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Background: Soluble inflammatory mediators are known to exacerbate sepsis-induced acute kidney injury

(AKI). Continuous renal replacement therapy (CRRT) has been suggested to play a part in immunomodulation

by cytokine removal. However, the effect of continuous venovenous hemodiafiltration (CVVHDF) dose on

inflammatory cytokine removal and its influence on patient outcomes are not yet clear.

Study Design: Prospective, randomized, controlled, open-label trial.

Setting & Participants: Septic patients with AKI receiving CVVHDF for AKI.

Intervention: Conventional (40 mL/kg/h) and high (80 mL/kg/h) doses of CVVHDF for the duration of CRRT.

Outcomes: Patient and kidney survival at 28 and 90 days, circulating cytokine levels.

Results: 212 patients were randomly assigned into 2 groups. Mean age was 62.1 years, and 138 (65.1%)

were men. Mean intervention durations were 5.4 and 6.2 days for the conventional- and high-dose groups,

respectively. There were no differences in 28-day mortality (HR, 1.02; 95% CI, 0.73-1.43; P5 0.9) or 28-

day kidney survival (HR, 0.96; 95% CI, 0.48-1.93; P 5 0.9) between groups. High-dose CVVHDF, but not

the conventional dose, significantly reduced interleukin 6 (IL-6), IL-8, IL-1b, and IL-10 levels. There were no

differences in the development of electrolyte disturbances between the conventional- and high-dose groups.

Limitations: Small sample size. Only the predilution CVVHDF method was used and initiation criteria were

not controlled.

Conclusions: High CVVHDF dose did not improve patient outcomes despite its significant influence on in-

flammatory cytokine removal. CRRT-induced immunomodulation may not be sufficient to influence clinical end

points.
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Acute kidney injury (AKI) is a common and
serious complication in critically ill patients.1,2

The presence of AKI has a poor prognostic impact on
morbidity and mortality in these patients, increasing
the mortality rate to approximately 60% to 80%.3-5

Sepsis is the most common cause of AKI, especially
in patients admitted to the intensive care unit (ICU),
accounting for .50% of AKI cases.6,7
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Sepsis-induced AKI has been known to occur as a
result of acute tubular necrosis due to decreased
kidney perfusion caused by septic shock.8,9 However,
recent investigations have revealed that in addition to
ischemic acute tubular necrosis, circulating pro- and
anti-inflammatory cytokines, such as tumor necrosis
factor a, interleukin 6 (IL-6), IL-8, and IL-10, play a
key role in the pathogenesis of sepsis-induced AKI
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through the recruitment of inflammatory cells and
induction of apoptosis in tubular cells.10-12

Continuous renal replacement therapy (CRRT) is
an established core treatment modality for patients
with AKI in ICUs. In addition to its advantage in
maintaining hemodynamic stability through slow
continuous ultrafiltration, current studies have pro-
posed a role in immunomodulation by efficiently
removing proinflammatory cytokines of medium
molecular size through convection or adsorption.13-17

Animal experiments have shown that hemodynamic
recovery is most evident with high-volume convec-
tive treatments through increased removal of soluble
inflammatory mediators.18-21

Because higher CRRT doses are expected to achieve
more effective cytokine removal, an increase in CRRT
dose may benefit clinical outcomes in patients with
sepsis-induced AKI. Therefore, based on this concept,
several clinical trials have been performed to confirm
better survival rates at higher CRRT doses.22-26

However, the effect of CRRT dose on immunomodu-
lation and its clinical impact are not yet clear.
By conducting a prospective randomized controlled

investigation, this study aimed to examine the effect
of high CRRT intensity on inflammatory cytokine
removal in addition to its influence on clinical
outcomes.

METHODS

Study Setting

We conducted a prospective, randomized, controlled, open-label
trial that assessed high and conventional doses of continuous
venovenous hemodiafiltration (CVVHDF) in patients with septic
AKI requiring CRRT support in the medical ICU of 2 large aca-
demic hospitals (Seoul National University Hospital and Sever-
ance Hospital in Yonsei University, Seoul, Korea). The study was
conducted from January 2011 through August 2014. The study
was approved by the institutional review boards of each partici-
pating study site and conducted in accordance with provisions of
the Declaration of Helsinki (institutional review board approval
numbers: Seoul National University Hospital, H1006-096-322;
Severance Hospital at Yonsei University, 4-2010-0440). All pa-
tients were informed about the study and participated voluntarily
after providing written consent.

