the NEW ENGLAN D
JOURNAL o MEDICINE

Intensity of Renal Support in Critically Ill Patients

with Acute Kidney Injury

The VA/NIH Acute Renal Failure Trial Network*

ABSTRACT

BACKGROUND
The optimal intensity of renal-replacement therapy in critically ill patients with acute
kidney injury is controversial.

METHODS
We randomly assigned critically ill patients with acute kidney injury and failure of
at least one nonrenal organ or sepsis to receive intensive or less intensive renal-re-
placement therapy. The primary end point was death from any cause by day 60. In
both study groups, hemodynamically stable patients underwent intermittent hemo-
dialysis, and hemodynamically unstable patients underwent continuous venove-
nous hemodiafiltration or sustained low-efficiency dialysis. Patients receiving the
intensive treatment strategy underwent intermittent hemodialysis and sustained low-
efficiency dialysis six times per week and continuous venovenous hemodiafiltration
at 35 ml per kilogram of body weight per hour; for patients receiving the less-inten-
sive treatment strategy, the corresponding treatments were provided thrice weekly and
at 20 ml per kilogram per hour.

RESULTS
Baseline characteristics of the 1124 patients in the two groups were similar. The rate
of death from any cause by day 60 was 53.6% with intensive therapy and 51.5% with
less-intensive therapy (odds ratio, 1.09; 95% confidence interval, 0.86 to 1.40; P=0.47).
There was no significant difference between the two groups in the duration of renal-
replacement therapy or the rate of recovery of kidney function or nonrenal organ
failure. Hypotension during intermittent dialysis occurred in more patients randomly
assigned to receive intensive therapy, although the frequency of hemodialysis sessions
complicated by hypotension was similar in the two groups.

CONCLUSIONS
Intensive renal support in critically ill patients with acute kidney injury did not de-
crease mortality, improve recovery of kidney function, or reduce the rate of nonrenal
organ failure as compared with less-intensive therapy involving a defined dose of inter-
mittent hemodialysis three times per week and continuous renal-replacement therapy
at 20 ml per kilogram per hour. (ClinicalTrials.gov number, NCT00076219.)
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CUTE KIDNEY INJURY IS ACOMMON COM-
plication of acute illness, affecting approx-
imately 2 to 7% of hospitalized patients'*
and more than 35% of critically ill patients.>® Re-
nal-replacement therapy is the mainstay of support-
ive treatment of patients with severe acute kidney
injury; its use is required in 5 to 6% of critically ill
patients and is associated with in-hospital mortal-
ity rates of 50 to 80%.%912
The optimal timing for the initiation, method,
and dosing of renal-replacement therapy remains
uncertain more than 60 years after the first clini-
cal use of hemodialysis in patients with acute
kidney injury.*>*> Several single-center studies
have suggested that more intensive renal-replace-
ment therapy (i.e., dialysis at a higher dose) is
associated with improved survival'®®; however,
results have been inconsistent.’2° Given this un-
certainty, we tested the hypothesis that more
intensive renal-replacement therapy decreases mor-
tality among critically ill patients with acute kid-
ney injury. Although previous studies of the
intensity of therapy were limited to single methods
of renal-replacement therapy,°2° we compared
two integrated therapeutic strategies that reflect
typical clinical practice in that they allow for
changing the method of renal-replacement ther-
apy as the patient’s hemodynamic status changes.

METHODS

STUDY SETTING

The Veterans Affairs/National Institutes of Health
(VA/NIH) Acute Renal Failure Trial Network study
(VA Cooperative Study number 530), was a multi-
center, prospective, randomized, parallel-group
trial of two strategies for renal-replacement ther-
apy in critically ill patients with acute kidney in-
jury conducted between November 2003 and July
2007 at 27 VA and university-affiliated medical
centers (see the Appendix). The design of the
study has been described previously,?* and the
complete study protocol is available in the Sup-
plementary Appendix (available with the full text
of this article at www.nejm.org).

The study was approved by the Human Rights
Committee at the West Haven VA Cooperative
Studies Program (CSP) Coordinating Center and
by the institutional review boards at each of the
participating study sites. The integrity of data col-
lection was audited by the VA CSP Site Monitoring,
Auditing, and Resource Team. An independent
data and safety monitoring committee reviewed
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the safety data and interim results. No manufac-
turer of dialysis machines or supplies was in-
volved in study design, data accrual, data analy-
sis, or manuscript preparation.

STUDY POPULATION
Patients were eligible for enrollment if they were
critically ill adults (18 years or older) who had acute
kidney injury clinically consistent with acute tu-
bular necrosis and requiring renal-replacement
therapy, as well as failure of one or more nonrenal
organ systems (defined as a nonrenal Sequential
Organ Failure Assessment?? [SOFA] organ system
score >2 [range, 0 to 4, with a higher score indicat-
ing more severe organ dysfunction]) or sepsis. Eli-
gible patients could not have undergone more than
one session of intermittent hemodialysis or sus-
tained low-efficiency dialysis or more than 24 hours
of continuous renal-replacement therapy before
randomization. Specific inclusion and exclusion
criteria?! are listed in Table 1 in the Supplementary
Appendix. Written informed consent was obtained
from all patients or their health care surrogates,
and if patients who required surrogates regained
decision-making capacity, consent was then ob-
tained directly from the patients.

