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Abstract
Introduction: Little is known about early (first 48 h) hourly 
and cumulative fluid balance (FB) during continuous renal 
replacement therapy (CRRT). Objectives: To study the char-
acteristics and outcome associations of early hourly and cu-
mulative FB. Methods: We studied FB in CRRT patients 
(2016–2018). Results: Among 350 patients, mean hourly FB 
became negative after 20 CRRT hours, but within 6 CRRT 
hours in patients with baseline fluid overload. A negative 
early FB was never achieved in patients receiving vasopres-
sor therapy (p < 0.001). Mortality was 31%. The percentage 
of hourly negative FB was independently associated with de-
creased ICU mortality. A time-weighted hourly FB between 
18.5 and –33 mL/h was also significantly and independently 
associated with decreased mortality. Conclusions: In CRRT 
patients, an early FB conservative approach is possible, mod-
ulated by patient characteristics, and associated with a low 
mortality. Moreover, avoidance of an early positive FB is as-
sociated with decreased mortality. © 2019 S. Karger AG, Basel

Introduction

Fluid overload is relatively common in adult critically 
ill patients [1, 2], and a positive fluid balance (FB) is strong-
ly associated with poor clinical outcomes [3–8]. In patients 
receiving continuous renal replacement therapy (CRRT), 
both excessive fluid administration and inadequate fluid 
elimination contribute to clinically important fluid over-
load [4]. Therefore, optimization of FB and volume con-
trol is considered a cornerstone in patient care [9, 10].

A negative FB is associated with improved clinical out-
comes in a variety of settings [6, 11]. Data from the RENAL 
study (“The Randomized Evaluation of Normal vs. Aug-
mented Level” study) [12] found that a negative FB in pa-
tients on CRRT was an independent predictor of reduced 
mortality [13]. However, whether this association repre-
sents a marker of illness severity or contributes to morbid-
ity and mortality or a combination of both remains un-
clear. In this setting, understanding the early management 
of FB and obtaining data on how such FB might change on 
an hourly basis would provide more information about 
early volume control and subsequent outcomes.

Early FB management with attention to hourly fluid re-
moval during CRRT targeting a negative FB [14, 15] can 

D
ow

nl
oa

de
d 

by
: 

M
on

as
h 

U
ni

ve
rs

ity
13

0.
19

4.
23

6.
18

2 
- 

5/
19

/2
02

0 
2:

54
:0

2 
A

M



Naorungroj/Neto/Zwakman-Hessels/
Yanase/Eastwood/Bellomo

Blood Purif 2020;49:93–10194
DOI: 10.1159/000503771

potentially influence the course of a patient’s illness. How-
ever, during CRRT, little is known about how early hourly 
fluid balance (FBHOU) is managed and how often, when, 
and under what clinical circumstances, an early (first 48 h) 
negative FBHOU is or is not achieved. Accordingly, we 
aimed to test the primary hypothesis that early FBHOU 
would be affected by baseline patient characteristics and 
the secondary hypothesis that early FBHOU management 
would be independently associated with clinical outcomes.

Methods

Study Design and Population 
We performed a retrospective, observational study in a tertiary 

ICU affiliated to the University of Melbourne. This study was ap-
proved by the Austin Health Human Research Ethics Committee 
with a waiver of informed consent (approval number: LNR/19/
Austin/18).

Populations
We investigated all critically ill patients admitted to the ICU be-

tween 2016 and 2018 who received CRRT within 14 day of ICU ad-
mission. We excluded patients who had received intermittent he-
modialysis during ICU admission or plasma exchange at any time. 

