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Abstract 

Purpose:  

Net ultrafiltration (UFNET) during continuous renal replacement therapy (CRRT) can control 

fluid balance (FB), but is usually 0 ml·h
-1

 in patients with vasopressors due to the risk of 

hemodynamic instability associated with CRRT (HIRRT). We evaluated a UFNET strategy 

adjusted by functional hemodynamics to control the FB of patients with vasopressors, 

compared to the standard of care.  

Methods: 

 In this randomized, controlled, open-label, parallel-group, multicenter, proof-of-concept trial, 

adults receiving vasopressors, CRRT since ≤ 24 h and cardiac output monitoring were 

randomized (ratio 1:1) to receive during 72 h a UFNET ≥ 100 ml·h
-1

, adjusted using a 

functional hemodynamic protocol (intervention), or a UFNET ≤ 25 ml·h
-1

 (control). The 

primary outcome was the cumulative FB at 72 h and was analyzed in patients alive at 72 h 

and in whom monitoring and CRRT were continuously provided (modified intention-to-treat 

population [mITT]). Secondary outcomes were analyzed in the intention-to-treat (ITT) 

population.  

Results:  

Between June 2021 and April 2023, 55 patients (age 69 [interquartile range, IQR: 62; 74], 

35% female, Sequential Organ Failure Assessment (SOFA) 13 [11; 15]) were randomized (25 

interventions, 30 controls). In the mITT population, (21 interventions, 24 controls), the 72 h 

FB was -2650 [-4574; -309] ml in the intervention arm, and 1841 [821; 5327] ml in controls 

(difference: 4942 [95% confidence interval: 2736-6902] ml, P < 0.01). Hemodynamics, 

oxygenation and the number of HIRRT at 72 h, and day-90 mortality did not statistically 

differ between arms.  

Conclusion:  

In patients with vasopressors, a UFNET fluid removal strategy secured by a hemodynamic 

protocol allowed active fluid balance control, compared to the standard of care.  

 

 

  



Introduction 
 

 

Fluid overload may participate in multi-organ failure and is associated with delayed 

mechanical ventilation weaning, longer intensive care unit (ICU) stay, and increased mortality 

[1–6]. Yet, strategies aiming to control fluid balance (FB) without individualization have 

shown mixed results [7–10]. 

 

Patients with severe acute kidney injury (AKI) demonstrate the highest risk of developing 

fluid overload [11–15]. During continuous renal replacement therapy (CRRT), net 

ultrafiltration (UFNET) allows FB control if set appropriately to the patient hemodynamic 

status [11]. In practice, patients with acute circulatory failure do not receive active fluid 

removal by UFNET over the first days of CRRT [16–18]. Indeed, excessive UFNET may 

cause CRRT-related hemodynamic instability (HIRRT), leading to worsening organ failure 

[6, 19–21]. However, HIRRT is associated with preload dependence (i.e., a proxy of 

hypovolemia) in only 50% of cases [22], while preload dependence outside an HIRRT 

episode is associated with an increased risk of ulterior HIRRT [23, 24]. 

 

We hypothesized that FB control using UFNET during CRRT could be secured by functional 

hemodynamic monitoring. We aimed to assess the impact of an active fluid removal strategy 

by UFNET secured by a functional hemodynamic protocol on the cumulative FB measured 

over the first 72 h following inclusion in ICU patients requiring vasopressors, as compared to 

standard of care. 

 

 

Methods 
 

Study design 

 

The GO NEUTRAL trial was a randomized controlled, open-label, parallel-group, 

multicenter, proof-of-concept trial, conducted in four ICUs in France. The study was 

registered at ClinicalTrials.gov (NCT04801784) before the first patient was enrolled. The trial 

protocol has been previously published [25] and was approved by a human research ethics 

committee (Comite de Protection des Personnes Sud Méditérrannée I, IDCRB 2021-A00692- 

39) on April 21, 2021. An amended version was approved on December 4, 2022 to increase 

the total sample size (see below). The trial was not monitored by a data and safety monitoring 

board, but the trial steering committee planned an interim analysis after the inclusion of 20 

patients to identify a potential excess in mortality at 72 h. After this analysis was performed, 

enrollment was continued. This report follows the CONSORT guidelines (electronic 

supplementary material, ESM1) [26]. 