RANDOMIZATION
Eligible patients were randomly assigned to one of
the two treatment groups by means of a central-
ized, computer-generated adaptive randomization
scheme. Randomization was stratified according
to and within site on the basis of the SOFA car-
diovascular score (0 to 2 vs. 3 to 4)?? and by the
presence or absence of oliguria (defined as an aver-
age urine output of <20 ml per hour for >24 hours).
Although treatment groups could not be masked,
investigators were unaware of aggregate outcomes
during the study.

INTERVENTIONS
Selection of and transition between methods of
renal-replacement therapy was specified in the pro-
tocol (Fig. 1 in the Supplementary Appendix). In
both treatment groups, patients underwent inter-
mittent hemodialysis when they were hemodynam-
ically stable (defined as having a SOFA cardiovas-
cular score of 0 to 2) and underwent continuous
venovenous hemodiafiltration or sustained low-
efficiency dialysis when they were hemodynami-
cally unstable (defined as having a SOFA cardiovas-
cular score of 3 to 4). The selection of continuous
venovenous hemodiafiltration or sustained low-
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efficiency dialysis was determined by site-specific
practice. Patients were transitioned from intermit-
tent hemodialysis to continuous venovenous hemo-
diafiltration or sustained low-efficiency dialysis if
they became hemodynamically unstable and from
continuous venovenous hemodiafiltration or sus-
tained low-efficiency dialysis to intermittent he-
modialysis when the hemodynamic instability
resolved (i.e., when the SOFA cardiovascular score
was 0 to 1 for >24 hours).

In the group receiving the intensive-therapy
strategy, intermittent hemodialysis and sustained
low-efficiency dialysis were provided six times per
week (every day except Sunday), and continuous
venovenous hemodiafiltration was prescribed to
provide a flow rate of the total effluent (the sum
of the dialysate and ultrafiltrate) of 35 ml per
kilogram of body weight per hour, based on the
weight before the onset of acute illness. In the
less-intensive strategy, intermittent hemodialysis
and sustained low-efficiency dialysis were provided
three times per week (on alternate days except
Sunday), and continuous venovenous hemodia-
filtration was prescribed to provide a total efflu-
ent flow rate of 20 ml per kilogram per hour. In
both treatment groups, intermittent hemodialysis
and sustained low-efficiency hemodialysis were
prescribed to provide a single-pool Kt/V, .. (@ di-
mensionless index of the dialysis dose in which
K is the urea clearance of the dialyzer, t is the
duration of dialysis, and V is the volume of dis-
tribution of urea) of 1.2 to 1.4 per session. If
required for the management of severe volume
overload, patients receiving intermittent therapy
could undergo isolated ultrafiltration on days
when dialysis was not performed. Cellulose triac-
etate or synthetic membranes were used for all
treatments (Table 2 in the Supplementary Appen-
dix). Adherence to the treatment assignment and
to the prescribed and delivered doses of renal-
replacement therapy was regularly monitored at
the coordinating center.

The assigned renal-replacement therapy was
provided for up to 28 days after randomization or
until recovery of kidney function, discharge from
acute care, withdrawal of life-sustaining therapy,
or death. Recovery of kidney function was defined
on the basis of creatinine clearance, measured
with the use of 6-hour timed urine collections when
urine flow increased to more than 30 ml per hour
or when there was a spontaneous fall in the serum
creatinine level. Renal-replacement therapy was
continued if the creatinine clearance was less than
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12 ml per minute (0.2 ml per second) and was
discontinued if the creatinine clearance was great-
er than 20 ml per minute (0.3 ml per second); deci-
sions regarding discontinuation of renal-replace-
ment therapy for intermediate values of creatinine
clearance were left to the clinician. Further man-
agement of renal-replacement therapy in patients
with persistent kidney failure 28 days after ran-
domization, or in those who were discharged from
acute care before day 28, was at the discretion of
the treating physicians.

END POINTS
The primary study end point was death from any
cause by day 60. Secondary end points included
in-hospital death and recovery of kidney function
(defined as lack of need for continuing dialysis
support, with a minimum creatinine clearance of
20 ml per minute). Recovery of kidney function
was considered to be complete if the serum cre-
atinine level was no more than 0.5 mg per decili-
ter (44 pmol per liter) above the baseline value or
partial if the level remained at more than 0.5 mg
per deciliter above the baseline value but the pa-
tient was not dialysis-dependent. Additional end
points were the duration of renal-replacement ther-
apy, lengths of stay in the intensive care unit (ICU)
and hospital, days free of nonrenal organ failure
(defined as days on which individual SOFA organ-
system scores were 0 to 2), and whether the pa-
tients returned to their previous living situation
(“home”), and did not require dialysis, by day 60.