Data Collection
We calculated FBHOU as the difference between total fluid input 

(intravenous fluid + blood products + enteral fluid) and total fluid 
output (urine output + net ultrafiltration rate + blood losses + en-
teral losses + drain losses) for each hour. Net ultrafiltration rate was 
equal to CRRT effluent minus the sum of replacement fluid and 
dialysate fluid. The current practice on dose of CRRT prescription 
in our hospital follows the KDIGO guidelines [16] and the protocol 
of the RENAL study [12] with an effluent volume of 20–25 mL/
kg/h. However, fluid removal rate and ultrafiltration rates are indi-
vidualized and modulated by attending medical treatment team. 

This study focused on the course of early FBHOU and its modu-
lation in the first 48 h of CRRT treatment. For this reason and be-
cause of concern about the limited accuracy of pre-ICU FB data, 
we did not record FB in the period from before CRRT initiation. 

A positive FBHOU was recorded when hourly fluid input was 
greater than fluid output (indicated by positive sign [+]). A nega-
tive FBHOU was recorded when hourly fluid input was less than 
fluid output (indicated by negative sign [–]). FBHOU was calculated 
each hour using the “0.00–23.59” time clock for the first 48 h. FB 
was assessed and described both as FBHOU and as mean cumulative 
hourly FB (CumFBHOU). FBHOU was defined as the FB at each hour 
in the first 48 h. CumFBHOU was defined the cumulative FB of each 
hour added to the next hour over the first 48 h. 

Exposure
The primary exposure of interest was FBHOU, expressed as mL 

and assessed as the time weighted-average FBHOU (TwFBHOU). 
Since FBHOU is a dynamic process, TwFBHOU over the first 48 h of 
therapy was calculated as the area under the FBHOU-versus-time 
plot (Equation 1). This was determined by summing the mean val-
ue between consecutive time points multiplied by the period of 

time between consecutive time points. Hours where data necessary 
to calculate the FBHOU were missing were not included in the time 
weighted-average calculation. Thus, the calculation was adjusted 
by the number of observations available (Equation 2).

 
Where y1 and y2 are measurements at time t1 and t2

where AUC is the area under the curve calculated according Equation 
1, and nobservations is the number of observations available in 48 h

In addition, the following variables were tested as secondary 
exposures of interest:
• Time to onset of a negative FB (TNegFB), defined as the first 

hour in the 48-h study period when the CumFBHOU became 
negative and expressed as hours (patients who did not achieve 
a negative FB in the first 48 h were allocated a nominal arbitrary 
value of 49 h); 

• Percentage of time with an hourly negative FB (%FBHOU), de-
fined as the percentage of the 48-h study period that the hour-
ly FB was negative; and

• Percentage of time under cumulative negative FB (%FBCUM), 
defined as the percentage of the 48-h study period when the 
cumulative FB was negative.

Outcomes
The primary outcome was in-hospital mortality. Secondary 

clinical outcomes included ICU mortality, ICU, and hospital 
length of stay. 

Statistical Analysis
In this study, we analyzed hourly FB only during first 48 h of 

CRRT and outcomes after such period. This is because we rea-
soned that early period of CRRT is likely most important for pa-
tient outcomes. In addition, obtaining data in the first 48 h allows 
the development of predictive models of clinical outcomes. Final-
ly, observing FB during the entire period of treatment creates a 
problem with the competing risk of mortality. Although statistical 
techniques can be applied to deal with such competing risk, they 
are imperfect. In particular, they cannot account with major time-
variant confounders, which are so common in critically ill patients.

To understand the impact of different baseline characteristics 
on the dynamics of FBHOU in the first 48 h and considering all time 
points available, univariable and multivariable mixed-effect longi-
tudinal models with patients as random effects were tested. For 
these models, we considered the following baseline characteristics: 
presence of oliguria, need of vasopressor therapy, need of mechan-
ical ventilation, presence of fluid overload according to pre-CRRT 
clinical notes as diagnosed by the treating team and documented in 
the scanned and electronic medical record from ICU admission to 
the start of CRRT, severity of illness (according to Acute Physiology 
and Chronic Health Evaluation [APACHE] III), and body weight. 