Study Population

Participants were eligible for enrollment if they were critically
ill adults 20 years or older who had AKI due to sepsis and required
CRRT. Each case of sepsis was defined according to the American
College of Chest Physicians/Society of Critical Care Medicine
consensus conference criteria.27 If a patient had a suspected
infection and coincidentally had 2 consecutive measurements
corresponding to systemic inflammatory response syndrome
criteria (body temperature . 38�C or ,35�C, heart rate .90
beats/min, respiratory rate .20 breaths/min, PaCO2 , 32 mm Hg,
white blood cell count . 12.0 3 103/mL or ,4.0 3 103/mL, or
.10% immature white blood cells), we diagnosed sepsis. Infec-
tion was diagnosed if the causative organisms were confirmed by
culture studies or clinically suspected as follows: (1) white blood
cells in normally sterile fluid, (2) perforated viscus, or (3) obvious
evidence of infection from imaging tests. We included patients
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with AKI at a level greater than the injury stage according to the
RIFLE (risk, injury, failure, loss, end-stage renal disease) criteria,
which was consistent with urine output , 0.5 mL/kg/h over 12
hours or a more than 2-fold increase in serum creatinine level
compared with baseline. Patients older than 80 years; with life
expectancy less than 3 months, terminal cancer, Child-Pugh class
C liver cirrhosis, or history of dialysis; and those who were
pregnant or lactating prior to randomization were excluded. Par-
ticipants were not included in the final analysis if their severe
hypophosphatemia (serum phosphorus , 3.5 mg/dL) or hypoka-
lemia (serum potassium, 3.5 mEq/L) was not corrected within 12
hours after first detection. Those who were hemodynamically
unstable due to CRRT performance and those who withdrew
consent during the study were also excluded.

Treatment Assignments

CVVHDF was initiated at the discretion of the consulting ne-
phrologists without consideration of the patient’s eligibility for this
study. In general, CVVHDF was applied in patients with AKI at a
level greater than the injury stage according to RIFLE criteria with
severe acidemia (pH , 7.2), uncontrolled hyperkalemia (potas-
sium . 6.5 mEq/L), or the presence of significant organ edema.
CVVHDF therapies were delivered by the Gambro Prisma or
Prisma Flex machines using ST100 (surface area, 1.0 m2) filter
sets, which contain a polyacrylonitrile AN 69 membrane (Gam-
bro). For cases that required flow rates . 2,000 mL/h, the Prisma
Flex RRT machine was preferred; in other cases, either the Prisma
or Prisma Flex RRT machine was used. Vascular access for
CVVHDF was obtained by the insertion of a 14F double-lumen
catheter into the femoral or internal jugular vein. Blood flow
rate was initiated at 100 mL/min and gradually increased to
150 mL/min. Effluent volume was set to achieve a clearance of
40 mL/kg/h (conventional-dose group) or 80 mL/kg/h (high-dose
group). The replacement and dialysate volumes were set using the
1:1 balanced-predilution method. Half the calculated total effluent
volume was given as replacement Hemosol (Gambro), and the
other half was administrated as dialysate. Only the Hemosol
replacement fluid was administered intravenously through the
predialyzer replacement pump. The dialysate remained outside the
dialyzer membrane and was not given intravenously. Decisions
regarding circuit anticoagulation (no anticoagulation, heparin, or
nafamostat mesilate) and volume control were made by an expe-
rienced nephrologist. Patients remained on CVVHDF treatment
until death, withdrawal of CVVHDF therapy as part of withdrawal
of life support, achievement of sustained hemodynamic stability,
change to conventional hemodialysis therapy, or kidney function
recovery. The decision to wean patients from CVVHDF was made
by the nephrologists when the patient was transferred from the
ICU to the general ward or had recovered hemodynamic stability
with considerable urine output. If the patient needed transition to
intermittent hemodialysis therapy, the timing and dose of hemo-
dialysis were dependent on the treating nephrologist’s decisions.
Patients eligible for inclusion were informed of the study, and

those who gave written consent were randomly assigned in a 1:1
ratio to 1 of the 2 treatment groups by means of a centralized
computer-generated adaptive randomization scheme at the time of
CRRT initiation. Patients remained on the allocated CVVHDF
prescription until CRRT discontinuation.

