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Abstract
Background Fluid overload (FO) is common after neonatal
congenital heart surgery and may contribute to mortality and
morbidity. It is unclear if the effects of FO are independent of
acute kidney injury (AKI).
Methods This was a retrospective cohort study which exam-
ined neonates (age < 30 days) who underwent cardiopulmo-
nary bypass in a university-affiliated children’s hospital be-
tween 20 October 2010 and 31 December 2012.
Demographic information, risk adjustment for congenital
heart surgery score, surgery type, cardiopulmonary bypass
time, cross-clamp time, and vasoactive inotrope score were
recorded. FO [(fluid in–out)/pre-operative weight] and AKI
defined by Kidney Disease Improving Global Outcomes se-
rum creatinine criteria were calculated. Outcomes were all-

cause, in-hospital mortality and median postoperative hospital
and intensive care unit lengths of stay.
Results Overall, 167 neonates underwent cardiac surgery
using cardiopulmonary bypass in the study period, of whom
117 met the inclusion criteria. Of the 117 neonates included in
the study, 76 (65%) patients developed significant FO
(>10%), and 25 (21%) developed AKI ≥ Stage 2. When ana-
lyzed as FO cohorts (< 10%,10–20%, > 20% FO), patients
with greater FOwere more likely to have AKI (9.8 vs. 18.2 vs.
52.4%, respectively, with AKI ≥ stage 2; p = 0.013) and a
higher vasoactive-inotrope score, and be premature. In the
multivariable regression analyses of patients without AKI,
FO was independently associated with hospital and intensive
care unit lengths of stay [0.322 extra days (p = 0.029) and
0.468 extra days (p < 0.001), respectively, per 1% FO in-
crease). In all patients, FO was also associated with mortality
[odds ratio 1.058 (5.8% greater odds of mortality per 1% FO
increase); 95% confidence interval 1.008,1.125;p = 0.032].
Conclusions Fluid overload is an important independent con-
tributor to outcomes in neonates following congenital heart
surgery. Careful fluid management after cardiac surgery in
neonates with and without AKI is warranted.
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Introduction

Fluid overload (FO) occurs commonly after congenital heart
surgery with up to 30–68% of patients experiencing at least
10% FO [1]. In studies of non-cardiac surgical patients, FO
has been associated with significant morbidity, including
prolonged duration of mechanical ventilation, increased

* Andrew Y. Shin
drewshin@stanford.edu

1 Division of Pediatric Cardiology, Department of Pediatrics, Stanford
Cardiovascular Research Institute, Stanford University School of
Medicine, Stanford, CA, USA

2 Lucile Packard Children’s Hospital Stanford, 725 Welch Road, Palo
Alto, CA 94304, USA

3 Division of Pediatric Cardiac Surgery, Department of Cardiothoracic
Surgery, Stanford University School of Medicine, Stanford, CA,
USA

4 Division of Nephrology, Department of Pediatrics, Stanford
University School of Medicine, Stanford, CA, USA

5 Center for Quality and Clinical Effectiveness, Stanford Children’s
Health, Stanford University Medical Center, Palo Alto, CA, USA

6 Lucile Packard Children’s Hospital Stanford, Stanford University
Medical Center, 750 Welch Road, Ste 305, Palo Alto, CA 94304,
USA

Pediatr Nephrol (2018) 33:511–520
https://doi.org/10.1007/s00467-017-3818-x

mailto:drewshin@stanford.edu
http://crossmark.crossref.org/dialog/?doi=10.1007/s00467-017-3818-x&domain=pdf


hospital and intensive care lengths of stay (LOS), multisystem
organ failure, and increased mortality in certain populations
[2–4]. There is emerging evidence that FO may similarly af-
fect morbidity andmortality after cardiac surgery. FO has been
implicated in increased ventilator days, greater vasoactive-
inotrope score (VIS), longer total hospital and intensive care
LOS, increased incidence of low cardiac output syndrome,
and mortality [5–7].

Neonates undergoing congenital heart surgery are at in-
creased risk of FO due to the need for cardiopulmonary bypass
(CPB), aortic cross-clamp, and often the prolonged duration
of both [8]. CPB triggers a systemic inflammatory response
characterized by fluid shifts and increased blood vessel per-
meability [9, 10]. In neonates, this cascade, in addition to the
higher volume load per body surface area with CPB circuit
priming compared to older patients, predisposes patients to
developing capillary leak syndrome [11]. Aortic cross-clamp
is defined by an obligate period of cardiac ischemia during
which tissue may be damaged, resulting in higher risk for the
development of low cardiac output syndrome. In a state of
inadequate perfusion, end organs are damaged and become
dysfunctional, especially the neonatal kidneys, which inher-
ently are at increased risk due to renal tubular immaturity.
Consequently, neonates are often vulnerable to FO which in
turn amplifies the significance of acute kidney injury (AKI)
following cardiac surgery [12–14].

