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dequacy of Dialysis in Acute Renal Failure
amesh Venkataraman, Paul Palevsky, and John. A. Kellum

Renal replacement therapy (RRT) is currently the mainstay of management for patients with
acute renal failure (ARF). Adequacy of dialysis in the setting of renal failure is defined poorly
and encompasses multiple domains of clinical and biochemical outcomes. Multiple oper-
ational factors influence the delivery of adequate dialysis. No current standards exist for
RRT for ARF; current RRT practices for ARF generally have been extrapolated from end-
stage renal disease (ESRD) literature. The heterogeneity of patient population, variation in
RRT practices, and differences in outcomes studied have made it difficult to define or study
adequate dialysis in ARF or its impact on clinical outcomes.
Semin Nephrol 25:120-124 © 2005 Elsevier Inc. All rights reserved.
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cute renal failure (ARF) occurs in as many as 15% of
critically ill patients and is associated with significant

orbidity and mortality. Despite the common occurrence
nd high morbidity and mortality associated with ARF, no
harmacologic interventions are efficacious in its treatment.
upportive care, including renal replacement therapy (RRT),
emains the mainstay of management for critically ill patients
ith ARF. The mortality rate associated with ARF requiring
RT has remained in excess of 50%,1 despite advances in the
se of RRT.2-5 This is partly owing to the fact that our under-
tanding on how best to provide RRT for patients with ARF
ven after a half-century of clinical use is limited.

In patients with end-stage renal disease (ESRD), delivering
dequate dialysis consistently has been shown to improve clin-
cal outcomes.6-8 Even in this setting, controversy exists as to
ow to define, prescribe, deliver, and measure the adequacy of
ialysis. One can argue that patients with ARF are far more ill,
alnourished, and catabolic than ESRD patients, and hence
arrant more RRT. However, very little attention has been paid

o the concept of adequate dialysis in the ARF setting. This is
onfounded further by the heterogeneity of the patient popula-
ion, different modalities of RRT available for ARF, and huge
ariations in RRT practices across centers.
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dequate Dialysis
n the ARF Setting
he term adequate dialysis is defined poorly. Although it may
ncompass success in achieving various clinical and/or bio-
hemical outcomes, adequacy of dialysis most commonly is
efined in terms of urea clearance. A variety of other out-
omes also must be considered in defining adequate therapy
n ARF, including non–urea solute clearance, achieving vol-
me control with minimal hemodynamic consequences, and
aintenance of acid-base and electrolyte homeostasis. The
ltimate definition of adequacy of RRT in ARF also must take

nto consideration its effects on mortality and recovery of
enal function. Hence, many operational factors such as tim-
ng of initiation of RRT, mode of therapy, selection of mem-
rane, and dose and duration of therapy all play a role in
nsuring delivery of adequate dialysis to patients with ARF.9

lthough there is much data in the literature discussing these
ssues in the chronic renal failure setting, no current stan-
ards exist with regard to the practice of RRT for patients
ith ARF.10,11 Current RRT practice principles for patients
ith ARF generally have been extrapolated from the ESRD

iterature, however, the application of these principles to ARF
atients is fraught with numerous limitations. In this article
e address some of these issues, with particular emphasis on

he dose of dialysis as a surrogate to adequacy of dialysis in
he ARF setting.

easuring Adequacy
f Dialysis in ARF

he measurement of dialysis adequacy in patients with ESRD
enerally involves the use of urea kinetic modeling. In pa-

ients with ARF, multiple methods of measuring adequacy of
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Acute renal failure 121
ialysis have been used including single-pool and double-
ool urea kinetics and blood-based and dialysate-based urea
inetic modeling.12 All of these methods have been extrapo-

ated from ESRD literature. This extrapolation is problematic
or several reasons. First, no consensus exists, even in ESRD
atients, with regard to the preferred method of measuring
dequacy of dialysis (eg, single-pool urea kinetics versus
ouble-pool urea kinetics). Second, as discussed earlier, ARF
iffers significantly from ESRD in that there are very large
ifferences in the catabolic rate and total body water content
etween these patient groups, and several operational factors
uch as vascular access and hemodynamic tolerance for in-
ermittent hemodialysis (IHD) widely differ between the
roups. Third, urea-kinetic modeling assumes a steady state
n the body for urea, in which urea production equals urea
emoval.13 Urea-kinetic modeling also assumes that the vol-
me of distribution of urea is approximately equal to total
ody water, an assumption that does not hold in ARF.14,15