STATISTICAL ANALYSIS
We calculated that 1164 patients would need to be
enrolled to detect a decrease in the 60-day rate of
death from any cause from 55% (with less-inten-
sive therapy) to 45% (with intensive therapy), with
a statistical power of 90% and a two-sided signifi-
cance level of 0.05, assuming a 10% loss to follow-
up. Two interim efficacy analyses were performed
according to the method of Haybittle and Peto,
after 600 and 900 patients had been enrolled and
had been followed for 60 days.?? All analyses were
performed according to the intention-to-treat prin-
ciple. The 60-day mortality data were analyzed with
the use of conditional logistic regression and ad-
justed according to the randomization strata (the
SOFA cardiovascular score, presence or absence of
oliguria, and site). Patients who were lost to fol-
low-up were counted as alive in the analysis. Cumu-
lative mortality rates were calculated according to
the Kaplan—Meier method. Prespecified subgroup
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analyses were performed according to the presence
or absence of oliguria and sepsis, the SOFA cardio-
vascular score, and sex. Subgroup effects were as-
sessed by testing the interaction of treatment group
and subgroup strata, with P values of less than
0.10 considered to indicate statistical significance.
Complete and partial recovery of kidney function
was analyzed with the use of the weighted least-
squares method; analysis of variance was used for
analysis of all other secondary end points. P values
for all outcomes were two-sided; values less than
0.05 were considered to indicate statistical sig-
nificance. Statistical analyses were performed
with the use of SAS software, version 9.1 (SAS
Institute).

RESULTS

ENROLLMENT
Between November 3, 2003, and July 2, 2007, 4340
patients were screened for eligibility; 1124 patients
were randomly assigned to a treatment group: 563
to the intensive treatment strategy and 561 to the
less-intensive treatment strategy (Fig. 1). Reasons
for nonenrollment have been described previous-
ly.2* A total of 29 patients (18 receiving intensive
therapy and 11 receiving less-intensive therapy)
were withdrawn from study therapy after random-
ization. Vital status 60 days after randomization
was ascertained for all but five patients (two re-
ceiving intensive therapy and three receiving less-
intensive therapy).

BASELINE CHARACTERISTICS
As shown in Table 1, baseline characteristics were
similar between the two groups. The mean (+SD)
age was 59.7+15.3 years; 70.6% were male; 74.4%
were white, 15.9% were black, and 6.9% were His-
panic; race or ethnic group was self-reported. The
serum creatinine level before onset of acute kid-
ney injury was 1.1+0.4 mg per deciliter (97£35 pmol
per liter); 88.2% of patients had an estimated
glomerular filtration rate of at least 45 ml per
minute per 1.73 m?, and no patients had an esti-
mated glomerular filtration rate of less than 30 ml
per minute per 1.73 m2. Acute kidney injury was
attributed to ischemia in 80.9% of patients, neph-
rotoxins in 28.0%, and sepsis in 54.9%; 59.0% of’
patients were considered to have multifactorial
acute kidney injury. The mean Charlson comorbid-
ity index score was 4.3+2.9, the mean Acute Phys-
iology and Chronic Health Evaluation (APACHE)
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II score was 26.4+7.3, and the mean overall SOFA
score was 14.5+3.7. (Possible scores range from
0 to 6 for each of 17 indicators on the Charlson
index, 0 to 71 for APACHE II, and 0 to 4 for each
of six organ systems for SOFA; higher scores indi-
cate more severe organ dysfunction.) In all, 80.6%
of patients required mechanical ventilation, 63.0%
had sepsis, and 78.0% had oliguria. As permitted
in the protocol, 64.5% of patients had received
one session of intermittent hemodialysis or sus-
tained low-efficiency dialysis or continuous renal-
replacement therapy for up to 24 hours before ran-
domization.

MANAGEMENT OF STUDY THERAPY
Patients receiving intensive renal-replacement ther-
apy required 13.4+9.6 days of therapy, and those
receiving less-intensive therapy required 12.8+9.3
days of therapy. Table 2 lists the details of therapy
in the two groups.

Intermittent Hemodialysis and Sustained
Low-Efficiency Dialysis

The intensive-therapy group underwent an aver-
age of 5.4 sessions (95% confidence interval [CI],
5.3 to 5.6) of intermittent hemodialysis or sus-
tained low-efficiency dialysis per week, with an
average interval between treatments (excluding
Sundays) of 1.1 days (95% CI, 1.1 to 1.2), as com-
pared with patients receiving less-intensive ther-
apy, who underwent 3.0 sessions (95% CI, 2.9 to
3.1) of intermittent hemodialysis or sustained
low-efticiency dialysis treatments per week, with
an average interval between treatments of 2.0 days
(95% CI, 2.0 to 2.1) (P<0.001). Missed sessions
(of any method of therapy) occurred on only 1.9%
of study days among patients receiving intensive
therapy and on 1.1% of study days among those
receiving less-intensive therapy; extra sessions
(beyond those specified in the protocol) of inter-
mittent hemodialysis or sustained low-efficiency
dialysis were provided only on 0.5% of study days
of intensive therapy and on 1.5% of study days of
less-intensive therapy, with medical indications
(hyperkalemia, metabolic acidosis, inadequate
metabolic control, and pericarditis) accounting
for 14.3% and 27.3% of the extra treatments, re-
spectively (Table 3 in the Supplementary Appen-
dix). The overall mean delivered Kt/V,,, per ses-
sion after the first intermittent-hemodialysis
session was 1.32+0.36 (Fig. 2 in the Supplemen-
tary Appendix).
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4340 Patients

were screened

3216 Were excluded
1595 Failed to meet one or more inclusion
criterion
1034 Met all inclusion criteria and at least
one exclusion criterion
587 Were unable or declined to provide
consent

