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Objectives: Fluid overload is associated with poor PICU outcomes 
in different populations. Little is known about fluid overload in chil-
dren undergoing cardiac surgery. We described fluid overload 
after cardiac surgery, identified risk factors of worse fluid over-
load and also determined if fluid overload predicts longer length of 
PICU stay, prolonged mechanical ventilation (length of ventilation) 
and worse lung function as estimated by the oxygenation index.
Design: Retrospective cohort study.
Setting: Montreal Children's Hospital PICU, Montreal, Canada.
Patients: Patients 18 years or younger undergoing cardiac sur-
gery (2005–2007).
Interventions: None.
Measurements and Main Results: Cumulative fluid overload % 
was calculated as [(total fluid in – out in L)/admission weight 
(kg) × 100] and expressed as PICU peak cumulative fluid over-
load % throughout admission and PICU day 2 cumulative fluid 
overload %. Primary outcomes were length of stay and length 
of ventilation. The secondary outcome was oxygenation index. 
Fluid overload risk factors were evaluated using stepwise linear 
regression. Fluid overload-outcome relations were evaluated 
using stepwise Cox regression (length of stay, length of ventila-
tion) and generalized estimating equations (daily PICU cumula-
tive fluid overload % and oxygenation index repeated measures). 

There were 193 eligible surgeries. Peak cumulative fluid over-
load % was 7.4% ± 11.2%. Fluid overload peaked on PICU 
day 2. Lack of past cardiac surgery (p = 0.04), cyanotic heart 
disease (p = 0.03), and early postoperative fluids (p = 0.0001)  
was independently associated with higher day 2 fluid overload %. 
Day 2 fluid overload % predicted longer length of stay (adjusted 
 hazard ratio, 0.95; 95% CI, 0.92–0.99; p = 0.009) and length of ven-
tilation (adjusted hazard ratio, 0.97; 95% CI, 0.94–0.99; p = 0.03).  
In patients without cyanotic heart disease, worse daily fluid over-
load % predicted worse daily oxygenation index.
Conclusion: Fluid overload occurs early after cardiac surgery and 
is associated with prolonged PICU length of stay and ventilation. 
Future fluid overload avoidance trials may confirm or refute a true 
fluid overload-outcome causative association. (Crit Care Med 
2014; 42:2591–2599)
Key Words: acute kidney injury; cardiac surgery; fluid therapy; 
mechanical ventilation; pediatric intensive care units; pediatrics

Children undergoing cardiac surgery (CS) are at risk 
of developing fluid overload (FO) for several reasons, 
including hemodynamic instability (1), requiring large 

amounts of fluids or transfusions, and postoperative resuscita-
tion needs. Given that the kidneys are responsible for water 
excretion, the high incidence of post-CS acute kidney injury 
(AKI) in children (2–4) likely contributes to postoperative FO, 
although this relation has not been extensively examined (5, 6).

Post-CS FO avoidance strategies include diuretics, maintain-
ing higher hematocrit, steroids to reduce capillary leak and, in 
some centers, renal replacement therapy (RRT). The desire to 
avoid post-CS FO is based on the assumption that FO impacts 
negatively on outcomes. Yet, literature on FO-outcome asso-
ciations in pediatric CS is scant. In studies of noncardiac chil-
dren treated with continuous RRT (CRRT) (7–9) and children 
receiving extracorporeal membrane oxygenation (ECMO) and 
CRRT (10), worse FO is associated with mortality. In children 
with acute lung injury, FO has been found to be associated 
with mortality, worse lung function, or fewer ventilator-free 
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days (11, 12). Adults with acute lung injury randomized to 
conservative (vs liberal) fluid management had better oxygen-
ation index (OI) and higher ventilator-free days (13), demon-
strating potential of performing such a trial in children as well.

Given the potential importance of FO on outcomes in other 
populations, it is worthwhile understanding the spectrum of 
FO in children undergoing CS and FO risk factors and out-
come associations. With this knowledge, it will be possible to 
approach performing fluid management trials and defining 
fluid management guidelines in this population.

We hypothesized that FO is associated with prolonged 
length of stay (LOS), length of ventilation, and lung function 
in children undergoing CS. Study goals were to 1) describe the 
timing and severity of FO after CS, 2) identify factors associ-
ated with FO, and 3) determine if FO predicts longer length of 
PICU stay, prolonged mechanical ventilation, and worse lung 
function as estimated by the OI.