oth of these assumptions clearly do not hold in the intensive
are unit setting where most cases of ARF occur. In the case of
ure hemofiltration, clearance and, hence, the dose generally

s considered to be directly proportional to the ultrafiltration
ate (mL/kg/h). However, once dialysate is added, this rela-
ionship no longer holds. In addition, comparing the dose
quivalence of IHD and continuous renal replacement ther-
py (CRRT) has been difficult.16

iming of Initiation
f RRT in ARF

here is no consensus on the indications for RRT in patients
ith ARF. Similar to other aspects of RRT, the indications
enerally have been extrapolated from the ESRD experience.
lthough there is little dispute regarding the necessity of RRT

or the treatment of refractory hyperkalemia, fluid overload
efractory to diuretic therapy, severe metabolic acidosis, or
vert uremic symptoms, there is no consensus on the degree
f azotemia or on the duration of renal failure warranting
nitiation of therapy in the absence of these absolute indica-
ions. Intuitively, many would argue, the earlier an interven-
ion is provided, the better the outcome will be. However,
vidence in support of this notion in ARF is lacking. Many
atients with ARF recover renal function without requiring
ny RRT. Excessively early initiation therefore poses the risk
or initiating therapy in patients who might never require
ialysis using a more conservative approach. On the other
and, early initiation in these patients still might have a ben-
ficial outcome. ARF frequently occurs in the setting of mul-
iple organ dysfunction syndrome, thus consideration of the
mpact of ARF on other failing organs must factor in the
iming of RRT. Second, in ARF during critical illness, in-
reased catabolism along with the continued need to admin-
ster adequate nutritional protein leads to increased urea gen-
ration. Third, volume intake in these patients cannot be
imited, owing to the obligate administration of intravenous

edications such as antibiotics and continuous infusions of

asopressors. Finally, these patients may be sensitive to met- w
bolic derangements and swings in their acid-base and elec-
rolyte status may be tolerated poorly. Hence, waiting for
onventional indications for initiation of RRT in patients with
RF may be inappropriate. One retrospective study that used
erum blood urea nitrogen (BUN) levels as a surrogate for
iming of initiation of dialysis in ARF showed that patients
ho were dialyzed earlier in the course of their disease (mean
UN, 42.6 mg/dL) had a better survival (39% versus 20%)
ompared with those in whom dialysis was initiated later
mean BUN, 94.5 mg/dL).17 Although the interpretation of
his retrospective study is complicated by potentially differ-
nt reasons for the initiation of RRT in the 2 groups, these
ata suggest that initiation of RRT earlier in the course of ARF
ay be of benefit. However, a recent study by Bouman et al,18

oes not support this finding (n � 106). In this study, pa-
ients were randomized to 3 groups: early high-volume he-
ofiltration (n � 35; 72-96 L/24 h), early low-volume he-
ofiltration (n � 35; 24-36 L/24 h), and late low-volume
emofiltration (n � 36; 24-36 L/24 h). In this study, survival
t 28 days and recovery of renal function were not improved
sing early initiation of hemofiltration. This study was lim-

ted in that it clearly was underpowered to detect any differ-
nces in outcome.

ode of Dialysis
here is no clear consensus as to which, if any, modality of
RT is superior with regard to improving clinical outcomes

n ARF. Although peritoneal dialysis (PD) is continuous and
ses a biocompatible membrane (peritoneal lining), the sol-
te clearance and fluid removal rate often are dependent on
eritoneal perfusion. The application of PD also may be lim-

ted by technical factors, an increased risk for infection, and
yperglycemia from the high glucose content of peritoneal
ialysate. Hence, this mode has fallen into disfavor in the
RF setting. A recent randomized trial compared PD with
ontinuous venovenous hemofiltration (CVVH) in patients
ith infection-associated ARF.19 In this study, 70 adult pa-

