replacement therapy (RRT)

Study Yr
Mode

of RRT Study Design No.

Criteria for Initiation of RRT Survival (%)

Early Late Early Late

Parsons et al (20) 1961 IHD Retrospective 33 BUN 120–150 mg/dL BUN �200 mg/dL 75 12
Fischer et al (21) 1966 IHD Retrospective 162 BUN �150 mg/dL BUN �200 mg/dL 43 26
Kleinknecht et al (22) 1972 IHD Retrospective 500 BUN �93 mg/dL BUN �163 mg/dL 73 58
Conger (23) 1975 IHD RCT 18 BUN �70 mg/dL or

SCr �5 mg/dL
BUN �150 mg/dL,

SCr �10 mg/dL, or
clinical indications

64 20

Gillum et al (24) 1986 IHD RCT 34 SCr 8 mg/dL
Treatment goal:
BUN �60 mg/dL,
SCr �5 mg/dL

BUN �100 mg/dL or
SCr �9 mg/dL

41 53

Gettings et al (25) 1999 CRRT Retrospective 100 BUN �60 mg/dL BUN �60 mg/dL 39 20
Bouman et al (12) 2002 CRRT RCT 106 �12 hrs after

meeting AKI
definition

BUN �112 mg/dL,
SK �6.5 mmol/L, or
pulmonary
edema

LV: 69
HV: 74

LV: 75

Demirkiliç et al (26) 2004 CRRT Retrospective 61 UOP �100 mL/8 hr SCr �5.0 mg/dL or
SK �5.5 mmol/L

77 45

Elahi et al (27) 2004 CRRT Retrospective 64 UOP �100 mL/8 hr BUN �4 mg/dL,
SCr �2.8 mg/dL,
or SK �6 mmol/L

78 57

Piccinni et al (28) 2006 CRRT Retrospective 80 �12 hrs after ICU
admission

“Conventional”
indications

55 28

Liu et al (29) 2006 IHD & CRRT Observational 243 BUN �76 mg/dL BUN �76 mg/dL 65 59

IHD, intermittent hemodialysis; CRRT, continuous renal replacement therapy; RCT, randomized controlled trial; BUN, blood urea nitrogen; SCr, serum
creatinine; AKI, acute kidney injury; UOP, urine output; ICU, intensive care unit; SK, serum potassium; LV, low-volume hemofiltration; HV, high-volume
hemofiltration.
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BUN at initiation of therapy, using a
value of 60 mg/dL to separate the two
groups. In the early group, CRRT was
initiated on hospital day 10 � 15, with a
mean BUN of 43 � 13 mg/dL, as compared
with initiation of therapy after 19 � 27 days
with a mean BUN of 94 � 28 mg/dL in
the late group. Survival was 39% in the
early initiation group, as compared with
20% in the late group (p � .041). Al-
though baseline demographic character-
istics and severity of illness scores of
patients in the two groups were compa-
rable, a greater percentage of patients in
the late cohort had multisystem organ
failure or sepsis. In addition, the rationale
for earlier as opposed to later initiation of
therapy in individual patients was not
provided. Although the timing of therapy
may merely have reflected random varia-
tion in physician behavior, it is more
likely that individual patient characteris-
tics contributed to nonrandom decisions
regarding the timing of therapy. For ex-
ample, 56% of patients in the early initi-
ation arm were oliguric on the first day of
CRRT, as compared with only 39% in the
late initiation group. Thus, the observed
differences in outcome may well have
been confounded by unreported differ-
ences underlying the decision for early as
opposed to late initiation of therapy.

Similar results have been reported in
two retrospective analyses of timing of
CRRT in patients following cardiac sur-
gery (26, 27). Dr. Demirkiliç and col-
leagues (26) reported on a series of 61
patients treated at a single center in Tur-
key between March 1992 and September
2001 who required postoperative contin-
uous venovenous hemodiafiltration
(CVVHDF) after undergoing cardiac sur-
gery. In the 27 patients treated before
June 1996, CVVHDF was not initiated un-
til the serum creatinine level exceeded 5
mg/dL or the serum potassium level ex-
ceeded 5.5 molEq/L despite medical ther-
apy, independent of urine output (group
1), while in the remaining 34 patients,
treated after June 1996, CVVHDF was ini-
tiated as soon as the urine volume was
�100 mL for 8 hrs, despite administra-
tion of furosemide (group 2). Treatment
was initiated 2.6 � 1.7 days after surgery
in group 1 as compared with 0.9 � 0.3
days after surgery in group 2. Early initi-
ation was associated with lower intensive
care (17.6% vs. 48.1%; p � .05) and hos-
pital mortality (23.5% vs. 55.5%; p � .05)
and decreased duration of both mechan-
ical ventilation and intensive care length
of stay. Similarly, Dr. Elahi and col-

leagues (27) identified 64 consecutive pa-
tients who underwent cardiac surgery be-
tween January 2002 and January 2003 in
a single center in the United Kingdom
and who received postoperative CVVHDF.
In 28 patients, the CVVHDF was not ini-
tiated until BUN was �84 mg/dL, the
creatinine was �2.8 mg/dL, or the serum
potassium was �6 molEq/L despite med-
ical therapy, regardless of urine output
(group 1), while in the remaining 36 pa-
tients CVVHDF was initiated when the
urine volume was �100 mL for 8 hrs
despite furosemide infusion (group 2). As
in the prior study, the reported demo-
graphic and baseline clinical characteris-
tics of the two groups were similar. The
interval between surgery and initiation of
renal support was 2.6 � 2.2 days in group
1 as compared with 0.8 � 0.2 days in
group 2. Hospital mortality was 43% in
group 1 and 22% in group 2 (p � .05).

Dr. Piccinni and colleagues (28) have
described the use of “early isovolemic he-
mofiltration” in oliguric patients with
sepsis. In their report, they compare out-
comes in 40 patients with sepsis and oli-
guria in whom high volume (45 mL/kg/
hr) hemofiltration with no net fluid
removal was initiated within 12 hrs of
intensive care admission as compared
with 40 historical controls, in whom re-
nal replacement therapy was initiated for
conventional indications. In the patients
treated with isovolemic hemofiltration,
28-day survival was 55% as compared
with 27.5% in the historical control co-
hort. Although the authors describe early
isovolemic hemofiltration in terms of
early initiation of therapy, comparison of
the interval between onset of renal dys-
function and initiation of therapy is not
provided and biochemical indexes of re-
nal function at initiation of renal support
are similar, with a trend toward higher
BUN and serum creatinine in the early
isovolemic hemofiltration cohort (110 �
38 mg/dL vs. 120 � 30 mg/dL and 1.7 �
2 vs. 1.8 � 2, respectively), suggesting
that the actual timing of treatment was
not significantly different between
groups.

Dr. Liu and colleagues (29) analyzed
data on the timing of initiation of renal
replacement therapy (both intermittent
and CRRT) from the Program to Improve
Care in Acute Renal Disease, a multi-
center observational study of AKI. They
stratified the 243 patients in the database
who received RRT into early and late ini-
tiation groups based on the median BUN
(76 mg/dL) at initiation of therapy. Al-

though patients in the late (BUN, �76
mg/dL) group had a reduced burden of
organ failure, the survival rates at 14 days
and 28 days in this group (75% and 59%,
respectively) were slightly lower than in
the early (BUN, �76 mg/dL) group (8%
and 65%, respectively). After adjustment
for age and clinical factors and stratifica-
tion by site and initial modality of RRT in
a multivariate analysis, the relative risk of
death associated with dialysis initiation
with more severe azotemia (using the
early initiation group as the comparator)
was 1.85 (95% confidence interval, 1.16–
2.96). Using a propensity analysis to ad-
just for factors predicting initiation of
therapy at a higher as compared with a
lower BUN, they also found an increased
relative risk for death in the high BUN
group (2.07; 95% confidence interval,
1.30–3.29).

There are several important limita-
tions that must be considered in analyz-
ing the results of these retrospective
studies. First, the use of BUN as a surro-
gate measure for duration of AKI is prob-
lematic. Urea generation is not constant,
with wide variation in generation rates
from patient to patient and even within
an individual patient as the degree of
catabolic stress waxes and wanes. Simi-
larly, the volume of distribution of urea
in critically ill patients is highly variable
and inconstant. Thus, the rate of increase
in BUN will vary across patients, and may
not even be constant in an individual
patient over time. Second is the issue of
bias by indication. Renal support was ini-
tiated for oliguria in the early groups and
for azotemia or hyperkalemia in the late
groups in both of the postcardiac surgery
studies (26, 27). Although the reasons for
early and late initiation of treatment in
the studies by Dr. Gettings and col-
leagues (25) and Dr. Liu and colleagues
(29) were not specified, it is likely earlier
initiation was prompted by volume over-
load and electrolyte disturbances,
whereas late initiation of therapy was
more likely to be prompted by progres-
sive azotemia. Whether there is a rela-
tionship between indication for therapy
and outcome is not known. Most impor-
tantly, the design of all four of these stud-
ies limited analysis to patients who re-
ceived renal replacement therapy,
ignoring the subset of patients with AKI
who recover or die without RRT.

Only one recent study has attempted
to address the timing of CRRT prospec-
tively (12). Dr. Bouman and colleagues
randomized 106 critically ill patients
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with AKI at two centers to three groups:
early high-volume CVVHDF (n � 35),
early low-volume CVVHDF (n � 35),
and late low-volume CVVHDF (n � 36).
Treatment was initiated in the two early
groups within 12 hrs of meeting study
inclusion criteria (the presence of oligu-
ria for �6 hrs despite hemodynamic op-
timization or a measured creatinine
clearance of �20 mL/min on a 3-hr timed
urine collection), while in the late group
renal support was not initiated until BUN
was �112 mg/dL, potassium was �6.5
mEq/L, or pulmonary edema was present.
No significant differences in survival
were observed among the three groups.
Of note, however, the overall 28-day
mortality for subjects in this study was
only 27%, substantially lower than
mortality rates reported in most other
studies of critically ill patients with
AKI, suggesting a lower disease burden
in this cohort. In addition, as a result of
the small sample size, the statistical
power of the study was low.

Future Directions

From the above discussion, it should
be readily apparent that current data re-

main inadequate to answer the question
of appropriate indications and timing of
initiation of renal support in AKI.
Whether earlier initiation of RRT or pro-
vision of therapy in patients currently
managed conservatively improves sur-
vival remains an open question. Although
observational data suggests improved
outcomes with early initiation of therapy,
this may merely reflect inclusion of pa-
tients with a lesser degree of organ in-
jury, whose outcomes would be better
regardless of treatment strategy. All of
the observational studies have been based
on identification of patients with AKI who
ultimately were treated with RRT. How-
ever, the vast majority of patients with
AKI are never treated with RRT (30).
Thus, the paradigm for answering the
question of timing of initiation of RRT
needs to change (Fig. 1). To be able to
answer the question, a study must in-
clude all patients for whom early initi-
ation of RRT is a consideration. While
observational data that include patients
who never receive RRT may help inform
the question, observational data cannot
provide a definitive answer because of
the issue of bias by indication.

