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FEATURE ARTICLE

Net Fluid Balance Impacts Pediatric 
Continuous Renal Replacement Therapy 
Liberation
OBJECTIVES: The optimal fluid management strategy on continuous renal re-
placement therapy (CRRT) is unknown for critically ill children. The pace of ultra-
filtration has been highlighted as a risk predictor for adverse outcomes in adult 
cohorts. Whether CRRT can cause dialytrauma through excessive ultrafiltration 
rates (UFRs) in children is undetermined. Although fluid overload (FO) at CRRT 
start has been associated with adverse outcomes, net fluid balance (NFB) on 
CRRT has not been investigated as a predictor for renal recovery.

DESIGN: Retrospective cohort study.

SETTING: Two quaternary PICUs.

PATIENTS OR SUBJECTS: Children and young adults admitted between 
2/2014 and 2/2020 at two quaternary pediatric hospitals who received CRRT.

INTERVENTIONS: None.

MEASUREMENTS AND MAIN RESULTS: Three hundred and seventy-one 
patients were included in this study with the median age of 85 months (inter-
quartile range [IQR] 17–172), 180 (50%) were female. Three hundred and  
forty-five (96%) had acute kidney injury at CRRT start, 102 (28%) patients had 
FO > 15%. The median NFB on day 1 was 0.33 mL/kg/hr (–0.43 to 1.18), day 
2 was –0.14 mL/kg/hr (–0.72 to 0.52), and day 3 was –0.24 mL/kg/hr (–0.85 
to 0.42). Patients with a preserved urine output (UOP) greater than 0.3 mL/kg/
hr over the study period had 5.6 more CRRT-free days and had decreased odds 
of major adverse kidney events at 30 days (MAKE-30). A NFB between –4.46 
and –0.305 mL/kg/hr was independently associated with more CRRT-free days 
(β 2.90 [0.24–5.56]) and decreased odds of MAKE-30 (adjusted odds ratio 0.41 
[0.22–0.79]).

CONCLUSIONS: Ultrafiltration practices in children receiving CRRT are sub-
stantially different compared to adult cohorts. Patients with a more positive NFB 
had fewer CRRT-free days. Preservation of UOP was associated with more 
CRRT-free days. Whether UFR causes direct dialytrauma in critically ill children 
through impairment of organ perfusion and hemodynamics require further study to 
allow personalization of CRRT prescriptions to improve outcomes.

KEYWORDS: continuous renal replacement therapy; fluid overload; pediatric 
intensive care; treatment outcome; ultrafiltration

Despite advances in technology, substantial experience, and knowledge 
gained over the last several decades, acute kidney injury necessitating 
dialysis (AKI-D) has an unacceptably high mortality rate ranging from 

31% to 60% (1–5). Although the underlying disease process is frequently the 
driver of adverse outcomes, recent evidence in critically ill adults suggests that 
dialysis-induced morbidity (collectively called dialytrauma) might be responsible 
for some modifiable risk attributable to renal replacement therapy (RRT) (6).

https://orcid.org/0000-0001-5178-9839
mailto:
mailto:
mailto:
mailto:
mailto:
mailto:
mailto:
mailto:


Copyright © 2025 by the Society of Critical Care Medicine and Wolters Kluwer Health, Inc. All Rights Reserved.

Thadani et al

e1034     www.ccmjournal.org May 2025 • Volume 53 • Number 5

Continuous RRT (CRRT) is the preferred modality 
for critically ill children (7–10). CRRT delivers con-
trollable ultrafiltration, minimizing osmotic and he-
modynamic changes, and allows for liberalization 
from fluid restrictions (11). RRT ultrafiltration uses 
hydrostatic pressure to push plasma H2O and elec-
trolytes, excluding cells, through a biosynthetic mem-
brane. Dialytrauma occurs when the ultrafiltration 
rate (UFR) exceeds the intradialytic refill time (time 
for fluid to shift from the interstitial to intravascular 
space), leading to circulatory stress and end-organ is-
chemia (6, 12). A secondary analysis of a randomized 
controlled trial in critically ill adults with AKI-D found 
that negative daily fluid balance was associated with 
improved outcomes (13). The same association be-
tween negative cumulative fluid balance and decreased 
risk of mortality has also been identified in young chil-
dren receiving CRRT (14). However, recent evidence 
in critically ill adults has indicated that a high net UF 
is associated with an increase in mortality.