MATERIALS AND METHODS

Design and Setting
This was a retrospective cohort study at the Montreal Chil-
dren’s Hospital, Montreal, Canada. Children undergoing CS 
from 2005 to 2007, admitted to PICU postoperatively and 
below 19 years old at surgery, were included. Neonates under-
going patent ductus arteriosus repair are generally admitted to 
our neonatal unit; these patients were not included. Institu-
tional research ethics board approval was obtained before ini-
tiating the study, and patient consent requirement was waived.

Data Sources
Data were obtained by review of nursing flow sheets, doc-
tor’s notes, medication records, perfusionist flow sheets, our 
institutional laboratory system, and an institutional CS qual-
ity assurance database. Additional data were obtained from an 
institutional quality assurance PICU database, which includes 
diagnostic, clinical, and outcome variables, all of which were 
previously collected prospectively and validated (14).

Clinical Variables
We recorded demographics, prematurity at surgery (gesta-
tional age < 37 wk), preoperative and PICU admission weight 
and length, presence of prior cardiac surgeries and noncardiac 
comorbidities (including renal), use of preoperative diuretics 
or invasive mechanical ventilation, and baseline estimated 
glomerular filtration rate (eGFR) by the Schwartz formula 
(15). We expressed baseline eGFR as percentile for age values, 
as previously described (16, 17), to account for physiologic 
age-related increase in glomerular filtration rate (GFR) before 
age 2.

CS-specific variables were procedure, diagnosis, presence 
of cyanotic heart disease (adjudicated by a cardiologist, A.D.), 
intraoperative hematocrit (%), use of cardiopulmonary bypass 
(CPB), aortic cross-clamp, and deep hypothermic circulatory 
arrest (DHCA) (with time in min). The Aristotle basic com-
plexity score (range, 1.5–15, higher scores indicating greater 

overall complexity), a score derived by summing estimated 
mortality, morbidity, and technical difficulty contributions 
(18, 19), was calculated. All patients undergoing CPB received 
continuous ultrafiltration throughout bypass. Intraoperative 
diuretic administration was rare.

Postoperative variables were duration of invasive mechan-
ical ventilation, vasopressors and inotropes, milrinone and 
diuretic use, presence of infection, survival, requirement, and 
date/duration of RRT or ECMO. We calculated maximal ino-
trope score (IS, includes data on infusion rates of dopamine, 
dobutamine, and epinephrine) and milrinone score from 
days 1 and 2 postoperatively (20, 21). We defined AKI by 
the Kidney Disease: Improving Global Outcomes (KDIGO) 
guidelines (22) (no AKI, stages 1, 2, or 3 AKI). Baseline serum 
creatinine (SCr) was preoperative SCr. We used baseline and 
peak postoperative SCr (considering rate of SCr rise) to 
calculate AKI severity staging by SCr criteria (22). We also 
staged patients according to KDIGO urine output criteria 
(based on hours with different decreases in urine output). 
When a bladder catheter was not present and urine output 
was recorded in grouped hourly intervals (e.g., 400 mL over 
4 hr), we divided that amount by the respective number of 
hours. Maximal AKI severity was the worst of the SCr or 
urine output stage attained.

FO Assessment
We recorded all fluids administered intraoperatively and in 
the first 6 PICU admission hours, daily PICU total fluid in 
(including all fluids, medication, enteral feeding, blood prod-
uct, and non-blood-product boluses) and total fluid out. Of 
note, our institution generally initiates normal saline infusion 
at approximately 60% maintenance (23), with fluid boluses 
provided based on clinical indication. We used the daily fluid 
data to calculate cumulative percent FO (cFO%) for every day 
of PICU admission (8):

cFO  on a given day  total in out in liters  since 

PI

% ( )( ) = −

CCU admission weight kg 1/ ( )× 00

We expressed cFO% for analysis in two ways: maximal 
cumulative FO attained during PICU admission (peak cFO%) 
and the cumulative FO% on day 2 of PICU (day 2 cFO%), by 
which time aggressive fluid resuscitation was most likely to 
have occurred. Day 2 referred to the calendar day after surgery 
(i.e., day 2 cFO% includes fluid assessment from day of surgery 
and the 24 hr the day after surgery). To describe characteristics 
across cFO% severities, we categorized peak cFO% into the 
lower, middle, and upper tertile values.