Ultimately, a definitive answer will re-
quire prospective randomized trials.
However, the design of such trials poses
significant challenges, most critically the
need for early identification of patients
with persistent and severe renal injury.
Unfortunately, current clinical and bio-
chemical parameters are inadequate to
prospectively identify the appropriate
study cohort. In the study by Dr. Bouman
and colleagues (12), six of the 36 patients
(16.7%) in the late therapy group never
received RRT, two patients because they
died before meeting criteria for RRT and
four patients because they recovered re-
nal function. Although the RIFLE criteria
(a mnemonic for the progression of an
acronym for staging of AKI as risk of
renal dysfunction, injury to the kidney,
failure of kidney function, loss of kidney
function, and end-stage kidney disease)
have been proposed to help stratify sever-
ity of renal injury (31), they are inade-
quate for identification of the necessary
study cohort. In a retrospective analysis
of �5000 critically ill patients at a single
institution, Dr. Hoste and colleagues (30)
observed that only 14.2% of patients
meeting the RIFLE-Loss criteria (corre-
sponding to the Acute Kidney Injury Net-
work criteria for stage 3 AKI) received
RRT. Without reliable markers to identify
this population, a substantial number of

patients who would not otherwise receive
RRT will need to be randomized into an
early therapy arm and subjected to the
risks of RRT, risks that include morbidity
and mortality associated with vascular
catheters and the possibility that expo-
sure to hemodialysis may in and of itself
delay recovery of renal function and ad-
versely impact patient survival (32).
Thus, robust biomarkers and/or clinical
predictors of the course of AKI are needed
before such a study can be ethically un-
dertaken.

CONCLUSIONS

The optimal timing for initiation of
RRT in patients with AKI remains uncer-
tain. Conventionally accepted indications
include volume overload, hyperkalemia,
metabolic acidosis, overt uremia, and
even progressive azotemia in the absence
of specific symptoms; however, precise
definitions for these indications are lack-
ing. In addition, a number of observa-
tional and retrospective analyses have
suggested improved survival with earlier
initiation of renal support; however, the
absence of inclusion of patients with AKI
who meet criteria for early initiation of
RRT but who never receive therapy limits
the validity of these analyses. A definitive
answer to this important clinical issue
ultimately will require data from prospec-
tive randomized controlled trials; how-
ever, the conduct of such trials requires
more robust biomarkers and/or clinical
predictors of the course of AKI than are
currently available.
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Abstract Introduction: A physio-
logical review on renal replacement
therapies (RRT) is a challenging task:
there is nothing ‘‘physiologic’’ about
RRT, since the most accurate, safe
and perfectly delivered extracorporeal
therapy would still be far from
‘‘physiologically’’ replacing the
function of the native kidney.
Methods: This review will address
the issues of physiology of fluid and
solute removal, acid base control and
impact on mortality during intermit-
tent and continuous therapies:
different RRT modalities and relative
prescriptions will provide different
‘‘physiological clinical effects’’ to
critically ill patients with acute
kidney injury (AKI), with the aim of
restoring lost ‘‘renal homeostasis’’.
On the other side, however, the

‘‘pathophysiology’’ of RRT, consists
with unwanted clinical effects caused
by the same treatments, generally
under-recognized by current literature
but often encountered in clinical
practice. Physiology and pathophysi-
ology of different RRT modalities
have been reviewed. Conclu-
sion: Physiology and
pathophysiology of RRT often coex-
ist during dialysis sessions.
Improvement in renal recovery and
survival from AKI will be achieved
from optimization of therapy and
increased awareness of potential
benefits and dangers deriving from
different RRT modalities.

Keywords Renal failure �
Dialysis and hemofiltration

Physiology of RRT

Fluid removal

All critically ill patients need a high daily amount of
volume infusions: blood and fresh frozen plasma, vaso-
pressors and other continuous infusions, parenteral and
enteral nutrition, which should be delivered without
restriction or interruption. It is not uncommon for patients
with acute kidney injury (AKI) and associated septic
shock, to receive large amounts of fluid resuscitation,
leading to fluid overload. The consequent positive fluid
balance and tendency to interstitial edema causes the
necessity for water removal and, possibly, the achieve-
ment of a negative daily fluid balance. The process of

ultrafiltration occurs when plasma water is driven by a
hydrostatic force through an extracorporeal circuit across
a semi-permeable membrane and then removed from
patient total body water. Extracorporeal renal replacement
therapies (RRT) are typically utilized for ultrafiltration.
Ultrafiltered water has a similar osmolarity to plasma
water; for this reason the process of ‘‘isolated ultrafiltra-
tion’’ substantially corresponds to blood dehydration, with
possible increase of hematocrit values and without mod-
ification of (small) solutes concentration.

Continuous renal replacement therapy (CRRT) slowly
and continuously removes patient’s plasma water, mim-
icking urine output, whereas thrice weekly intermittent
hemodialysis (IHD) must extract, in few hours, the
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equivalent of 2 days of administered fluids plus excess
body water which may be present in the anuric patient.
The intravascular volume depletion associated with
excessive ultrafiltration rate is due to both the high rate of
fluid removal required and the trans-cellular and inter-
stitial fluid shifts caused by the rapid dialytic loss of
solute [1]. The major consequence of rapid fluid removal
is hemodynamic instability. In the case of a septic patient
with AKI who is receiving a high amount of vasopressors
because of hemodynamic instability and is needing
appropriate fluid resuscitation, supplementation of nutri-
tion and blood product administration. The renal
replacement modality of choice seems to be the one that
warrants slow fluid removal, prolonged it for many hours
per day, in order to easily meet the higly variable required
daily fluid balance. In particular, when volemic and ure-
mic control are not a problem, an aggressive, protein-rich
nutritional policy (1.5–2.5 g/day) can be implemented in
the care of AKI patients receiving CRRT, resulting in a
marked improvement in daily nitrogen balance with
possible favorable effects on immune function and overall
outcome [2–5]. Safe prescription of fluid loss during RRT
requires intimate knowledge of the patient’s underlying
condition, understanding of the process of ultrafiltration
and close monitoring of the patient’s cardiovascular
response to fluid removal. In order to preserve tissue
perfusion in patients with AKI, it is important to optimize
fluid balance by removing patient’s excess water without
compromising the effective circulating fluid volume. It is
still a matter of controversy which clinical parameter
(actual patient weight/patient dry weight, mean arterial
pressure, central venous pressure, wedge pressure, sys-
temic saturation, mixed venous saturation, bioimpedance,
etc.) or currently available monitorization (central venous
catheter, swan ganz catheter, transesophageal echocardi-
ography, etc.) should be utilized in order to uniformly
define the concept of ‘‘volume overload’’. In patients who
are clinically fluid overloaded, however, it is extremely
important to accurately evaluate the amount of fluid to
remove [6]. In these kinds of patients, one of the main
features of slow and constant ultrafiltration is the possi-
bility for interstitial fluid to slowly and constantly refill
the ‘‘dehydrated’’ bloodstream. This phenomenon is dri-
ven by hydrostatic and osmotic forces and allows for the
elimination of high plasma water volumes per day with a
reduced risk of hypovolemia and hypotension. In criti-
cally ill children the correction of water overload is
considered a priority. It has been show that restoring
adequate water content in small children is the main
independent variable for outcome prediction [7, 8]. Sim-
ilar results have been recently found in a large cohort of
adult critically ill patients with AKI [9].

All patients who are at risk of, or who already have,
increased intracranial pressure (neurosurgical patients,
patients with encephalitis or meningo-encephalitis, trau-
matic brain injury or acute liver failure) CRRT in

preference to IHD is strongly indicated in case of AKI. In
an evaluation of brain density by repeated computerized
tomography (CT), La Greca and co authors found that after
intermittent dialysis densitometric values fell significantly
from normal values (27–40 Hounsfield units), especially in
the basal ganglia; this might point to a build-up of fluid in
the parenchyma. No significant variations was observed in
repeated examinations of three normal individuals. Inter-
estingly, the authors found no significant relation between
biochemical data and the CT pattern, hypothesizing that
decreased density of brain tissue and post-dialysis edema
might be a consequence of the local production of ‘‘hy-
drogenic osmoles’’, due to a reduction in the pH factor of
CSF and cerebral tissue [10]. CRRT has been shown to
prevent intracranial pressure increase associated with
intermittent renal replacement therapies [11].

Solute removal

Physiology of solute removal is one of the main issues of
dialysis and it is partially responsible for safety, tolera-
bility and outcome of extracorporeal RRTs. Solute
removal is a very broad concept that is generally descri-
bed by the elimination of a marker solute. This marker
solute should be reasonably representative of all solutes
that are normally removed from blood by the kidney.

Unfortunately, a reference solute that represents all the
solutes accumulating during AKI is not currently avail-
able, because kinetics and volume of distribution are
different for each molecule. Then, ‘‘single-solute control’’
during RRT represents only a rough estimate of treatment
efficiency. With these specifications, urea is generally
utilized as ‘‘imperfect’’ marker molecule, because of its
accumulation in all patients with AKI and the ease of
serum level measurement. Furthermore, in spite of its
moderate toxicity, urea is the final product of protein
metabolism; its accumulation describes the need for dial-
ysis and its removal describes treatment efficiency. It is a
small molecule and its volume of distribution is similar to
total body water. It is not bound to protein and it freely
passes through tissues and cell membranes. Creatinine has
similar characteristics and is another commonly used
marker solute. One of the measures utilized to quantify
urea/creatinine removal is dialysis dose. An in depth
analysis of the concept of dialysis dose goes beyond the
aim of this review and can be found elsewhere [12]. One of
the main aspects of dose to be understood, however, is the
concept of clearance (K); K is the volume of blood cleared
from a given solute over a given time. K does not reflect
the overall solute removal rate (mass transfer) but rather its
value normalized by the serum concentration. Even when
K remains stable over time, the removal rate will vary if
the blood levels of the reference molecule change. K
depends on solute molecular size, intercompartmental
transmittance (Kc), transport modality (diffusion or
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convection), and circuit operational characteristics (blood
flow rate, dialysate flow rate, ultrafiltration rate, hemodi-
alyzer type and size). In its original conceivement, K is
utilized to evaluate renal function among disparate indi-
viduals whose kidneys, however, are operating 24 h per
day and urea/creatinine blood levels are at steady state. For
this reason, the concept of K is easily applicable to con-
tinuous treatments and its utilization to describe
intermittent therapies efficiency is a sort of ‘‘adaptation’’.
For this reason, since K represents only the instantaneous
efficiency of the system, during treatments with different
time schedules the information about the time span during
which K is delivered is fundamental to compare the dif-
ferent RRT doses. For example, K is typically higher in
IHD than in continuous renal replacement therapy (CRRT)
and sustained low efficiency daily dialysis (SLEDD).
However, mass removal may be greater during SLEDD or
CRRT because the K is applied for 12/24 h (Table 1). In
any case, from a physiological point of view, even if a
continuous and an intermittent therapy were prescribed in
order to provide exactly the same marker solute removal,
still they could not be comparable: during continuous
treatments, where a relatively low K is applied, a slow but
prolonged removal of solutes approaches a pseudo-steady
state slope (Fig. 1). In highly intermittent therapies, the
intensive K, limited to 4–6 h per day, thrice a week, causes
the saw tooth slope in solute removal and the eventual
rebound during the time span without treatment. These
peaks and valleys of solutes, bicarbonate, electrolytes,
plasma osmolarity and volemia are not physiologic and
might have a detrimental impact on patients’ hemody-
namics, electrolyte, acid base and other ‘‘osmoles’’
balance. Furthermore, in the case of IHD, the Kc, i.e., the
variable tendency of different tissues to ‘‘release’’ a solute
into the bloodstream, is much more relevant than during
slow efficiency treatments. As a matter of fact, finally,
solute control is optimized during CRRT: it has been
calculated that if the solute target was, for example, in a
70-kg patient, a mean blood urea nitrogen level of 60 mg/
dL, this would be easily obtainable with a ‘‘standard’’
CVVH dose, but it might be very difficult to be reached by