In adults receiving CRRT, researchers have shown 
that a net UF > 1.45 mL/kg/hr (> 35 mL/kg/d) is as-
sociated with decreased odds of 30-day mortality. 
Yet, as the net UF exceeds 1.75 mL/kg/hr (42 mL/
kg/d), mortality increases independently of hemody-
namic derangements or fluid overload (FO) (15–17). 
These findings suggest that in adults receiving CRRT 
a J-shaped response to UF exists, where both high and 
low net UF are associated with an increased risk of 

morbidity and mortality. In children on maintenance 
chronic intermittent hemodialysis (iHD), myocar-
dial strain on echocardiography was associated with 
change in blood volume independent of age, dialysis 
vintage, or blood pressure (18). As a result, UFR re-
lated dialytrauma has been proposed as a potentially 
modifiable factor to improve outcomes in patients with 
AKI-D (12).

Unlike adults, the varying stages of development, 
puberty, and sex impact maturing cardiovascular 
and renal functions, complicating the establishment 
of universally safe UFR thresholds for the pediatric 
population (19). Furthermore, net UF only consid-
ers fluid removal via dialysis, overlooking losses from 
chest tubes, abdominal drains, or gastrointestinal 
losses (20). Therefore, our aim was to investigate the 
impact of fluid balance (which captures the entirety of 
a patient’s fluid inputs and outputs) measured by net 
fluid balance (NFB) on CRRT-free days and major ad-
verse kidney events at 30 days (MAKE-30) in critically 
ill children. We hypothesized that children receiving 
more aggressive fluid removal will have fewer CRRT-
free days and higher odds of MAKE-30.

METHODS

Two-center observational study, spanning from 
February 2014–2020 in critically ill children and young 
adults who received CRRT at Texas Children’s Hospital 
or University of Pittsburgh Medical Center Children’s 
Hospital of Pittsburgh. The research was approved by 
the institutional review boards of Baylor College of 
Medicine (protocol H-47321, “Thrombocytopenia and 
Major Adverse Kidney Outcomes in Pediatric Patients 
who Underwent CRRT for Acute Renal Failure,” 
approved 4/2020) and the University of Pittsburgh 
(number 19070409, “Thrombocytopenia and MAKE 
Outcomes in Patients who Received CRRT,” approved 
10/2019). Both institutions waived informed con-
sent. The protocols adhered to the 1975 Helsinki 
Declaration. Patients with chronic kidney disease, 
end-stage renal disease, ingestion, or non-AKI/FO 
indications for CRRT were excluded.

Patient variables, such as age, sex, weight, height, 
body surface area, primary ICU admission reason, 
main comorbid condition, organ transplantation 
history, vasoactive dose/type and use, urine output 
(UOP), and admission creatinine, were extracted 
from the electronic health record, along with CRRT 

 
KEY POINTS

Question: What is the impact of net fluid balance 
(NFB) on the outcomes of children receiving con-
tinuous renal replacement therapy (CRRT)?

Findings: Those patients who achieved a NFB 
between –4.26 and –0.305 mL/kg/hr over the first 
72 hours of CRRT had more CRRT-free days and 
a decreased odds of major adverse kidney events 
at 30 days (MAKE-30). Urine output had a signifi-
cant association with NFB across the observation 
period.

Meaning: Ultrafiltration practices in children re-
ceiving CRRT are heterogeneous, but those 
patients with NFB over the first 72 between –4.26 
and –0.305 mL/kg/hr had more CRRT-free days 
and decreased odds of MAKE-30.
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variables (initial prescription, blood flow rate, filter 
used, concurrent therapeutic plasma exchange, or 
extracorporeal membranous oxygenation). AKI was 
classified based on the Kidney Disease Improving 
Global Outcomes serum creatinine and UOP criteria 
(21). Illness severity was evaluated using the Pediatric 
Logistic Organ Dysfunction-2 (PELOD-2) score at 
ICU admission and CRRT initiation (22, 23). Baseline 
creatinine, used to determine the estimated glomer-
ular filtration rate (eGFR), was defined as the lowest 
creatinine level recorded in the 90 days before CRRT 
initiation. If a baseline eGFR was unavailable, a default 
value of 100 mL/min/1.73 m² was assigned.