The univariable model considered FBHOU-related variables in 
the first 48 h as the dependent variable and hour, group, and an 
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interaction of group by hour as fixed effect. The multivariable 
model considered such FBHOU-related variables in the first 48 h as 
the dependent variable and hour, presence of oliguria, need of va-
sopressor, need of mechanical ventilation, presence of fluid over-
load, APACHE III, and actual body weight as fixed effect. 

We performed univariable analyses for comparisons between 
groups according to in-hospital mortality using the chi-square test 
for proportions and Student t tests or Wilcoxon rank sum tests for 
continuous variables, as appropriate. To assess the association of 
the TwFBHOU, CumFBHOU, TNegFB, %FBHOU, and %FBCUM with 
binary outcomes, we performed parsimonious logistic models with 
APACHE III, need of mechanical ventilation, need of vasopressor, 
and time from ICU admission until start of CRRT as covariates. 
Since multicollinearity was expected among the measurements, 
each one was included alone and one at a time in the models, result-
ing in a total of 5 models. We estimated the association between the 
measurements and ICU and hospital stay with generalized linear 
models considering Gaussian distributions according to best fit. 

Additional Analyses
To assess whether the potential association between FB and 

in-hospital mortality was linear, we divided the TwFBHOU into 
tertiles and analyzed them as a categorical variable in the models 
described above. In addition, we used hazard ratios and 95% CI 
calculated with a Cox proportional hazard models with adjust-
ment for the covariates described above to assess the time until 
in-hospital mortality. Patients were censored at day 28 with pa-
tients discharged before it being considered alive at day 28. In ad-
dition, we divided the TNegFB, %FBHOU, and %FBCUM into ter-
tiles and analyzed as a categorical variable in the models described 
above. Due to the exploratory nature of the study, a two-sided p < 
0.05, without adjustment for multiple comparisons, was taken to 
indicate statistical significance. All analyses were performed using 
R software, version 3.4.1 (R Core Team, Vienna, Austria).

Results

Study Population
From July 30, 2016, to December 31, 2018, 4,774 criti-

cally ill patients were admitted to the study ICU and 423 
received CRRT and thus were eligible for the study. Fifty-
three patients were excluded due to the use of intermit-
tent hemodialysis during ICU admission; the use of plas-
ma exchange, or the start of CRRT later than 14 days. In 
addition, 19 patients who died within 48 h were excluded 
to avoid the competing effect of early mortality on early 
FB and the fact that CRRT could only be applied for a 
short time before death. Their details are shown in online 
supplementary Table S1 (for all online suppl. material, see 
www.karger.com/doi/10.1159/000503771). 

Thus, we included 350 patients. Of these patients, 109 
(31%) died in hospital, for an overall mortality of 128 over 
370 patients (34.59%; online suppl. Fig. S1). Among the 
total cohort, 232 (66%) patients were treated with mechan-

ical ventilation, 217 (62%) were treated with vasopressors, 
and 35 (10%) were diagnosed with fluid overload as docu-
mented in the clinical notes at time of CRRT initiation. 

Baseline characteristics before starting CRRT are shown 
in Table 1. Survivors were younger; had lower APACHE III 
scores; were less likely to be admitted after cardiac arrest; 
received mechanical ventilation and vasopressor support 
less frequently; were less likely to be admitted from the 
ward, and had different and fewer medical diagnoses. At 
the time of CRRT start, survivors had higher pH values, a 
lower lactate concentration, and higher PaO2/FiO2 levels. 
Baseline characteristics and clinical outcomes according to 
FB are shown in online supplementary Table S2.