 

Trial participants 

 

Eligible patients were ICU patients aged 18 years or older, with stage 3 AKI (kidney 

disease—improving global outcomes guidelines), treated with CRRT initiated within less than 

24 h, receiving a continuous infusion of vasopressor for acute circulatory failure, and already 

equipped with a calibrated continuous cardiac output (CO) device (PiCCOR, Pulsion Medical, 

Feldkirch, Germany) [27]. Exclusion criteria are listed in ESM2. 

 



 

Written informed consent was obtained from all participants, or their next-of-kin if the patient 

was unable to consent. The protocol allowed a consent waiver procedure for emergent 

inclusion under the investigator’s responsibility if the patient was unable to consent and if his 

next-of-kin was unavailable at time of screening. Consent to pursue trial participation was 

subsequently looked for as soon as possible [28]. 

 

Randomization 

 

Inclusion and randomization of participants were performed by site investigators using a web-

based platform (Ennov EDC, Ennov, France). Participants were randomly assigned (1:1 ratio) 

to receive the intervention or control strategy. The allocation sequence was computer-

generated by the study’s statistician, with a stratification based on the participating center and 

fluid overload at inclusion (defined as a ≥ 10% increase in body weight between ICU 

admission and inclusion), with fixed-block size (n = 2) only known to the statistician [5]. 

 

Blinding of healthcare providers was not feasible due to the nature of interventions. Blinding 

of outcome assessors and data analysts was not feasible as the primary outcome incorporated 

cumulative UFNET for its computation. 

 

 
 

Study populations 

 

The intention-to-treat population (ITT) consisted of all enrolled participants fulfilling 

eligibility criteria, analyzed as per their allocation group, regardless of their adherence to the 

protocol and in whom consent to participate was obtained (i.e., patients randomized following 



the consent waiver procedure who did not consent to pursue participation were excluded from 

the ITT analysis). 

 

Causes of early cessation of study procedures before 72 h were: death, CRRT suspension for a 

continuous period of 8 h or more, permanent dysfunction of the CO monitoring device, 

impossibility to perform postural maneuvers, active hemorrhage, ischemic or hemorrhagic 

stroke, or transfer to a non-participating ICU. The modified ITT (mITT) population was a 

subgroup of the ITT population consisting of patients alive at 72 h and in which CRRT and 

CO monitoring were continuously provided from inclusion to 72 h. 

 

Trial procedures 

 

After enrollment, the strategy allocated by randomization had to be initiated within 2 h. In the 

intervention arm, the UFNET flow rate (i.e., the flow rate of fluid volume removed by the 

CRRT monitor [29]) was set to 100 ml・h
−1

 or more (based on the clinician decision) and 

was maintained for 72 h. The target UFNET aimed to neutralize the expected fluid input in 

this population [16, 30]. This intervention was combined to a hemodynamic monitoring 

protocol which allowed transitory UFNET decrease or suspension in case of a threatening 

hemodynamic profile evocative of hypovolemia. The protocol relied on the conjunct 

assessment of cardiac index (measured by transpulmonary thermodilution), arterial lactate 

concentration, postural maneuvers evaluating preload dependence using continuous cardiac 

index assessed by pulse contour analysis and central venous pressure, performed every 4 h by 

the treating nurse (without additional nursing staff) between inclusion and 72 h (Fig. 1) [31, 

32]. The protocol was designed to identify macrocirculatory failure (low cardiac index) with 

tissue hypoxia (high arterial lactate) related to potential hypovolemia (identified by preload 

dependence during a postural maneuver). Using these parameters, the protocol identified three 

hemodynamic profiles (green, orange, red), which respectively recommended pursuing, 

decreasing or ceasing UFNET (Fig. 1). 

 

Furthermore, in case of the onset of HIRRT (tachycardia, hypotension, mottling or drop in 

cardiac index, supplemental Fig. 1—ESM3), a simplified hemodynamic assessment relying 

on postural maneuvers, central venous pressure or the clinician’s judgment, allowed 

decreasing or suspending UFNET until the next 4-hourly routine evaluation (supplemental 

Fig. 1—ESM3). The hemodynamic profile was re-evaluated every 4 h to restore UFNET ≥ 

100 ml・h
−1

 in case of hemodynamic improvement. 

 

Postural maneuvers and fluid responsiveness assessment were part of the hemodynamic 

protocol of the intervention arm. These procedures are described in supplemental Methods—

ESM4. 