We used NFB, defined as net intake – net output in 
mL, instead of net UFR to better reflect each patient’s 
daily fluid balance, considering the significant obliga-
tory fluid intake. NFB data were collected daily for the 
first 3 days of CRRT, indexed to weight, and expressed 
in mL/kg/hr for comparison with existing studies. The 
first day of CRRT was the day of initiation, which began 
at 7:00 am, regardless of the time of CRRT start. Each 
day was defined as commencing at 7:00 am and end-
ing at 6:59 am on the following day. Percent FO was 
calculated at the start of CRRT using ([Fluid in–Fluid 
out]/[ICU admission weight (kg)]) × 100 (24). A FO > 
10% threshold was used to identify patients for whom 
FO was the CRRT indication. Data on UOP in mL/kg/
hr were collected over the initial 3 days of CRRT (25).

The primary outcome was the number of CRRT-free 
days censored at 30 days. In the event of the patient’s 
death prior to 30 days, they were assigned a value of 
zero CRRT-free days. The secondary outcome was the 
occurrence of MAKE-30, a composite of: 1) persis-
tent renal dysfunction, defined as a decrease in eGFR 
of ≥ 25% from baseline, calculated using the bedside 
Schwartz formula (26), 2) persistent dialysis depend-
ence, or 3) death (27). Renal recovery was defined as 
the absence of any component of MAKE-30 days after 
CRRT initiation. If a patient did not have a serum cre-
atinine measurement 30 days postCRRT initiation, 
their status was documented as renal recovery.

Statistical Analysis

Continuous variables were summarized by medians 
and interquartile ranges (IQR), and categorical vari-
ables by counts and frequencies. Univariate analyses 
used linear regressions for CRRT-free days and logistic 
regressions for MAKE-30. Least absolute shrinkage 

and selection operator regression was conducted for 
variable selection. Selected variables were then entered 
into linear regressions for CRRT-free days and logistic 
regressions for MAKE-30. Backward selection opti-
mized Akaike information criterion (AIC) to deter-
mine the final adjusted model. Final associations were 
expressed as beta coefficients (β) or adjusted odd ratios 
(aOR) with 95% CIs

Given the non-linear relationship between NFB and 
MAKE-30, we investigated several grouping strategies 
to best split the wide range of NFB into groups (Fig. 1). 
NFB was divided by median, spline, tertiles, and quar-
tiles. Each group underwent unadjusted logistic re-
gression with MAKE-30 as the outcome. Comparisons 
using AIC determined that the tertile grouping was 
optimal. The tertiles were classified by NFB values: 
negative (–4 to –0.305 mL/kg/hr), even (–0.304 to 
0.571 mL/kg/hr) and positive (0.572–8.24 mL/kg/
hr). We also compared group characteristics and out-
comes across NFB tertiles, using analysis of variance or 
Kruskal-Wallis test to identify significant differences.

Lastly, we conducted a Pearson’s correlation analysis 
to assess the strength and direction of the relationship 
between NFB and UOP. All statistical analyses were 
completed using R version 4.3.1 and packages table-
one_0.13.2, epiDisplay_3.5.0.2, MASS_7.3 to 60, sur-
vival_3.5 to 5, glmnet_4.1 to 7, and skimr_2.1.5.

RESULTS

Between February 2014 and February 2020, 418 chil-
dren and young adults received CRRT. After excluding 
57 patients, 361 were analyzed (Supplemental Fig. 
1, http://links.lww.com/CCM/H700), with a median 
age of 85 months (IQR 17–172); 180 (50%) were fe-
male. Continuous venovenous hemodiafiltration was 
administered to 353 (97%) patients. Baseline serum 
creatinine was unavailable for 166 (46%) patients be-
fore admission, and the median CRRT duration was 
10 days (IQR 4–20). At CRRT initiation, 345 (96%) 
patients had AKI; 124 (34%) met AKI criteria based 
solely on serum creatinine, 22 (6%) based only on 
UOP, and 199 (58%) based on both serum creatinine 
and UOP. The most common reason for ICU admis-
sion was septic shock/sepsis for 87 (24%) patients. At 
CRRT initiation, the median FO was 9% (3–18%), with 
102 (28%) patients having a FO > 15%. The median 
PELOD-2 at ICU admission and PELOD-2 at CRRT 
start scores were 6 (4–9) and 9 (7–11), respectively. 

http://links.lww.com/CCM/H700
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The median number of CRRT-free days were 6 (0–24); 
263 (73%) patients had MAKE-30. (Table 1).