Outcomes
Primary outcomes were duration of PICU stay and duration 
of invasive mechanical ventilation. Our institution does not 
impose a standardized protocol for these outcomes. We also 
evaluated OI as a surrogate outcome of lung function:

OI  mean airway pressure  F  1

blood arterial part
2= × ×( )

/

IO 00

iial pressure of oxygen
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We used the highest Fio
2
 (%) of the day and the correspond-

ing mean airway pressure (cm H
2
O) and partial pressure of 

oxygen (mm Hg) closest in time to the highest Fio
2
. We calcu-

lated OI daily as such and also expressed overall OI severity as 
the maximal OI attained during PICU admission (peak OI).

Statistical Analysis
T tests, nonparametric univariate tests, and chi-square tests 
were performed to compare variables between groups, as 
appropriate. To evaluate factors associated with development 
of worse day 2 %FO, we performed backward stepwise linear 
regression (p value exclusion = 0.2), considering factors that 
would normally be evaluable early in PICU admission: age, 
gender, baseline eGFR percentile, intraoperative fluids per kg 
given and fluids per kg in the first 6 PICU hours, CPB time, 
presence of aortic cross-clamp, use of DHCA, intraoperative 
hematocrit, prior CS, presence of cyanotic heart disease, Aris-
totle score less than or equal to or greater than 7.5 (median 
value for the cohort), postoperative ventilation, first 48 hours 
maximal IS and milrinone score, any diuretic use in the first 2 
postoperative days, and occurrence of postoperative AKI. Sub-
jects receiving RRT within the first 2 postoperative days were 
excluded from these analyses.

To evaluate if day 2 cFO% predicts PICU LOS and 
mechanical ventilation duration, we used stepwise multiple 
Cox regression (p = 0.2 criteria for removal from the model), 
censoring for death. We included age, gender, baseline eGFR 
percentile, Aristotle score less than or equal to or greater than 
7.5, intraoperative hematocrit, CPB time, aortic cross-clamp 
(yes/no), peak OI, prior CS, cyanotic heart disease, AKI, first 
48 hours maximal IS and milrinone score, and postoperative 
infection in the model. We included duration of mechanical 
ventilation only in LOS analyses. Hazard ratios (HRs) were 
estimated with 95% CIs.

To determine if cFO% was associated with OI, we per-
formed multiple linear regression with peak cFO% during 
PICU as the main predictor (controlling for other clinical 
variables) and peak OI during PICU as the outcome. We 
also determined if cFO% on any given day was associated 
with worse OI on the same day, controlling for other clini-
cal variables assessed daily, by including up to the first 5 days 
of PICU admission. Each day of PICU admission per patient 
was included, using generalized estimating equations, allow-
ing for inclusion of all observation days while mitigating the 
effect of correlation of values from multiple days from the 
same individual (24). Because of the complexity and likely 
inappropriateness of using OI as an outcome in patients with 
cyanotic heart disease, we decided a priori to focus OI analyses 
in patients with noncyanotic heart disease.

Nonnormally distributed continuous variables were trans-
formed to natural logarithms for inclusion in regressions. 
Variables with high collinearity were excluded from regres-
sion analyses (e.g., age and weight; we retained age and not 
weight). A p value of less than 0.05 was considered significant. 
Intercooled STATA (Stata Corp, College Station, TX) was used 
to perform statistical analysis.

RESULTS

Subject Characteristics
The cohort included 176 subjects with greater than or equal to 
one admission, 13 with greater than or equal to two, and one 
with greater than or equal to three admissions, for a total of 
193 admissions for CS. Subject characteristics by tertile of peak 
cFO% during admission are shown in Tables 1 and 2. Surgical 
procedures are summarized in Table 3. Of the total cohort (not 
shown in tables), mean ± sd age (median) was 2.6 ± 4.2 years 
(0.4 yr), baseline eGFR percentile was 48.6 ± 35.7 (45.0), and 
Aristotle basic complexity score was 7.4 ± 2.1 (7.5). Seventy-
three (38%) were female, 82 (43%) had at least one comor-
bidity at admission, and 82 (43%) had cyanotic heart lesions. 
Ninety percent received loop diuretics at some time. CPB 
time was 116 ± 55 minutes (109 min) and 134 (69%) required 
cross-clamping. Three patients were treated with DHCA. No 
children received ECMO postoperatively. In the first 2 post-
operative days, median 30% of all fluids administered were in 
the form of boluses (blood products, saline, 5% albumin or 
ringer’s lactate), over half of which were from blood products.