 

In the 2-h following inclusion, UFNET was set to ≤ 25 ml・h
−1

 in the control arm and was 

maintained for 72 h. This aimed to mimic routine practice in ICU patients with vasopressors, 

as reported in previous studies [16–18, 33] and to limit contamination between study’s arms. 

No hemodynamic protocol was applied in this group, and the management of HIRRT 

episodes were left at the discretion of the treating team. UFNET could be transiently increased 

> 25 ml・h
−1

 in case of respiratory failure due to hydrostatic pulmonary edema (supplemental 

Methods—ESM5). Once the episode had resolved, the UFNET strategy had to be restored. 

In both arms, after 72 h of inclusion, UFNET setting was left at the discretion of the treating 

team. 

 



 

Study primary and secondary outcomes 

 

The study primary outcome was the cumulative FB measured between inclusion (H0) and 72 

h after inclusion (H72). The primary outcome (in ml) consisted of the difference of 

cumulative fluid inputs (intermittent and continuous intravenous (IV) medications [including 

electrolytes and vitamins], fluid boluses, blood products, enteral and parenteral nutrition, and 

maintenance fluids) and cumulative fluid outputs (urine output, UFNET and surgical drains), 

each item being quantified, collected and reported 4-hourly into the electronic ICU charts of 

participating units. The procedure regarding collection of fluid input and output components, 

and the procedure in case of missing values are detailed in the statistical analysis plan 

(supplemental Methods—ESM6) and in supplemental Table 3 (ESM7). 

 

Secondary safety outcomes evaluated the number of HIRRT episodes per patient in each 

study group from H0 to H72 [20], the prevalence of preload-dependent HIRRT (i.e., a HIRRT 

episode associated with an increase in cardiac index above predefined thresholds during a 

postural maneuver performed at time of HIRRT) in the intervention arm [31, 34], the values 

of several hemodynamic measurements (cardiac index, mean arterial pressure, central venous 

pressure, norepinephrine dose and arterial lactate) from H0 to H72, the number of days alive 

without vasopressor at day 28, the daily Sepsis-related Organ Failure Assessment scores 

(SOFA) between inclusion and H72 [35], and the vital status at H72, day 28 and day 90 after 

inclusion. 

 

Secondary efficacy outcomes evaluated the cumulative FB and UFNET volumes, normalized 

using the duration of follow-up from H0 up to H24 and H72 or end of participation whichever 

occurred first (in ml・h
−1

), the extravascular lung water index and the ratio of arterial O
2
 

partial pressure to the inspired O
2
 fraction (PaO

2
/FiO

2
) using either measured FiO

2
 on the 

ventilator in ventilated patients or estimated FiO
2
 in non-ventilated patients [36] (evaluated 

daily between inclusion and H72), the number of ventilator-free days at day 28, the rate of 

Major Adverse Kidney Events at day 90 (MAKE90) and on the hospital and ICU lengths of 

stay [5, 37–40]. Secondary outcomes’ definitions are provided in supplemental Methods—

ESM8. 

 

 

CRRT settings and co‑interventions 

 

CRRT indications followed national and international recommendations [27, 41]. 

Recommended CRRT settings are described in supplemental Methods—ESM9. Fluid bolus 

therapy, vasopressor and diuretic management and hemodynamic monitoring procedures are 

described in supplemental Methods—ESM10. 

 

 

Sample size 

 

We hypothesized that H72 cumulative FB would be 4000 •+/- 4000 ml in the control group 

based on the results of the IDEAL-ICU trial, and 0 •+/- 4000 ml in the intervention group 

based on the study’s aim to keep FB neutral, and estimated that the required sample size to 

identify a significant difference between arms (with an α- and a β-risk < 0.05 and 0.20, 

respectively) would be at least 16 patients per arm [16]. Since we expected a mortality rate of 

25% at H72, this number was increased to 21 patients per arm [16]. A further increase of 25% 



was justified due to the potentially non-normal distribution of the primary outcome, resulting 

in a required sample size of 58 patients. The protocol was amended to further increase this 

number to 66, due to a mortality rate of 22% at H72 after the inclusion of the first 49 patients. 

Inclusions were stopped once the required 21 patients per arm was reached. 

 

 
Statistics 

 

The primary outcome measure was compared between groups in the mITT population. All 

secondary outcomes and severe adverse events were assessed in the ITT population. 

