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practice of earlier initiation. Finally, several recent studies 
suggest CRRT, relative to conventional hemodialysis, results 
in a greater rate of renal recovery in ARF patients. 
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 Introduction 

 In recent years, a number of significant advances have 
occurred in the field of clinical acute renal failure (ARF) 
in the intensive care unit (ICU). One notable occurrence 
has been the development of a classification system de-
signed to assist clinicians in the diagnosis of ARF. In ad-
dition, important new information about the dialytic 
management of ARF patients, especially in the field of 
continuous renal replacement therapy (CRRT), is avail-
able. These recent findings pertain to the influence of 
CRRT treatment dose and timing of treatment initiation 
on patient survival, and the effect of CRRT (vs. conven-
tional hemodialysis) on recovery of renal function. Nov-
el therapeutic approaches incorporating these new find-
ings also have been described recently. The purpose of 
this review is to provide an overview of this new informa-
tion and its potential impact on clinical practice. 
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 Abstract 
  Background:  Significant progress has been made in the 
field of renal replacement therapy for critically ill patients 
with acute renal failure (ARF) over the past few years. This 
review highlights these developments.  Methods:  Recent 
studies assessing the clinical utility of the RIFLE classification 
system for the diagnosis of ARF were reviewed. Clinical out-
come studies evaluating the effect of continuous renal re-
placement therapy (CRRT) dose and timing of initiation were 
assessed. The final review topic was the effect of dialysis mo-
dality on the recovery of renal function in ARF patients.  Con-
clusions:  Based on recent clinical studies, the increasing use 
of the RIFLE criteria is justified, as this approach appears to 
be a robust method for both the diagnosis of and prognos-
tication in ARF. A large randomized trial involving convective 
CRRT supports the commonly used prescription of 35 ml/
kg/h in clinical practice. Moreover, numerous recent out-
come studies, also largely involving convective CRRT, pro-
vide a clinical rationale for the increasingly common clinical 
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 The RIFLE Classification System for the Diagnosis of 
Acute Renal Failure 

 Recent investigations have demonstrated that rela-
tively small increases in the serum creatinine (Scr) level, 
even as small as 0.2 mg/dl, have an adverse effect on ARF 
patient survival  [1–4] . These results are a clear indica-
tion that Scr changes in hospitalized patients need to be 
assessed in a new light and demonstrate the need for 
methods permitting the more timely diagnosis of ARF. 
In this context, investigators affiliated with the Acute 
Dialysis Quality Initiative  [5]  have proposed a new ap-
proach (RIFLE) to defining and diagnosing ARF  [6]  
( fig. 1 ). RIFLE is an acronym, for which the components 
are: R = risk of kidney injury; I = kidney injury; F = kid-
ney failure; L = loss of kidney function, and E = end-
stage renal disease (ESRD). For each letter, there are two 
defining criteria: kidney function (as assessed by Scr) 
and urine output (as assessed by milliliters of urine per 
day, normalized to body weight). In the RIFLE approach, 
the worst of these two parameters (i.e., either the highest 
Scr or lowest daily urine output) is used for the assess-
ment and compared to a patient’s baseline (pre-ARF) 
value. Specifically, the first three RIFLE strata are as fol-
lows: (1) risk,  glomerular filtration rate (GFR) decrease 
of  1 25 but  ! 50% or a urine output of  ! 0.5 ml/kg/h for 
6 h; (2) injury,  GFR decrease of  1 50 but  ! 75% or urine 
output of  ! 0.5 ml/hg/h for 12 h, and (3) failure, GFR de-
crease of  1 75% or urine output of  ! 0.3 ml/kg/h for 24 h 
or anuria for  1 12 h. 

 Bell et al.  [7]  performed the first study attempting to 
validate the RIFLE system with respect to its ability to 
predict mortality in critically ill ARF patients. In this ret-
rospective study, researchers at the Karolinska Hospital 
in Stockholm assessed mortality over a 6-month period 
in 223 CRRT-treated patients during the period of 1995–
2001. Overall, acuity of illness in the patient population 
was quite high, with 85% of the patients receiving me-
chanical ventilation and 78% receiving vasopressor sup-
port. Among numerous clinical factors that were poten-
tially predictive of survival (including age and APACHE 
II score), only the RIFLE strata were statistically associ-
ated with mortality. Moreover, the RIFLE classification 
effectively stratified patients according to mortality risk, 
with a significant survival difference observed between 
patients with an ‘R’ or ‘I’ designation and patients with a 
‘F’ or ‘L/E’ designation. 

 In another study, Abosaif et al.  [8]  applied the RIFLE 
classification system to 183 ARF patients admitted to a 
single ICU in the United Kingdom. Patients with a Scr of 
 1 1.7 mg/dl on the first day of ICU admission were evalu-
ated. In these patients, a baseline Scr was derived from 
the value 3 months before admission or, if this value was 
unavailable, the lowest value in the index hospitalization. 
Based on these two values, the Cockcroft-Gault equation 
was used to estimate the percentage change in GFR and 
classify patients into one of the RIFLE categories. 