It is unclear whether FO independent of AKI is important
in this patient population. Previous studies have suggested FO
in the postoperative period to be associated with poor out-
comes [1, 5–7, 15, 16]. However, these studies do not separate
the influence of AKI from the effects of FO. Furthermore,
studies specific to cardiac surgery or studies evaluating time
to negative fluid balance have not shown a difference, and few
studies have looked at neonates as a specific patient popula-
tion [17].

The purpose of our study was to understand the relation-
ship between FO and outcomes in neonates recovering from
congenital heart surgery with CPB and aortic cross-clamp.We
hypothesized that FO, independent of AKI, is associated with
poor outcomes.

Materials and methods

Study design and patients

This is a retrospective cohort study performed at Lucile
Packard Children’s Hospital Stanford. All neonates
(age < 30 days) who underwent congenital heart surgery be-
tween 20 October 2010 and 31 December 2012 were eligible
for inclusion. Patients were excluded if they did not require
CPB, did not require aortic cross-clamp, required pre-
operative extracorporeal membrane oxygenation, had

undergone previous cardiac surgery at an outside institution,
or had insufficient data recorded in the medical record. The
study protocol was approved by the Institutional Review
Board of Stanford University School of Medicine. No in-
formed consent was required.

Demographic and clinical data

Demographic variables included age, gender, race, ethnicity,
weight, chromosomal abnormalities (22q11.2 deletion,
Trisomy 21, 45X, and deletion/duplication variants detected
on comparative genomic hybridization), and prematurity
(born at gestational age ≤ 37 weeks). Anatomic and surgical
characteristics were cataloged as single ventricle palliation or
biventricular repair. We used Risk Adjustment for Congenital
Heart Surgery 1 (RACHS-1) method to classify the patients by
surgical complexity [18]. VIS at 48 h postoperatively was
used to denote severity of illness [19, 20].

Clinical management

All patients recovered postoperatively in our pediatric cardio-
vascular intensive care unit (CVICU). At Lucile Packard
Children’s Hospital Stanford, patients requiring CPB empiri-
cally receive methylprednisolone at the initiation of CPB. A
combination of volume-reduced and routine blood products is
used both on and off CPB. While conventional ultrafiltration
is performed, other intra-operative support strategies, includ-
ing deep hypothermic circulatory arrest and modified ultrafil-
tration, are not utilized. Indwelling bladder catheters are rou-
tinely placed intra-operatively but peritoneal drains are not.
Postoperatively, patients are fluid restricted to two-thirds of
the maintenance fluid intake, including intravenous fluids
and medications, according to the standard Holliday and
Segar method [21]. Intravenous fluid is routinely a dextrose-
containing crystalloid fluid, such as D5—10% 1/4–1/2 normal
saline. For volume resuscitation, normal saline and 5% albu-
min boluses are typically used in aliquots of 5 mL per kilo-
gram body weight. Blood products, such as packed red blood
cells, platelets, and cryoprecipitate, are not typically volume-
reduced. The blood transfused at our center is stored in AS-3
preservative. Postoperative steroid administration is not
standard.

Definitions

Acute kidney injury was calculated according to the Kidney
Disease: Improving Global Outcomes (KDIGO) serum creat-
inine criteria [22]. KDIGO criteria were used to define AKI
because they offer a balance between sensitivity and specific-
ity that the pRIFLE (pediatric Risk, Injury, Failure, Loss, End
Stage Renal Disease) and AKIN (Acute Kidney Injury
Network) criteria correspondingly represent [23]. While
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utilizing any of the three definitions would be valid, KDIGO
criteria were chosen to most fully capture the AKI outcome
signal. Furthermore, this choice is consistent with the move-
ment in the AKI literature toward the use of KDIGO criteria in
all groups, including neonatal and pediatric populations
[24–27]. KDIGO stages AKI as follows: Stage 1: creatinine
increases to 1.5- to1.9-fold × baseline or an absolute increase
of ≥ 0.3 mg/dL within 48 h; Stage 2: creatinine increases to
2.0- to 2.9-fold × baseline; Stage 3: creatinine increases to
threefold × baseline or an absolute increase to ≥ 4.0 mg/dL
or receipt of renal replacement therapy. Creatinine data
through to postoperative day 7 were used to categorize pa-
tients based on their peak AKI stage.

FO was calculated as a percentage of pre-operative weight
by: [(total fluid in − total fluid out) / pre-operative weight] ×
100. Total fluids were used rather than weight because post-
operative daily weights are not routinely obtained due to safe-
ty and inaccuracy concerns [28]. FO was calculated as a run-
ning total for postoperative days 0–5. Patients were catego-
rized based on their maximum FO experienced. To be consis-
tent with prior FO studies, we used commonly accepted cut-
offs for assessing FO in clinical practice (< 10%, 10–20%, and
> 20% FO) to create cohorts.

Our model controlled for type of surgical repair, RACHS-1
score, CPB time, cross-clamp time, VIS, age, gender, race,
ethnicity, weight, chromosomal abnormalities, prematurity,
and AKI.