 

A statistical analysis plan was prepared prior to database lock (supplemental Methods—

ESM6). Statistical analysis was performed using the R software (version 4.1.3) with packages 

lme4 and lmerTest [42–44]. A P value < 0.05 was chosen for statistical significance. Data 

were expressed as median [ 1
st
 quartile; 3

rd
 quartile] for quantitative variables and counts 

(percentages) for categorical variables. 

 

Comparison between groups regarding the primary outcome was performed using the 

Wilcoxon–Mann–Whitney test, and the location shift using the Hodges–Lehmann method. 

Statistical analyses are described in supplemental Methods—ESM11. 

 

 

 

Results 
 

Between June 2021 and April 2023, 62 patients were randomized (Fig. 2 and supplemental 

Table 1—ESM12). Consent to participate could not be obtained in seven patients enrolled 

with the consent waiver procedure, leaving 55 patients in the ITT population (30 controls, 25 

interventions). At inclusion, norepinephrine dose (tartrate formulation) was 0.45 [0.21; 

1.05]μg・kg
−1・min−1, SOFA score was 13 [11; 15] and the cumulative FB between ICU 

admission and inclusion was 2 [−3; 5] kg (Table 1). 

 



 

Primary outcome (mITT population) 

 

The mITT population comprised 24 patients in the control group and 21 patients in the 

intervention arm (Fig. 2). The characteristics of the mITT population and that of the ITT 

excluded from mITT are given in supplemental Table 2 (ESM13). The two reasons for 

exclusion from the mITT population were death before H72 (N = 8) and CRRT suspension for 

more than 8 h (N = 2, both patients being definitely weaned from renal replacement therapy). 

H72 cumulative FB was significantly higher in controls, as compared to the intervention 

(1841 [821; 5327] ml vs. −2650 [−4574; −309] ml, P < 0.01, Table 2 and Fig. 3). 

 

 

Efficacy secondary outcomes (ITT population) 

 

Over the 72 h after inclusion, UFNET flow rate was significantly lower in the control arm, 

compared to the intervention (supplemental Fig. 2—ESM14). In the intervention arm, 

UFNET was decreased or suspended in 94/378 4-hourly routine observations (25%), due to 

orange or red hemodynamic profiles (supplemental Fig. 3—ESM15). The description of 4-

hourly hemodynamics is given in supplemental Table 3 (ESM16), and hemodynamic 

protocol’s observed components and profile letters in supplemental Fig. 4 (ESM17).  

 

The cumulative FB and cumulative fluid inputs and outputs are shown in supplemental Fig. 5 

(ESM18) and supplemental Fig. 6 (ESM19). Normalized cumulative FB was significantly 

higher, and UFNET significantly lower in controls at H24 and H72, compared to the 

intervention (Table 2). Supplemental Table 4 (ESM20) shows the normalized FB at H72 in 

survivors and nonsurvivors, based on their allocation group.  

 

PaO
2
/FiO

2
 ratio, extravascular lung water, ventilatorfree days at day 90, MAKE90 and ICU 

and hospital lengths of stay did not significantly differ between arms (Table 2 and 

supplemental Fig. 7—ESM21).  

 

Subgroup analyses did not identify subgroups with significant differences regarding the 

primary outcome (supplemental Fig. 8—ESM22). Safety secondary outcomes (ITT 

population) The number of HIRRT episodes did not significantly differ between groups (1 [0; 

3] vs. 2 [1; 4] episodes per patient, Table 2 and supplemental Fig. 9—ESM23). The 

prevalence of preload-dependent HIRRT was 44% (95% confidence interval: 39%; 66%) in 

the intervention arm (Table 2, supplemental Table 5—ESM24 for the description of HIRRT 

episodes). HIRRT led to a substantial increase in red profiles’ rate at the following 4-hourly 

observation (supplemental Fig. 10—ESM25). 

 

Longitudinal hemodynamics, vasopressor dose, arterial lactate, and vasopressor-free days did 

not differ between arms (supplemental Fig. 11—ESM26, supplemental Table 6—ESM27), as 

did the mortality at H72, day 28 and day 90 (day-90 mortality: 60% vs. 68%, Table 2). Total 

SOFA was lower in controls at H48 and H72, compared to the intervention, with no 

difference in its cardiovascular component (supplemental Fig. 12—ESM28). Severe adverse 

events are reported in supplemental Table 7—ESM29. 