Fluid Balance

NFB varied widely over the first 3 days of CRRT from 
–4.46 to 8.24 mL/kg/hr with a median of 0.1 mL/kg/
hr (IQR –0.47 to 0.81). Daily median NFB became 
more negative over the first 3 days of CRRT, from 
0.33 mL/kg/hr (–0.43 to 1.18) on day 1, –0.14 mL/
kg/hr (–0.72 to 0.52) on day 2, and –0.24 mL/kg/hr 
(–0.85 to 0.42) on day 3. There was a difference in 
NFB between days 1 and 2 (p < 0.01) as well as day 1 
and 3 (p < 0.01) (Fig. 2). One hundred and sixty-five 
(46%) patients achieved an overall negative NFB over 
the first 3 days of CRRT. The median UOP decreased 
daily from 0.34 (0.09–0.82) to 0.19 mL/kg/hr (0.02–
0.45), and 0.10 mL/kg/hr (0.01–0.41), for days 1, 2, 
and 3, respectively. One hundred and sixty-one (45%) 
patients had preserved UOP with an average UOP > 
0.3 mL/kg/hr over the first 3 days of CRRT (Table 1). 
There was a weak negative correlation (ρ = –0.20, 

95% CI: –0.30 to –0.10) between NFB and UOP over 
the 3-day observation period.

Significant differences were found between the 
NFB groups in sex, age, ICU admission weight, trans-
plantation history, primary ICU admission diagnosis, 
PELOD-2 Score at CRRT initiation, and daily and cu-
mulative 3-day UOP during CRRT (Table 2).

CRRT-Free Days

The median number of CRRT-free days was 6 (IQR 
0–24). In unadjusted analyses, older patients, a met-
abolic/endocrine comorbid condition, and a negative 
NFB were all associated with more CRRT-free days. 
Respiratory conditions or sepsis as primary reason for 
ICU admission, FO > 15%, and a more positive average 
NFB over the first 3 days were all associated with fewer 
CRRT-free days (Supplemental Table 1, http://links.
lww.com/CCM/H700).

The final adjusted model included height (cm), his-
tory of organ transplantation, FO > 15%, PELOD-2 
Score at CRRT start, UOP > 0.3 mL/kg/hr over the first 

Figure 1. Net fluid balance and the incidence of major adverse kidney events at 30 days. The graph displays the distribution of net 
fluid balance (NFB) over a 3-day observation period, binned into 1 mL/kg/hr intervals (blue bars). Superimposed on these intervals is 
the incidence of major adverse kidney events at 30 days (MAKE-30) following continuous renal replacement therapy (CRRT) initiation 
(orange line), reflecting the incidence within each NFB bin. 

http://links.lww.com/CCM/H700
http://links.lww.com/CCM/H700
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TABLE 1.
Demographics

Patient Characteristics (n = 361) Median (IQR) or n (%)

Gender (female) 180 (50%)

Age at ICU admission (mo) 85 (17–172)

Weight (kg) 22 (11–52)

AKI criteria at CRRT start 345 (96%)

  Serum creatinine 124 (36%)

  UOP 22 (6%)

  Both serum creatinine and UOP 199 (58%)

Primary reason for ICU admission

  Respiratory 81 (22%)

  Septic shock/sepsis 87 (24%)

  Other shock 51 (14%)

  Cardiac/cardiac postoperative 34 (9%)

  Trauma 1 (1%)

  Postoperative/pain 13 (4%)

  CNS 29 (8%)

  Other 65 (18%)

Primary comorbid condition

  None 79 (22%)

  Cardiovascular 63 (17%)

  Respiratory 10 (3%)

  Neuromuscular 17 (5%)

  Gastrointestinal/liver 59 (16%)

  Renal/urological 11 (3%)

  Hematological/oncological 80 (22%)

  Metabolic/endocrine 30 (9%)

  Other 12 (3%)

History of transplant (no) 271 (75%)

% Fluid overload at CRRT start 9% (3–18%)

Vasoactive use at CRRT start (yes) 265 (73%)

CRRT indication – AKI 345 (96%)

CRRT indication – fluid overload 155 (43%)

UOP day 1 (mL/kg/hr) 0.34 (0.09–0.82)