even intensive IHD regimens [13]. Some authors have
recently suggested to express CRRT daily dose as K
indexed to patient body weight. It is now recommended to
administer a CRRT dose of at least 35 mL/(h kg) 9 24 h
[14–16]. Simplifying for low molecular weight solutes
(see [15]), K equals replacement solution and/or dialysate
flow, and CRRT ‘‘standard’’ dose may be expressed in our
70-kg patient as about 2,500 mL/h (35 mL/h 9 70 kg) per
24 h or 60 L/day (2,500 mL/h 9 24 h) of replacement
solution during continuous venovenous hemofiltration
(CVVH) or of dialysate during continuous venovenous
hemodialysis (CVVHD) [12]. It is expected that this rec-
ommended dose to be modified in the next years, after the
production of new evidence in this field (see below).

Acid–base control

Few studies have been done to detect which modality is
better in terms of acid–base control [17]. Oligo anuric
patients often have mild acidemia secondary to increased
unmeasured anions (strong ion gap: SIG 12.3 mEq/L),
hyperphosphatemia and hyperlactatemia. This acidosis is
attenuated by the alkalizing effect of hypoalbuminemia.
Uchino and co-workers [18] compared the effect on acid–
base balance of IHD and CVVHDF. Before treatment,
metabolic acidosis was common in both groups (63.2%
for IHD and 54.3% for CVVHDF). Both IHD and
CVVHDF corrected metabolic acidosis. However, the
rate and degree of correction differed significantly.

Table 1 Different simultaneous clearances (K) may lead to almost
equivalent final daily clearance (K 9 time). Nonetheless, continu-
ous therapies (CRRT) seem to achieve a final better urea control
(urea removed) with resepct to intermittent hemodialysis (IHD) due
to the different ‘‘physiology’’ of solute removal (slow, steady,
prolonged and independent from tissues intercompartmental
transmittance)

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 9 time) 50.5 48
Urea removed (g) 25 18

Fig. 1 Typical solute removal patterns during different renal
replacement therapies. The slow and steady clearance of continuous
treatments allows lower average serum urea levels than during
intermittent therapies, also avoiding potentially dangerous peaks of
solute increase. Furthermore, since clearance does not reflect the
overall solute removal rate (mass transfer) but rather its value
normalized by the solute serum concentration, when solute
concentration rapidly decreases (intermittent dialysis) the final
result will be a lower mass transfer than when solute levels are
steady (continuous treatments)
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CVVHDF normalized metabolic acidosis more rapidly
and more effectively during the first 24 h than did IHD
(P \ 0.01). IHD was also associated with a higher inci-
dence of metabolic acidosis than was CVVHDF during
the subsequent 2 weeks treatment period. Accordingly,
CVVHDF can be considered physiologically superior to
IHD in the correction of metabolic acidosis. In a com-
parison between CVVH and peritoneal dialysis, all
patients randomized to CVVH achieved correction of
acidosis by 50 h of treatment, compared with only 15% of
those treated by peritoneal dialysis (P \ 0.001) [19].

Rocktaschel showed that once CVVH is commenced,
acidemia is corrected within 24 h. This change is asso-
ciated with a decreased SIG, and decreased phosphate and
chloride concentrations. After 3 days of CVVH, patients
develop alkalemia secondary to metabolic alkalosis due to
a further decrease in SIG and in serum phosphate con-
centration in the setting of persistent hypoalbuminemia
[20].

Mortality

It has been hypothesized that safety features and ‘‘phys-
iology’’ of different RRT modalities delivered for AKI in
critically ill patients might partially give explanation for
different clinical outcomes such as mortality, recovery of
renal function and dialysis independence. Theoretically
speaking, CRRT seems to represent the ideal therapy in
order to ‘‘physiologically’’ restore renal homeostasis,
steadily achieve adequate fluid balance, maintain hemo-
dynamic stability and effectively control metabolic
derangements of AKI and septic syndrome. However,
four recently published randomized clinical trials and one
multicenter observational study contested that outcomes
with CRRT are superior to those of IHD [21–25]. None of
these studies showed a superior outcome for CRRT
compared with IHD. The results of these studies in some
cases have been criticized for methodology and groups
randomization [26]. Nevertheless, they do not support the
belief that CRRT provides better outcomes than IHD.
Three meta-analyses published in the last year agreed that
CRRT does not differ from IHD with respect to in-hos-
pital mortality, ICU mortality, number of surviving
patients not requiring RRT and hemodynamic instability
[27–29]. One of the common key points of these findings
can be that IHD has become safer and more efficacious
with contemporary dialytic techniques. Furthermore, a
liberal and extended use of CRRT might have become
less safe and/or efficacious than previously considered or
expected. The concept that CRRT can provide more
hemodynamic stability, more-effective volume homeo-
stasis and better blood pressure support than IHD has
been challenged by technical advances in the delivery of
IHD, that have dramatically decreased the propensity of
IHD to cause intradialytic hypotension. These advances

include the introduction of volume-controlled dialysis
machines, the routine use of biocompatible synthetic
dialysis membranes, the use of bicarbonate based dialy-
sate and the delivery of higher doses of dialysis, the
utilization of ‘‘hybrid techniques’’ such as extended daily
dialysis [30, 31]. In an important study, Schortgen
et al.32] demonstrated that there was a lower rate of
hemodynamic instability and better outcomes after
implementation of a clinical practice algorithm designed
to improve hemodynamic tolerance to IHD. Recommen-
dations included priming the dialysis circuit with isotonic
saline, setting dialysate sodium concentration at above
145 mmol/L, discontinuing vasodilator therapy and set-
ting dialysate temperature to below 37�C. Thus, the
original rationale for the widely held assumption that
CRRT is a superior therapy may have dissipated over
time [33].

There is also urgent need for prospective high-quality
and suitably powered trials to adequately address the
impact of ‘‘dialysis dose’’ on mortality. New high level of
evidence is however coming from two very recent trials.
A (small) randomized controlled trial on 200 critically ill
patients with AKI concluded that patient survival or renal
recovery was not different between patients receiving
high-dosage (35 mL/(kg h) or standard-dosage (20 mL/
(kg h) CVVHDF [34]. In the second study, under the
sponsorship of The Veterans Affairs/National Institutes of
Health (VA/NIH) Acute Renal Failure Trial Network,
1,124 critically ill patients with AKI and failure of at least
one nonrenal organ or sepsis were randomly assigned to
receive intensive or less-intensive RRT [35]. The study
was a multicenter, prospective, randomized, parallel-
group trial conducted between November 2003 and July
2007 at 27 VA and university-affiliated medical centers.
In both groups only hemodynamically stable patients
underwent IHD, whereas hemodynamically unstable
patients underwent CVVHDF or SLED. Patients receiv-
ing the intensive treatment strategy underwent IHD and
SLED six times per week and CVVHDF at 35 mL/h per
kilogram of body weight; for patients receiving the less-
intensive treatment strategy, the corresponding treatments
were provided thrice weekly and at 20 mL/h per kilo-
gram. The rate of death from any cause by day 60 was
53.6% with intensive therapy and 51.5% with less-inten-
sive therapy. There was no significant difference between
the two groups in the duration of RRT or in the rate of
recovery of kidney function or nonrenal organ failure.
This is the first multicenter clinical trial with adequate
statistical power on different RRT strategies, so far. The
findings of this study contrast with other single center
trials [18, 19] and are similar to smaller studies by
Tolwani and Bouman [34, 36]. However, these results add
high level of evidence to the debate on dialysis dose and
are going to be discussed for a long time. Nonetheless,
many concerns about external validity of the study have
risen. First of all, patients were allowed to be transitioned
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from one dialysis method to another. In this condition, as
discussed above, the dialysis dose is impossible to com-
pare and unlikely to be equivalent. Finally it is not known
if the study findings can be generalized to different health
care systems from United States and to different RRT
approaches (for example the sole use of continuous
venovenous hemofiltration of many European and Aus-
tralian centers). In any case, it is possible that other
strategies than only increasing RRT dose might help AKI
patients. As the accompanying editorial correctly points
out, current approaches to dialysis are probably adequate
to replace critical functions such as regulation of volume
and electrolyte and acid–base homeostasis. Still lacking
are methods that efficiently down-regulate the inflam-
matory response, which might play a major role in the
pathophysiology of AKI [37].

Pathophysiology of RRT

Although considerable attention has focused on the per-
ceived benefits of CRRT, there has been less emphasis on
the possibility that CRRT might confer increased risk
[38]. As a continuous extracorporeal therapy, CRRT
requires continuous contact of patient’s blood with for-
eign surfaces. This event activates the coagulation and
complement cascade, leukocytes and platelets [39].
Activated leukocytes release inflammatory mediators and
induce oxidative stress, transforming lipids and proteins
and contributing to endothelial injury. Activated platelets
aggregate and stimulate thrombin generation. Thus, bio-
incompatibility of RRT materials potentially enhances
coagulation and inflammation pathways that are already
triggered in the critically ill patients and that RRT is
called to treat.

Continuous anticoagulation does increase bleeding
risk. Conversely, clotting of the extracorporeal circuit also
occurs frequently with CRRT, which might contribute to
blood loss and could exacerbate anemia in critically ill
patients. Interestingly, it has been shown that citrate
anticoagulation abolishes polymorphonuclear and platelet
degranulation in the filter in chronic hemodialysis. Fur-
thermore, lower levels of oxidized low-density lipoprotein
were found, indicating less lipid peroxidation [40]; citrate
may thus have beneficial effects beyond the reduction of
bleeding.