1124 Underwen

t randomization

563 Were assigned to intensive

561 Were assigned to less-

acute care hospital

4 Underwent randomization in
error

3 Had other reasons

therapy intensive therapy
18 Were withdrawn from therapy
4 Patients withdrew consent
2 Surrogates withdrew consent
3 Were withdrawn by physician
2 Were transferred to another  |<—— e

11 Were withdrawn from therapy

3 Patients withdrew consent

3 Surrogates withdrew consent

1 Was withdrawn by physician

1 Was transferred to another
acute care hospital

1 Underwent randomization in
error

2 Had other reasons

563 Were included in per-protocol
analysis of 60-day mortality
(2 were lost to follow-up for
mortality; analyzed as alive)

561 Were included in per-protocol
analysis of 60-day mortality
(3 were lost to follow-up for
mortality; analyzed as alive)

Figure 1. Enrollment, Randomization, and Follow-up of Study Patients.

Continuous Venovenous Hemodiafiltration

The mean prescribed dose of continuous venove-
nous hemodiafiltration was 36.2+3.8 ml per ki-
logram per hour with intensive therapy and
21.5+4.3 ml per kilogram per hour with less-inten-
sive therapy (P<0.001) (Fig. 3A in the Supplemen-
tary Appendix), with corresponding mean delivered
doses of 35.8+6.4 ml per kilogram per hour and
22.0+6.1 ml per kilogram per hour, respectively
(P<0.001) (Fig. 3B in the Supplementary Appendix).
The most common reason for a decreased dose of
continuous venovenous hemodiafiltration in the
intensive-therapy group was prescription error (oc-
curring on 1.6% of treatment days); the most com-
mon reasons for an increased dose among patients
receiving less-intensive therapy were prescription
error (on 3.6% of treatment days) and attempt-
ing to make up for time off of therapy (on 1.2%
of treatment days) (Table 4 in the Supplementary
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Appendix). The median daily duration of con-
tinuous venovenous hemodiafiltration was 20.9
hours for the intensive strategy and 21.0 hours
for the less-intensive strategy.

PRIMARY OUTCOMES

In all, 302 of the 563 patients (53.6%) in the in-
tensive-therapy group died within 60 days after
randomization, as compared with 289 of the 561
patients (51.5%) undergoing less-intensive thera-
py (odds ratio, 1.09; 95% CI, 0.86 to 1.40; P=0.47)
(Table 3 and Fig. 2A). Mortality was similar be-
tween the two treatment groups with regard to
all prespecified subgroups (Fig. 2B).

SECONDARY OUTCOMES

In-hospital mortality through day 60 was 51.2%
among patients undergoing intensive therapy and
48.0% among those undergoing less-intensive

056/NEJM0a0802639
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Table 1. Baseline Characteristics of the Study Patients.*
Intensive Strategy Less-Intensive Strategy
Characteristic (N=563) (N=561) P Valuey
Age —yr 59.6+15.3 59.7£15.2 0.97
Sex — no./no. with data (%)
Male 409/563 (72.6) 384/560 (683.6) 0.13
Female 154/563 (27.4) 176/560 (31.4)
Race or ethnic group — no./no. with data (%)
White 415/563 (73.7) 420/560 (75.0) 0.43
Black 91/563 (16.2) 88/560 (15.7)
Hispanic 44/563 (7.8) 33/560 (5.9)
Other 13/563 (2.3) 19/560 (3.4)
Renal function before onset of acute kidney injury
Serum creatinine — mg/d| 1.1+0.4 1.1+0.3 0.71
Estimated GFR — no./no. with data (%)
=60 ml/min/1.73 m? 342/524 (65.3) 344/523 (65.8) 0.84
45-59 ml/min/1.73 m? 122/524 (23.3) 115/523 (22.0)
30-44 ml/min/1.73 m> 60/524 (11.5) 64/523 (12.2)
Cause of acute kidney injury — no./no. with data (%)
Ischemia 440/536 (82.1) 431/541 (79.7) 031
Nephrotoxins 143/514 (27.8) 143/509 (28.1) 0.92
Sepsis 300/531 (56.5) 279/524 (53.2) 0.29
Multifactorial causes 317/534 (59.4) 309/527 (58.6) 0.81
Primary treating service — no./no. with data (%)
Medical 272/563 (48.3) 259/560 (46.2) 0.76
Surgical 229/563 (40.7) 234/560 (41.8)
Other 62/563 (11.0) 67/560 (12.0)
Weight before acute illness — kg 84.1+19.6 84.1+18.9 >0.99
Length of stay before randomization — days
Hospital 11.1+13.6 10.3+14.7 0.36
ICU 6.9+10.1 6.4+7.8 0.38
Charlson comorbidity index 43+3.0 4.2+2.8 0.66
Mechanical ventilation — no./no. with data (%) 453/563 (80.5) 452/560 (80.7) 0.91
Sepsis — no. (%) 358 (63.6) 350 (62.4) 0.68
APACHE Il score 26.6+7.2 26.1+7.5 0.29
SOFA organ-system score
Respiratory 2.4+1.1 2.3+1.1 0.10
Coagulation 1.4£1.2 1.3£1.2 0.49
Liver 1.5+1.3 1.4+1.3 0.29
Cardiovascular 2.3x1.7 2.2+1.7 0.23
Central nervous system 2.5+1.4 2.5+1.4 0.69
Total 14.7+3.7 14.4+3.7 0.21
Cleveland Clinic ICU Acute Renal Failure score 12.3£3.3 12.0+3.4 0.11
BUN at initiation of RRT — mg/d| 65.9+30.2 66.7+35.2 0.68
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Table 1. (Continued.)