Timing of Peak cFO
Overall, peak cFO% during admission was 7.4% ± 11.2% 
(median = 4.5%) and PICU day 2 cFO% was 4.0% ± 5.6% 
(median = 2.7%). Patients remained on diuretics for 5.7 ± 5.7 
days (median = 4 d). Cumulative FO% by day of PICU admis-
sion is shown in Figure 1 for patients admitted to PICU for 
at least 3 (Fig. 1a), 5 (Fig. 1b), and 7 (Fig. 1c) days. As shown, 
cFO% tended to peak on PICU day 2, and negative fluid bal-
ance tended to occur by PICU day 4.

Risk Factors of FO
Patients within the highest peak cFO% tertile tended to be 
younger, have received more fluid early in PICU admission, 
have longer CPB time, have higher surrogate severity indices 
(Aristotle score, IS, mechanical ventilation), and have cyanotic 
heart disease (Tables 1 and 2). Peak postoperative cFO% was 
about 2.5 times higher in patients with cyanotic heart disease 
(median, 7.3% vs 2.9%; p < 0.001). AKI was more common 
in subjects within higher peak cFO% tertile groups (Table 2).  
Figure 2 displays the graded association between worsening 
AKI severity and worsening day 2 and peak PICU cFO%.

In multivariate analyses, receiving more fluids in the first 
6 PICU admission hours (p < 0.001), having a cyanotic heart 
lesion (p = 0.03), and not having had prior surgeries (p = 0.04) 
were associated with higher day 2 cFO%. Other variables were 
either not retained in the stepwise regression model or not sta-
tistically significant. When the same model was tested, but the 
presence of KDIGO stage 2 or worse was included as a risk 
factor (instead of any AKI), the effect of AKI on day 2 cFO% 
strengthened (p = 0.04).

Effect of cFO on Outcomes
PICU LOS. Higher day 2 cFO% was associated with pro-
longed PICU LOS (adjusted HR, 0.95; p = 0.009) (Table 4)  
independent of effects from other clinical factors. As 
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TAbLE 1.  Description of the Study Population (Continuous Variables) by Peak Cumulative 
Fluid Overload Severity Status

Variables

Peak cFO% (n = 63) Peak cFO% (n = 65) Peak cFO% (n = 65)

1st Tertile (≤ 2.7%) 2nd Tertile (> 2.7%, < 7.1%) 3rd Tertile (≥ 7.1%)

Mean (sd) Median Mean (sd) Median Mean (sd) Median

Preoperative

    Age (yr) 5.1 (5.4) 3.8 1.9 (3.2) 0.5 0.8 (2.1) 0.2a

    Gestational age (mo) 39.7 (1.2) 40.0 39.2 (2.7) 40.0 39.7 (1.6) 40.0

    PICU admission  
weight (kg)

21.2 (20.3) 15.5 9.0 (8.1) 5.4 6.3 (6.0) 4.4a

    Baseline eGFR  
(mL/min/1.73 m2)

89.7 (34.1) 91.3 73.7 (29.1) 68.6 58.6 (30.7) 54.3a

    Baseline eGFR  
percentile

48.0 (35.7) 46.0 50.7 (35.7) 45.0 47.1 (36.2) 43.0

Intraoperative

    Intraoperative  
balance (mL/kg)

–26.2 (70.4) –11.8 –55.9 (110.7) –66.0 –45.3 (147.4) –61.0b

    Intraoperative  
hematocrit (%)

26.6 (4.0) 28.0 28.0 (4.7) 29.0 28.6 (3.3) 29.0b

    Cardiopulmonary bypass 
minutesc (n = 175)

106.5 (51.7) 97.5 101.0 (41.0) 100.5 138.9 (62.1) 134.0d

    Aortic cross-clamp  
minutes (n = 134)

57.7 (31.5) 53.0 54.8 (25.6) 52.0 69.3 (24.4) 71.0d

    Aristotle basic  
complexity score

7.0 (1.5) 6.9 7.2 (2.1) 6.9 8.0 (2.5) 8.0d

Postoperative

    Fluids in first 6 hr  
of PICU (mL/kg)