UOP day 2 (mL/kg/hr) 0.19 (0.02–0.45)

UOP day 3 (mL/kg/hr) 0.1 (0.01–0.41)

NFB day 1 (mL/kg/hr) 0.33 (–0.43 to 1.18)

NFB day 2 (mL/kg/hr) –0.14 (–0.72 to 0.52)

NFB day 3 (mL/kg/hr) –0.24 (–0.85 to 0.42)

NFB (mL/kg/hr) 0.1 (–0.47 to 0.81)

NFB (negative) 165 (46%)

AKI = acute kidney injury, CRRT = continuous renal replacement therapy, IQR = interquartile range, NFB = net fluid balance, UOP = 
urine output.
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72 hours of CRRT, primary reason for ICU admission 
and comorbid conditions, and NFB tertiles. History 
of organ transplantation, FO > 15%, higher PELOD-2 
score at CRRT start, primary reason for ICU admis-
sion as respiratory failure or shock (other than septic 
or cardiogenic), hematologic/oncologic comorbid 
condition were independently associated with fewer 
CRRT-free days. UOP > 0.3 mL/kg/hr during CRRT, 
metabolic/endocrine comorbid conditions, and NFB 
–4.46 to –0.305 mL/kg/hr were independently associ-
ated with more CRRT-free days (Table 3).

Major Adverse Kidney Events at 30 Days

Two hundred and sixty-three (73%) patients met 
criteria for MAKE-30, of those, 113 (43%) died, 107 
(41%) remained on dialysis, and 43 (16%) had persis-
tent kidney dysfunction but liberated from dialysis. In 
univariate analyses, FO > 15%, AKI by UOP criteria 
at CRRT start, gastrointestinal/liver comorbid or he-
matological/oncological comorbid condition, history 
of transplant, and a more positive NFB of the first 3 
days of therapy (mL/kg/hr) were all associated with 

increased odds of MAKE-30, whereas those patients 
with a NFB over the first 3 days between –4.46 to 
–0.305 mL/kg/hr and UOP > 0.3 mL/kg/hr over the 
first 72 hours of CRRT had decreased odds of MAKE-
30 (Supplemental Table 2, http://links.lww.com/
CCM/H700).

In adjusted analysis, history of transplantation (aOR 
2.28 [CI 1.14–4.55]), FO > 15% (aOR 3.91 [CI 1.97–
7.78]) were independently associated with increased 
odds of MAKE-30. UOP > 0.3 mL/kg/hr during CRRT 
(aOR 0.16 [CI 0.09–0.29]), and a NFB between –4.46 
and –0.305 mL/kg/hr (aOR 0.41 [CI 0.22–0.79]) were 
associated with decreased odds of MAKE-30 (Table 4).

DISCUSSION

Our dual-center study in critically ill pediatric and 
young adult AKI-D patients undergoing CRRT re-
vealed a broad range of NFB within the initial 3 days 
of therapy. An inverse correlation was observed be-
tween NFB and UOP. We observed significant differ-
ences in anthropometric measurements, indications 
for ICU admission, history of organ transplantation, 

Figure 2. Violin plots of net fluid balance across the 3-day observation period. Violin plots illustrating the net fluid balance (NFB) across 
the 3-day observation period. Statistically significant differences were observed between NFB day 1 and 2, as well as between day 1 
and 3.

http://links.lww.com/CCM/H700
http://links.lww.com/CCM/H700
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TABLE 2.
Comparison of Group Characteristics and Outcomes Across the Tertiles of Net Fluid Balance

Characteristic

NFB –4.46 to 
–0.305 mL/kg/hr, 

(n = 119)

NFB –0.304 to 
0.571 mL/kg/hr, 

(n = 123)

NFB 0.572–8.24  
mL/kg/hr, 
(n = 119) p

Sex (male) 70 (60%) 55 (45%) 54 (45%) 0.03

Age at ICU admission (mo) 64 (16,157) 120 (25,192) 58 (11,157) 0.02

Weight at ICU admission (kg) 20 (10, 54) 34 (13, 59) 20 (8, 46) 0.04

Primary diagnosis at ICU admission 0.03

  Respiratory 30 (25%) 23 (19%) 28 (24%)

  Septic shock/sepsis 34 (29%) 28 (23%) 25 (21%)

  Other shock 12 (10%) 16 (13%) 23 (19%)