Measurements

We collected baseline demographic, clinical, and biochemical
characteristics at the time of randomization. Disease severity was
determined by Sequential Organ Failure Assessment (SOFA) score
and Acute Physiology and Chronic Health Evaluation (APACHE)
II score. At the time of CVVHDF initiation, we evaluated vital
signs and laboratory test results, including those from liver func-
tion tests, blood gas analyses, and lactic acid assessments.
Am J Kidney Dis. 2016;68(4):599-608
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End Points

The primary end point was death from any cause within 28 days
after randomization. Secondary end points included death from
any cause within 90 days after randomization, ICU death, and in-
hospital death; ICU death and in-hospital death were defined as
death during the time in the ICU or hospital stay regardless of time
point. Renal survival at 28 and 90 days was also included as a
secondary end point. Renal survival was represented as the pro-
portion of survivors who did not require RRT at the indicated time
point. Inflammatory cytokine removal rates were assessed
additionally.

Sample Collection

Blood samples were obtained from patients whose legal repre-
sentative allowed sample donation. Blood samples were collected
in nonheparinized tubes from each patient before and 24 hours
after the initiation of CVVHDF from the inlet and outlet ports of
the CRRT filter. Samples were centrifuged at 2,000 g for 10 mi-
nutes at 4�C, divided into aliquots, and stored at 280�C until
assayed.

Cytokine Measurement

Circulating serum cytokines and cytokines from the dialyzed
inlet and outlet were measured. We measured IL-1b, IL-6, IL-8,
and IL-10 with the Bio-Plex Pro system (Bio-Rad Laboratories),
which essentially consists of immunoassays performed on mag-
netic beads. Samples were diluted 1:4 to measure IL-6 and IL-8,
whereas samples were used undiluted to measure IL-1b and IL-
10. The loading dose was 50 mL. Detection limits were 2.13 pg/
mL for IL-1b, 1.23 pg/mL for IL-6, 1.89 pg/mL for IL-8, and
1.83 pg/mL for IL-10. Each sample was run in duplicate, and the
mean cytokine concentration was calculated.

Sample Size Estimation

The sample size was selected on the basis of the following as-
sumptions. Conventional-dose CVVHDF group mortality at 28
days was estimated to be 60%.25 The study was designed to
demonstrate a $ 20% reduction in mortality rate. For this purpose,
we estimated that 88 participants would be required for each arm
Assessed for eligib

Randomized 

Allocated to conventional-dose CVVDHF (n=110)
- Received allocated intervention (n=110)
- Did not receive allocated intervention (n=0)

Lost follow-up (n=3)
- Transferred to other hospital (n=3)

Analyzed (n=107)
- Excluded from analysis (n=0)

Figure 1. Flow diagram of study participants. From January 2011
venovenous hemodiafiltration (CVVHDF) at Seoul National Universi
were initially recruited for this prospective, randomized, controlled,
212 patients were included in the final analysis.
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to detect a significant difference in primary outcome, with a 2-
sided type I error of 0.05 and 80% power. We aimed to enroll at
least 109 patients to allow for a dropout rate of 25%. A total of 212
incident CRRT patients were included in the final analysis (Fig 1).

Statistical Analysis

SAS software, version 9.1.3 (SAS Institute Inc), was used for
statistical analysis. All data are expressed as mean 6 standard
deviation. A t test or Mann-Whitney U test was used for contin-
uous variables, and c2 test was used for categorical variables. A
univariate Cox proportional hazards analysis was performed to
compare survival between the conventional- and high-dose
CVVHDF groups at 28 and 90 days after randomization, as well
as ICU death and in-hospital death. Survival among groups at 28
and 90 days was also compared using Kaplan-Meier analyses and
Wilcoxon tests. To analyze renal survival at 28 and 90 days, c2

test was used. Linear mixed-model analyses were used to assess
differences between time points, as well as between inlet and
outlet data. Analyses of data were made by an independent stat-
istician blinded to treatment assignment. P , 0.05 was considered
statistically significant.