 Overall ICU mortality in the entire cohort was 47.5%. 
A significant association between RIFLE class and ICU 
mortality was observed, the latter being 38.3, 50, and 

  Fig. 1.  The RIFLE classification system for 
acute renal failure. Reprinted with permis-
sion from Kellum et al.  [6] . 
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74.5% in the R, I, and F classes, respectively (p  !  0.001). 
Moreover, RIFLE class was found to be significantly cor-
related with both the raw APACHE II score and the 
APACHE II-related probability of death. Specifically, in 
the R, I, and F groups, the raw APACHE II scores (mean) 
were 20.9, 22.2, and 26.4, respectively (p  !  0.001), while 
the probabilities of death (mean) were 31.4, 35.6, and 
43.8%, respectively (p  !  0.05). On the other hand, neither 
the raw Simplified Acute Physiology Score (SAPS) II nor 
the SAPS II-related probability of death differed signifi-
cantly between the three groups. Nevertheless, based on 
receiver operator characteristic (ROC) curves, SAPS II 
tended to be a more sensitive indicator of mortality, at 
least in the R and I groups. The mean area under the 
curve (AUC) values for SAPS II were 0.78 and 0.76 in the 
R and I groups, respectively, while the same values for 
APACHE II were 0.62 and 0.72, respectively. (An AUC 
value of 0.7 or greater demonstrates the utility of a par-
ticular variable as a risk predictor.) Neither SAPS II nor 
APACHE II was a significant discriminator in the F 
group. 

 A third recent study has also validated the clinical ap-
plicability of the RIFLE classification system. Kuitunen 
et al.  [9]  retrospectively evaluated 813 consecutive pa-
tients who had undergone cardiac surgery during 2003. 
For RIFLE classification, the highest concentration of 
plasma creatinine during a patient’s stay in the ICU was 
used. The outcome variables in the study were 90-day 
mortality and the need for prolonged ICU stay, defined 
as 5 days or more. For the entire population, these out-
comes were 4.3 and 17.8%, respectively, while 3.2% of pa-
tients required renal replacement therapy. However, out-
come was strongly associated with RIFLE class, as 90-day 
mortality was 8, 21.4, and 32.5% in the R, I, and F classes, 
respectively (p  !  0.0001). Likewise, the proportion of pa-
tients with an ICU stay of more than 5 days was 38.6, 50, 
and 70% in the R, I, and F classes, respectively (p  !  0.0001). 
RIFLE classification, change in plasma creatinine, and 
change in estimated GFR all were significant discrimina-
tors of 90-day mortality, having mean AUC values of 
0.824, 0.849, and 0.829, respectively, in ROC analyses. 
However, of these three variables, only RIFLE classifica-
tion was found to be an independent risk factor for 90-
day mortality in multivariate regression analysis. 

 In summary, the recent clinical outcome data demon-
strating that even small increases in Scr are associated 
with increased mortality in ARF emphasize the critical 
importance of timely diagnosis. These three recent stud-
ies provide evidence the RIFLE classification system has 
clinical validity and suggest that clinicians can use it for 

both diagnosis and prognostication in ARF. Moreover, it 
is logical to assume that more timely diagnosis of ARF 
may lead to earlier therapeutic interventions, which may 
influence patient outcome (see below). 

 Effect of CRRT Dose/Intensity on Outcome: New 
Treatment Approaches for the Management of ARF 

 Early data from Storck et al.  [10]  suggested that the 
greater intensity of CRRT is associated with better patient 
outcome. In this study, patients were treated with either 
continuous arteriovenous hemofiltration (CAVH) or 
continuous veno-venous hemofiltration (CVVH) such 
that a wide range of ultrafiltration rates was obtained. 
Survival was found to be significantly higher in the 
CVVH group than in the CAVH group, in which the 
mean ultrafiltration rates were 15.5 and 7.5 liters/day, re-
spectively. Whether the superior survival in the patients 
treated with CVVH rather than CAVH was related to the 
former’s greater convective removal of small solutes or 
larger substances could not be determined from the data 
provided. 

 In a more recent, much larger prospective study per-
formed by Ronco et al.  [11] , the effect of dose on outcome 
was assessed in 425 patients treated with CVVH. Patients 
were randomized to one of three groups based on dose, 
for which the surrogate was ultrafiltration rate normal-
ized to body weight. The prescribed doses were 20, 35, 
and 45 ml/h/kg while mean delivered ultrafiltrate vol-
umes were 31, 56, and 68 liters/day. Thus, at the time the 
study was performed, a conventional CRRT dose was pre-
scribed to group 1 while the doses prescribed to groups 2 
and 3 were significantly greater than those in typical clin-
ical practice. CVVH was performed in the post-dilution 
mode with lactate-based substitution fluids and maxi-
mum blood flow rate of 240 ml/min. There is a strong 
rationale for using ultrafiltration rate as a dose surrogate 
because a direct relationship exists between solute clear-
ance and ultrafiltration rate in the post-dilution mode for 
molecules removed by filtration (i.e., non-adsorbed sol-
utes)  [12] . Although the benefit of convection is still pres-
ent when hemofiltration is applied in the pre-dilution 
mode, the effect of dilution on replacement fluid require-
ments to achieve a certain solute clearance target needs 
to be considered  [13] . 

 Fourteen-day survival, the primary endpoint of the 
study, was significantly higher in groups 2 and 3 vs. group 
1. In addition, hospital survival was significantly higher 
both in group 2 (57%) and group 3 (58%) vs. group 1 
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(41%). When all patients were considered, the difference 
in survival between groups 2 and 3 was not significant. 
However, in a sub-group analysis of patients with septic 
acute tubular necrosis, the outcome data suggested dif-
ferent clinical effects of 35 and 45 ml/kg/h ( fig. 2 ). In 
group 2, hospital survival in patients with septic acute 
tubular necrosis (18%) was significantly lower than in all 
other patients (62%). However, this same comparison in 
group 3 patients revealed no significant difference, as 
survival in the septic and non-septic groups was 47 and 
59%, respectively. It is important to note the septic sub-
group was relatively small, accounting for only 11–14% of 
the total patient population. 