24.7 (15.9) 21.4 39.5 (23.1) 34.3 67.1 (54.2) 50.5a

    PICU day 2 cFO% 0.0 (1.7) 0.2 3.1 (2.1) 3.1 8.8 (6.9) 7.5a

    Maximal inotrope score  
first 2 days

9.1 (25.4) 2.8 10.4 (16.5) 5.6 19.3 (25.4) 13.6d

    Maximal milrinone score  
first 2 days

1.1 (0.5) 1.0 1.2 (0.6) 1.0 1.5 (1.3) 1.1d

    Days on diuretics (d) 3.3 (3.5) 2.0 3.7 (2.7) 3.0 10.1 (7.0) 7.0d

    PICU day of enteral  
nutrition start

3.2 (2.3) 2.0 3.6 (2.1) 3.0 7.3 (4.8) 6.0d

    Length of stay (d) 4.5 (3.1) 3.0 4.9 (2.6) 4.0 11.7 (7.9) 8.0d

    Days of invasive ventilation 2.7 (2.2) 2.0 3.2 (2.3) 2.0 7.6 (8.6) 6.0d

    Peak oxygenation index 7.0 (8.4) 4.0 10.4 (11.7) 6.5 13.5 (11.5) 10.4a

    Hematocrit 48 hr  
postoperatively (%)

32.2 (4.5) 32.0 32.2 (4.3) 33.0 33.8 (5.2) 35.0

cFO = cumulative fluid overload %, eGFR = estimated glomerular filtration rate.
aIndicates p value is significant for differences (p < 0.05) across each pairs of groups (tertiles 1 versus 2, tertiles 2 versus 3, tertiles 1 versus 3).
bIndicates p value is significant for differences only between tertiles 1 versus 2 and tertiles 1 versus 3.
cBaseline estimated glomerular filtration rate expressed as percentile value (thereby accounting for age-related changes), based on normative data, as described 
in the methodology.
dIndicates p value is significant for differences only between tertiles 1 versus 3 and tertiles 2 versus 3.
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expected, longer mechanical ventilation duration (p < 0.001) 
and higher peak OI (p = 0.002) were associated with longer 
PICU stay, as were younger age (p < 0.001) and longer CPB 
(p = 0.04).

Duration of Ventilation. Day 2 cFO% was also associated 
with longer time to extubation, independent of other vari-
ables (adjusted HR, 0.97; p = 0.03) (Table 4). Longer CPB time  
(p < 0.001), higher OI (p = 0.001), younger age (p = 0.001), 
presence of AKI (p = 0.05), and lower baseline GFR percentile 
(p = 0.02) were also significantly associated with longer length 
of ventilation.

OI. Peak OI during PICU admission correlated with 
peak cFO% (r = 0.32, p = 0.001) only in patients without 
 cyanotic heart disease (patients with cyanotic heart disease,  
r = –0.001; p > 0.05). When adjusting for other variables, peak 
cFO% remained significantly associated with higher peak OI  
(p = 0.03).

When examining the first 5 days of PICU admission sepa-
rately (after which subject numbers drop dramatically) and 
only in patients without cyanotic heart disease, cFO% on each 
given day correlated with that same day’s worst OI value (r 
values ranging from 0.21 to 0.54; p < 0.05). Using analyses to 

TAbLE 2. Description of the Study Population (Categorical Variables) by Peak Cumulative 
Fluid Overload Severity Status

Variables

Peak Cumulative FO (n = 63) Peak Cumulative FO (n = 65) Peak Cumulative FO (n = 65)

1st Tertile (≤ 2.7%) 2nd Tertile (> 2.7%, < 7.1%) 3rd Tertile (≥ 7.1%)

n (%)

Preoperative

    Female 23 (37) 23 (35) 27 (42)

    Prior cardiac surgeries 28 (44) 19 (29) 10 (15)a

    Other comorbidities 28 (44) 31 (48) 23 (35)

     Renal 6 (10) 5 (8) 6 (9)

     Respiratory 11 (17) 12 (18) 9 (14)

    Preoperative diuretics 21 (33) 25 (38) 23 (35)

Intraoperative

    Cyanotic heart disease 14 (22) 25 (38) 43 (66)a

    Aristotle score ≥ 7.5 (median) 27 (44) 26 (41) 44 (68)a

    Invasive ventilation before surgery 5 (8) 10 (15) 14 (22)

    Used cardiopulmonary bypass 58 (92) 56 (86) 61 (94)