Characteristic
Cardiovascular SOFA score — no. (%)
0-2
3-4
Oliguria— no. (%)
No
Yes

One session of IHD or SLED or <24 hr of continuous RRT
before randomization — no./no. with data (%)

Intensive Strategy Less-Intensive Strategy
(N=563) (N=561) P Valuey
255 (45.3) 254 (45.3) >0.99
308 (54.7) 307 (54.7)
124 (22.0) 123 (21.9) 0.97
439 (78.0) 438 (78.1)
358/563 (63.6) 366/560 (65.4) 0.54

* Plus—minus values are means +SD. Percentages are based on the number of patients without missing data. Possible
scores range from 0 to 6 for each of 17 indicators on the Charlson comorbidity index, 0 to 71 for the Acute Physiology
and Chronic Health Evaluation (APACHE) Il, and 0 to 4 for each of six organ systems for Sequential Organ Failure
Assessment (SOFA) (with the renal-system score not reported separately but included in the calculation of the total
SOFA score); higher scores indicate more severe organ dysfunction. The Cleveland Clinic Intensive Care Unit (ICU)
Acute Renal Failure score can range from 1 to 20, with higher scores predictive of increased risk of death. To convert
values for creatinine to micromoles per liter, multiply by 88.4. To convert values for blood urea nitrogen (BUN) to milli-
moles per liter, multiply by 0.357. GFR denotes glomerular filtration rate, IHD intermittent hemodialysis, RRT renal-
replacement therapy, and SLED sustained low-efficiency dialysis.

7 P values were calculated with the use of the chi-square test for categorical variables and the t-test for continuous

variables.
i Race or ethnic group was self-reported.

therapy (P=0.27) (Table 3). A total of 85 of 553
patients (15.4%) in the intensive-therapy group
had complete recovery of kidney function by day
28, and 49 patients (8.9%) had partial recovery, as
compared with 102 (18.4%) and 50 (9.0%) of the
555 patients, respectively, receiving less-intensive
therapy (P=0.24). A total of 88 of 560 patients
(15.7%) undergoing intensive therapy were dis-
charged to their previous living situation (“home”),
without requiring dialysis, by day 60, as compared
with 92 of 561 patients (16.4%) undergoing less-
intensive therapy (P=0.75). There were no signifi-
cant differences in the numbers of days free of
organ failure in the two groups.

COMPLICATIONS OF THERAPY
Across all methods of renal-replacement therapy,
55 of the 563 patients (9.8%) receiving intensive
therapy had hypotension that required discontinu-
ation of at least one treatment (vs. 49 of 561 pa-
tients [8.7%] receiving less-intensive therapy,
P=0.55), 81 (14.4%) required initiation of vaso-
pressor support (vs. 56 patients [10.0%], P=0.02),
and 212 (37.7%) required other interventions be-
cause of treatment-associated hypotension (vs. 168
patients [30.0%], P=0.006) (Table 4). However, hy-
potension was reported as a complication of ther-
apy during 18.5% of intermittent hemodialysis
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sessions in the intensive strategy as compared
with 18.9% in the less-intensive strategy. Mean ar-
terial blood pressure declined from 86+15 mm Hg
before dialysis to a lowest value of 75+16 mm Hg
during dialysis among patients receiving intensive
therapy, as compared with 86+16 mm Hg to 74+16
mm Hg among those receiving less-intensive ther-
apy (mean decline, 1112 mm Hg vs. 12+13
mm Hg; P=0.92) (Table 6 in the Supplementary
Appendix). Hypophosphatemia developed in 17.6%
of patients in the intensive-therapy group as com-
pared with 10.9% undergoing less-intensive ther-
apy (P=0.001), and hypokalemia developed in 7.5%
and 4.5%, respectively (P=0.03). There were no
significant differences between the two groups
in the numbers of patients with reported serious
adverse events, catheter-related complications, or
other treatment-related complications (Table 4).