ients with infection-associated ARF (severe falciparum ma-
aria, n � 48; or sepsis, n � 22) were enrolled; 34 patients
ere assigned to CVVH and 36 patients were assigned to PD.
he mortality rate was 47% (17 patients) in the group ran-
omized to PD, as compared with 15% (5 patients) in the
roup assigned to CVVH (P � .005). The rates of resolution
f acidosis and of a decrease in the serum creatinine concen-
ration associated with CVVH were more than double those
bserved with PD (P � .005), and the duration of RRT was
lso significantly shorter in the patients randomized to
VVH.
The relative roles of IHD and CRRT in ARF remains de-

ated. An ideal strategy of RRT should provide steady control
f uremic solutes, extracellular volume, and electrolyte and
cid-base balance while producing minimal hemodynamic
isturbance. As the result of the more rapid solute and vol-
me removal necessary with IHD, it is associated with a
reater risk for hypotension than CRRT.20-22 As a result,
RRT frequently is used preferentially in critically ill patients

ith hemodynamic instability. In addition, CRRT has a
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reater efficiency for control of low molecular weight solutes
han alternate-day IHD,16,23-25 and eliminates the saw-tooth
attern of volume and solute control associated with IHD.
owever, despite these advantages of CRRT, evidence sup-
orting its superiority over IHD with regard to mortality or
ther clinical outcome measures is lacking. Many studies
ave compared these 2 modalities but have provided con-
icting results. Most of these studies have been limited by
heir observational nature or by large differences in baseline
haracteristics of the patient population. Two observational
tudies used multivariate analyses of ARF patients to evaluate
he effect of the mode of dialysis on clinical outcome and
ound that the mode of dialysis did not impact clinical out-
ome.26,27 Subsequently, a recent randomized controlled trial
ompared IHD with CRRT (N � 166) and showed increased
ntensive care unit and in-hospital mortality with CRRT com-
ared with IHD.28 This study, however, showed that recovery
f renal function was better in survivors treated with CRRT
han IHD. This study had several important limitations. In
his study, despite randomization, there were significant dif-
erences between the groups in several covariates indepen-
ently associated with mortality, including sex, hepatic fail-
re, Acute Physiology and Chronic Health Evaluation
APACHE) II and III scores, and the number of failed organ
ystems, in each instance biased in favor of the IHD group.
lso, several confounding factors such as the timing of initi-
tion of dialysis and the dose of dialysis were not controlled
or in this study. Although a recent meta-analysis showed
hat when adjusted for study quality and severity of illness,
ortality was lower in patients treated with CRRT compared
ith IHD (relative risk, .72; (.60-.87); P � .01),29 these re-

ults were contradicted by a second meta-analysis30 that lim-
ted itself to randomized trials.

In summary, debate still exists as to whether CRRT is bet-
er than IHD in the setting of ARF. Although CRRT often is
onsidered the modality of choice in patients with hemody-
amic instability, this has not been shown rigorously. Simi-

arly, although CRRT offers theoretic advantages even in pa-
ients without hemodynamic compromise, this view has not
een validated clinically. A recent international consensus
onference also concluded that because of the lack of evi-
ence, no firm overall recommendations for patient selection
or CRRT could be made, except in the setting of coexisting
ntracranial hypertension, in which CRRT appears to be su-
erior.11

ialysis Membranes
n ideal strategy of RRT not only should be able to provide

imely and efficient support, but also has to provide it in a
iocompatible manner. It has been shown that activation of
omplement and coagulation factors occurs during contact
etween blood and the dialysis membrane.31-33 Neutrophil
ctivation and sequestration occurs in the lungs and other
rgans as well. All of these factors contribute to the hemody-
amic changes and hypersensitivity-like reactions during di-
lysis. This is especially apparent with cellulose-based mem-

ranes that activate the alternative pathway of complement p
oth in vitro and in vivo.34 Cellulose membranes can be
lassified broadly into unsubstituted (eg, cuprophane) mem-
ranes and substituted membranes, such as cellulose acetate
nd cellulose diacetate. In addition to the immunologic ef-
ects, exposure to cellulosic membranes has been shown to
esult in net protein catabolism.35 The newer synthetic mem-
ranes, such as polyacrylonitrile, polymethyl methyl-acry-