FB Characteristics
From the first hour of CRRT, there was a progressive 

change from a positive toward a less positive FBHOU during 
the first 24 h of therapy (–4.9 [–5.6 to –4.1] mL/h; p < 0.001). 
However, this pattern delivered the first fully negative 
 FBHOU after 21 h of CRRT (Fig. 1). This, was then followed 
by approximately 11 h in the negative FBHOU range and 
then by a slight tack back toward a positive  FBHOU in the 
second 24 h (0.8 [0.3–1.4] mL/h; p = 0.003; Fig. 1). Hourly 
FB adjusted by body weight during the first 48 h of CRRT 
treatment is shown in online supplementary Figure S2. 

As a consequence of the above delay in reaching a neg-
ative FB, the CumFBHOU progressively increased in the 
first 20 h (13.6 [11.5–15.7] mL/h; p < 0.001). In addition, 
as a consequence of the timing of onset of a negative 
 FBHOU, CumFBHOU then decreased on the second day 
(–16.6 [–18.4 to –14.8] mL/h; p < 0.001) achieving a mean 
negative value at 39 h (Fig. 2). Overall, the CumFBHOU at 
48 h was –163.0 ± 2,770.0 mL for all patients and –332.0 ± 
2,695.0 mL vs. 204.0 ± 2,918.0 mL (absolute difference 
–536.0; 95% CI [–1,185.0 to 113.0] mL; p = 0.14) among 
survivors vs. nonsurvivors, respectively. 

The Impact of Baseline Clinical Characteristics 
Baseline characteristics and treatment characteristics 

influenced FB. Patients with baseline fluid overload had 
a more negative FBHOU, achieved a negative FB earlier, 
and were managed with more negative CumFBHOU in the 
first 48 h (online suppl. Fig. S3). In contrast, patients re-
ceiving vasopressor therapy at baseline never achieved a 
negative FBHOU, and their CumFBHOU was always posi-
tive (online suppl. Fig. S4). A similar but less prominent 
pattern was seen in patients treated with mechanical ven-
tilation (online suppl. Fig. S5).

On multivariable analysis, baseline fluid overload or 
heavier body weight was independently associated with a 
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Table 1. Clinical characteristic, CRRT timing, and clinical outcomes for in-hospital survivors and nonsurvivors

Survivors
(n = 241)

Nonsurvivors
(n = 109)

p value

Age, years 60±15 64±12.3 0.008
Gender, male 158 (65.6) 61 (56.0) 0.110
Weight, kg 85.3±22.5 85.0±22.5 0.907
BMI, kg/m2 30.2±7.4 29.3±6.9 0.384
APACHE III 65.7±25.4 90.5±26.0 <0.001
Renal function before admission

Creatinine, µmol/L 191±222 166±181 0.317
Estimated glomerular filtration rate, mL/min 58.3±35.3 58.0±33.4 0.937

At admission
Mechanical ventilation 148 (61.4) 84 (77.1) 0.006
Need of vasopressor 136 (56.4) 81 (74.3) 0.002
Sepsis or septic shock 62 (25.7) 36 (33.0) 0.200
Other type of shock 12 (5.0) 13 (11.9) 0.035
Cardiac arrest 10 (4.1) 17 (15.6) <0.001
Fluid overload 23 (9.5) 12 (11.0) 0.817
Oliguria 142 (58.9) 73 (67.0) 0.189

Co-morbidities
Hypertension 107 (44.4) 61 (56.0) 0.059
Diabetes mellitus 79 (32.8) 46 (42.2) 0.113
Coronary artery disease 68 (28.2) 37 (33.9) 0.338
Atrial fibrillation 26 (10.8) 21 (19.3) 0.047
End-stage renal disease 23 (9.5) 7 (6.4) 0.447
Chronic liver disease 36 (14.9) 26 (23.9) 0.061
Cancer 42 (17.4) 21 (19.3) 0.791
Immunosuppression 56 (23.2) 18 (16.5) 0.199