    Used aortic cross-clamp 39 (62) 41 (63) 54 (83)b

    Use of deep hypothermic  
circulatory arrest

0 (0) 0 (0) 3 (5)

Postoperative

    Vasopressors/inotropes > 2 d 15 (24) 16 (25) 39 (60)a

    Milrinone > 2d 22 (35) 33 (51) 47 (72)a

    Any acute kidney injury 11 (18) 26 (40) 32 (50)a

     Stage 1 6 (10) 18 (28) 19 (30)

     Stage 2 4 (6) 7 (11) 8 (13)

     Stage 3 1 (2) 1 (2) 6 (9)

    Postoperative diuretics > 3d 23 (37) 29 (45) 59 (91)a

    Hospital mortality 1 (2) 1 (2) 2 (3)

    Infection 11 (18) 9 (14) 21 (32)b

    Renal replacement therapy 0 (0) 0 (0) 3 (5)
ap value for association is < 0.005.
bp value for association (chi-square or Fisher exact test) is < 0.05.
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include all PICU admission days (in patients without cyanotic 
heart disease) with FO% and OI data, and controlling for other 
clinical variables, higher cFO% remained significantly associ-
ated with higher OI on a given day (p = 0.001) (Table 4).

DISCUSSION
FO as a risk factor of poor outcome has gained a significant 
amount of attention in recent ICU research. Very little data are 
published on the effect of FO as a risk factor of outcome in 
children who undergo CS (5, 6), for whom daily fluid manage-
ment plays a vital role, and to our knowledge, this is the first 
study specifically examining the FO-oxygenation association. 
As shown in other diagnostic populations, FO after child CS is 
associated with worse measures of morbidity. We also demon-
strated the association between more severe AKI and worse FO, 
supporting that FO is at least partially related to water excre-
tion defect present in children with AKI.

Median peak cFO in our population was 4.5%, which is sub-
stantially lower than maximal FO described in other published 
pediatric populations, namely, children treated with CRRT and 
those with acute lung injury (7–9, 11, 12, 25–27). However, in 
a similar study population, Hassinger et al (5) described that 
postoperative CS day 1 FO was over 5% in about one third of 
children, consistent with our findings. Our institution com-
mon practice is to avoid FO at least partly by use of diuretics, as 
described by others (5). Only 1.5% of our patients were treated 
with RRT; the literature describes a wide range (1 to > 30%) of 
RRT after CS (28, 29), likely representing differences in surgical 
complexity and centre practice in FO management (diuretics vs 
RRT). Our institution also practices other systematic strategies 
that may have impact on severity of postoperative FO, including 

TAbLE 3. Summary of Surgical Procedures 
Performed

Surgical Procedures No. of Patients

Ventricular septal defect repair 24

Atrioventricular canal defect repair 14

Tetralogy of Fallot repair 32

Arterial switch 8

Fontan 8

Truncus arteriosus repair 2

Norwood 2

Valvuloplasty 27

Aortic arch repair 19

Systemic—pulmonary shunts 30

Othersa 27
aOthers include right ventricular outflow tract repair (6), double chamber right 
ventricle repair (2), heart transplant (1), partial/total anomalous pulmonary 
venous return (7), patent ductus arteriosus ligation (2), aortopulmonary 
window repair (2), atrial septal defect closure (3), coronary arterioplasty (1), 
double outlet left ventricle repair (1), and major aortopulmonary collateral 
artery unifocalization (2).