RESULTS

Patient Characteristics

From January 2011 through August 2014, a total of
212 patients were randomly assigned to a treatment
group as follows: 107 to the conventional-dose
CVVHDF group (effluent rate of 40 mL/kg/h) and
105 to the high-dose CRRT group (effluent rate of
80 mL/kg/h). As shown in Table 1, baseline charac-
teristics were similar between the 2 groups. Mean age
was 62.16 13.1 (standard deviation) years, and
65.1% were men. More than one-quarter (27.4%) of
the study sample had diabetes. Sepsis was attributed
to gastrointestinal infections in 47.6% of patients.
Mean APACHE II score was 28.76 7.3, and mean
Excluded (n=857)
- Not meeting inclusion criteria (n=586)
- Declined to participate  (n=230)
- Other reasons (n=41)

ility (n=1,076)

(n=219)

Allocated to high-dose CVVHDF (n=109)
- Received allocated intervention (n=109)
- Did not receive allocated intervention (n=0)

Lost follow-up (n=4)
- Transferred to other hospital (n=3)
- Discharged against medical advice (n=1)

Analyzed (n=105)
- Excluded from analysis (n=0)

to August 2014, a total of 1,076 patients who initiated continuous
ty Hospital or Severance Hospital in Yonsei University in Korea
open-label trial. According to inclusion and exclusion criteria,
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Table 1. Baseline Clinical Characteristics and Biochemical Variables of Study Patients

Variables Conventional Dose (n 5 107) High Dose (n 5 105) P

Age, y 61.9 6 12.8 62.3 6 13.4 0.8

Male sex 76 (71.0) 62 (59.0) 0.07

Body mass index, kg/m2 23.6 6 4.5 22.5 6 3.9 0.06

Body weight, kg 62.4 6 13.1 59.9 6 11.1 0.09

Comorbid diseases

Diabetes mellitus 31 (29.2) 27 (25.7) 0.6

Hypertension 46 (43.0) 54 (51.4) 0.2

COPD 7 (6.5) 5 (4.8) 0.6

Ischemic heart disease 8 (7.5) 5 (4.8) 0.4

Type of infection 0.8

Unknown 1 (0.9) 2 (1.9)

Gastrointestinal 32 (34.6) 69 (30.5)

Respiratory 47 (43.9) 44 (41.9)

Genitourinary 3 (2.8) 7 (6.7)

Neurologic 1 (0.9) 1 (1.0)

Others 18 (16.8) 19 (18.1)

Mechanical ventilation 88 (82.2) 89 (84.8) 0.6

Inotropic support 98 (91.6) 92 (87.6) 0.3

APACHE II score 28.9 6 7.9 28.6 6 6.6 0.7

SOFA score 14.2 6 3.1 14.2 6 3.1 0.9

eGFR, mL/min/1.73 m2

Preadmission 75.7 6 52.8 71.4 6 33.7 0.5

At randomization 25.8 6 14.1 26.9 6 28.4 0.7

Urine output for 2 h before CVVHDF initiation, mL 29.6 6 56.0 26.5 6 59.4 0.7

Mean arterial pressure, mm Hg 78.8 6 14.5 79.1 6 14.7 0.9

Biochemical parameters

White blood cells, /mL 14,3616 12,689 12,8076 10,585 0.3

Hemoglobin, g/dL 9.4 6 2.1 9.56 1.8 0.6

Serum urea nitrogen, mg/dL 62.4 6 31.3 62.3 6 33.8 0.9

Creatinine, mg/dL 3.1 6 1.8 3.16 1.7 0.8

Albumin, g/dL 2.5 6 0.5 2.46 0.6 0.2

hs-CRP, mg/dL 20.1 [1.4-300.0] 19.1 [1.3-447.9] 0.9

pH 7.3 6 0.1 7.36 0.1 0.8

Lactate, mmol/L 4.2 6 5.1 4.16 5.2 0.9

Serum cytokine levels

IL-6, pg/mL 4,666.26 1,024.1 6,515.66 1,091.7 0.2

IL-8, pg/mL 702.3 6 209.4 1,117.66 223.2 0.2

IL-1b, pg/mL 29.0 6 13.5 40.3 6 14.4 0.6

IL-10, pg/mL 859.2 6 237.6 667.36 253.3 0.6

CVVHDF dose and flow rates

Blood flow rate, mL/min 125.66 15.6 148.86 5.9 ,0.001

Dialysate rate, mL/h 1,327.16 308.4 2,350.06 320.9 ,0.001

Replacement fluid rate, mL/h 1,272.96 294.7 2,166.06 311.4 ,0.001

Observed effluent rate, mL/kg/h 34.3 6 6.4 75.1 6 12.4 ,0.001

Total CVVHDF duration, d 5.4 6 4.4 6.26 4.5 0.4

Note: Values for categorical variables are given as number (percentage); values for continuous variables, as mean 6 standard

deviation or median [interquartile range]. Conversion factors for units: creatinine in mg/dL to mmol/L, 388.4; serum urea nitrogen in

mg/dL to mmol/L, 30.357.