Source of admission 0.001
Emergency department 53 (22.0) 21 (19.3)
Hospital ward 62 (25.7) 46 (42.2)
Transfer from another ICU 16 (6.6) 10 (9.2)
Transfer from another hospital 32 (13.3) 7 (6.4)
OR after emergency surgery 18 (7.5) 9 (8.3)
OR after elective surgery 58 (24.1) 11 (10.1)
Other 2 (0.8) 5 (4.6)

Admission diagnosis
Nonsurgical reasons 165 (68.5) 88 (80.7) <0.001

Cardiovascular 27/165 (16.4) 24/88 (27.3)
Genitourinary 45/165 (27.3) 4/88 (4.5)
Respiratory 22/165 (13.3) 17/88 (19.3)
Gastrointestinal 47/165 (28.5) 38/88 (43.2)
Liver failure 34/47 (72.3) 11/38 (28.9)

Other 24/165 (14.5) 5/88 (5.7)
Surgical 76 (31.5) 21 (19.3) 0.094
Cardiovascular 37 (48.7) 15 (71.4)

Cardiac surgery 28/37 (75.7) 11/15 (73.3)
Gastrointestinal 30 (39.5) 3 (14.3)
Liver transplantation 21/30 (70.0) 0/3 (0.0)
Other 9 (11.8) 3 (14.3)

Laboratory tests before start of CRRT
Creatinine, µmol/L 392±294 313±171 0.010

Creatinine >300 129 (53.5) 49 (45.0) 0.171
Urea, mmol/L 22.5±13.9 20.8±10.3 0.248

Urea >25 81 (33.6) 37 (33.9) 1.000
pH 7.34±0.10 7.30±0.12 0.003

pH <7.20 20 (9.0) 16 (15.2) 0.140

D
ow

nl
oa

de
d 

by
: 

M
on

as
h 

U
ni

ve
rs

ity
13

0.
19

4.
23

6.
18

2 
- 

5/
19

/2
02

0 
2:

54
:0

2 
A

M



Hourly FB in Patients Receiving CRRT 97Blood Purif 2020;49:93–101
DOI: 10.1159/000503771

Table 1. (continued)

–150

–125

–100

–75

–50

–25

0

25

50

75

100

125

150

H
ou

rly
 F

B,
 m

L

01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 26 27 28 29 30 333231 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48
Hours of the day

25

Fig. 1. Hourly FB expressed in mL per hour in the first 48 h. Circles are the mean and error bars the 95% CI. FB, fluid balance.

Survivors
(n = 241)

Nonsurvivors
(n = 109)

p value

Potassium, mmol/L 4.5±0.9 4.6±0.9 0.482
Potassium >5.5 31 (12.9) 17 (15.6) 0.603

Bicarbonate, mmol/L 19.6±5.9 18.8±(5.6 0.267
Base excess, mmol/L –5.2±6.4 –6.6±6.9) 0.080
Lactate, mmol/L 3.2±3.3 4.7±4.5 0.001
PaO2/FiO2 319±127 269±122 0.001

Vital signs before start of CRRT
Mean arterial pressure, mm Hg 81±17 72±11 <0.001
Heart rate, bpm 88±19 90±18 0.330

CRRT characteristics
Start from ICU admission, days 1.2±2.1 1.3±2.1 0.762
Start from ICU admission, h 31.9±49.3 34.4±51.0 0.666

Start within first 24 h 156/241 (64.7) 62/109 (56.9) 0.199
Hours of treatment per day, h/day 15.6±7.1 17.2±7.0 <0.001
Duration, days 4.7±5.3 5.6±5.1 0.151
Duration, h 112.5±126.6 133.0±123.3 0.158

Clinical outcomes
ICU mortality 0 (0.0) 97 (89.0) <0.001
ICU length of stay, days 11.1±11.2 8.9±10.2 0.083
Hospital length of stay, days 33.9±28.0 14.5±13.8 <0.001

Data are presented at mean ± SD or n/total (%).
APACHE, Acute Physiology and Chronic Health Evaluation; CRRT, continuous renal replacement therapy; ICU, intensive care unit; 

OR, operating room; BMI, body mass index.
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negative CumFBHOU in the first 48 h. In contrast, the 
presence of oliguria, vasopressor therapy, and a higher 
APACHE III score were associated with a positive 
CumFBHOU in the first 48 h (Fig. 3).