  Cardiac/cardiac postoperative 13 (11%) 16 (13%) 5 (4.2%)

  Trauma 0 (0%) 1 (0.8%) 0 (0%)

  Postoperative/pain 2 (1.7%) 4 (3.3%) 7 (5.9%)

  Neurologic 7 (5.9%) 7 (5.7%) 15 (13%)

  Other 21 (18%) 28 (23%) 16 (13%)

Primary comorbid condition 0.20

  None 31 (26%) 20 (16%) 28 (24%)

  Cardiovascular 18 (15%) 33 (27%) 12 (10%)

  Respiratory 4 (3.4%) 4 (3.3%) 2 (1.7%)

  Neuromuscular 7 (5.9%) 4 (3.3%) 6 (5.0%)

  Gastrointestinal/liver 16 (13%) 20 (16%) 23 (19%)

  Renal/urological 4 (3.4%) 4 (3.3%) 3 (2.5%)

  Hematological/oncological 24 (20%) 23 (19%) 33 (28%)

  Metabolic/endocrine 9 (7.6%) 11 (8.9%) 10 (8.4%)

  Other 6 (5.0%) 4 (3.3%) 2 (1.7%)

History of transplant (yes) 22 (19%) 40 (33%) 25 (22%) 0.03

Fluid overload > 15% 37 (31%) 27 (22%) 38 (32%) 0.22

Vasoactive support (yes) 82 (69%) 92 (75%) 89 (75%) 0.40

PELOD-2 score at ICU admission 6.0 (4.0, 8.0) 7.0 (4.0, 10.0) 7.0 (4.0, 9.0) 0.40

PELOD-2 score at CRRT start 8.0 (7.0, 10.5) 10.0 (7.0, 12.0) 9.0 (7.0, 11.5) 0.03

NFB –0.81 (–1.14, –0.49) 0.09 (–0.07, 0.30) 1.09 (0.82, 1.81) < 0.01

Day 1 mL/kg/hr –0.63 (–0.98, –0.14) 0.25 (0.01, 0.83) 1.24 (0.81, 2.95) < 0.01

Day 2 mL/kg/hr –0.84 (–1.30, –0.44) –0.03 (–0.35, 0.27) 0.86 (0.22, 1.62) < 0.01

Day 3 mL/kg/hr –0.85 (–1.32, –0.47) –0.05 (–0.36, 0.26) 0.66 (–0.02, 1.14) < 0.01

UOP day 1 mL/kg/d 0.58 (0.24, 1.10) 0.19 (0.08, 0.67) 0.25 (0.06, 0.62) < 0.01

UOP day 2 mL/kg/d 0.33 (0.13, 0.69) 0.14 (0.02, 0.29) 0.11 (0.00, 0.30) < 0.01

UOP day 3 mL/kg/d 0.29 (0.05, 0.58) 0.12 (0.02, 0.32) 0.04 (0.00, 0.18) < 0.01

Median UOP 0.46 (0.22, 0.83) 0.20 (0.05, 0.44) 0.22 (0.06, 0.46) < 0.01

UOP > 0.3 mL/kg/hr over the first 3 d of CRRT 76 (64%) 46 (37%) 39 (33%) < 0.01

CRRT-free days 20 (0, 26) 5 (0, 21) 0 (0, 20) < 0.01

Major adverse kidney events at 30 d (yes) 64 (54%) 98 (80%) 101 (85%) < 0.01

CRRT = continuous renal replacement therapy, NFB = net fluid balance, PELOD-2 = Pediatric Logistic Organ Dysfunction-2, UOP = 
urine output
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illness severity, and UOP during CRRT among our 
NFB groups. Paradoxically, preserved UOP (> 0.3 mL/
kg/hr) and a NFB between –4.26 and –0.305 mL/kg/
hr over the first 3 days of CRRT were associated with 
more CRRT-free days and decreased odds of MAKE-
30. Contrary to adult data, we were unable to identify a 
threshold at which a negative NFB became associated 
with adverse outcomes (14).