 In addition to the Ronco study, several other lines of 
clinical evidence suggest that the application of convec-
tive CRRT influences patient outcome favorably. Honore 
et al.  [14]  applied short-term, high-volume hemofiltra-
tion (STHVH) followed by conventional CVVH in 20 pa-
tients with refractory septic shock. The therapeutic regi-
men for STHVH consisted of an isovolemic 35-liter ex-
change over 4 h, corresponding to a dose of 125 ml/kg/h 
for a 70-kg patient. Response to STHVH was defined by 
the following criteria: (1)  6 50% in cardiac index with -
 in 2 h; (2)  6 25% in mixed venous saturation within 2 h; 
(3) increase in the arterial pH to  1 7.3 within 4 h, and 
(4)  6 50% reduction in epinephrine dose within 4 h. A 
hemodynamic ‘response’ was defined as the attainment 
of all four of these criteria by a given patient. A positive 
response was associated with survival at 28 days in 9 of 
11 patients while all 9 non-responding patients were dead 
at 28 days. Furthermore, the delay time, defined as the 

time from admission to the ICU to the initiation of 
 STHVH, was significantly shorter in responders than in 
non-responders (mean 6.5 vs. 13.7 h, p  !  0.01). 

 In an analogous study, Piccinni et al.  [15]  evaluated the 
effect of early isovolemic hemofiltration (EIHF) in 80 ol-
iguric patients with septic shock. All patients had at least 
two systemic inflammatory response syndrome criteria 
 [16] , a clinically identified focus of infection, the combi-
nation of high cardiac output and low systemic vascular 
resistance, and the presence of both acute renal injury 
and acute lung injury. In 40 patients, EIHF at a dose of 
45 ml/kg/h was applied within 12 h of ICU admission for 
6 h. These patients subsequently received conventional 
CVVH (20 ml/kg/h) for a minimum of 3 days. Treatment 
dose in the control group (20 ml/kg/h) reflected standard 
clinical practice prior to the use of EIHF. Moreover, clas-
sic ARF criteria were used to guide initiation of therapy 
in the control group  [17] . 

 The primary endpoint was improvement in pulmo-
nary function defined by the PaO 2 /FiO 2  ratio at 48 h, 
which was significantly higher in the EIHF group than 
the control group (mean 240 vs. 160 mm Hg; p  !  0.05). 
Relative to the conventional group, other hemodynamic 
parameters that were significantly different in the EIHF 
group included lower heart rate, higher mean arterial 
pressure, higher systemic vascular resistance, and lower 
noradrenaline dose. Moreover, essentially all of the clini-
cal outcome parameters that were measured also differed 
between the 2 groups ( table 1 ). With respect to ventilator 
dependence, a significantly higher percentage of EIHF 
patients than conventionally treated patients were suc-
cessfully weaned (70 vs. 37%, respectively; p  !  0.05) while 
the duration of mechanical ventilation was also signifi-
cantly shorter (mean 11 vs. 20 days; p  !  0.05). Further-
more, both ICU stay (mean 12 vs. 16 days; p  !  0.05) and 
hospital stay (mean 19 vs. 34 days; p  !  0.05) were signifi-
cantly shorter in the EIHF vs. the conventional group. 
Finally, predicted 28-day survival based on Kaplan-Mei-
er estimates was 55% in the EIHF group and 27.5% in the 
conventional group (p = 0.005). It is worthwhile to note 
that mortality in the conventional group (approximately 
70%) is very consistent with the literature  [18–24] , while 
the 45% mortality in the EIHF group represents a sub-
stantial improvement in outcome. 

 Another study supporting the application of early con-
vective CRRT in refractory septic shock was recently re-
ported by Page et al.  [25] . Based on accepted clinical def-
initions for sepsis, refractory circulatory failure, acute re-
nal injury, and acute lung injury, patients having all of 
these characteristics were enrolled in the study. A stan-

  Fig. 2.  Effect of CVVH dose of 35 (group 2) vs. 45 ml/kg/h 
(group 3) on outcome of patients with sepsis-associated acute re-
nal failure. Reprinted with permission from Ronco et al.  [11] . 
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dardized resuscitation protocol, including specific agents 
for volume, inotropic, and vasopressor support, was used. 
After a maximum 12-hour resuscitation period, in the 
case of a worsening metabolic acidosis, continuous veno-
venous hemodiafiltration (CVVHDF; ultrafiltration rate, 
2 liters/h; dialysate flow rate, 1 liter/h) was initiated. 

 A total of 60 patients comprised this study. Similar to 
the approach used in the Honore et al. study  [14] , patients 
were categorized as responders or non-responders based 
on the effect of CVVHDF therapy on metabolic acidosis 
(as represented by base excess). In the responder group, 
base excess increased from –11 mmol/l immediately af-
ter the resuscitation period (baseline) to approximately 
–5 mmol/l after 24 h of CVVHDF. On the other hand, 
base excess continued to fall from the baseline mean val-
ue of –13 mmol/l in the non-responder group. Based on 
measurements at the same time points, catecholamine re-
quirements decreased significantly and urine output in-
creased significantly in the responder group while no sig-
nificant changes were observed in the non-responder 
group. Finally, overall unadjusted hospital mortality was 
53% but differed significantly in the two groups. In the 
responder group, the predicted mortality based on the 
SAPS  [26]  was 67% while the actual mortality was 30%. 
On the other hand, all patients in the non-responder 
group died (100% mortality; p  !  0.0001 vs. actual mortal-
ity in responder group), which was actually somewhat 
higher than the predicted mortality (87%). 