 

 

 

 



 

 

 
 

 

 

 



 

 

 
 

 

 

 

 



 

Discussion 
 

In this multicenter, randomized, controlled, proof of- concept trial, a UFNET strategy secured 

by a hemodynamic protocol using dynamic indices of preload dependence allowed a 

significant decrease in H72 cumulative FB in patients with vasopressors, compared to 

standard of care, without significant increase in HIRRT episodes. 

 

Non-interventional studies exploring the effects of UFNET have shown mixed results on 

clinical outcomes [33, 45–47]. Murugan et al. reported conflicting effects of UFNET on 

mortality, with favorable outcome being associated with UFNET between 1.01 ml・kg−1h
−1

 

and 1.75 ml・kg
−1・h

−1
 (i.e., within the UFNET range applied with the intervention) in 

patients with high cardiovascular SOFA [33, 45, 47]. 

 

Fluid removal within 24 h of CRRT might appear too early in hemodynamically unstable 

patients. Yet, the protocol allowed adjusting UFNET to their hemodynamic profile, in line 

with guidelines recommending to individualize deresuscitation to the circulatory status [48]. 



Furthermore, international surveys showed that physicians would choose a UFNET of 80 m・
h

−1
 in hemodynamically unstable patients, with hemodynamic status being the main criterion 

to adjust UFNET [21]. These elements support using advanced hemodynamic profiling to 

guide fluid removal. 

 

We did not observe significant clinical benefits of the intervention although the difference in 

H72 FB was large (approx. 4L), lying between that of the CLASSIC trial (< 2 L) and the 

FACCT study (> 5 L) [7, 8]. We hypothesize that the absence of respiratory improvement 

may be due to moderately elevated extravascular lung water indices and/or limited fluid 

overload at inclusion (although similar to those reported in the STARRT-AKI and IDEAL-

ICU trials) [16, 49]. 

 

Debate may arise from keeping UFNET flow rates ≤ 25 ml・h
−1

 in the control group, when 

clinicians declared in international surveys choosing non-zero UFNET in hemodynamically 

unstable patients although this is in shear contrast with near-zero UFNET applied [16–18, 21, 

33, 49].  

 

We report several strengths of this trial. First, the hemodynamic protocol seemed feasible, and 

was appropriately applied by nurses in charge, without supplemental staffing. Second, our 

data support the relevance of individualizing UFNET to the hemodynamic status (relevant in 

25% of observations), using a limited number of parameters. Third, we used a protocolized 

control group which mandated near-zero UFNET to increase proof-of concept and to limit 

contamination between arms [16].  

 

We also acknowledge a number of limitations. First, hemodynamic monitoring required the 

full involvement of nursing staffs and their training in transpulmonary thermodilution and 

postural maneuvers. Also, we acknowledge the hemodynamic protocol was complex, and all 

of its components may not be relevant. Second, participating ICUs already had FB control 

strategies, implying that participants might have received a “restrictive” fluid strategy prior to 

enrollment (as suggested by limited fluid overload at inclusion) and during trial participation, 

which may explain negative H72 FB in the intervention arm, and a H72 FB in the control arm 

below that of our initial hypothesis. However, despite the absence of fluid overload, FB was 

efficiently decreased (within the range of the planned effect size), suggesting that fluid 

overload may have been underestimated. Third, participants represented a specific set of 

patients who were already monitored with CO monitoring, which delineates a potential 

selection bias, and limits the generalizability of our results. Fourth, staff was not blinded, 

which may question the primary outcome’s reliability. However, both groups received a 

similar amount of fluid input during participation, with a 100-ml difference between arms, 

demonstrating that the difference in H72 FB was intervention-related. Fifth, an intermediate 

primary outcome (i.e., H72 FB) was used to perform this proof-of-concept trial. However, the 

H72 time frame was previously identified as being the earliest FB associated with mortality 

[3]. Also, targeting a predicted FB to set UFNET might have been more patient-oriented, but 

is challenging in clinical routine and not the preferred criterion in a large international survey 

[21]. Finally, our study was not powered to identify an excess mortality associated with the 

intervention although the non-statistically higher numbers in this group, along with higher 

SOFA scores, stress the need for further investigations. 

 

 

 

 



Conclusions 
 

An early and active UFNET strategy secured by an advanced hemodynamic protocol using 

dynamic indices of preload dependence had the capacity to control H72 FB in an ICU 

population of patients with acute circulatory failure, compared to the standard of care. 
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