Dialytrauma is an overarching term that describes 
harmful adverse events related to dialysis. In adults re-
ceiving chronic iHD, a high UFR (> 13 mL/kg/hr) is a 

modifiable factor that, if exceeded, leads to an increase 
in all-cause mortality (28, 29). Despite fewer cardio-
vascular risk factors in children receiving iHD, pace of 
ultrafiltration has been associated with decreased car-
diac output and myocardial strain (18, 30, 31). Hence, 
CRRT has become the modality of choice for critically 
ill children in resource-replete settings (32). Despite 
the theoretically improved hemodynamic tolerance 
of CRRT, higher UFRs are associated with worse out-
comes in adults receiving CRRT. Researchers have 
noted that an “optimal” UFR range of 1.5–1.75 mL/

TABLE 3.
Adjusted Model for Continuous Renal Replacement Therapy-Free Days

Variable Beta Coefficient CI p

Height (cm) 0.02 –0.005 to 0.05 0.11

History of transplant (yes) –3.71 –6.40 to –1.02 < 0.01

Fluid overload > 15% –4.33 –6.92 to –1.75 < 0.01

Pediatric Logistic Organ Dysfunction-2 score at CRRT start –0.43 –0.75 to –0.11 < 0.01

Urine output > 0.3 mL/kg/hr during CRRT 5.57 3.34 to 7.79 < 0.01

Primary reason for ICU admission

  Respiratory –5.14 –8.52 to –1.75 < 0.01

  Septic shock/sepsis –3.35 –6.64 to –0.06 0.05

  Other shock –5.28 –9.16 to –1.41 < 0.01

  Cardiac/cardiac postoperative –1.13 –6.06 to 3.76 0.65

  Trauma 10.94 –9.76 to 31.63 0.30

  Postoperative/pain –5.68 –12.03 to 0.66 0.08

  CNS –2.70 –7.15 to 1.75 0.23

  Other Reference Reference

Primary comorbid condition

  None Reference Reference

  Cardiovascular 0.11 –3.78 to 4.01 0.95

  Respiratory –0.30 –7.17 to 6.57 0.93

  Neuromuscular –2.97 –8.23 to 2.30 0.27

  Gastrointestinal/liver –4.37 –8.12 to –0.61 0.02

  Renal/urological 0.98 –5.69 to 7.65 0.77

  Hematological/oncological –5.58 –8.82 to –2.34 < 0.01

  Metabolic/endocrine 4.32 0.05 to 8.57 0.05

  Other 4.90 –1.27 to 11.08 0.12

Net fluid balance

  –4.46 to –0.305 mL/kg/hr 2.90 0.24 to 5.56 0.03

  –0.304 to 0.571 mL/kg/hr Reference Reference

  0.572 to 8.24 mL/kg/hr –0.08 –.72 to 2.56 0.95

CRRT = continuous renal replacement therapy.



Copyright © 2025 by the Society of Critical Care Medicine and Wolters Kluwer Health, Inc. All Rights Reserved. Copyright © 2025 by the Society of Critical Care Medicine and Wolters Kluwer Health, Inc. All Rights Reserved.

Feature Article

Critical Care Medicine www.ccmjournal.org     e1041

kg/hr in adults receiving CRRT is associated with 
improved outcomes, yet a safe threshold has not been 
identified in children (16, 33). We attempted to elu-
cidate a NFB threshold associated with adverse out-
comes. Surprisingly, we showed that patients who 
achieved a NFB (–4.46 to –0.305 mL/kg/hr) over the 
observation period achieved better outcomes. We the-
orize, the current conservative practice of CRRT at 
participating institutions, where clinical teams restrict 
NFB to less than 2 mL/kg/hr, explains why a danger 
threshold was not identified. Ninety-seven percent of 
patients with negative NFB were prescribed NFB be-
tween –2 and 0 mL/kg/hr (Fig. 1). This “net UF lim-
itation” may not be implemented at other centers, 
limiting the generalizability of our study.

Previously published literature in children receiving 
CRRT has noted significant heterogeneity in both the 
patient and CRRT characteristics (34, 35). We identified 
significant differences among our NFB groups, which 
we believe provide insight into the practice of fluid re-
moval in children receiving CRRT. Our findings indi-
cate two main categories of variables (anthropometric 
and clinical characteristics). We hypothesized that the 
variations in NFB within our study cohort reflect the 
clinical features pediatric intensivist and nephrologist 
use to prescribe UF in critically ill patients (36, 37). 
Future studies should further investigate the impact of 
patient factors that influence the prescription of UF in 
children receiving CRRT.