 The four preceding clinical studies all suggest that 
high-dose convective therapy improves survival in the 
most critically ill ARF patients (i.e., the severe sepsis/sep-
tic shock sub-groups), especially when applied early. 
Based on these studies and taking into account the dis-

parate clinical results achieved in the past with high-vol-
ume hemofiltration  [27–31] , the Vicenza group has pro-
posed a novel convective approach for the management 
of septic shock termed pulse high-volume hemofiltration 
 [32, 33] . These investigators observed correctly that pre-
vious pharmaceutical interventions targeting a specific 
inflammatory mediator and administered at a discrete 
time point have largely failed because of the dynamic na-
ture of the septic process  [34, 35] , the exception being 
activated protein C  [36] . On the other hand, the ability of 
CRRT to modulate both pro-inflammatory and anti-in-
flammatory mediators, even to a small extent, over a sus-
tained period of time may be a significant attribute. 
Moreover, the biological effects of inflammatory media-
tor modulation may not be reflected by changes in plasma 
concentrations but instead occur at a tissue level. 

 In pulse high-volume hemofiltration, a balance is 
struck between biological plausibility and clinical practi-
cality. The regimen consists of a brief ‘burst’ of hemofil-
tration (85 ml/kg/h for 6–8 h) followed by a relatively 
standard dose of 35 ml/kg/h for the remaining 16–18 h. 
On a time-averaged basis, this corresponds to a dose of 
approximately 48 ml/kg/h. The foundation of the bio-
logical rationale for this approach lies in the multi-pool 
kinetics of inflammatory mediators  [37] . The initial ther-
apy pulse makes possible the convective removal of in-
flammatory mediators from the plasma compartment 
while having little effect on other body compartments. 
During the standard dose phase, the plasma compart-
ment can then ‘refill’ over several hours in preparation 
for the next pulse period  [38]  in a manner analogous to 
apheresis techniques  [39] . Moreover, the extended stan-
dard dose phase allows for homeostasis to be achieved. 

EIHF
(n = 40)

Control
(n = 40)

p

Successful weaning, n 28 (70%) 15 (37%) <0.001
Duration of MV, days 1183 2085 <0.001
Independence from vasopressor support, n 30 (75%) 10 (25%) <0.001
ICU stay, days 1285 1684 0.002
Hospital stay, days 1985 3484 <0.001
ICU survival, n 28 (70%) 16 (40%) 0.003

Predicted survival based on individual risk
of death 41812 40810 n.s.

28-day survival, n 22 (55%) 11 (27.5%) 0.005
Predicted survival based on individual risk
of death 41812 40810 n.s.

Reprinted with permission from Piccinni et al. [15].

  
  

  Table 1.  Effect of early isovolemic 
hemofiltration (EIHF) on outcome in 
patients with septic shock 
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The practicality of this approach lies in the need to ad-
dress the logistics of providing high fluid exchange rates 
for only a relatively brief period of time each day. The Vi-
cenza group has recently reported its initial clinical ex-
perience with this technique in a group of 15 patients 
with severe sepsis  [33] . 

 A single-center study from the Netherlands attempted 
not only to corroborate the dose findings of the Ronco 
trial but also to assess the effect of timing of CRRT ini-
tiation on patient survival  [40] . In this study performed 
by Bouman et al.  [40] , 106 patients were randomized to 
one of three groups: early high volume hemofiltration 
(EHV), early low volume hemofiltration, and late low vol-
ume hemofiltration. As in the Ronco trial  [11] , post-dilu-
tion hemofiltration was performed exclusively. Despite a 
minimum ultrafiltration volume of 72 liters/day in the 
early high volume hemofiltration group, the blood flow 
rate prescribed was only 200 ml/min. Based on a standard 
hematocrit of 30%, this combination implies a minimum 
filtration fraction of 36% in this group. This may be the 
explanation for the relatively high frequency of filter 
changes in the early high volume hemofiltration group 
(mean duration of use, 13.6 h) and raises questions about 
actual dose delivered in this study. Neither treatment 
dose nor timing of treatment intervention had a signifi-
cant effect on 28-day survival, which was significantly 
higher (75–80% in all three groups) than has been re-
ported routinely over the past several years for the criti-
cally ill ARF population  [18–24] . 

 This study has a number of shortcomings that require 
further comment. First, it should be emphasized that the 
size of the patient population in this trial was only 25% 
of that in the Ronco trial. Thus, the issue of whether or 
not the study had sufficient statistical power is relevant. 
Second, valid questions about the nature of the patient 
population can be raised. As noted above, the exceed-
ingly low mortality in this study (20–25% at 28 days) dif-
fers substantially from the typical 50–60% value charac-
teristic of the critically ill ARF population. In contrast, 
28-day mortality in the low-dose group of the Ronco tri-
al was in this expected range. For the overall patient pop-
ulation in the Bouman study, another feature uncharac-
teristic of the critically ill ARF patient population was the 
exceedingly low (0.9%) failure rate for recovery of renal 
function. On the other hand, several recent studies have 
suggested that the rate of non-recovery of renal function 
is minimally 10% and may be as high as 35% of hospital 
survivors  [41–44]  (see below). These survival and recov-
ery of renal function data suggest that the Bouman study 
population was not representative of the critically ill ARF 

population. Thus, the results may be difficult to apply in 
clinical practice. 