Abbreviations: APACHE, Acute Physiology and Chronic Health Evaluation; COPD, chronic obstructive pulmonary disease;

CVVHDF, continuous venovenous hemodiafiltration; eGFR, estimated glomerular filtration rate; hs-CRP, high-sensitivity C-reactive

protein; IL, interleukin; SOFA, Sequential Organ Failure Assessment.

Park et al
overall SOFA score was 14.2 6 3.1. Overall, 83.5%
of patients required mechanical ventilation. Mean
serum creatinine level before AKI onset was
1.26 0.8 mg/dL, and mean estimated glomerular
602
filtration rate was 73.7 6 44.6 mL/min/1.73 m2.
Serum IL-6, IL-8, IL-1b, and IL-10 concentrations
were comparable between the groups (Table S1,
available as online supplementary material).
Am J Kidney Dis. 2016;68(4):599-608
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Mean duration of the CVVHDF intervention was
5.4 (95% confidence interval [CI], 4.1-6.8) days for
the conventional-dose CVVHDF group and 6.2 (95%
CI, 4.9-7.6) days for the high-dose CVVHDF group
(P 5 0.4). Mean effluent rates measured during the
first 24 hours of CVVHDF initiation were
34.36 6.4 mL/kg/h for the conventional-dose group
and 75.16 12.4 mL/kg/h for the high-dose group
(P , 0.001; Table 1).

CVVHDF Dosage and Patient Outcomes

Overall, 69 of the 107 (64.5%) patients in the
conventional-dose group died within 28 days of
randomization compared with 69 of 105 (65.7%)
patients in the high-dose group. By day 90, a total of
80 (74.8%) patients died in the conventional-dose
group compared with 82 (78.1%) in the high-dose
group. Survival rates at 28 (P 5 0.5) and 90 days
(P 5 0.6) after randomization did not significantly
differ between the treatment groups (Fig 2).
Figure 2. Kaplan-Meier curves showing patient survival ac-
cording to continuous venovenous hemodiafiltration (CVVHDF)
dose. The (A) 28-day (P 5 0.5) and (B) 90-day (P 5 0.6) survival
rates were comparable between patients randomly assigned to
receive conventional- and high-dose CVVHDF. Wilcoxon tests
were used for comparison between groups. Abbreviation: IL-6,
interleukin 6.
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High-dose CVVHDF application did not signifi-
cantly improve 28-day (hazard ratio [HR], 1.02; 95%
CI, 0.73-1.43; P 5 0.9) or 90-day (HR, 0.98; 95% CI,
0.72-1.34; P 5 0.9) survival. Similarly, the high-dose
group did not show a difference in ICU death (HR,
1.18; 95% CI, 0.85-1.65; P 5 0.3) or in-hospital
death (HR, 1.06; 95% CI, 0.78-1.44; P 5 0.7)
compared with patients in the conventional-dose
CVVHDF group (Table 2).
Lengths of the ICU stay or total hospital stay

among survivors were not statistically significant be-
tween the conventional- and high-dose groups. There
were no differences in recovery of kidney function at
28 or 90 days after randomization between treatment
arms (Table 3).

Adverse Events

There were no differences in the occurrence of
severe adverse events regarding electrolyte balances.
Serum potassium (P 5 0.5), phosphate (P 5 0.2), and
magnesium (P 5 0.1) levels were comparable be-
tween the conventional- and high-dose groups after
24 hours of CVVHDF. There was a higher trend of
patients who had hypokalemia or hypophosphatemia.
However, the number of patients requiring potassium
or phosphate supplementation did not significantly
differ between study groups (Table 4).