FO is associated with poor outcomes in critically ill 
adults and children. In our cohort FO > 15% at CRRT 
initiation was associated with fewer CRRT-free days 
and MAKE-30. A multinational study identified more 

ventilator and ICU-free days in children who had an 
FO < 10% at CRRT initiation (25). We recently showed 
that children with FO > 15% vs. those with FO < 15% 
at CRRT initiation have higher systemic vascular re-
sistance and lower cardiac index (38), indicating dif-
ferential cardiovascular function when FO exceeds 
15%. Advanced hemodynamic monitoring to better 
define FO thresholds linked to organ dysfunction and 
poor outcomes in children undergoing CRRT could 
shed light on different hemodynamic phenotypes.

The median NFB in our cohort became negative 
on day 2 at –0.14 mL/kg/hr, with a 3-day median of 
0.1 mL/kg/hr, aligning with adult data (39). Yet, in con-
trast to the adult literature, we observed a decrease in 
UOP over our observation period (39). The reduction 
in UOP is concerning, as it has consistently been a reli-
able predictor of CRRT liberation. Given the weak but 
significant inverse correlation between NFB and UOP, 
we propose that fluid removal with higher UFR could 
decrease renal perfusion, diminish UOP, and poten-
tially impair renal recovery. More studies are required 
to better understand the practice of safe and effective 
fluid management in children undergoing CRRT.

There is no consensus in critical care nephrology on 
the most patient-centered parameter for describing, 
measuring, and assessing fluid removal. Currently, two 
clinical trials in critically ill adults receiving CRRT are 
using different fluid balance metrics: NFB and net UF 
(40, 41). We used NFB to measure fluid removal be-
cause it comprehensively assesses net fluid input and 
output. However, net UF, the fluid directly removed 
from circulation, might better evaluate circulatory 
strain and identify dialytrauma. Despite NFB’s clinical 

TABLE 4.
Adjusted Model for Major Adverse Kidney Events at 30 Days

Variable Adjusted OR CI p

History of transplant (yes) 2.28 1.14–4.55 0.02

Fluid overload > 15% (yes) 3.91 1.97–7.78 < 0.01

Urine output > 0.3 mL/kg/hr during continuous 
renal replacement therapy

0.16 0.09–0.29 < 0.01

Net fluid balance

  –4.46 to –0.305 mL/kg/hr 0.41 0.22–0.79 < 0.01

  –0.304 to 0.571 mL/kg/hr Reference Reference

  0.572–8.24 mL/kg/hr 1.42 0.68–2.94 0.35

OR = odds ratio.
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utility, future studies should document both net UF 
and NFB for a holistic assessment of fluid status in 
CRRT patients.

This study has several limitations. The retrospec-
tive nature, reliant on accurate documentation, may 
not capture all clinical factors related to CRRT pre-
scription. Our findings might be confounded by indi-
cation, as FO is an indication for CRRT and impacts 
outcomes in critically ill children. We only recorded 
NFB during the first 3 days of therapy. Future research 
should examine UFR changes throughout the entire 
therapy duration and their effect on renal outcomes. 
Our NFB data collection reflects the whole 24 hours, 
not just CRRT time, potentially making NFB on day 
1 more positive depending on CRRT initiation time. 
Despite controlling for UOP in multivariable models, 
collinearity between UOP and NFB confounds estab-
lishing a directional association between NFB and out-
comes. We propose that UFR, which is independent of 
UOP, might be a better measure of circulatory strain 
and should be used in future studies. Lastly, our find-
ings require external validation (34). A recently pub-
lished study from the Worldwide Explorations of 
Renal Replacement Outcomes Collaborative in Kidney 
Disease identified that an earlier negative NFB is as-
sociated with decreased odds of liberation from di-
alysis (42). These seemingly contradictory findings 
might indicate that not just the NFB, but the timing of 
when a negative NFB is achieved might impact patient 
outcomes.

CONCLUSIONS

A negative NFB during the initial 3 days of CRRT 
in children and young adults was associated with 
decreased odds of MAKE-30 and more CRRT-free 
days. Patients with preserved UOP > 0.3 mL/kg/hr 
during the first 3 days of CRRT had more CRRT-free 
days and decreased odds of MAKE-30. Personalized 
ultrafiltration targets for children undergoing CRRT 
require further investigation focusing on CRRT lib-
eration and preservation of UOP while on dialysis 
to minimize morbidity and mortality in critically ill 
children.
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