ate, polyamide, and polysulfone have been shown to cause a
esser degree of activation of the inflammatory response, and
gain loosely have been dubbed as biocompatible membranes.
any studies have assessed the effect of biocompatibility on

utcomes in patients undergoing dialysis for ARF and have
eported inconsistent results. However, no single study has
een of sufficient size to be definitive. In addition, 2 recent
eta-analyses addressed this issue but found inconsistent

esults.36,37 Although the first meta-analysis found insuffi-
ient evidence that membrane composition influenced hos-
ital mortality, the second, which included a larger number
f studies, concluded that cellulose membranes were associ-
ted with worse survival to hospital discharge compared with
ynthetic membranes. Thus, based on current literature, the
eneral consensus is that synthetic membranes are associated
ith improved outcomes compared with unsubstituted cel-

ulose membranes. Whether synthetic membranes are supe-
ior to substituted (modified) cellulose membranes (ie, cellu-
ose triacetate, and so forth) still remains controversial.

ose of Dialysis
n ESRD, increasing the dialysis dose, within limits, is asso-
iated with decreased morbidity and mortality.6,38 The dose
f dialysis commonly is quantified by using the unitless in-
ex, Kt/V, in which K represents urea clearance, t is the time
f dialysis, and V is the volume of distribution of urea. The
iterature has supported a single-pool Kt/V urea of at least 1.2
er treatment as the minimum dose in patients with
SRD,6,39 although higher doses were not supported by the
ecently published Hemodialysis (HEMO) study.40 Although
mall, retrospective, and nonrandomized studies support the
ypothesis that increasing the delivered dose of RRT is asso-
iated with improved survival in patients with ARF,41,42 until
ecently this hypothesis had not been tested by any random-
zed trials. Although an optimal dialysis dose has not been
stablished in patients with ARF,43 it generally is accepted
hat the delivered dose of dialysis should be at least as great as
hat recommended for ESRD.11

Despite this, a recent prospective study of 40 patients (136
ialysis treatments) with ARF treated with IHD, reported that
rescribed Kt/V was less than 1.2 in 49% of treatments and,
ore importantly, delivered Kt/V was less than 1.2 in nearly

0% of treatments.44 Multiple factors can lead to discrepan-
ies between the prescribed and delivered dose of dialysis in
RF, including catheter dysfunction leading to recirculation
f dialyzed blood, inadequate anticoagulation resulting in
lotting of the dialysis fibers, and decreases in actual dialysis
ime as a result of hemodynamic instability.

In a recent study, Schiffl et al45 assigned 160 critically ill

atients with severe ischemic or nephrotoxic acute tubular
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Acute renal failure 123
ecrosis to daily or every-other-day hemodialysis, in alternat-
ng order. Patients were excluded from the study if they had
n indication for CRRT. The primary study end point was
urvival with duration of ARF and the frequency of therapy-
elated complications was evaluated as a secondary end
oint. The 2 study groups were similar at baseline. Mortality
as 28% in patients assigned to daily IHD as compared with
6% with alternate-day dialysis (P � .01). Daily hemodialy-
is also resulted in more rapid resolution of ARF (mean
�SD], 9 � 2 versus 16 � 6 d; P � .001), better control of
remia, and fewer hypotensive episodes during hemodialysis
han did conventional hemodialysis. Although this study is
upportive of a more intensive dialysis prescription in ARF,
here are many problems with the study’s design and imple-
entation. First, the exclusion of patients with an indication

or CRRT eliminated the sickest patients and diminished the
eneralizability of the study. Second, the nonrandom assign-
ent of patients to groups may have introduced bias, al-

hough the reported baseline characteristics of the 2 groups
ppear similar. Finally, the delivered dose of therapy in the
lternate-day group was substantially lower than accepted
dequate hemodialysis for chronic kidney disease, resulting
n a mean predialysis BUN level of 104 mg/dL in this group
nd an increased incidence of uremic complications, includ-
ng infection and gastrointestinal bleeding.