DISCUSSION

In this large, multicenter, randomized, controlled
trial of the intensity of renal-replacement therapy
in critically ill patients with acute kidney injury, we
found no added benefit from an intensive (high-
dose) treatment strategy as compared with the
more conventional, less-intensive treatment strat-
egy. There were no significant differences in mor-

10.1056/NEJM0a0802639
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Table 2. Management of Renal-Replacement Therapy (RRT) during the Therapy Phase.*
Intensive Strategy Less-Intensive Strategy
Characteristic of Therapy (N=563) (N=561)
Any RRT
Days of therapy — no./patient 13.4+9.6 12.8+9.3
Treatments provided — no. 6681 4921
Intermittent hemodialysis
Treatments provided — no. 3241 1836
Treatments/patient — no. 9.3x7.1 5.5+3.7
Treatments/wk — no. (95% CI)+ 5.4 (5.2-5.6) 3.0 (2.8-3.1)
Days between treatments — no. (95% Cl) 1.1(1.1-1.2) 2.1 (2.0-2.2)
Duration of session — hr
Median 4.0 4.0
Interquartile range 3.3-45 3.5-4.5
Blood flow — ml/min 360+59 360+62
Dialysate flow — ml/min 730+123 710+135
Net ultrafiltration — liters/treatment 1.7£1.2 2.1+1.4
Anticoagulant — no. of treatments (%)
None 2148 (66.3) 1184 (64.5)
Heparin 949 (29.3) 585 (31.9)
Other 144 (4.4) 67 (3.6)
Blood urea nitrogen — mg/dI
Predialysis 45+25 70+33
Postdialysis 16+12 25+15
Kt/Vurea
First treatment 1.13+0.31 1.13+0.32
Subsequent treatments 1.32+0.37 1.31+0.33
Average value 1.2 — no./no. with data (%) 199/297 (67.0) 184/266 (69.2)
Sustained low-efficiency dialysis::
No. of treatments provided 222 77
No. of treatments/patient 6.2+4.7 2.9+2.7
Duration of sessions — hr
Median 8.1 8.3
Interquartile range 6.8-12.0 7.0-12.0
Blood flow — ml/min 220+45 210+40
Dialysate flow — ml/min 250121 240+102
Net ultrafiltration — liters/treatment 1.3+1.4 1.4+1.6
Anticoagulant — no. (%)
None 131 (58.7) 53 (68.8)
Heparin 72 (32.3) 23 (29.9)
Other 20 (9.0) 1(1.3)
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Table 2. (Continued.)

Characteristic of Therapy
Continuous venovenous hemodiafiltration
Treatments provided — no.
Days of therapy — no./patient
Daily duration of therapy/patient — hr
Median
Interquartile range
Blood flow — ml/min
Dialysate flow — ml/hr
Replacement flow — ml/hr
Net ultrafiltration — ml/hr
24-hr effluent volume — liters
Effluent flow — ml/kg/hr
Prescribed
Delivered
Mean daily BUN — mg/dl
Anticoagulant — no. of treatments (%)
None
Heparin
Citrate
Other
Percent of prescribed dose of therapy delivered
Isolated ultrafiltration
No. of treatments

Net ultrafiltration — liters/treatment

Intensive Strategy Less-Intensive Strategy

(N=563) (N=561)
3178 2789
7.8+6.4 7.3+5.9
20.9 21.0
13.0-23.7 13.0-24.0
150433 14040
1410+346 8204250
1390+316 830+249

130135 130189
49.6+22.4 30.5+14.3

36.2+3.8 21.5+43
35.8+6.4 22.06.1
33:18 47+23
1736 (54.6) 1666 (59.7)
645 (20.3) 530 (19.0)
649 (20.4) 495 (17.7)
148 (4.7) 98 (3.5)
89+39 95435
40 219
2113 2.7£1.0

Plus—minus values are means +SD. The therapy phase was defined as the time of randomization through the time of

discontinuation of study therapy. For continuous venovenous hemodiafiltration, each day of therapy was counted as a
treatment. Kt/V e, is a dimensionless index of the dialysis dose in which K is the urea clearance of the dialyzer, t is the
duration of dialysis, and V is the volume of distribution of urea. To convert values for blood urea nitrogen (BUN) to
millimoles per liter, multiply by 0.357. CI denotes confidence interval.

calculated as Poisson rates.

- For intermittent hemodialysis, the number of treatments per week and the number of days between treatments were

- For sustained low-efficiency dialysis, the number of treatments per week and the number of days between treatments

were not calculated because the number of treatments provided was too small to be meaningful.

tality, rate of recovery of kidney function, duration
of renal-replacement therapy, or evolution of non-
renal organ failure. Hypotension occurred at a sim-
ilar rate during intermittent-hemodialysis sessions
in the two groups, albeit in a greater percentage of
patients in the intensive-therapy group. Hypophos-
phatemia and hypokalemia were more frequent
complications in the intensive-therapy group.
Our results contrast with those from three
smaller, single-center trials that showed improved
survival with more-intensive renal-replacement
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therapy in patients with acute kidney injury.te-18
Among patients whose care involved hemodialy-
sis, Schiffl et al.'” reported a reduction in 28-day
mortality from 46% with alternate-day dialysis to
28% with daily dialysis; however, the delivered di-
alysis dose per session was substantially lower
than that used in the present study. Ronco et al.1°
observed a reduction in mortality from 59% to
43% when ultrafiltration was increased from 20
to 35 ml per kilogram per hour during continuous
venovenous hemofiltration but observed no further

10.1056/NEJM0a0802639
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Table 3. Primary and Secondary Outcomes.*

Intensive Strategy

Outcome (N=563)

Death from any cause by day 60 — 302 (53.6)
no. (%)

In-hospital death — no. (%) 288 (51.2)

Discharged to home, off dialysis, by
day 60 — no./no. with data (%)

88/560 (15.7)

Recovery of kidney function by day 28
— no./no. with data (%)