Effect of CRRT Dose on Cytokine Removal

To evaluate the effect of CVVHDF dose on the
amount of cytokine removal, cytokines were
measured from the dialyzer inlet and outlet at the time
of CVVHDF initiation. IL-6, IL-8, IL-1b, and IL-10
levels measured at the dialyzer inlet or outlet did
not differ between the conventional- and high-dose
CVVHDF groups. However, when cytokine levels
were compared between dialyzer inlet and outlet,
outlet IL-6, IL-8, IL-1b, and IL-10 concentrations
Table 2. Univariate Cox Regression Analysis of CVVHDF

Doses on Patient Survival at 28 and 90 Days

HR (95% CI) P

Patient survival

28-d mortality 1.02 (0.73-1.43) 0.9

90-d mortality 0.98 (0.72-1.34) 0.9

ICU death 1.18 (0.85-1.65) 0.3

In-hospital death 1.06 (0.78-1.44) 0.7

Kidney survival

28-d 0.96 (0.48-1.93) 0.9

90-d 0.94 (0.46-1.90) 0.9

Note: HRs are for high-dose versus conventional-dose

CVVHDF.

Abbreviations: CI, confidence interval; CVVHDF, continuous

venovenous hemodiafiltration; HR, hazard ratio; ICU, intensive

care unit.
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Table 3. Effect of CVVHDF Doses on Patient and Kidney

Disease Outcomes

Variables

Conventional

Dose (n 5 107)

High Dose

(n 5 105) P

Length of ICU stay, d 11.56 10.9 18.26 16.6 0.05

Length of hospital stay, d 38.86 32.7 59.36 45.2 0.08

Non-dialysis-dependent

at day 28

13/38 (34.2) 13/36 (36.1) 0.9

Non-dialysis-dependent

at day 90

2/27 (7.4) 0/23 (0.0) 0.1

Note: Values are given as n/N (percentage) or as mean 6
standard deviation.

Abbreviations: CVVHDF, continuous venovenous hemodiafil-

tration; ICU, intensive care unit.

Park et al
were significantly lower than inlet concentrations in
the high-dose CVVHDF group. This decrease in
outlet cytokine level was not observed in the con-
ventional CVVHDF dose group (Fig 3).
Circulating cytokines were measured at the time of

CVVHDF initiation and after 24 hours to investigate
whether CRRT-induced cytokine removal has an in-
fluence on systemic cytokine concentrations. Serum
cytokine levels measured at baseline or 24 hours after
CVVHDF initiation did not differ between patients
receiving conventional- or high-dose CVVHDF.
However, when serum cytokine levels were compared
Table 4. Comparison of Adverse Events Between Study

Patients

Variables

Conventional

Dose (n 5 107)

High Dose

(n 5 105) P

Baseline serum levels

Potassium, mEq/L 4.46 1.0 4.56 0.9 0.5

Phosphate, mg/dL 5.66 2.8 5.46 2.2 0.5

Magnesium, mg/dLa 1.46 0.3 1.46 0.3 0.9

Serum levels after 24-h

CVVHDF

Potassium, mEq/L 3.96 0.7 3.86 0.8 0.5

Phosphate, mg/dL 4.16 1.5 3.86 1.9 0.2

Magnesium, mg/dLa 1.56 0.4 1.46 0.3 0.1

Patients with complications

after 24-h CVVHDF

Potassium , 3.0 mEq/L 4 (4.3) 9 (9.9) 0.1

Phosphate , 2.5 mg/dL 14 (15.1) 21 (23.3) 0.2

Patients requiring replacement

Potassium 76 (81.7) 76 (84.4) 0.8

Phosphate 9 (9.7) 15 (16.7) 0.2

Note: Values for categorical variables are given as number

(percentage); values for continuous variables, as mean 6
standard deviation.

Abbreviation: CVVHDF, continuous venovenous hemodia-

filtration.
aMagnesium levels were evaluated in 90 patients for whom

data were available.
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between baseline and after 24 hours of CVVHDF
treatment, IL-6 and IL-8 levels were significantly
decreased at 24 hours compared to baseline in the
high-dose group. These declines in IL-6 and IL-8
levels were not observed in the conventional-dose
group (Fig 4).
Changes in cytokine levels between the inlet and

outlet were significantly larger in the high-dose group
compared to the conventional-dose group for IL-6
(P , 0.001), IL-8 (P 5 0.03), and IL-10 (P 5 0.04).
However, when changes in cytokine levels between
baseline and 24 hours after CVVHDF initiation were
compared, only IL-6 levels (P 5 0.03) showed a clear
difference in the amount of cytokine change between
groups. The change in IL-8 levels (P 5 0.05) tended to
be larger in the high-dose CVVHDF group (Fig S1).