RRT has important metabolic consequences because it
is associated with large nonselective solute shifts. In the
normal kidney, tubular modification of the glomerular
filtrate includes re-absorption of beneficial substances
such as amino acids, water-soluble vitamins and trace
elements. During RRT these substances are lost, thereby
reducing antioxidant defense. Amino acids are lost
through the filter and it has been estimated that they
represent at most approximately 10% of overall amino

acid supplementation [41]. A negative balance of water-
soluble vitamins, glutamine, carnitine, selenium and
copper has been shown [42]. Zinc is also lost, but total
balance appeared to be positive, because the replacement
solution contained zinc. These micronutrients are crucial
for antioxidant defense [43]. Consequently, patients on
RRT need a sufficient intake of protein and micronutrients
to compensate for increased losses. Moreover, CRRT
corrects metabolic acidosis by removing metabolic acids
and replacing buffer. In addition to citrate, lactate and
bicarbonate are the most frequently used buffers. If liver
function and tissue perfusion are not severely disturbed,
and CRRT dose is sufficient, lactate buffering is generally
safe and adequate. However, the generation of buffer
from lactate requires three molecules of oxygen for each
molecule of bicarbonate. Furthermore, with the exclusive
use of lactate-based fluids patients develop hyperlactat-
emia [44]. Even if it is generally postulated that
hyperlactatemia is not harmful, it indicates that the
infused amount of lactate (about 150–300 g a day
depending on CRRT dose) overcomes metabolic capacity
[45]. If exogenous lactate supply exceeds the capacity of
the citric acid cycle, a higher proportion of lactate is used
for gluconeogenesis, which is not energy-effective. In
patients with multiple organ failure, lactate buffering
(compared with bicarbonate buffering) increased glucose
intolerance [45]. Furthermore, RRT may alter actual
serum lactate level and impair the utilization of this
molecule as a marker of metabolic acidosis or systemic
hypoperfusion.

The majority of critically ill patients receive some
form of antimicrobial treatment during their stay in the
intensive care unit (ICU). Clinical data on the removal of
antimicrobial drugs by CVVH are scarce and in most
cases give general informations, whereas antibiotic
removal rate is highly variable [46, 47]. Clearance of
antibiotics is influenced by prescribed RRT dose and
modality, protein binding, drug–membrane interaction,
size and charge of molecules, characteristics and lifespan
of the hemofilter. However, although interpatient vari-
ability and the potential need of monitoring serum levels
of each molecule, it has been shown that for clinical
practice dose adjustment according to predicted CVVH
removal provides a reliable estimate compared to effec-
tive CVVH removal for many antibiotics (amoxicillin,
ceftazidime, ciprofloxacin, flucloxacillin, fluconazole and
metronidazole) [48]. Nevertheless, plasma levels should
be strictly monitored when CVVH is performed for those
antibiotics that are eliminated predominantly by the kid-
ney, and that have a low therapeutic threshold (e.g.
vancomycin). In this case, especially when high volume
RRT is used, the risk of therapy underdosing exists [49].

During CRRT heat is lost as a result of blood leaving
the body, cooling by the dialysate and/or the infusion of
large amounts of replacement fluids. Although short-term
adverse effects of cooling on gastric mucosal acidosis

2143



(pHi) were not seen [50], long-term cooling has huge
metabolic consequences. Among others, loss of heat
implies loss of energy, shivering, which increases oxygen
demands, vasoconstriction, inhibition of leukocyte func-
tion and coagulation. In an experimental septic-shock
hemofiltration model, the nonheating of replacement flu-
ids caused early death [51] even if there are no current
clinical trials in humans. The heater of several modern
devices for CRRT is inadequate, especially if higher
volumes are exchanged. Monitoring of body temperature,
prevention of hypothermia and timely provision of
external heat are recommended.

Also of concern are recent reports that technical
problems with the delivery of CRRT, including machine
malfunction, medication errors and compounding errors,
might contribute to increased patient morbidity and
mortality. Detection of safety problems and/or adverse
events is particularly difficult when there are high rates of
expected morbidity and mortality in the population
undergoing a procedure, as is the case with CRRT in
critically ill patients with AKI. Currently, few available
studies provide substantive information on the safety or
adverse effects of CRRT or IHD. The possibility of
making fluid balance errors during CRRT was easier with
the early technology and the advent of automated
machines has partially overcome this problem. Further-
more, a new generation of dedicated CRRT machines has
been recently released with strict safety features [52, 53].
Nevertheless, there are conditions and operation modes in
which the potential for fluid balance errors is still present.
For example, the simultaneous use of other extracorporeal
therapies continuously tests CRRT machines safety and
accuracy features. Dr. Shaheen and colleagues [54]
recently presented their experience with two different
subgroups of children: one group that required hemofil-
tration alone and the second group that required

hemofiltration and extracorporeal membrane oxygenation
(ECMO). Not surprisingly, the authors identified a higher
mortality rate in those patients requiring CVVH and
ECMO compared with those patients requiring hemofil-
tration alone. The authors promoted the concept that
certain therapies should be reserved to experienced teams.
Accuracy and safety features of modern CRRT machines
allow effective and harmless net ultrafiltration delivery in
high-risk pediatric patients, when coupled with constant
clinical monitorization and deep knowledge of the
extracorporeal circuits. We recently showed that net
ultrafiltration error ranges between -1% and about 2% of
prescribed rate [55]. We currently have no information on
how ‘‘acceptable’’ is a machine-provoked error and net
ultrafiltration unbalance cannot be reduced to zero,
because ‘‘external’’ factors must be considered, such as
uncorrect opening of dialysis solution bags, delay in bag
substitution, troubleshooting. Finally, the CRRT delivery
in parallel with ECMO circuit might have an important
role in net ultrafiltration derangements [55].

Conclusions

Physiology and physiopathology of RRT are very
important and often coexistent features during dialysis
sessions. An in depth knowledge of both may help
operators to approach the ideal treatment and help to
tailor RRT to critically ill patients. It is possible that a
further improvement in renal recovery and survival from
AKI will depend from increased awareness of potential
benefits and dangers that different RRT modalities can
carry to different patients.
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Acute kidney injury (AKI) is common in hospitalized
patients. The incidence of AKI in the intensive care
unit (ICU) varies from 1.5% to 24%,1 where it is as-
sociated with mortality rates as high as 78% (in
patients who require dialysis), and as many as
one third of survivors may remain on chronic dialy-
sis.2 In this article, we review recent advances
related to AKI in critically ill patients. Our goal is to
provide an update on the topic to the initiated
reader, focusing on recent developments in the
definition of AKI, its diagnosis, and therapeutic
options, particularly in the realm of renal replace-
ment therapy (RRT).
THE SPECTRUMOFACUTE KIDNEY INJURY
IN THE ICU

Recent multinational databases have provided
good detail on the incidence, spectrum, and out-
comes of AKI in ICU patients. Evaluating data
from 54 centers in 23 countries, Uchino and col-
leagues1 reported on 1738 cases of severe AKI
complicating 22,269 ICU admissions in patients
aged 12 and older. The criteria for enrollment
included a blood urea nitrogen higher than
84 mg/dL and/or oliguria defined as urine output
less than 200 mL for 12 hours. Medical patients
contributed a larger fraction of AKI cases (59%)
than surgical patients (41%), and the overall in-
hospital mortality was 60%. A multivariable model
was used to analyze the impact of different factors
on mortality. It revealed significant associations
between mortality and older age (odds ratio [OR]
1.02 [per year]), delayed fulfillment of inclusion
criteria (OR 1.02 [per day between admission
a Section of Nephrology, Yale University School of Medic
b VA Connecticut Healthcare System, 950 Campbell Aven
* Corresponding author. Renal Section (111F), VA Connec
Haven, CT 06516.
E-mail address: susan.crowley@va.gov (S. T. Crowley).

Clin Chest Med 30 (2009) 29–43
doi:10.1016/j.ccm.2008.09.002
0272-5231/08/$ – see front matter. Published by Elsevier I
and inclusion in study]), Simplified Acute Physio-
logic Score II (OR 1.02 [per point]), mechanical
ventilation (OR 2.11), use of vasopressors and/or
inotropes (OR 1.95), a hematological medical diag-
nosis as cause for admission to the ICU (OR 2.7),
sepsis (OR 1.36), cardiogenic shock (OR 1.41),
hepatorenal syndrome (OR 1.87), admission to
a ‘‘specific’’ ICU compared with a general ICU
(OR 1.64), and a lower number of ICU beds (OR
0.57 for ICUs with fewer than 10 beds compared
with those with more than 30 beds).1

The timing of development of AKI in relationship
to the admission to the ICU may have relevant prog-
nostic value. An important view of the problem was
provided by a large multicenter study in France that
analyzed 1086 AKI cases in the ICU setting.3 The in-
vestigators categorized subjects according to the
timing of occurrence of AKI: admission through
second ICU day (736 cases), third through sixth
ICU day (202 cases), or after the seventh day (148
cases). Mortality was lower in those with AKI on
admission (61% versus 71% versus 81%), and so
was the need for dialysis (51% versus 58% versus
64%), mostly a reflection of the larger number of
patients with pre–renal azotemia in the first group.3

In addition, the burden of comorbid conditions
shared by critically ill patients with AKI is remark-
able. A multicenter study of 618 cases of AKI in
five ICUs in the United States outlined the high
prevalence of coexiting chronic diseases (30%
chronic kidney disease, 37% coronary artery
disease, 29% diabetes, 21% chronic liver disease)
and the severity of the acute illness (average 2.9
failed organ systems).4 This comorbidity is likely
to account for the lack of improvements in overall
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mortality in AKI over time, despite significant
advances in renal and critical care support.
NEWDEFINITIONS OFACUTE KIDNEY INJURY:
RISK, INJURY, FAILURE, LOSS, AND END-STAGE
RENAL DISEASE ANDACUTE KIDNEY
INJURY NETWORK

There is wide variability in the definition of AKI in
clinical studies. To foster uniformity in both re-
search and clinical practice, an expert group
(Acute Dialysis Quality Initiative [ADQI]) developed
a new classification of AKI that has been increas-
ingly used (risk, injury, failure, loss, and end-stage
renal disease [RIFLE] classification, www.adqi.
net). The RIFLE classification (Table 1) differed
from previous approaches by including both bio-
chemical measures of renal function and urine out-
put as components of the definition. Although the
use of urine output can be challenged on the
grounds that it may decrease in the absence of
a change in glomerular filtration rate, we view it
as an important measure because the persistence
of oliguria following appropriate volume manage-
ment is a marker of parenchymal injury. The other
interesting aspect of this classification is the attri-
bution of time parameters to define ‘‘persistent
loss of function’’ (4 weeks or longer) and ‘‘end-
stage kidney disease’’ (3 months). These lead to
greater uniformity in outcomes assessment in clin-
ical trials, and guide clinicians to two important ele-
ments of prognosis: dialysis-requiring AKI that lasts
more than 4 weeks is severe and likelihood of re-
covery is decreased, and its persistence for more
Table1
The RIFLE and Acute Kidney Injury Network classification

GFR Criteria

Risk Increased SCreat �1.5 or GFR
decrease >25%

Injury Increased SCreat �2 or GFR decrease >50%

Failure Increased SCreat �3, GFR decrease
>75% or SCreat >4 mg/dL (acute rise
>0.5 mg/dL)

Loss Persistent AKI: complete loss of kidney
function >4 weeks

ESKD End-stage kidney disease: complete loss
of kidney function >3 months

AKIN 1 Increased SCreat by 1.5–2� above baselin
or by 0.3 mg/dL

AKIN 2 Increased Screat by 2–3� above baseline

AKIN 3 Increased SCreat by >3� above baseline
or by R0.3 mg/dL in patients with
baseline SCreat >4 mg/dL

Abbreviations: AKI, acute renal failure; GFR, glomerular filtrat
than 3 months is rarely associated with enough re-
covery to remove the patient from dialysis.