Complete 85/553 (15.4)
Partial 49/553 (8.9)
None 419/553 (75.8)
RRT-free days through day 28 6.0+0.4
Hospital-free days through day 60 11.0+0.7
ICU-free days through day 60 18.7+0.9
Organ-failure—free days through day
14, according to SOFA organ-
system score
Cardiovascular 7.4£0.2
Respiratory 7.1+0.2
Liver 8.8+0.2
Coagulation 9.0£0.2
Central nervous system 7.1+0.2

Less-Intensive  Odds Ratio or Mean

Strategy Difference (95%

(N=561) ) P Value
289 (51.5) 1.09 (0.86 to 1.40) 0.47
269 (48.0) 1.15 (0.90 to 1.47) 0.27

92/561 (16.4)  0.95 (0.68 to 1.32) 0.75
0.03 (0.02 to 0.07) 0.24
102/555 (18.4)
50/555 (9.0)
403/555 (72.6)

7.040.4 -0.9 (-1.9t00.1) 0.07
13.0+0.7 -1.9 (-3.9t0 0.0) 0.053
20.1+0.9 -1.5 (-4.0to 1.0) 0.25

7.4+0.2 0.0 (0.6 to 0.5) 0.94

7.2+0.2 -0.1 (-0.8t0 0.5) 0.71

8.7+0.2 0.0 (-0.6t0 0.7) 0.91

9.1+0.2 0.0 (-0.6 t0 0.6) 0.95

7.240.2 -0.1 (-0.7 t0 0.6) 0.89

3

replacement therapy.

Plus—minus values are adjusted means +SE. Cl denotes confidence interval, ICU intensive care unit, and RRT renal-

Odds ratios are reported for death by 60 days, in-hospital death, and discharge. Mean differences are reported for all
other variables. The odds ratios were calculated with the use of conditional logistic-regression analysis adjusted for site
and randomization strata: the Sequential Organ Failure Assessment (SOFA) cardiovascular organ-system score and the
presence or absence of oliguria. Except for recovery of kidney function, the mean difference between the group receiv-
ing intensive therapy and that receiving less-intensive therapy was calculated with the use of analysis of variance adjust-
ed for the following prespecified baseline covariates: age, sex, SOFA cardiovascular score, and presence or absence of

oliguria; the reported mean is a least-squares mean.

: Recovery of kidney function was coded as 2 for complete recovery, 1 for partial recovery, and 0 for no recovery; the

mean difference between the group receiving intensive therapy and that receiving less-intensive therapy was calculated
with the use of weighted least-squares analysis adjusted for the SOFA cardiovascular score and the presence or ab-

sence of oliguria.

benefit with an increase to 45 ml per kilogram per
hour. Similarly, Saudan et al.*® reported a reduc-
tion in mortality from 61% to 41% with the addi-
tion of dialysate at a dose of 18 ml per kilogram
per hour to continuous venovenous hemofiltration
at an ultrafiltration rate of approximately 25 ml
per kilogram per hour.

In contrast, our results are similar to those re-
ported by Bouman et al.,** who observed no im-
provement in survival with early high-volume
continuous venovenous hemofiltration (48 ml per
kilogram per hour) as compared with either early
or late low-volume continuous venovenous hemo-
filtration (19 to 20 ml per kilogram per hour).

N ENGL J MED

More recently, Tolwani et al.° reported no signifi-
cant difference in survival associated with con-
tinuous venovenous hemodiafiltration at 20 and
35 ml per kilogram per hour.

Our less-intensive strategy of management of
renal-replacement therapy was similar to usual-
care practices, as assessed by means of a survey
before initiation of the study.?> Although our de-
livered hemodialysis dose was substantially higher
than that in the study by Schiffl et al.,*” we did
achieve a mean difference of 2.4 treatments per
week between the two study groups and a differ-
ence in the mean predialysis blood urea nitrogen
level of 25 mg per deciliter (8.9 mmol per liter).
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Figure 2. Kaplan—Meier Plot of Cumulative Probabilities of Death (Panel A) and Odds Ratios for Death at 60 Days, According to Baseline

Panel A shows the cumulative probability of death from any cause in the entire study cohort. Panel B shows odds ratios (and 95% confi-
dence intervals [Cl]) for death from any cause by 60 days in the group receiving the intensive treatment strategy as compared with the
group receiving the less-intensive treatment strategy, as well as P values for the interaction between the treatment group and baseline
characteristics. P values were calculated with the use of the Wald statistic. Higher Sequential Organ Failure Assessment (SOFA) scores
indicate more severe organ dysfunction. There was no significant interaction between treatment and subgroup variables, as defined ac-
cording to the prespecified threshold level of significance for interaction (P=0.10). Sex was not recorded for one patient receiving less-

The doses of continuous venovenous hemodiafil-
tration in the two groups were similar to those
in other studies,*®182° and the daily duration of
therapy was greater than that reported in an ob-

N ENGL J MED

Downloaded from www.nejm.org on November 16, 2009 . For personal use only. No other uses without permission.