Primary Outcome
Table 2 compares all FB-related variables according to 

in-hospital survival. Overall, %FBHOU spent in negative 
FB was higher (52.2 ± 18.1 vs. 47.0 ± 20.9; 5.2 [0.6–9.8]; 
p = 0.026) in survivors compared to nonsurvivors (on-
line suppl. Fig. S6). There was also an interaction be-
tween group and time to negative CumFBHOU such that 
survivors achieved a mean CumFBHOU in the negative 
range earlier than nonsurvivors (online suppl. Fig. S7). 
Finally, despite a univariable association between a great-
er %FBHOU, after multivariable adjustments, no FB vari-
ables remained associated with survival (online suppl. 
Table S3).

Secondary Outcomes
On univariable analysis, %FBHOU was significantly as-

sociated with decreased ICU mortality, and this signifi-
cant association persisted after multivariable adjust-

ments (online suppl. Table S4). However, no other 
 FB-related variable was significantly associated with sec-
ondary outcomes in both univariable and multivariable 
analyses. 

Sensitivity Analyses
When considering tertiles, the intermediate tertile of 

TwFBHOU was significantly associated with decreased in-
hospital and ICU mortality in both univariable and mul-
tivariable analyses (online suppl. Table S5). In addition, 
the highest tertile of %FBHOU was significantly associated 
with decreased ICU mortality on univariable and multi-
variable analyses. A similar association was seen between 
the middle %FBHOU tertile and ICU length of stay (online 
suppl. Table S6).

Discussion

Key Findings
We assessed early hourly FB and cumulative FB 

management, its changes, related variables, and out-
come associations in 350 patients treated with CRRT. 
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Fig. 2. Cumulative hourly FB expressed in mL per hour in the first 48 h. Circles are the mean and error bars the 95% CI. FB, fluid 
balance.
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We found that mean FBHOU became negative after 21 h 
of treatment and that mean CumFBHOU became nega-
tive after 39 h. However, the time-based evolution of 
FBHOU and CumFBHOU was more rapidly and more in-
tensely negative in patients with baseline fluid overload. 
In contrast, an early negative was never achieved in pa-
tients receiving vasopressor therapy and barely achieved 
in patients treated with mechanical ventilation. More-

over, the presence of  oliguria/anuria, lighter body 
weight, vasopressor therapy, and higher APACHE III 
scores were all independently associated with a positive 
CumFBHOU. Finally, in their aggregate, several univari-
able and multivariable analyses supported the view that 
%FBHOU and time-weighted FBHOU in the middle tertile 
described the FB state with the lowest ICU and in-hos-
pital mortality risk.

Table 2. FB in survivors and nonsurvivors

Survivors
(n = 241)

Nonsurvivors
(n = 109)

Absolute difference
(95% CI)

p value

TwFBHOU, mL/h –6.6±66.2 5.5±70.3 –12.0 (–27.8 to 3.7) 0.133
CumFBHOU, mL 88.3±1545.8 379.7±1572.3 –291.3 (–647.3 to 64.5) 0.108
TNegFBHOU, h 19.5±18.5 21.7±19.3 –2.2 (–6.5 to 2.1) 0.322
%FBHOU, % 52.2±18.1 47.0±20.9 5.2 (0.6 to 9.8) 0.026
%FBCUM, % 42.1±36.4 37.7±36.4 4.5 (–3.8 to 12.7) 0.288

Data are presented at mean ± SD.
FB, fluid balance; TwFBHOU, time-weighted average hourly FB; CumFBHOU, cumulative hourly FB; TNegFBHOU, time to onset of 

negative FB; %FBHOU, percentage of time with an hourly negative FB; %FBCUM, percentage of time under cumulative negative FB.