The more recent Acute Kidney Injury Network
(AKIN) classification is based on the RIFLE system,
but has introduced a few relevant modifications
(see Table 1).5 First, it uses smaller increments in
serum creatinine for the diagnosis of AKI in re-
sponse to growing data in the literature (see next
section). Second, it introduces a time element
(48 hours) to diagnosis. This modification has the
goal of focusing on truly acute changes in renal
function, a factor that is of great relevance to the
performance of clinical trials. Last, it eliminates
the ‘‘LOSS’’ and ‘‘FAILURE’’ categories. This is
an acknowledgment that these categories repre-
sent outcomes, and thus should not be listed as
part of diagnosis.

These classifications have undergone evalua-
tion of their prognostic value. In a meta-analysis
that included patient-level data from more than
71,000 patients in 13 studies, RIFLE criteria dis-
played a graded association with adverse out-
comes.6 The overall mortality in the study was
6.9% in the group without AKI and 31.2% in the
AKI group. RIFLE criteria were associated with in-
creased risk of death and decreased likelihood of
renal recovery. Compared with patients with
RIFLE R, patients with RIFLE I had 2.2-fold greater
odds of ICU mortality. These odds for RIFLE F
were 4.9-fold. Renal recovery was also less com-
mon among RIFLE I and F patients. Despite wide
confidence intervals, all point estimates were sta-
tistically significant, and held up in several ICU
and non-ICU settings. Overall, we believe they
s of acute kidney injury

Urine Output Criteria

UO <0.5 mL/kg/h � 6 h

UO <0.5 mL/kg/h � 12 h

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

e UO <0.5 mL/kg/h � 6 h

UO <0.5 mL/kg/h � 12 h

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

ion rate; SCreat, serum creatinine; UO, urine output.
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substantiate the prognostic relevance of this clas-
sification, although most of these data are based
on the creatinine-based component of RIFLE, and
there is evidence that the urine output–based crite-
ria are not associated with mortality.7 As for the
AKIN criteria, Barrantes and colleagues recently
presented data on 471 patients admitted to a med-
ical ICU over a 1-year period.8 Patients with a rise in
serum creatinine of 0.3 mg/dL or more (or a 50% in-
crease frombaseline)within48hours,orwithaurine
output less than 0.5 mL/kg/h for a least 6 hours
(AKIN 1) had greater hospital mortality (45.8% ver-
sus 16.4%, adjusted odds ratio 3.7, P < .01) and
hospital length of stay (14 versus 7 days, adjusted
odds ratio 3.0, P < .01) when compared with pa-
tients without AKI. The urine output component of
the criteria did not hold a significant association
with mortality. Unfortunately, this small observa-
tional study did not address whether a graded rela-
tionship exists according to AKIN class.
THRESHOLD FOR DEFINITION
OFACUTE KIDNEY INJURYAND PROGNOSIS

The issue of what thresholds to use in the definition
of AKI remains a work in progress. Recent evi-
dence indicates that even minor declines in glo-
merular filtration rate are associated with
increased mortality in different populations of hos-
pitalized patients. A meta-analysis of eight studies
observed a graded relationship between the
amount of elevation of serum creatinine and mor-
tality in AKI.9 Creatinine elevations of 10% to
24% above baseline resulted in a relative risk of
1.8 (1.3–2.5) for short-term mortality (30 days or
less); patients with a rise of 25% to 49% had a rel-
ative risk of 3.0 (1.6–5.8), and those with greater
than 50% increase had a risk of 6.9 (2.0–24.5).9

Results were similar regardless of clinical scenario
or ICU type. These data, along with those of Bar-
rantes and colleagues,8 justify the ‘‘tighter’’ criteria
proposed in the AKIN classification.
LONG-TERMOUTCOMES OFACUTE
KIDNEY INJURY

The comprehensive impact of AKI on outcomes
requires an assessment of not only short-term out-
comes but long-term effects on survival, renal re-
covery, and quality of life as well. Recent
examination of the long-term outcome of renal
function and patient survival following AKI sus-
tained during an episode of critical illness has
yielded disquieting results. In addition to experi-
encing uniformly high hospital mortality rates, sur-
vivors of critical illness complicated by AKI have
been reported to sustain excess mortality in the
post-hospitalization period as well. Absolute mor-
tality differences between hospital discharge and
1-year post AKI have ranged up to 18% suggest-
ing the possibility of residual mortality risk attribut-
able to the preceding AKI episode.10,11 The impact
of severe AKI on health-related quality of life
(HRQOL) has also been recently examined. While
not all, most patients surviving AKI who require
RRT12 report impaired QOL, specifically in the do-
mains of physical strength and daily activities for
months to years after hospital discharge com-
pared with the general age- and gender-matched
population.13,14

These findings suggest that the true burden of
disease associated with AKI may be seriously
underestimated. The 1-year patient survival, renal
functional recovery, RRT re-initiation rates, and
HRQOL of survivors from the Acute Renal Failure
Trial Network (ATN) Study interventional cohort
will be forthcoming and should substantially illumi-
nate these underappreciated outcomes. In addi-
tion, to further examine the long-term renal
consequences of AKI, the National Institutes of
Health initiated a U01 grant program in 2007 for
ancillary studies in the natural history of AKI.
THE DEVELOPMENT OF BIOMARKERS FOR THE
EARLY IDENTIFICATION OFACUTE KIDNEY INJURY

An exciting recent development is the use of se-
rum and urine biomarkers to identify early renal in-
jury (see Coca and colleagues15 for a detailed
systematic review). The main value of these
markers would be to allow for earlier intervention.
As of now, knowledge of the likelihood of develop-
ing AKI still does not translate into interventions
that may abort its development and alter the clini-
cal course (see later in this article). However, the
development of novel therapies directed at spe-
cific injury pathways may change this in the rela-
tively near future. Previously, late diagnosis may
have been a factor hampering the success of
tested interventions.

Neutrophil gelatinase–associated lipocalin
(NGAL) is a protein expressed in multiple tissues
that is up-regulated in proximal tubular cells imme-
diately following ischemic injury.16 Its value in the
evaluation of risk of developing AKI was first
shown in 71 children undergoing cardiac surgery
for congenital heart disease.17 In the 20 children
who developed clinical AKI, urinary NGAL levels
rose within 2 hours of bypass, and preceded any
changes in serum creatinine by 34 hours. NGAL
levels were unchanged in the 51 children without
AKI. Since this groundbreaking study, serum
and/or urine NGAL has been shown to identify
AKI early in several groups, including adult
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patients undergoing coronary bypass surgery, AKI
in critical care settings, contrast nephropathy, and
delayed graft function following renal
transplantation.16

Interleukin-18 (IL-18) is a proinflammatory cyto-
kine that is activated in proximal renal tubules fol-
lowing injury.16 In a nested case-control study of
138 patients developing clinical AKI in the ARDS
Network study, Parikh and colleagues18 demon-
strated that a rise in urinary IL-18 levels was 73%
predictive of the diagnosis of AKI 24 hours before
the elevation of serum creatinine.

Cystatin C is a cysteine protease inhibitor that is
synthesized and secreted by all nucleated cells; it
is freely filtered by the glomerulus and metabolized
by proximal tubule cells.16 It is a better marker of
GFR than serum creatinine, and could identify
the development of AKI 1 to 2 days before eleva-
tion in serum creatinine in one study,19 although
this finding was not corroborated by another
study.20 It is possible that cystatin C levels will al-
low us to make better estimates of GFR in early
AKI, but its value is still uncertain at this time.

Kidney injury molecule 1 (KIM-1) is a transmem-
brane protein that is overexpressed in dedifferen-
tiated proximal tubular cells following injury.16

Urine KIM-1 can effectively identify tubular injury
following cardiac surgery in both adults and
children.21,22

Some of the biomarkers listed above have as-
says that are already commercially available for
clinical use. Overall, it appears that several bio-
markers, used either alone or in combination, will
be useful tools for the early diagnosis of AKI in
the near future.
THE DIAGNOSTIC APPROACH TOACUTE KIDNEY
INJURY

The basic diagnostic approach to patients with
AKI includes a detailed history and examination,
urinalysis, selected urine chemistries, and imaging
of the urinary tree. The history should focus on the
tempo of loss of function (if known), associated
systemic diseases, and symptoms related to the
urinary tract (especially those that suggest ob-
struction). A concise review of systemic diseases
associated with renal dysfunction has been re-
cently published.23 We strongly believe that a re-
view of the medications looking for potentially
toxic drugs is essential. Table 2 presents a list of
some medications associated with AKI and illus-
trates the wide spectrum of possible patterns of in-
jury. The physical examination is directed toward
the identification of findings of a systemic disease
and a detailed assessment of hemodynamic sta-
tus. This latter goal often requires invasive
monitoring, especially in the oliguric patient with
conflicting clinical findings, where the physical
examination has limited accuracy.24

Excluding urinary tract obstruction is necessary
in all cases. This can be achieved initially with
a bladder scan or placement of a bladder catheter
to rule out bladder outlet obstruction. It is also pos-
sible that a bladder catheter already in place can be
obstructed, and this possibility should not be over-
looked. In most cases, more detailed evaluation is
indicated through radiologic evaluation of the
urinary tree, most commonly with an ultrasound.