DISCUSSION

In the present study, high-dose CVVHDF (80 mL/
kg/h) improved removal of some serum cytokines
compared with conventional-dose CVVHDF (40 mL/
kg/h) in ICU patients with sepsis-induced AKI.
However, a high dose did not result in a survival
advantage over the conventional dose.
Recent clinical trials have proposed optimal doses

for CRRT. However, most of these prior in-
vestigations have been performed in patients with
AKI of mixed causes.22,23,25,28 In this study, the
impact of CRRT dose on serum cytokine modulation
and patient outcomes was evaluated in a population
exclusively composed of patients with sepsis-induced
AKI. Although Ronco et al25 reported an increase in
survival when the CRRT dose was increased from 20
to 45 mL/kg/h in patients with AKI requiring RRT,
recent large-scale randomized controlled trials did not
show an improvement in patient outcomes with
higher CRRT doses.22,23 Experimental models have
proposed possible benefits associated with higher
CRRT dose by increasing the removal of soluble in-
flammatory mediators, including cytokines that are
increased under septic conditions.29-32 Accordingly,
CRRT dose would more likely benefit patients with
sepsis-induced AKI. Although subgroup analyses of
patients with sepsis have not shown benefit of an
increased RRT dose in recent trials, a recent post hoc
analysis of the RENAL (Randomized Evaluation of
Normal Versus Augmented Level) Replacement
Therapy Study showed that mean arterial pressure and
vasopressor requirement were improved with higher
intensity RRT in patients with metabolic acidosis,
suggesting a possibility of high-dose RRT benefit in
selected populations.33

The possibilities of increasing the clearance of
soluble inflammatory mediators through higher RRT
intensity have been proposed previously.13-17 How-
ever, the effect of CRRT dose on cytokine removal
Am J Kidney Dis. 2016;68(4):599-608



Figure 3. Circulating cytokine levels measured at the dialyzer inlet and outlet at the time of continuous venovenous hemodiafiltra-
tion (CVVHDF) initiation. Circulating mean (A) interleukin 6 (IL-6; P5 0.03), (B) IL-8 (P 5 0.003), (C) IL-1b (P 5 0.05), and (D) IL-10
(P 5 0.04) levels were significantly reduced in the outlet compared with the inlet in patients treated with high-dose CVVHDF. However,
these reductions in cytokine levels were not found in patients treated with conventional-dose CVVHDF. Circulating mean levels of (A)
IL-6, (B) IL-8, (C) IL-1b, and (D) IL-10 measured at the dialyzer inlet and outlet at the time of CVVHDF initiation did not differ between
the arms. Error bars denote standard errors.

High-Volume CVVHDF for Sepsis-Associated AKI
has not been evaluated through randomized clinical
trials. In this study, circulating IL-6, IL-8, IL-1b, and
IL-10 levels from the dialyzer outlet showed a sig-
nificant decrease compared with those from inlet
samples in patients treated with high-dose CVVHDF.
This may imply that circulating cytokines were more
efficiently removed when CVVHDF was applied at a
dose higher than that administered under standard
care. The serum inflammatory cytokine levels evalu-
ated in this study were somewhat higher compared
with recent reports investigating cytokine levels in
septic patients with AKI.34,35 These findings could
suggest that patients enrolled in the current study
were more severely ill compared with previous in-
vestigations. The facts that the survival rate was lower
and hospital stay durations were longer in this study
further support this possibility.
Although high-dose CVVHDF seemed to be more

efficient in removing some inflammatory cytokines, it
did not show an advantage in improving patient out-
comes in this study. One explanation for these results
could be that CRRT-dependent cytokine clearance
could have been trivial compared to the amount
endogenously generated. Another could be that re-
sults of the cytokine level reductions were only for the
initial 24 hours of CVVHDF and the effect of
persistent cytokine production thereafter was not
Am J Kidney Dis. 2016;68(4):599-608
taken into account. The clinical outcome of the pa-
tients would have been more likely dependent on the
progress of infection affecting the duration and
amount of cytokine production than the brief attenu-
ation of several cytokines. The possibility that the 2
study groups were not identical regarding inflamma-
tory status may be worth considering also. Although
not statistically significant, several inflammatory cy-
tokines had nominally higher concentrations at base-
line in the high-dose CVVHDF group, which is
consistent with trends found in lengths of ICU and
hospital stays. The possible difference in baseline
characteristics, which may have been attributed to the
relatively small sample size of the study, could have
affected results of the primary outcome.
The conventional dose of the present study was