Characteristics

Univariable model
Presence of oliguria
Presence of overload
Need of vasopressor
Need of mechanical ventilation
APACHE III
Actual body weight
Multivariable model
Presence of oliguria
Presence of overload
Need of vasopressor
Need of mechanical ventilation
APACHE III
Actual body weight

<0.001
<0.001
<0.001
0.234

<0.001
0.015

<0.001
<0.001
0.003
0.143
0.004
0.001

830.6 (485.6 to 1,164.8)
–1,506.9 (–2,035.6 to –996.1)

622.1 (311.4 to 966.0)
209.4 (–116.3 to 614.5)
303.5 (151.1 to 446.8)

–201.7 (–352.0 to –31.2)

720.3 (400.7 to 1,038.5)
–1,344.5 (–1,792.2 to –846.4)

515.1 (141.1 to 836.4)
–266.6 (–599.4 to 97.7)
224.3 (51.8 to 360.8)

–250.9 (–408.9 to –84.8)

B coefficient (95% CI) p value

–2,500 –2,000 –1,500 –1,000 –500 0 500 1,000 1,500

Negative cumulative fluid balance Positive cumulative fluid balance

B coefficient (95% CI)

Fig. 3. Univariable and multivariable models with baseline charac-
teristics predicting dynamic changes in cumulative FB in the first 
48 h. Unadjusted mixed-effect longitudinal models with character-
istics, hour, and the interaction of characteristics × hour as fixed 
effects. The multivariable model considered hour, need of vaso-
pressor, need of mechanical ventilation, presence of fluid overload, 
APACHE III, and actual body weight as fixed effect. p values for 

the group reflect the overall test for difference between groups 
across the 48 h. All models considered cumulative FB in the first 
48 h as the dependent variable and a random effect for patients. All 
continuous covariates were estimated after standardization. FB, 
fluid balance; APACHE, Acute Physiology and Chronic Health 
Evaluation.
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Relationship to Previous Studies
A few previous studies have analyzed the relation-

ship between cumulative FB and outcomes in CRRT 
patients. The RENAL study [12] and Finnish Acute 
Kidney Injury study [8] found that a positive FB was 
associated with a two-fold increase in 90-day mortality. 
However, in both studies, mean daily FB switched from 
positive to negative only after > 48 h of CRRT, later 
than in our cohort. This was despite documented flu-
id  overload in 43.8 and 26.9% of RENAL and Finn-
ish  Acute Kidney Injury patients, respectively [8, 12, 
13]. In the Program to Improve Care in Acute Re-
nal  Disease study, fluid overload at dialysis cessation 
was associated with greater mortality [6]. Yet, mean 
percentage of fluid accumulation remained > 10% after 
48 h of treatment. In the Dose Response Multicenter 
Investigation on Fluid Assessment, peak fluid overload 
occurred approximately 3 days after RRT initiation, im-
plying continuing positive cumulative FB well beyond 
the first 48 h [17]. Thus, no previous studies have ex-
plored early FB management in CRRT, particularly on 
an hourly detail, described what factors modulate both 
hourly FB and cumulative FB or demonstrated the 
achievement of an overall negative cumulative FB be-
fore 48 h.

Study Implications
Our findings imply that, in CRRT patients, a mean 

negative FBHOU can be achieved by 20 h of CRRT and 
a mean negative CumFBHOU by 39 h. Such a relatively 
fluid-conservative strategy was associated with a hospi-
tal mortality of 35%, one of the lowest mortality rates 
reported in a large cohort of such patients so far. Thus, 
our findings imply that this fluid-conservative approach 
implemented during CRRT is probably safe. However, 
by demonstrating that the management of FB is inde-
pendently affected by vasopressor therapy, oliguria, and 
APACHE III, our findings also imply that, in the first 
48 h, hemodynamic instability and illness severity in-
hibit the pursuit of an earlier and more intensive nega-
tive FB. In contrast, they imply that a residual urinary 
output facilitates a more negative FB and that baseline 
fluid overload triggers its earlier and more aggressive 
pursuit. Finally, the observation that highest tertile of 
percentage of time in a negative FBHOU and intermedi-
ate tertile of TwFBHOU were independently associated 
with improved survival implies that avoidance of a pos-
itive FB, even in the early phase of CRRT may have 
beneficial effects.