Microscopic evaluation of the urine sediment
from a freshly voided urine sample is essential to
the evaluation of AKI. Dysmorphic red blood cells
and red blood cell casts suggest glomerulonephri-
tis or vasculitis. Sterile pyuria or white blood cell
casts should raise the possibility of interstitial ne-
phritis. ‘‘Muddy brown’’ casts (heavily pigmented
casts resulting from tubular cell debris) and/or tu-
bular epithelial cell casts are typically seen in pa-
tients with acute tubular necrosis (ATN). Their
presence is an important tool in the distinction be-
tween ATN and prerenal azotemia, which is char-
acterized by a normal sediment, or by occasional
hyaline casts. Eosinophiluria, which is often used
to screen for interstitial nephritis, has limited spec-
ificity and positive predictive value, since it can be
seen in other conditions associated with AKI such
as acute glomerulonephritis and atheroembolic re-
nal disease, as well as other common diseases in
acutely ill patients, such as pyelonephritis, and
prostatitis.25,26

Distinguishing between the two most common
causes of AKI (prerenal azotemia and ATN) is often
difficult, especially because the clinical examina-
tion is often misleading in the setting of mild vol-
ume depletion or overload.24 Urinary chemistries
are routinely used to help in this distinction. The
most discerning test is the fractional excretion of
sodium (FENa 5 U/P Na: U/P creatinine � 100).
Values of less than 1% are seen in prerenal azote-
mia, whereas values greater than 3% are seen in
ATN (1%–3% is the diagnostic ‘‘gray zone’’ for
this test). A frequent problem in the interpretation
of the FENa is the concomitant use of diuretics,
which may result in a high FENa despite a low ef-
fective circulating volume. To address this prob-
lem, investigators have tested the value of the
fractional excretion of urea (FEurea 5 U/P urea ni-
trogen: U/P creatinine � 100). A prospective study
indicated that the FEurea identifies patients who
have prerenal azotemia despite the use of di-
uretics,27 confirming previous retrospective obser-
vations.28 Cutoff values for FEurea are less than
35% for prerenal azotemia and greater than 50%
for ATN. A recent study was unable to corroborate



Table 2
The spectrum of acute kidney injury induced by drugs used in the acute care setting

Type of Renal Injury Drugs

Induction of volume depletion Diuretics

Changes in intra-renal hemodynamics
that amplify renal sensitivity to
hypoperfusion

NSAIDs (including selective COX-2
inhibitors), ACE inhibitors,
Angiotensin-2 receptor blockers,
renin inhibitors, cyclosporine/
tacrolimus, vasopressor agents

Glomerular injury

Glomerulonephritis NSAIDs, zoledronate, pamidronate

Microangiopathy Ticlopidine, clopidogrel, cyclosporine,
gemcitabine

Tubular injury Iodinated contrast, aminoglycosides,
amphotericin B, pentamidine,
foscarnet, cisplatinum,
acetaminophen, cidofovir, adefovir,
tenofovir, melphalan, IVIG,
hetastarch, mannitol

Interstitial nephritis NSAIDs, beta-lactams, quinolones,
sulfonamides, phenytoin, allopurinol,
diuretics (thiazides, loop), indinavir,
proton pump inhibitors

Obstruction of the urinary tract

Crystal deposition (intra-renal
obstruction)

Indinavir, sulfadiazine,
sulfamethoxazole, methotrexate,
high-dose acyclovir

Retroperitoneal fibrosis (ureteral
obstruction)

Ergotamine, sotalol, propranolol,
bromocriptine (all rare)

Abbreviations: ACE, angiotensin-converting enzyme; COX, cyclooxygenase; IVIG, intravenous immunoglobulin; NSAID,
nonsteroidal anti-inflammatory drug.
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these observations;29 however, this latter study
used a definition of ‘‘transient AKI’’ (return of se-
rum creatinine to baseline over a 7-day period)
as the equivalent of prerenal azotemia, and only
37% of these patients had reached baseline by
the third day following the diagnosis of AKI. There-
fore, one could certainly argue that many of these
patients had some degree of tubular injury that
went beyond prerenal azotemia. Therefore, while
these data appear to indicate that FEurea is not
a good test to distinguish between ‘‘transient’’
and ‘‘permanent’’ AKI, our current interpretation,
which is corroborated by our clinical experience,
is that the FEurea is valuable to distinguish prere-
nal azotemia and ATN, especially in patients
receiving diuretics.

Biomarkers of tubular injury, some of them dis-
cussed in the section above, have been explored
to refine this distinction by allowing the detection
of lesser degrees of tubular injury.30 NGAL, IL-18,
and KIM-1 may have value in distinguishing ATN
from other etiologies of AKI. An important recent
paper analyzed the etiology of renal dysfunction
in 635 patients seen in an emergency depart-
ment.31 It demonstrated that NGAL successfully
identified patients with AKI (area under the curve
for diagnosis 5 0.948). NGAL, alpha-1 microglo-
bulin, N-acetyl glycosamine, and FENa success-
fully distinguished between ATN and prerenal
azotemia, with NGAL having the best discriminat-
ing ability. With the exception of the FENa, these
markers could also distinguish between ATN and
chronic kidney disease. On the other hand, only
the FENa could distinguish between prerenal azo-
temia and chronic kidney disease.31 Therefore, it
appears that the use of new biomarkers may also
add to our ability to distinguish between different
etiologies of AKI. Ongoing studies are analyzing
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this issue in greater detail, also addressing the
combined use of several proteins to improve
specificity.

RISKS ASSOCIATEDWITH GADOLINIUM
EXPOSURE IN PATIENTSWITH ACUTE
KIDNEY INJURY

An issue of great concern to clinical nephrologists
is the association between gadolinium exposure
and nephrogenic systemic fibrosis, a devastating
fibrotic disease, affecting primarily the skin.32

While this disease was initially described among
patients with end-stage kidney disease on dialysis,
approximately 10% of cases occur in patients with
chronic kidney disease not on dialysis.33 Of rele-
vance, this disease has been reported in patients
with severe AKI.32,33 Until these issues are re-
solved, we recommend that patients with AKI do
not receive gadolinium. In cases when a magnetic
resonance study demands contrast, one should
avoid the potentially more toxic agents (gadodia-
mide [Omniscan] and gadopentetate dimeglumine
[Magnevist]),34 and the patient or surrogate should
sign an informed consent form. For patients on
dialysis, hemodialysis should be performed imme-
diately following exposure to gadolinium although
it should be noted that dialysis has not been
shown to diminish the risk of development of
nephrogenic systemic fibrosis.32

RENAL REPLACEMENT THERAPY IN ACUTE
KIDNEY INJURY

The spectrum of choices of RRT for the manage-
ment of critically ill patients with AKI has grown
continuously since the commencement of dialysis
for clinical use. Contemporary renal support is now
provided via a panoply of intermittent to continu-
ous methods using a host of biocompatible mem-
branes and an increasing spectrum of
anticoagulation methodologies, as detailed in an
excellent recent systematic review.35 What will
be discussed here are the results of several recent
randomized controlled trials (RCTs) specifically
examining the effect of ‘‘dose’’ and modality of
RRT on outcomes in AKI. The genesis of these tri-
als arose from observations gleaned from several
descriptive studies conducted over the past 2
decades.

Dialysis Modality

Ten years ago, the National Kidney Foundation36

surveyed American nephrologists about their pref-
erences and practice in the management of AKI. It
was identified that intermittent hemodialysis (IHD)
was the preferred modality for renal support,
used in more than 75% of cases by most nephrol-
ogists, while continuous renal replacement ther-
apy (CRRT) and peritoneal dialysis (PD) were
used in a minority of treatments (<10%) according
most practitioners. More recently, a survey of in-
tensivists and nephrologists practicing at partici-
pating sites of the multicenter ATN Study,
suggests that IHD remains the most frequently
used modality of renal support, estimated to be
used in 57% of treatments. However, CRRT is
gaining in popularity in the United States and is
now reported to account for over a third (36%) of
prescribed RRT treatments.37 The Program to
Improve Care in Acute Renal Disease (PICARD)
observational study mirrored the new survey re-
sults. Among the five participating US tertiary
care centers in the PICARD study, IHD was the
modality of RRT used in the greatest percentage
of patients, but CRRT use had become such com-
monplace practice that 60% of dialyzed patients
had received CRRT for some or all of their renal
support.4 Notably, there was substantial intersite
variability in modality preference.

In contrast to the reported US experience, a
recent survey of an international multidisciplinary
cohort of renal practitioners showed that continu-
ous therapies had become the norm for AKI sup-
port outside of the United States.38 Confirming
the international survey results, the multinational
prospective epidemiologic Beginning and Ending
Supportive Therapy for the Kidney (BEST Kidney)
Study of ARF in the ICU reported that CRRT was
the initial modality of choice for RRT support in
the ICU used in 80% of treatments, distantly fol-
lowed by IHD (17%).1

Preference for CRRT over IHD in the manage-
ment of more severely ill patients with AKI has
been attributed to a presumed survival advantage
conveyed by the continuous modality.39 Several
rational theories justifying this presumption have
been proffered. For example, in light of CRRT’s
demonstrated ability to enhance clearance of cer-
tain humoral inflammatory cytokines, its use, par-
ticularly in high volume, has the potential to
restore immunomodulatory balance and improve
survival.40,41 Others have opined that CRRT’s pre-
sumed survival advantage is related to its greater
hemodynamic stability over IHD. However, meta-
analyses of earlier trials comparing survival of un-
selected critically ill patients with AKI assigned to
either IHD or CRRT and adjusted for severity of
illness have not been able to substantiate the
presumed superiority of CRRT.42,43 Recent pro-
spective evidence has also challenged the
advantages of CRRT, particularly with regard to
superiority of hemodynamic stability.44–46 In addi-
tion, observational and several prospective RCTs
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explicitly comparing intermittent and continuous
modalities have failed to confirm the expected
survival advantage of CRRT.44,45,47,48

Reasonable criticisms countering the RCTs that
compared modalities have been made. First, the
dose of dialysis prescribed in both the IHD and
the CRRT arms of earlier studies were below
what has subsequently been recommended as
a minimally acceptable level, thus prohibiting
a fair comparison between adequate IHD and ad-
equate CRRT.47,49 Second, a relatively high cross-
over rate between modalities became evident,
potentially affecting each study’s analytic de-
sign.47 Third, randomization failure occurred in
one study resulting in differences in baseline cova-
riates that were independently associated with
mortality and biased in favor of IHD.47 The results
of the more recent RCTs comparing modalities in
unselected critically ill patient populations have
been similarly challenged for high crossover rates,
as well as limited trial power and nonstandardiza-
tion of dialysis protocols.44,48

In an attempt to address the limitations of the
previous RCTs comparing intermittent and contin-
uous modalities of RRT, a large multicenter study
(‘‘Hemodiasafe’’) was conducted that used stan-
dardized dialysis protocols and targeted doses of
RRT to meet current recommendations. Hemody-
namic stability was optimized for patients treated
with IHD through the use of extended time, cool di-
alysate, sodium modeling, bicarbonate dialysate,
and isovolemic initiation of IHD.45 Again, no differ-
ence in 60-day survival (33% versus 32% of CCRT
versus IHD) or of renal recovery was found. A low
rate (6%) of modality crossover was maintained by
the use of policies guiding modality switches and
no difference in the incidence of adverse events,
including hypotension, was identified.

The premise of CRRT modality superiority was
further refuted recently by the PICARD investiga-
tors. A subgroup analysis of patients with AKI re-
quiring RRT derived from this multicenter
observational study compared survival by initial
RRT modality assignment.50 Despite adjustment
for potential confounding variables and modality
selection via a propensity score approach, CRRT
was in fact associated with increased 60-day mor-
tality as compared with IHD.