prescribed based on results of recent trials.22,23

However, adjustments were made for predilution,
assuming the clearance would be 70% to 80% based
on a previous report.36 In addition, modifications
were made for filter downtime resulting in a pre-
scribed CVVHDF dose of 40 mL/kg/h for the
conventional-dose group. Accordingly, the observed
effluent rate for the conventional-dose group was
34.3 6 6.4 mL/kg/h, which met the target dose of
25 mL/kg/h after adjusting for predilution-related ef-
ficiency reduction.
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Figure 4. Serum cytokine levels measured at the time of continuous venovenous hemodiafiltration (CVVHDF) initiation and after 24
hours. Mean serum (A) interleukin 6 (IL-6; P5 0.03) and (B) IL-8 (P 5 0.01) levels were significantly reduced 24 hours after CVVHDF
initiation compared to baseline in patients treated with high-dose CVVHDF. However, these reductions in IL-6 and IL-8 levels were not
found in patients who received conventional-dose CVVHDF. (C) IL-1b and (D) IL-10 levels were comparable between baseline and 24
hours after CVVHDF initiation in both the conventional- and high-dose CVVHDF groups. Mean serum (A) IL-6, (B) IL-8, (C) IL-1b, and
(D) IL-10 measured at baseline or 24 hours after CVVHDF initiation did not differ between patients receiving conventional- and high-
dose CVVHDF. Error bars denote standard errors.
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Although the consulting nephrologists’ decisions
for initiating CVVHDF were fairly similar, the exact
timing of CVVHDF therapy initiation could have
varied among patients because CVVHDF initiation
criteria were relatively broad. However, considering
that urine output at the time of CVVHDF initiation
was comparable between the study groups, CVVHDF
therapy initiation timing did not differ between the
study groups. In addition, because baseline disease
severity scores and high-sensitivity C-reactive protein
levels were also comparable between the study
groups, it could be surmised that CVVHDF therapy
was initiated at a similar state of sepsis progression.
Although the timing of CVVHDF therapy initiation
did not differ between study groups, it seemed to have
an effect on patient outcome. When the relationship
between urine output at the time of CVVHDF therapy
initiation and patient outcome was evaluated, patients
who initiated CVVHDF therapy with more urine
volume were more likely to survive at 28 and 90 days
after CVVHDF therapy initiation (Table S2). This
could imply that the benefit of CRRT-induced
immunomodulation could be related more to timing
of initiation than dose.
Complications such as hypokalemia and hypo-

phosphatemia are common concerns regarding higher
606
CRRT dose applications. In this study, a protocolized
replacement method was applied for the management
of CRRT-related hypokalemia and hypo-
phosphatemia. Although patients in the high-dose
CVVHDF group tended to have hypokalemia and
hypophosphatemia more frequently, the incidence of
severe electrolyte-related complications did not in-
crease in patients treated with a higher CVVHDF
dose. The concern regarding underdosing of antibi-
otics in higher dose CRRT patients should also be
recognized. Studies have identified increased antibi-
otic clearance in higher CRRT doses and have sug-
gested possibilities of higher mortality due to
antimicrobial treatment failure.26,37 However, empir-
ical antibiotic prescriptions that have taken CRRT
clearance into account have been found to be
complicated.38 Nonetheless, antibiotic compounds
having sieving coefficients close to 1.0 were encour-
aged to be used at a higher than usual dose in the
high-dose CVVHDF group in this study in order to
lessen the possibilities of underdosing.
There are several limitations to this study. The pre-

dilution method used in these patients could have low-
ered the clearance rate. However, because postdilution
has its own disadvantages, such as shortening the filter
life and increasing CRRT downtime,39 the fact that both
Am J Kidney Dis. 2016;68(4):599-608
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treatment arms were given the same CVVHDF regimen
enables direct comparison of the effect of the CVVHDF
dose. In addition, the study could have been under-
powered for the clinical outcomes due to the relatively
small number of participants.
In conclusion, a high CVVHDF dose increases the

clearance of some inflammatory cytokines, but does
not improve patient outcomes compared with the
conventional CVVHDF dose in patients with sepsis-
induced AKI requiring RRT.
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