servational series.2° Our predominant use of predi-
lution replacement fluids resulted in a reduction
of approximately 8 to 14% in effective clearance,
as compared with postdilution infusion, although
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Table 4. Summary of Complications Associated with Study Therapy.*
Intensive Strategy  Less-Intensive Strategy
Event (N=563) (N=561) P Value
no. of patients (%)
Any serious adverse event 287 (51.0) 280 (49.9) 0.72
Not related to study therapy 207 (72.1) 202 (72.1)
Possibly or probably related to study therapy 48 (16.7) 1(18.2)
Definitely related to study therapy 2 (11.1) 27 (9.6)
Nonfatal onlyz: 137 (47.7) 128 (45.7)
Catheter-related complications
Insertion-related complications 28 (5.0) 31 (5.5) 0.68
Late catheter-related complications 48 (8.5) 38 (6.8) 0.27
Hypotension
Requiring vasopressor support 81 (14.4) 56 (10.0) 0.02
Requiring discontinuation of treatment 55 (9.8) 49 (8.7) 0.55
Requiring other intervention 212 (37.7) 168 (29.9) 0.006
Other treatment-related complications
Any nonhypotensive complication 216 (38.4) 194 (34.6) 0.19
Electrolyte disturbance 144 (2 6) 116 (20.7) 0.05
Hypokalemia 2 (7.5) 25 (4.5) 0.03
Hypophosphatemia (1 6) 61 (10.9) 0.001
Other 9 (17.6) 85 (15.2) 0.27

* Table 5 in the Supplementary Appendix provides a detailed tabulation of complications associated with study therapy.

T Patients with multiple serious adverse events were categorized in a hierarchical fashion and are reported as definitely
related if any event was considered definitely related, possibly or probably related if no events were considered definite-
ly related and at least one event was considered possibly or probably related, and not related if all events were consid-

ered not related to study therapy. Percentages are based o

n the number of patients with serious adverse events.

I Nonfatal serious adverse events were defined as those other than death (i.e., an adverse event identified by the investi-
gator as life-threatening, causing disability or incapacity, or prolonging hospitalization or any other event believed to be

serious by the investigator).

predilution fluid administration is associated with
improved circuit patency and no net overall re-
duction in solute clearance.?”

In our study, intensity of therapy was defined
in terms of removal of small solutes (e.g., urea),
and did not take into consideration issues of vol-
ume management. Patients receiving intermittent
therapy were permitted to have additional isolated
ultrafiltration if required for volume management.
However, only 219 such treatment sessions were
required with less-intensive therapy; this was fewer
than 0.5 treatment per patient. There was no dif-
ference in net ultrafiltration between the two
groups during continuous venovenous hemodiafil-
tration. Net weekly volume removal was greater
in the intensive-therapy group, by approximately
2 to 3 liters. In contrast to the experience of
Schiffl et al.,*” the frequency of hypotension dur-
ing intermittent-hemodialysis sessions was sim-
ilar in the two groups, although, because they
had more such sessions and more exposure to

dialysis, a greater proportion of patients in the
intensive-therapy group had at least one treat-
ment-associated episode of hypotension.

Our study has several limitations. The timing
of the initiation of renal-replacement therapy was
not strictly standardized in the study protocol, al-
though we excluded patients in whom the initia-
tion of therapy was excessively delayed. No consen-
sus currently exists regarding the optimal timing
of initiation of renal support in critically ill pa-
tients,>2® and wide variation was observed in
practice among and within participating institu-
tions. Men were overrepresented in the study
population, in part because 25% of patients were
enrolled at VA medical centers, where the patient
population is predominantly male. However, epi-
demiologic studies have shown an increased in-
cidence of acute kidney injury in men as compared
with women; men constitute 59 to 64% of cases
of severe acute kidney injury among critically ill
patients.2°
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The exclusion of patients with advanced chron-
ic kidney disease may also limit the generalizabil-
ity of the study results. Although patients with
chronic kidney disease in whom acute kidney in-
jury develops constitute a substantial proportion
of those with acute kidney injury requiring renal-
replacement therapy, we excluded such patients
because epidemiologic studies suggest that they
have a distinct natural history, characterized by
lower mortality and less frequent recovery of kid-
ney function as compared with patients without
underlying chronic kidney disease.?> Given their
exclusion from our study, it may be inappropriate
to extrapolate our results to persons in whom
acute kidney injury develops in the context of
moderate-to-severe chronic kidney disease.

In summary, our study indicates that a strate-
gy of intensive renal support in critically ill pa-
tients with acute kidney injury does not decrease
mortality, accelerate recovery of kidney function,
or alter the rate of nonrenal organ failure as com-
pared with a less-intensive regimen similar to

larly for intermittent hemodialysis.?® However, our
results suggest that outcomes are not improved
by providing intermittent hemodialysis to hemo-
dynamically stable patients more frequently than
three times per week, with a target achieved Kt/
V... value of 1.2 to 1.4 per treatment, or providing

urea

continuous renal-replacement therapy to hemody-
namically unstable patients at an effluent flow
rate of more than 20 ml per kilogram per hour.
Other treatment strategies will be necessary to
decrease mortality in critically ill patients with
acute kidney injury.
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usual-care practices.?> These results do not imply
that the dose of renal-replacement therapy is not
important in critically ill patients with acute kid-
ney injury. The less-intensive treatment strategy in
our study provided a dose of renal-replacement
therapy that exceeded that in usual care, particu-
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