How can these negative results be reconciled
with the widely accepted premise of the superiority
of CRRT? First, earlier studies comparing modali-
ties compared results obtained with more contem-
porary CRRT to those obtained from historical
controls treated with IHD.47,51 Such comparisons
may have erroneously attributed the survival ad-
vantage conferred by improvements in nonmodal-
ity aspects of care, such as the development of
biocompatible membranes and better critical
care services, to modality selection instead. Sec-
ond, developments in IHD technology to improve
its effectiveness and tolerability have perhaps
been underappreciated. An unexplained improve-
ment in the survival rate of the IHD cohort was
noted during the course of the Hemodiasafe Study
that was not attributable to changes in patient
characteristics or center effects, suggesting that
improvements in the standard of care for IHD sub-
jects had occurred.45 Closer scrutiny revealed that
an unrecognized drift toward greater delivery of di-
alysis had occurred that may have modified the
relative benefit of one modality versus another. In
fact, an increasing quantity of estimated dialysis
dose was also found in the CRRT arm of the He-
modiasafe study, but in the absence of direct mea-
surement of IHD dose, further comparison of
relative dose change is not possible. Third, the
theoretic advantage of CRRT conferred by its abil-
ity to remove cytokines has been questioned.
While CRRT has been shown to be capable of re-
moving cytokines, the high cytokine generation
rate, particularly during sepsis, may require an im-
practical increase in effluent volume or in mem-
brane flux to realize a physiologically relevant
impact on the inflammatory cascade and to effec-
tively restore immunohomeostasis.52,53

The lack of a clear advantage of conventional
CRRT over IHD, in conjunction with its increased
costs (nearly twofold that of IHD), have led to an
expanding interest in hybrid modalities that exploit
the best attributes of both intermittent and contin-
uous therapies.47 Among the recently evolving
continuous therapies, continuous high-flux dialy-
sis (CHFD) and/or high volume hemofiltration
(HVHF) have the potential to better facilitate re-
moval of middle molecular weight solutes that
may be particularly important in the management
of sepsis-associated AKI.53–55 The High Volume
in Intensive Care (IVOIRE) study (NCT 00241228)
is an ongoing HVHF trial examining 28-day mortal-
ity in patients treated with standard (35 mL/kg/h)
versus high-volume (70 mL/kg/h) continuous he-
mofiltration and is scheduled for completion in
the near future.

Preliminary studies of hybridized intermittent
therapies have also been recently reported. A pilot
study comparing the effect of super high-flux/high
molecular weight cutoff (HCO) IHD to standard
high-flux (HF) IHD in 10 septic patients found that
HCO-IHD achieved better diffusive clearance of
cytokines and decreased plasma cytokine levels
as compared with HF-IHD.56 Accelerated venove-
nous hemofiltration (AVVH) is another evolving in-
termittent therapy, which performs hemofiltration
discontinuously, ie, daily but within a compressed
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time frame. A retrospective review of the experi-
ence of one center’s use of AVVH demonstrated
that large volumes of hemofiltration (36 L) could
be delivered in a compressed/intermittent time
frame (9 hours), and effectively mitigate the draw-
back of continuous modalities, which is the need
for anticoagulation.57

Sustained low-efficiency dialysis (SLED) or
extended daily dialysis (EDD) is probably the
most familiar hybrid therapy known to intensivists
and nephrologists, having been described as
a modified form of IHD nearly 20 years ago.58

Most often delivered by dual-capacity IHD ma-
chines, it is typically prescribed from 6 to 12 hours
per treatment with modified blood and dialysate
flow rates (70–250 and 70–300 mL/min, respec-
tively).59 Excellent small molecular weight solute
clearance and arguably equivalent hemodynamic
stability as compared with CRRT have been re-
ported.60,61 Conceivably, the future of extracorpo-
real renal support for AKI may be a hybrid of hybrid
techniques! Daily SLED using HCO membranes in
a diffusive fashion or delivery of HVHF over a com-
pressed period could potentially achieve excellent
small and middle molecular weight solute clear-
ance, without anticoagulation and without sacrific-
ing hemodynamic tolerability. Because there is
limited information on the combined clinical use
of these hybrid therapies, the precise role of these
various modalities in the management of AKI re-
mains to be defined.

In summary, no consensus concerning the
choice of RRT modality for the treatment of AKI ex-
ists. Although CRRT is gaining in popularity in the
United States and worldwide, practice patterns
vary substantially by region. No evidence currently
supports the superiority of one continuous modal-
ity over another, or of continuous over intermittent
treatment. Choice of RRT modality, therefore,
should most properly remain determined by the
preference and experience of the prescribing phy-
sician, and the technologic, fiscal, and nursing re-
sources available to deliver RRT. An ongoing
multicenter international observational ICU study,
the Dose Response Multicenter International (Do-
Re-Mi) trial, is designed to further elaborate on
current RRT practice patterns and how RRT is
chosen and administered.62 Hybrid therapies
hold promise for combining the best of all extra-
corporeal modalities.
Dialysis Dose

Historically, trials examining the impact of renal
support in critical illness have focused on modula-
tion of ‘‘dose’’ of treatment. In the early years of
RRT, comparisons were made between historical
cohorts of patients with AKI who were initiated
on RRT and maintained at advanced degrees of
azotemia (BUN >200 mg/dL) and those treated
and maintained at more modest levels of azotemia
(BUN 100–150 mg/dL).63–65 Because mortality
was drastically reduced by earlier initiation and
greater reduction of azotemia, the timing of initia-
tion and dose of RRT required was adjusted to
maintain the patient at progressively lower levels
of BUN.66–68

More recently, instead of prescribing RRT to
achieve an absolute BUN level, quantification of
dialysis dose has used the concept of urea clear-
ance, exported from the field of chronic hemodial-
ysis. For IHD it is described by a unit-less
parameter: KT/Vurea. Arguably, the physiology of
the patient with AKI nullifies several of the mathe-
matical assumptions underlying the calculation of
KT/Vurea, however in the absence of a more repre-
sentative measure of dialysis dose, KT/Vurea has
been used by default. When considering dose for
intermittent modalities, frequency of treatment
must also be considered. In CRRT, the measure-
ment of dose of renal support is different, but sim-
pler than in IHD. In CRRT, because of the low
blood and dialysate flow rates used, the ultrafil-
trate generated is isotonic to blood with respect
to urea nitrogen. Therefore, effluent volume is
used as a surrogate for urea clearance. Obviously,
direct comparison of urea removal measured by
effluent volume in CRRT to KT/Vurea measured in
IHD is limited.

In the past decade, five single-center clinical tri-
als involving critically ill patients with AKI requiring
renal support have examined the effect of dose,
quantified by KT/Vurea or effluent volume, on mor-
tality.69–73

The first and only IHD trial compared daily ver-
sus alternate day IHD and reported a mortality
benefit conferred by daily treatment.69 This trial
has been criticized on several accounts, including
nonrandom treatment assignment, the floating
end point of ‘‘14 days after the last session of dial-
ysis,’’ the limited representativeness of the en-
rolled population, and suboptimal per treatment
dialysis dose, leading to the more limited conclu-
sion that suboptimal delivery of dialysis results in
suboptimal outcomes. Importantly, this study did
highlight the exceptional difficulty in achieving sol-
ute clearance in the critically ill noting an average
KT/Vurea of less than 1 in both treatment arms de-
spite a minimum prescribed dose equal to 1.2.

Four other studies have examined the effect of
differing weight-based doses of CRRT on
outcomes. The first study suggested that CRRT
effluent volume of 35 mL/kg/h was superior to
20 mL/kg/h with respect to survival 15 days after
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discontinuation of therapy and that no incremental
benefit was achieved from prescribing a higher
effluent volume (ie, > 35 mL/kg/h).70 Similarly,
another investigation reported improved 28-day
survival by augmenting CVVH of 25 mL/kg/h by
an additional 18 mL/kg/h of dialysate suggesting
that additional small solute clearance was impor-
tant in modifying outcomes.72

Other trials, however, have come to the
opposite conclusion. A two-center randomized
controlled trial comparing outcome of critically ill
oliguric patients treated with ‘‘high-’’ (45 mL/kg/h)
versus ‘‘low-’’ (20 mL/kg/h) volume CVVH found no
difference in 28-day mortality between groups.71

Although criticized for being potentially underpow-
ered, this study’s results were confirmed recently
by other investigators who found no difference in
30-day survival between patients treated with
CVVHDF at 35 versus 20 mL/kg/h.73

The only multicenter trial designed to examine
the effect of dose or ‘‘intensity’’ of renal support
on mortality in the critically ill with AKI was recently
published.74 The Acute Renal Failure Trial Network
(ATN) Study was a very large trial that uniquely
used integrated strategies of renal support mirror-
ing customary practice rather than restricting RRT
to a single modality, which would have limited the
generalizability of its results.4,75 Also distinct in
study design was the per-treatment IHD delivered
dose, set at a target KT/Vurea of 1.2, which was
higher than in other comparable studies. Hemody-
namically stable patients (Cardiovascular SOFA %
2) were treated with IHD, whereas hemodynami-
cally unstable patients (Cardiovascular SOFA > 2)
were assigned to CVVHDF or SLED based on local
practice. Subjects were randomized to either of
the two interventional arms: the intensive manage-
ment strategy (IMS) consisted of six times weekly
IHD or SLED or CVVHDF at 35 mL/kg/h; the less
intensive management strategy (LIMS) consisted
of thrice-weekly IHD or SLED or CVVHDF at 20
mL/kg/h. No significant difference in hospital- or
60-day survival was found, nor of any other
secondary end point including recovery of renal
function or rate of nonrenal organ failure.

The results of the ATN Study should not be mis-
construed to mean that ‘‘dose’’ does not matter.
Instead they suggest that dose of RRT beyond
a delivered KT/Vurea of 1.2 thrice weekly for pa-
tients managed with IHD or SLED, and beyond
a total effluent flow rate of 20 mL/kg/h for patients
managed with CVVHDF is not helpful in reducing
overall mortality nor is it associated with improved
renal recovery in survivors.74

Ongoing clinical trials that may contribute addi-
tional understanding of the impact of RRT dose on
patient outcomes include the Randomized
Evaluation of Normal versus Augmented Level of
renal replacement therapy in ICU (RENAL) Study
(NCT 00221013), a large multicenter RCT being
conducted in Australia of CVVHDF in severe AKI
in ICU comparing 90-day mortality of patients
treated with an ‘‘augmented’’ effluent flow rate of
40 mL/kg/h versus patients treated with a ‘‘normal’’
flow rate of 25 mL/kg/h. Approximately one third of
the prespecified total trial population (N 5 1500)
has been enrolled and trial completion is antici-
pated in late 2008.

Another multicenter trial, the IVOIRE study (NCT
00241228), is under way in France. It is a prospec-
tive RCT comparing outcomes of patients treated
with high-volume (70 mL/kg/h) to ‘‘standard’’ vol-
ume (35 mL/kg/h) CVVH in patients with septic
shock and AKI. Initiated in 2005, enrollment of a to-
tal of 460 patients is expected by the end of 2008.

Surprisingly, despite the body of trials examining
dose of RRT support, all survey and observational
studies of RRT support published to date convey
quite clearly that the concept of ‘‘dose’’ in RRT in
the ICU has been largely ignored or at least not fully
adopted by practicing clinicians.36–38,62 Reluc-
tance to adopt any targeted ‘‘dosing’’ of RRT may
stem from the belief that toxicity of AKI is only par-
tially related to small solute clearance, and thus
prescription focused only on its modification
should not be expected to yield substantial im-
provement in outcomes. Urea clearance, regard-
less of how great it is or by which modality of
renal support it is achieved, tells us nothing about
middle molecular weight or cytokine clearance or
other aspects of the uremic state that may also be
important in influencing outcomes. An excellent re-
view of uremic retention solutes and their toxicity
has been recently published.76 Non-urea small mo-
lecular weight solute, as well as middle and large
molecular weight solutes may not be differentially
impacted or may even be negatively impacted by
prescriptions of RRT that further enhance urea
clearance. Also, AKI is a state of extreme inflamma-
tion, and RRT of any modality may be associated
with exacerbation rather than amelioration of the
state of inflammation.77 It is reasonably possible,
therefore, that any benefit derived from enhanced
urea clearance by RRT, beyond a minimum thresh-
old, is offset by the counteracting increase in the in-
flammatory state induced by increasing exposure
to RRT.