 It is important to emphasize that the relationship be-
tween solute clearance and flow rate in diffusive thera-
pies differs significantly from that in convective thera-
pies. Based on mass transfer considerations, the expected 
clearance of small solutes during CVVHD and post-dilu-
tion CVVH is the same  [45] . However, as the solute mo-
lecular weight increases, the relevance of diffusion di-
minishes and the benefits of convection become increas-
ingly apparent  [46] . For acute dialysis modalities, these 
principles have been substantiated in both modeling and 
clinical studies. Liao et al.  [47]  performed a kinetic com-
parison of intermittent hemodialysis (daily 4-hour treat-
ments), sustained low-efficiency dialysis (SLED; daily 12-
hour treatments), and pre-dilution CVVH (ultrafiltra-
tion rate, 35 ml/kg/h) These investigators employed the 
equivalent renal clearance concept  [48]  to compare effec-
tive solute removal for these modalities. Their analyses 
indicated similar effective urea clearances for CVVH and 
SLED of 33 and 31 ml/min, respectively, both of which 
were substantially higher than that delivered by daily in-
termittent hemodialysis (21 ml/min). On the other hand, 
the estimated  �  2 -microglobulin ( �  2 M) clearances for 
CVVH and SLED were 18 and 4 ml/min, respectively. 
Daily intermittent hemodialysis with a high-flux dialyz-
er was estimated to provide an intermediate  �  2 M clear-
ance of 7 ml/min. 

 These modeled data are extended by a recent clinical 
study in which effluent collections were used to quantify 
solute removal in pre-dilution CVVH (2.5 liters/h) and a 
SLED system utilizing a high-flux filter  [49] . (Consistent 
with clinical practice in the US, the above modeling study 
employed a low-flux dialyzer.) Indeed, Kielstein et al.  [49]  
corroborated Liao’s findings by demonstrating that urea 
and creatinine removal during CVVH and SLED are 
similar. However,  �  2 M removal was twofold greater in 
CVVH vs. SLED, even with the use of a high-flux filter 
in the latter therapy. 

 A more recent study performed by Ricci et al.  [50]  re-
inforces the importance of convection in achieving solute 
clearance over a broad molecular weight spectrum in 
CRRT. Based on a common prescription of 35 ml/kg/h 
effluent flow rate, these investigators measured clearance 
of urea, creatinine, and  �  2 M during CVVH and CVVHD 
in a cross-over study. The median urea (31.6 vs. 35.7 ml/
min) and creatinine (38.1 vs. 35.6 ml/min) in CVVH and 
CVVHD, respectively, were similar. However, median 
 �  2 M clearance in CVVH was higher than that in CV-
VHD (16.3 vs. 6.3 ml/min, respectively; p = 0.055). It 
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must be emphasized this borderline statistically signifi-
cant difference was observed despite the fact this trial was 
markedly underpowered. 

 Timing of Treatment Initiation in CRRT 

 In addition to supporting the importance of convec-
tive CRRT, recent data also suggest early initiation of 
CRRT improves patient outcome. As discussed above, 
studies performed by Honore et al.  [14] , Piccinni et al. 
 [15] , and Page et al.  [25]  indicate that relatively early ap-
plication of hemofiltration in patients with septic shock 
is clinically beneficial. A relevant question is whether the 
survival advantage in these studies was mediated by en-
hanced convective solute removal, early initiation, or a 
combination of both factors. The studies were not de-
signed to address this question. Nevertheless, a growing 
body of evidence indicates that timing of treatment ini-
tiation plays an important role in patients treated with 
CRRT. It is important to emphasize that all of the studies 
suggesting that early initiation is clinically beneficial em-
ployed convection-based CRRT. 

 In the Ronco dose trial  [11] , the mean blood urea ni-
trogen (BUN) at the time of CVVH initiation was sig-
nificantly lower among survivors vs. non-survivors with-
in each dose group. Based on the assumption that BUN 
is a reasonable surrogate for timing of treatment initia-
tion, this finding indicates that early initiation of CRRT 
has a significant effect on survival that is independent of 
therapy dose. A reasonable challenge to this conclusion is 
that a high BUN at treatment initiation is an indicator of 
a very ill patient with marked hypercatabolism  [51–53] . 
However, in this analysis, no clinical differences at base-
line were observed between the surviving and non-sur-
viving patients. Furthermore, timing of treatment initia-
tion has been shown to be a significant predictor of out-
come in several other studies. 

 Gettings et al.  [54]  retrospectively analyzed the effect 
of timing of CRRT initiation on outcome in 100 post-
traumatic ARF patients. These investigators designated 
patients with BUN values of  ! 60 mg/dl at the time of CV-
VHDF initiation as ‘early starters’ and patients with BUN 
values of  1 60 mg/dl as ‘late starters’. No significant dif-
ferences in clinical parameters, including illness severity 
score, percentage of patients in shock, BUN, and arterial 
lactate concentration, between the two groups existed at 
the time of hospital admission. At the time of CRRT ini-
tiation, the mean BUN in the early and late start groups 
was 43 and 95 mg/dl, respectively (p  !  0.0001), and these 

values occurred on average 10 and 19 days after hospital 
admission, respectively (p  !  0.0001). Furthermore, se-
rum albumin was significantly lower in the late start 
group than the early start group (2.50 vs. 2.61 g/dl; p  !   
0.05), a finding possibly related to a greater degree of ei-
ther volume overload or pro-inflammation in the former 
group. The CRRT prescription did not differ between the 
two groups, as the mean ultrafiltrate volume was approx-
imately 12 liters/day and the mean dialysate flow rate was 
approximately 1.1 liters/h for both. Moreover, these BUN 
values could not be explained by differences in nitrogen 
administration, as both groups received approximately 
140 g (mean) of dietary protein on a daily basis. 