Study Strengths and Limitations
Our study is the first to present detailed data on hour-

ly and cumulative FB in cohort of CRRT patients and the 
first to demonstrate their dynamic hour-by-hour chang-
es. It is also the first to identify factors, which indepen-
dently affect early FB management. Finally, it is the first 
to describe that, in an ICU practicing the most negative 
FB strategy reported in the literature, mortality was one 
of the lowest reported so far for CRRT patients. Finally, 
even in such a fluid-conservative environment, it pro-
vides evidence that avoidance of a positive FB is linked 
with unfavorable outcomes.

There are some limitations of this study. It is a single 
center, retrospective, observational study with the inher-
ent limitations of such studies. However, the study ICU is 
typical of other tertiary ICUs in Australia and New Zea-
land and likely other developed countries. Moreover, all 
the data presented were electronically recorded during 
therapy by the ICU electronic medical record and are nu-
merical, verifiable, and objective. The severity scores [18] 
of the patients included in this study are slightly lower 
than in other studies [6–8]. However, early RRT initiation 
in the first 24 h as practiced in our ICU modifies many 
variables (pH, creatinine, and temperature) in a favorable 
direction. Thus, it creates a bias toward artificially lower 
scores. The association between FB and outcomes was 
studied in the first 48 h of CRRT patients who survived at 
least 48 h. Thus, these findings do not apply to patients 
who died before 48 h. However, we excluded very severe-
ly ill patients who would likely not survive regardless of 
RRT initiation, who received only 11 h of CRRT, and 
whose cumulative FB represented only 5.4% of the total 
FB. The inclusion of their FB would not materially alter 
our findings. Moreover, their mortality was considered in 
our estimate of cohort mortality rates. We reported that 
only 10% of patients were diagnosed fluid overload by cli-
nicians, which was a relatively low percentage compared 
to previous studies. This was due a stringent approach to 
its definition, which required specific documentation in 
the electronic medical record. We also did not report FB 
in pre-CRRT period due to the limited robustness of such 
data. Nonetheless, this criterion was strong enough to in-
fluence clinicians to modulate FB management. The rela-
tionship between markers of fluid management and mor-
tality cannot be used to make inferences on causality and, 
despite the use of multivariable models to adjust for key 
factors that might affect outcome; the presence of residu-
al confounding cannot be excluded. Only randomized 
controlled trials targeting specific fluid management 
strategies and comparing them to usual care can provide 
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such inferences. However, our findings provide the neces-
sary preliminary data for the design and powering of such 
studies. 

Conclusion

In conclusion, in a sizeable cohort of CRRT patients, 
the pursuit of a fluid-conservative approach was possible 
and delivered a negative cumulative FB earlier than in 
previous studies. However, these changes were more rap-
id and intense in patients with baseline fluid overload but 
less so in patients receiving vasopressor therapy or me-
chanical ventilation and in the presence of oliguria. Even, 
in this fluid conservative setting, a higher percentage of 
time in negative hourly FB was associated with decreased 
risk of ICU mortality, and the intermediate tertile of time 
weighted hourly FB delivered the lowest ICU and hospital 
mortality rates. These observations provide useful infor-
mation to guide clinicians in the prescription of fluid re-
moval during CRRT. They also provide the basis for the 
design and powering of randomized controlled trials tar-
geting volume control during CRRT.
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