It is becoming evident that achievement of
further improvement in outcomes of critically ill pa-
tients with AKI will require alternate strategies of
care beyond RRT modality selection or increasing
the dose of RRT beyond a minimum threshold.
Recent trials examining unifactorial treatment of
complex disease illustrate the limitations of this
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approach.78,79 AKI is a pathophysiologically com-
plex disease that likely requires a multifaceted ap-
proach if treatment is to be successful. More
comprehensive strategies of RRT and facilitated
recovery from AKI are fortunately on the horizon.80
SELECT PHARMACOLOGIC INTERVENTIONS
AND FUTURE DIRECTIONS

Prior pharmacotherapeutic trials of AKI have been
disappointing. Reasons for the failure of the multi-
tude of agents that have been trialed are detailed
in a concise review.81 More recent appreciation
of AKI as a multisystem disorder triggered by
widespread stereotypical molecular responses to
injury has caused a reconsideration of the strate-
gic approach toward AKI and its treatment. Inter-
ventional strategies that target pathways involved
in the early systemic response to AKI, or broad
treatment strategies to address its protean sys-
temic manifestations are being actively explored.

Of the emerging pharmacologic agents for the
treatment of AKI, two that are currently in use as
co-interventions in critical illness are intensive
insulin therapy (IIT) and erythropoietin (EPO).
Intensive Insulin Therapy and Glycemic
Management in Acute Kidney Injury

Hyperglycemia has emerged as an important pre-
dictor of outcomes of critical illness, including the
outcome of renal failure.82–87 The effect of the
treatment of hyperglycemia on outcomes, includ-
ing the development of AKI, has thus been of great
interest to investigators and has been a focus of
recent studies.

One such study was a large observational trial of
a mixed ICU patient population in which a historical
ICU cohort was compared with a contemporary
one of consecutively admitted patients who were
treated with insulin to achieve moderate glycemic
control (serum glucose < 140 mg/dL). This study
demonstrated that glycemic control achieved
with insulin treatment resulted in a startling reduc-
tion in hospital mortality (from 29.3% to 10.8%)
and in the incidence of acute renal failure (by
75%) defined as an increase of serum creatinine
by 1 mg/dL or a doubling of serum creatinine.84

The landmark study that put glycemic control on
the map was a multicenter RCT using an insulin-
based protocol in the treatment of patients admit-
ted to a surgical ICU in Leuven, Belgium.85 IIT to
reduce serum glucose to less than 110 mg/dL,
was associated with a significant reduction in
ICU mortality (from 8% to 4.6%) and in the inci-
dence of acute renal failure requiring RRT (8.2%
to 4.8%, P 5 .007).
A subsequent prospective RCT broadening the
application of IIT to the MICU population was un-
able to demonstrate a similar reduction in mortality
or need for RRT, but did demonstrate a significant
reduction in newly acquired kidney injury, from
8.9% to 5.9% (P 5 .04) defined as either a doubling
of ICU admission serum creatinine or a peak se-
rum creatinine greater than 2.5 mg/dL.86

A more recent secondary analysis of pooled
data from the two RCTs comparing conventional
therapy to IIT scrutinized the effect of IIT on the de-
velopment of renal outcomes.88 Overall, nearly
20% of the combined patient cohorts developed
AKI, defined as a combined end point of patients
classified with renal dysfunction according to
modified (m) RIFLE criteria of m-RIFLE-F, I or F,
or oliguria or need for RRT. Interestingly, while IIT
significantly reduced the incidence of RIFLE-I/F
from 7.6% to 4.5% (P 5 .0006), there was no effect
of IIT on the incidence of the most severe renal
outcomes (ie, need for RRT or oliguria), except in
the surgical subset of patients where it was asso-
ciated with a reduced need for RRT (4.0% versus
7.4% , P 5 .003) and a lower incidence of oliguria
(2.6% versus 5.6%, P 5 .003) . The lower acuity of
illness and premorbid disease in the surgical co-
hort as compared with the medical counterpart
has led to the conclusion that IIT’s beneficial effect
is likely one of primary prevention of AKI rather
than secondary reversal of established renal injury.

How IIT and glycemic control may affect renal
outcomes in critical illness is complex and incom-
pletely understood. Indirectly, dysglycemia may
adversely impact renal function via accentuation
of complications such as sepsis-associated
AKI.88 Directly, hyperglycemia may contribute to
renal injury via accentuation of the acute inflamma-
tory response and oxidative stress of critical ill-
ness.87,89,90 IIT on the other hand, may prevent
renal injury through favorable effects on serum
lipids, which can act as scavengers of endo-
toxins.91 IIT may also reduce renal injury via mod-
ulation of aberrant endothelial activation (ICAM
and E-selectin) and deranged endothelial nitric ox-
ide synthesis.88

IIT currently remains a controversial co-inter-
vention in the management of patients with critical
illness. Earlier recommendations for glucose man-
agement in the ICU92 were heavily influenced by
the Leuven trial85,92; however, aspects of the land-
mark study’s design as well as its generalizability
to all critically ill have recently been challenged.93

In addition, two European RCTs (VISEP NCT
00135473 and GLUCONTROL, NCT 00220987)
examining intensive glycemic control in the criti-
cally ill with and without septic shock were prema-
turely terminated because of safety concerns.94
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Currently a large multicenter randomized trial
(NICE-SUGAR; NCT 00220987) is under way to re-
affirm or refute the Leuven study’s findings in a het-
erogeneous critically ill population, and renal
outcome as defined by the need for RRT is a pre-
determined secondary end point. Until the results
of theses trials are available, prudence in the use
of IIT and liberalization of glycemic control has
been advocated.
Erythropoietin

Erythropoietin (EPO) is a hematopoietic cytokine
that has been used in the management of the ane-
mia of chronic kidney disease for 20 years. Recent
studies have shown however that EPO’s effects
extend well beyond erythropoiesis. Erythropoietin
receptors have been identified in a wide variety
of tissues including neurons, endothelial cells, car-
diac myocytes, vascular smooth muscle cells, me-
sangial cells, and renal proximal tubular cells.95 In
addition, EPO has been shown to result in a host of
hematopoietic-independent cytoprotective effects
in experimental models of neuronal, cardiac,
hepatic, and acute renal ischemia: modulation of
mitogenesis, vascular repair, oxidative stress,
inflammation, and apoptosis have all been de-
scribed.96,97 Numerous in vitro and in vivo AKI
models reported to date have examined EPO use
as a preconditioning treatment to prevent AKI,
but there is also a rationale for EPO’s use as an ac-
celerant in the recovery from ischemic injury
through its vascular and anti-inflammatory ef-
fects.97 As an initial exploration into the potential
role of EPO as a renoprotective strategy in the crit-
ically ill, an open-label, randomized controlled trial
has been initiated (NCT 00676234). This single-
center study of medical and surgical ICU patients
‘‘at risk for AKI’’ will examine the effect of EPO, ad-
ministered as either a single dose of 20,000 units
or 40,000 units, on the short-term incidence of
AKI as measured by a battery of standard and
novel biomarkers of renal injury.

Tempering enthusiasm for the use of EPO are
recent reports of an increased risk of adverse out-
comes including increased cardiovascular mor-
bidity and mortality in clinical trials investigating
optimal EPO treatment of CKD patients.98,99 A
newly engineered desialated form of EPO miti-
gates the adverse effects associated with erythro-
poiesis. Known as asialo-EPO, this derivative has
normal EPO receptor affinity but an extremely
short half-life, which reduces its erythropoietic
properties while retaining its cytoprotective
effects.95 Parenteral injection of asialo-EPO has
been shown to reduce contrast-associated ische-
mic renal injury in an in vivo rat model without
adverse effect on hematocrit.95 Mechanistic inves-
tigations have recently shown that the asialo-EPO
attenuates contrast-associated renal tubular cell
apoptosis via modulation of the signal-transduc-
tive JAK2/STAT5 pathway with beneficial down-
stream effects on stress-responsive protein (eg,
HSP70) expression and capsase-3 activation.95 A
comprehensive characterization of asialo-EPO’s
renoprotective effects as well as its clinical safety
and optimal dosage in the prevention and facili-
tated recovery of AKI are exciting forefronts of
investigation.
Bioartificial Kidney

Currently available RRT is essentially designed to
facilitate solute and water clearance. This ap-
proach hardly mimics the expansive metabolic
and endocrinological functions of the human kid-
ney and may explain the limited impact that RRT
has had on survival in patients with AKI. A visionary
strategy toward the treatment of AKI that ad-
dresses these previously overlooked functions of
the kidney is the bioartificial kidney. Also known
as the renal tubular assist device (RAD), the bioar-
tificial kidney consists of a hemofiltration cartridge
lined with nonautologous human renal tubule cells
along the inner surface of hollow fibers within the
device. Preclinical studies of the device showed
that the cells within were able to perform renal
transport and endocrine and metabolic func-
tions.100,101 Subsequent large animal studies us-
ing the RAD in series with a conventional
hemofilter in the treatment of sepsis-associated
AKI demonstrated a substantial reduction in multi-
organ dysfunction.102 Initial results of phase I/II tri-
als using the RAD in conjunction with CRRT in
critically ill patients with AKI have demonstrated
a near halving of mortality.103,104 Notwithstanding
the valid criticisms of the preliminary studies per-
taining to design and analysis, the initial clinical re-
sults are nothing short of remarkable.105 Although
substantial hurdles remain before the RAD might
be a routine therapeutic intervention in the treat-
ment of AKI, the revolutionary design of the device
and its early trial results offer prophetic evidence
that genuine biological mimicry is at hand and
that we might soon be able to positively impact
the health of critically ill patients with AKI in
a meaningful way.

Summary
In conclusion, AKI is a common illness in the hos-
pitalized population and is associated with signifi-
cant mortality. New diagnostic criteria using small
changes in creatinine and urine output have been
developed to facilitate diagnosis and aide in
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prognosis as well. A host of biomarkers are in de-
velopment that will allow for effective interdiction
of AKI and earlier intervention with pharmacother-
apies such as IIT and modified erythropoietin to
prevent and facilitate renal recovery. Renal re-
placement therapy for AKI is evolving toward a hy-
bridized modality approach to exploit the benefits
of different modalities. Recently completed stud-
ies suggest that excessive solute removal does
not yield incremental benefit, thus we must reeval-
uate how to optimize the replacement of renal
function beyond simply escalating dose. A more
comprehensive approximation of the normal hu-
man kidney may be available shortly in the form
of the bioartificial kidney.
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