 For the first 3 days of CRRT, the mean BUN was sig-
nificantly higher in the late start group but did not differ 
significantly from the mean BUN in the early start group 
from day 4 onward. In fact, the azotemia profiles for the 
two groups closely approximated one another during this 
later time period, staying within a relatively narrow BUN 
band of 65–70 mg/dl in a quasi-steady state. As the steady 
state BUN is related to the ratio of protein catabolic rate 
to the treatment dose  [55]  and because the CRRT pre-
scription did not differ between the two groups, this find-
ing suggests the degree of hypercatabolism also did not 
differ significantly between the two groups. Neverthe-
less, although this rough estimate of overall illness sever-
ity did not suggest a clinical difference between the two 
groups, hospital survival was significantly higher in the 
early start group than in the late start group (39 vs. 28%; 
p  !  0.05). As discussed above, both of these figures (i.e., 
hospital mortality of approximately 60–70%) are consis-
tent with the consensus in the literature, suggesting that 
a representative patient population was studied. 

 Additional studies suggesting that early application of 
CRRT improves patient outcome have been published 
more recently. In a single-center trial, Bent et al.  [56]  as-
sessed the effect of relatively early intervention with 
CVVH in 65 patients with ARF after cardiac surgery. The 
patient population was characterized by advanced age 
(mean 71 years), significant preexisting chronic kidney 
disease (45% of patients), and a high degree of oliguria 
(79% of patients) and intra-aortic balloon pump depen-
dence (32%) in the postoperative period. The CVVH pre-
scription included a standard ultrafiltration rate of 2 li-
ters/h while the mean time between operation and CVVH 
initiation was 2.4 days. The predicted mean death rate in 
this population, based on the Liano ARF model  [57] , was 
66%. However, the observed death rate was only 40% 
(p  !  0.005 vs. predicted). The authors attributed this im-
proved survival not only to early intervention but also to 



 Clark   /Letteri   /Uchino   /Bellomo   /Ronco     Blood Purif 2006;24:487–498 494

the relatively high dose of therapy delivered (at least for 
that time period). 

 Elahi et al.  [58]  performed another study assessing the 
potential benefit of early CRRT initiation in the cardiac 
surgery population. Of the 1,264 patients who underwent 
cardiac surgery at their institution over a 1-year period, 
the 64 patients (5% of the total) who required postopera-
tive renal replacement therapy for ARF were evaluated. 
These patients were divided into two categories. Group I 
(late hemofiltration) consisted of patients for whom 
CVVH was initiated based on the following criteria: BUN 
 6 84 mg/dl; creatinine  6 2.8 mg/dl; or serum potassium 
 6 6 mmol/l. These criteria were applied regardless of the 
urine output. In group II (early hemofiltration) CVVH 
was initiated when the urine output was less than 100 ml 
during a consecutive 8-hour period, regardless of the bio-
chemical parameters. At baseline, the ARF population 
was characterized by advanced age (mean 70 years) along 
with a high prevalence of both heart failure (56% either 
NYHA class 3 or 4) and chronic kidney disease (mean 
serum creatinine 1.8 mg/dl). 

 In the early hemofiltration group, the mean time be-
tween surgery and CVVH initiation was approximately 
18 h while the same parameter in group I was 2.55 days 
(p  !  0.001). This time difference was associated with a 
significantly lower BUN in the early than the late group 
(67 vs. 75 mg/dl; p  !  0.05). It is important to note that 
early CVVH initiation did not lead to overall prolonga-
tion of therapy, as the mean treatment duration (4.6 days) 
was identical in the two groups. The hospital mortality 
for the entire ARF group was 31%. However, mortality 
was significantly lower in the early start group than in the 
late start group (22 vs. 43%; p  !  0.05). Moreover, mean 
ICU stay was significantly reduced in the early start group 
relative to the late start group (8.5 vs. 12.5 days, p  !  0.05), 
as was mean hospital stay (15.4 vs. 20.9 days; p  !  0.05). 
Finally, the percentage of patients developing multi-or-
gan failure after CVVH initiation was significantly lower 
in the early start vs. late start group (19 vs. 29%; p = 
0.01). 

 Sugahara et al.  [59]  employed urine output as a CRRT 
initiation criterion in a series of patients with ARF after 
cardiac surgery. Patients were enrolled in the study when 
urine output fell below 30 ml/h and the serum creati-
nine increased at a rate of 0.5 mg/dl/day or more. The 
early start group was comprised of patients for whom 
CRRT was initiated when urine output was  ! 30 ml/h for 
three consecutive hours (daily urine output approximate-
ly  ! 750 ml). On the other hand, CRRT was initiated in 
the conventional start group when urine output was 

 ! 20 ml/h for two consecutive hours (daily urine output 
approximately  ! 500 ml). At baseline, the two groups 
were well matched with respect to age, presence of under-
lying comorbidities (diabetes, hypertension, hypercho-
lesterolemia), serum creatinine, and APACHE II score 
(mean 19 vs. 18 in the early and conventional groups, re-
spectively). Mean urine output was preserved for the first 
several days in the early start group and began to increase 
on day 6 of CRRT, with the difference between baseline 
becoming significant on day 8. On the other hand, the 
mean urine output decreased during the first 3 days of 
CRRT in the conventional start group and, although it 
increased subsequently, the change from baseline was 
never significant over the 14-day period of evaluation. 
Moreover, survival at 14 days was significantly higher in 
the early start group vs. the conventional start group. 