Figure 1. Daily cumulative fluid overload by pediatric intensive care 
day. Box plots illustrating the cumulative fluid overload (%) per day of 
admission for patients admitted for ≥ 3 d (A), for ≥ 5 d (b), and ≥ 7 d (C). 
The midline represents the median, and the box plots include values from 
the 25th to the 75 percentile. The extra points on the figure represent the 
values that were outside the 5th or 95th percentile interval. For patients 
admitted for ≥ 3, ≥ 5, and ≥ 7 d, daily cumulative fluid overload was 
different across day of admission (p value < 0.05 using the Kruskal-Wallis 
test). In patients admitted ≥ 3 d (a), day 2 fluid overload was higher than 
day 1 and day 3 fluid overload (p < 0.05); in patients admitted for ≥ 5 d 
(b), significant differences (p < 0.05) in fluid overload were seen between 
day 1 versus day 4, day 1 versus day 5, day 2 versus day 3, day 2 versus 
day 4, day 2 versus day 5, and day 3 versus day 5; in patients admitted 
≥ 7 d, significant differences in fluid overload were seen between day 1 
versus days 2, 4, 5, 6, and 7, day 2 versus days 3, 4, 5, 6, and 7, and day 3 
versus days 5, 6, and 7.
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the use of intraoperative steroids (potentially impacting on capil-
lary leak) in infants and patients who undergo DHCA and target-
ing of specific intra- and postoperative hematocrits with the use 
of intraoperative hemofiltration or transfusions in selected indi-
viduals. As shown in two other smaller studies (one of children 
and the other of infants undergoing CS) (5, 6), FO was associated 
with worse outcome. Hassinger et al (5) specifically examined 
an empiric FO threshold of 5% for associations with outcomes; 
however, it is possible that depending on what patient popula-
tion is being studied, different potential “cut points” of FO avoid-
ance targets may be required. Such specific targets deserve further 
study and elucidation. It is noteworthy that approximately one 
third of fluids administered early postoperatively were from 
boluses. Retrospectively, it was impossible to determine the 

“appropriateness” of these fluid boluses or how their administra-
tion related to daily renal function and urine output assessment. 
However, this does beg questioning the extent to which fluid 
boluses (vs maintenance fluids) should be considered separately 
in assessment of FO and FO-related outcomes. This issue has not 
been adequately addressed in the literature.

Our data show that FO occurs early postoperatively, con-
sistent with previous studies showing that AKI occurs early in 
PICU admission after CS (2) and that FO tends to occur within 
the first week of PICU admission in noncardiac critically ill 
patients (11). Indeed, a previous study showed that significant 
FO may occur prior to the development of AKI, as defined by 
SCr rise (5). We found an association between FO and more 
severe AKI and that early PICU admission fluid administration 
contributes significantly to worse FO. We propose that FO may 
be considered as an important secondary outcome in future 
AKI clinical trials and that the design of fluid management 
clinical trials aiming to reduce FO severity be focused on fluid 
management in the first 24 to 48 PICU admission hours, with 
the use of goal-directed fluid management.

Figure 2. Association between acute kidney injury (AKI) severity and 
cumulative fluid overload. Box plots illustrating ICU day 2 % cumulative 
fluid overload by severity of AKI attained, using the Kidney Disease: 
Improving Global Outcomes definition (A) and peak % cumulative fluid 
overload by AKI severity (b). The midline represents the median, and the 
box plots include values from the 25th to the 75 percentile. The extra 
points on the figure represent the values that were outside the 5th to 95th 
percentile interval. Higher severity of AKI is associated with worse day 
2 % cumulative fluid overload (p < 0.001 for differences across groups, 
Kruskal-Wallis test) and peak % cumulative fluid overload (p < 0.001). 
Between-group differences were significant (p < 0.05) for no AKI versus 
stages 1, 2, and 3, for stage 1 versus stage 3, and stage 2 versus stage 
3 day 2 % fluid overload (a); peak % fluid overload differences were 
significant (p < 0.05) between no AKI versus stage 3, stage 1 versus 
stage 3, and stage 2 versus stage 3 (b).

TAbLE 4. Association of Day 2 Cumulative 
Fluid Overload % With Length of Stay 
and Ventilation Outcomes and of Daily 
Cumulative Fluid Overload % With Daily 
Oxygenation Index

Day 2 cFO %

Unadjusted  
Hazard 
Ratioa

Adjusted  
Hazard Ratioa

95% CI 95% CI

Outcome

    PICU length of stay 0.92 (0.90–0.95) 0.95 (0.92–0.99)

    Duration of invasive 
mechanical 
ventilation

0.94 (0.91–0.96) 0.97 (0.94–0.99)

    Daily cFO %b Unadjusted 
Regression 
Coefficientc

Adjusted 
Regression 
Coefficientc

95% CI 95% CI

Outcome

    Daily oxygenation 
indexb

0.45 (0.18–0.73) 0.16 (0.07–0.25)