In CRRT, the dose of therapy correlates with the effluent flow
ate.46-48 In continuous hemofiltration, the sieving coefficients of
ow molecular weight solutes are approximately 1, resulting in
quivalence between effluent flow rate and clearance. In contin-
ous hemodialysis, solute equilibration also is almost complete,
esulting in near equivalence between dialysate flow and clear-
nce.49 By using effluent flow as an index of the dose of therapy,
n a recent single-center randomized controlled trial Ronco et
l50 showed that higher CVVH doses (35 mL/kg/h) improved
atient survival in ARF compared with conventional doses (20
L/kg/h), whereas further increases in dose to 45 mL/kg/h were
ot helpful. Survival was 41% in the 20-mL/kg/h group versus
7% in the 35-mL/kg/h group and 58% in the 45-mL/kg/h
roup (P � .001). Of note, more than 90% of patients in this
tudy received the prescribed dialysis dose. However, a second
ecent randomized controlled trial did not show similar results.
n this smaller study, 106 ventilated, severely ill patients with
liguric ARF were randomized to 3 groups.18 Thirty-five pa-
ients were treated with early high-volume hemofiltration
72-96 L/24 h), 35 patients with early low-volume hemofiltra-
ion (24-36 L/24 h), and 36 patients with late low-volume he-
ofiltration (24-36 L/24 h). The median ultrafiltrate rate was

8.2 mL/kg/h (42.3-58.7 mL/kg/h) in the early high-volume
emofiltration, 20.1 mL/kg/h (17.5-22.0 mL/kg/h) in the early

ow-volume hemofiltration, and 19.0 mL/kg/h (16.6-21.1 mL/
g/h) in the late low-volume hemofiltration groups, respec-
ively. No differences in 28-day survival or duration of ARF were
ound between these groups. Hence, this study concluded that
n critically ill patients with oliguric ARF, survival at 28 days and
ecovery of renal function were not improved using high ultra-
ltrate volumes or early initiation of hemofiltration. However,

his study was limited in that it was underpowered and probably
nrolled fewer sick patients as suggested by the very high sur-
ival rates in both the groups.

In addition, more importantly, CRRT delivery may not reach
he levels prescribed. In a single-center retrospective review of
RRT dosing patterns, we found that the mean CRRT dose
rescribed for patients with ARF was only 24.46 � 6.73 mL/
g/h, and that the mean dose delivered was merely 16.55 �
.41 mL/kg/h (68% of the prescribed dose, P � .000001).51 The
verage number of hours per day on CRRT was 16.1 � 3.53
mean � SD), with a mean flow rate (averaged over 24 hours) of
.36 � 0.31 L/h. Although there was a high concordance be-
ween the prescribed and delivered effluent flow rates in this
tudy, the treatment time was decreased owing to interruptions
n therapy.

In summary, these clinical studies have suggested that
ore intensive renal support likely results in improved sur-

ival. These studies, however, have had significant limita-
ions and have not been widely accepted into clinical prac-
ice. An ongoing multicenter trial is now comparing intensive
enal support with conventional management of RRT in crit-
cally ill patients with ARF to provide a more definitive an-
wer to this question.

onclusion
espite the use of RRT for patients with ARF over the past 3
ecades, a clear understanding on how best to provide ade-
uate dialysis is lacking. Adequate dialysis is defined poorly
nd involves multiple operational factors, each one of which
ight independently influence patient outcome. No current

tandard exists on how to define, measure, and deliver ade-
uate dialysis accurately in the ARF setting. However, based
n our current understanding, review of the existing litera-
ure, and physiologic reasoning, the following general rec-
mmendations can be made with regard to delivering ade-
uate dialysis effectively. First, indications for RRT in ARF
iffer from that in ESRD, and patients with ARF may benefit
rom early initiation of RRT. Second, CRRT may be better
olerated than IHD in patients with hemodynamic instability,
nd although not clearly associated with improved survival,
ay be associated with greater recovery of renal function.
hird, unsubstituted cellulose membrane–containing filters
hould be avoided. Finally, a Kt/V of at least 1.2 per treatment
times per week should be delivered in patients with ARF if

HD is used. Although the evidence is limited and debatable,
ntil further evidence is available, we recommend that an
ltrafiltration rate of 35 mL/kg/h be delivered if CRRT is the
odality used.
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