 Finally, the primary purpose of a large multicenter co-
hort study recently performed by Mehta et al.  [60]  was to 
explore the potential association between diuretic use in 
ARF and outcome. However, at least inferential informa-
tion about the possible effect of the timing of dialysis ini-
tiation on outcome also was provided. In this study, the 
effect of diuretic use in 552 ARF patients on all-cause 
hospital mortality and non-recovery of renal function 
was assessed. Relative to patients not treated with diuret-
ics on the first day of nephrology consultation in the ICU, 
patients receiving diuretics had a significantly lower 
mean BUN, serum creatinine, and cardiac index and a 
significantly higher presence of cardiopulmonary failure. 
After adjustment for covariate differences based on re-
gression analysis, patients receiving diuretics had a 77% 
higher risk of hospital mortality or non-recovery of renal 
function relative to patients not treated with diuretics. 
Moreover, patients receiving relatively high-dose loop di-
uretics, which had no significant impact on urine output, 
had the highest risk of death. Specifically, within 1 week 
of nephrology consultation in the ICU, essentially all pa-
tients receiving  6 1 mg furosemide/ml of urine output on 
a daily basis had died. The authors suggested the explana-
tion for these data is the delay in dialysis initiation while 
healthcare providers await a potential response to diuret-
ics, at least in some patients. Based on these data, patients 
with a declining urine output despite high doses of loop 
diuretics might be particularly susceptible to the deleteri-
ous effects of delayed initiation of dialysis. Thus, although 
the potential detrimental effects of diuretic use in ARF 
has not been confirmed in a second recent study  [61] , the 
Mehta et al. study  [60]  provides further suggestive evi-
dence that timely initiation of dialysis is an important 
clinical consideration. 
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 Effect of Dialysis Modality on Recovery of Renal 
Function in ARF 

 Except for patient survival, recovery of renal function 
is the most important clinical goal in patients with ARF. 
In spite of this and the long-term clinical and economic 
implications of the failure to recover renal function, this 
issue has received relatively little attention in the past. 
The largest study addressing this issue evaluated 1,094 
patients with severe ARF between 1984 and 1995  [62] . 
(Severe ARF was defined as an acute uremic emergency 
with a serum creatinine of  6 600  � mol/l and/or the need 
for dialysis.) Of patients surviving to 90 days, 16.7% were 
still dependent on dialysis at that time. The major factors 
contributing to ARF were: parenchymal disease, 42%; 
medical/surgical, 23%; vascular (including cardiac and 
vascular surgery), 50%, and myeloma, 31%. Two-year 
survival on chronic dialysis was higher for patients with 
parenchymal disease (approximately 80%) compared to 
patients with other ARF etiologies (approximately 50–
60%). The investigators also compared the long-term 
outcome of ARF patients who developed ESRD after fail-
ing to recover renal function with patients who developed 
ESRD without preceding ARF. For the Australian insti-
tution at which this study was performed, survivors of 
ARF represented 18% of ESRD patients initiating chron-
ic dialysis. In comparison to non-diabetic ESRD patients 
without preceding ARF, survival in ARF patients failing 
to recover renal function was significantly lower over a 
5-year period. Patients in the age range of 50 years and 
older accounted for this difference. 

 Several recent studies have evaluated the impact of ei-
ther dialysis modality or dose on recovery of renal func-
tion in ARF. Based on a multicenter trial comparing CRRT 
and conventional hemodialysis (HD)  [41] , several lines of 
evidence suggest a benefit for CRRT with respect to recov-
ery of renal function. First, chronic renal insufficiency at 
either death or hospital discharge was diagnosed in 17% of 
patients whose initial therapy was conventional HD vs. 
only 4% of patients whose initial therapy was CRRT (p = 
0.01). Second, for patients receiving an adequate trial of 
monotherapy, 92% of CRRT patients had complete recov-
ery of renal function vs. 59% of conventional HD (p  !  0.01) 
patients. (An adequate trial was defined as a minimum 
exposure of 25 h for CRRT and two treatments of 3 h or 
more of duration each for conventional HD.) Finally, a sig-
nificantly higher percentage of patients crossing over from 
conventional HD to CRRT had complete recovery of renal 
function compared to patients crossing over in the oppo-
site direction (45 vs. 7%; p  !  0.01). 

 Manns et al.  [42]  assessed the effect of the dialysis mo-
dality on recovery of renal function among patients at 
several institutions in the province of Alberta in Canada. 
In a sample of 261 patients, recovery of renal function oc-
curred in 80% of surviving patients whose initial treat-
ment was CRRT, while it occurred in only 63% of patients 
whose initial treatment was conventional HD (p = 0.06). 
In light of this outcome difference, these investigators 
also evaluated the cost implications related to recovery vs. 
non-recovery of renal function after ARF. One analysis 
focused on costs incurred during the hospitalization in 
which the ARF episode occurred. This analysis revealed 
significantly higher costs in patients failing to recover re-
nal function compared to those who recovered renal 
function (CAD 56,000 vs. 47,700; p  !  0.05). This differ-
ence was associated with a significantly longer duration 
of hospitalization in the former group after the first di-
alysis treatment (47.7 vs. 38.2 days; p  !  0.05). An addi-
tional cost analysis compared annual healthcare costs in 
the subsequent year after hospital discharge in the same 
two groups of patients. Largely reflecting the costs of 
chronic dialysis therapy, a striking sevenfold difference 
in costs was reported (CAD 73,200 vs. 11,200; p  !  0.05). 
These data suggest cost comparisons of conventional HD 
and CRRT that focus on costs related only to supplies and 
equipment (e.g., fluids, disposables, and machines) with-
out accounting for ‘downstream’ healthcare costs do not 
provide a complete picture. 