cFO % = cumulative fluid overload %.
aHazard ratio: unadjusted means no other variables were controlled for 
(univariate). Adjusted means controlled for other clinical factors in multivariate 
model. A lower hazard ratio suggests that higher fluid overload % is 
associated with longer time to discharge or to extubation. CIs do not cross 
1.0, meaning that the association is statistically significant.
bDaily cFO % refers to cFO % assessed daily for daily associations with 
oxygenation index (OI), including data from the first 5 postoperative days in 
the generalized estimating equations analysis. In other words, the analysis 
evaluates if on a given day, controlling for within-subject variability and 
repeated measures design, cFO% is associated with OI.
cCoefficients obtained from generalized estimating equations analyses 
(multiple linear model); they are positive so higher fluid overload % is 
associated with worse OI on any given day. Adjusted coefficients are adjusted 
for other clinical factors. CIs do not cross 0, meaning that the association is 
statistically significant.
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Worse FO on postoperative day 2 was associated with pro-
longed LOS and invasive mechanical ventilation. Many studies 
have identified AKI as a risk factor for these outcomes (2, 4, 30, 
31); however, mechanisms for this association remain unclear. 
It is possible that FO may be a mechanism by which AKI leads 
to other organ damage or increased morbidity. Of note, we 
found that the FO-outcome association was independent of 
the presence of AKI; therefore, other factors leading to FO 
(e.g., capillary leak associated with CPB; cardiac dysfunction) 
are also likely contributing to worse FO severity. Along with 
planned trials in other pediatric populations (12), children 
undergoing CS may be an ideal study population for perform-
ing an intervention study evaluating the effect of a controlled 
fluid management strategy on outcome, which may help deci-
pher the effect of FO on outcome.

Similarly, the mechanism of FO association with prolonged 
ventilation remains uncertain. It is rational and intuitive to 
attribute this association to increased pulmonary edema or 
cardiac dysfunction in patients who have more FO, but how 
does one measure this? In previous studies of noncardiac criti-
cally ill children (11) and of adults with acute respiratory dis-
tress syndrome (32), increased FO or fluid administration was 
associated with worse lung function as estimated by the OI. As 
found by Arikan et al (11) in noncardiac PICU patients, on a 
given day, worse FO was associated with worse OI. This pro-
vides a potential rationale to evaluate whether by limiting FO 
we might be able to improve lung function and supports the 
concept of pulmonary-renal interactions proposed by others 
(33). As suspected, this association was only present in non-
cyanotic children, since OI cannot be used as an outcome in 
cyanotic children. Thus, in noncyanotic patients undergoing 
CS, OI may potentially be used as secondary outcome in future 
fluid management intervention trials. Despite our finding of a 
FO-OI association, the use of OI in children with congenital 
heart disease should consider potential limitations. We were 
unable to effectively evaluate and account for a possible right-
to-left shunt secondary to residual intracardiac shunt (typically 
patent foramen ovale) and potential for increased shunting in 
critical states (e.g., patients post-tetralogy of Fallot repair).

This study had several strengths. We attempted to explicitly 
examine the relationship between AKI and FO. Our data were 
collected in a very detailed fashion, allowing us to perform a 
thorough evaluation of the potential risk factors of FO. We used 
standardized definitions of FO and AKI, allowing for reproduc-
ibility of our design by other investigators and comparability 
with future findings. Limitations included the retrospective 
design, the restricted sample size, which did not allow us to eval-
uate for potential statistical interactions (effect modification), 
and a very low mortality and RRT rate, preventing evaluation of 
FO effects on these outcomes. However, this is the largest study 
in children undergoing CS to date evaluating FO-outcome 
associations. Our institution does not have a standard proto-
col for extubation or PICU discharge; therefore, between-phy-
sician practice variation may have contributed to variability. 
The cardiac diagnoses were classified as cyanotic versus acya-
notic based on retrospectively ascertained anatomy rather than 

prospectively evaluated patient clinical status. In addition, we 
did not account for insensible losses in our patients as they were 
assumed to be equivalent per body weight across the patient 
population; however, insensible losses may change depending 
on clinical status and state of ventilation. Preoperative FO was 
not possible to evaluate. We also had a small number of patients 
with single-ventricle anatomy and hypoplastic left heart, which 
may limit applicability of our findings to this patient popula-
tion who have very particular fluid management issues.

CONCLUSIONS
We showed that FO after pediatric CS is associated with hospi-
tal outcomes and has defined risk factors and timing. Several 
other questions require exploring in future studies, including 
effects of specific fluid types, indications for increasing fluids, 
and effect of physician practice variation. Ultimately, such data 
will provide knowledge required for evaluating the effect of FO 
reduction on improving outcomes, in the form of fluid man-
agement clinical trials or goal-directed fluid therapy.
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