 Jacka et al.  [43]  have also recently assessed the effect of 
modality on recovery of renal function in ARF. A total of 
93 patients, for whom CRRT was the initial modality in 
65 and conventional HD the initial modality in 28, were 
evaluated during the year 2000. Baseline clinical charac-
teristics of the CRRT group that differed significantly 
from the conventional HD group included a higher per-
centage of patients with acute lung injury and liver failure 
along with higher vasoactive drug requirements. Interest-
ingly, no patients treated initially with conventional HD 
were changed subsequently to CRRT, while 18 patients 
treated initially with CRRT were changed subsequently to 
conventional HD. With respect to patient outcome, unad-
justed ICU mortality was significantly higher in the CRRT 
group but hospital mortality did not differ significantly 
between the two groups. However, based on multivariate 
analysis accounting for higher illness severity in the CRRT 
group at baseline, the renal replacement therapy mode did 
not have a significant effect on either ICU or hospital mor-
tality. Overall, 32% of the surviving patients were dialysis-
dependent at the time of hospital discharge. However, 
multivariate analysis revealed a striking reduction in the 
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likelihood of renal recovery for the conventional HD 
group (conventional HD:CRRT odds ratio, 0.04; p = 
0.006) among patients surviving to hospital discharge. In 
this patient group, 21 of 24 patients (87%) initially treated 
with CRRT were free of dialysis dependence at hospital 
discharge, while only 5 of 14 patients initially treated with 
conventional HD fell in this category. 

 Finally, the BEST Kidney investigative group  [44]  per-
formed an analysis similar to that of Jacka et al.  [43] . Of 
the 1,262 ARF patients who required renal replacement 
therapy in this study, CRRT was the initial modality in 
80%, intermittent renal replacement therapy (IRRT) the 
initial modality in 17%, and peritoneal dialysis or slow 
continuous ultrafiltration the initial modality in 3%. In 
the IRRT group, although conventional HD was the 
dominant therapy, intermittent hemofiltration/hemodi-
afiltration and intermittent SLED/diafiltration also fell 
in this category. Overall, sepsis/septic shock was the most 
common clinical diagnosis contributing to the develop-
ment of ARF, although it was a factor in a significantly 
higher percentage of patients initially treated with CRRT 
vs. IRRT (50 vs. 38%; p = 0.001). On the other hand, hy-
povolemia and drug-induced ARF were contributing fac-
tors in a significantly higher percentage of patients ini-
tially treated with IRRT vs. CRRT (29 and 26 vs. 20 and 
18%, respectively; p = 0.005 and 0.006, respectively). 
Overall, 7% of all patients and 17% of surviving patients 
were dialysis-dependent at the time of hospital discharge. 
However, among patients surviving to hospital discharge, 

a significantly higher percentage of patients initially 
treated with IRRT vs. CRRT were dialysis-dependent (35 
vs. 11%; p  !  0.0001;  fig. 3 ). Likewise, among all patients, 
dialysis dependence at discharge was significantly more 
common among patients initially treated with IRRT than 
CRRT (18 vs. 5%; p = 0.0001). 

 Conclusions 

 In the clinical management of ARF patients in the ICU, 
many of the advances reported in this review have already 
been incorporated widely into clinical practice while oth-
ers await further validation. In much of the world, a CRRT 
dose of 35 ml/kg/h (based on effluent rate) has become 
the standard of care even as two large randomized trials 
continue to explore the issue of the effect of CRRT dose 
on outcome. Moreover, based on informal assessments, 
the use of the RIFLE criteria for classifying ARF and ear-
lier application of CRRT appear to be occurring more fre-
quently. It is important to emphasize that the vast major-
ity of data supporting these new approaches have come 
from studies employing convective CRRT. 

 A final concluding point is that these recent outcome 
data are largely unique to CRRT and similar data are gen-
erally not available for conventional HD and especially 
SLED, except for evidence that a higher conventional HD 
dose (in the form of daily HD) improves patient outcome 
 [63] . Specifically, the clinical benefit of convective solute 
removal noted in several CRRT studies discussed in this 
review are obviously not relevant to conventional HD and 
SLED, since these are primarily diffusive therapies. More-
over, the available clinical data suggest a benefit for CRRT 
over conventional HD with respect to the recovery of re-
nal function while no such data (positive or negative) ex-
ist for SLED. In this regard, it is not expected that mean-
ingful outcome data for patients treated with SLED will 
be available for some time to come due to the relative ‘im-
maturity’ of this therapy. On the other hand, the CRRT 
outcome data presented in this review provide very rele-
vant information to assist clinical decision making for 
the critically ill ARF patient population. 

  Fig. 3.  Dialysis dependence at hospital discharge after ARF (n = 
1,218) according to initial choice of therapy from the BEST
Kidney Study. IRRT = Intermittent renal replacement therapy; 
CRRT = continuous renal replacement therapy. 
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