Outcome

Our primary endpoint was all-cause, in-hospital mortality. Our
secondary endpoint was postoperative LOS. LOS was strati-
fied into days spent in the CVICU and total days spent in the
hospital, excluding pre-operative LOS.

Statistical analysis

Descriptive statistics with variables expressed as the mean
with standard deviation or median with interquartile range
according to their parametric distribution were used to com-
pare demographic, clinical, and outcome characteristics. For
all analyses, mortality and AKI were treated as categorical
variables, and LOS was viewed as a continuous variable.
Analysis of variance analysis was used to compare FO co-
horts. Univariate and multivariate analyses of mortality were
performed with logistic regression to determine independent
predictors of mortality. Univariate and multivariate analyses
of LOS utilized linear regression to assess the association of
LOS with any independent predictors. For all analyses, vari-
ables that were statistically significant in the univariate anal-
ysis or that approached significance with a clinically relevant
correlation were included in the multivariable model. Also, to
adjust for in-hospital deaths and its potential bias in LOS

analyses, we systematically assigned the LOS of patients
who died to be the longest LOS in our study population +
1 day. Freedom from all-cause, in-hospital mortality was cal-
culated by the Kaplan–Meier method. For our analyses, a p
value of < 0.05 was considered to be statistically significant.
Calculations were performed using the R stats package, ver-
sion 2.15.2 (R Foundation, University of Auckland, New
Zealand).

Data availability

The datasets during and/or analyzed during the current study
are available from the corresponding author on reasonable
request.

Results

During the study period, 167 neonates underwent congenital
heart surgery classifiable by RACHS-1 at our center. Of these
patients, 48 were excluded because their surgery did not in-
volve CPB and/or aortic cross-clamp, one patient was exclud-
ed due to insufficient clinical data, and one patient was ex-
cluded because pre-operative extracorporeal membrane oxy-
genation was required, leaving 117 neonates eligible for anal-
ysis. None of the patients had undergone previous cardiac
surgery at an outside institution.

A total of 76 (65%) neonates developed at least 10% FO.
The demographic, clinical, and outcome characteristics of our
study population separated into FO cohorts are given in
Table 1. No difference was observed between the FO cohorts
in terms of age, gender, race, weight, chromosomal abnormal-
ities, RACHS-1 score, type of surgical repair, CPB time, and
cross-clamp time. Hospital and CVICU LOS were longer in
neonatal cohorts with more FO. Moderate/severe AKI (Stages
2 / 3) was more common in patients with greater FO (Fig. 1).
Kaplan–Meier analysis showed that patients with greater FO
were less likely to survive (Fig. 2).

The univariate and multivariate analyses of patients with-
out AKI (Table 2) showed that FO was independently related
to hospital and CVICU LOS [coefficient 0.322 (p = 0.029)
and 0.468 (p < 0.001), respectively]. A 1% increase in FO
lengthened hospital LOS by 0.322 days and CVICU LOS by
0.468 days. Single ventricle palliation was also associated
with total hospital and CVICU LOS [coefficient 13.05
(p = 0.004) and 10.06 (p = 0.015), respectively], while CPB
time was associated with hospital LOS (coffined 0.073;
p = 0.03).

Analyses of all patients regardless of AKI status (Tables 3,
4) showed that FO was independently associated with mortal-
ity and LOS. CPB time [Odds Ratio (OR) 1.042; 95% confi-
dence interval (CI) 1.09, 1.104; p = 0.019], FO (OR 1.058;
95% CI 1.008, 1.125; p = 0.032) and AKI Stage 3 (OR 79.12;

Pediatr Nephrol (2018) 33:511–520 513



Table 1 Characteristics of neonates undergoing cardiac surgery separated into fluid overload cohorts

Characteristics FO cohort Overall p value

< 10% 10– 20% > 20%

Number of patients 41 55 21 117

Age (days) 8 [5, 10] 6 [4, 9] 8 [6, 15] 7 [4, 10] 0.215

Gender, female 20 (48.8) 22 (40.0%) 5 (23.8%) 47 (40.2%) 0.165

Race 0.577

White 32 (78.0%) 39 (70.9%) 18 (85.7%) 89 (76.1%)

Black 1 (2.4) 1 (1.8%) 1 (4.8%) 3 (2.6%)

Native American 0 2 (3.6%) 1 (4.8%) 3 (2.6%)

Native Hawaiian/Pacific Islander 0 1 (1.8) 0 1 (0.9%)

Asian 8 (19.5%) 11 (20.0%) 1 (4.8%) 20 (17.1%)

Other 0 1 (1.8%) 0 1 (0.9%)

Ethnicity 0.038*

Hispanic 19 (46.3%) 23 (41.8%) 3 (14.3%) 45 (38.5%)

Non-Hispanic 22 (53.7%) 32 (58.2%) 18 (85.7%) 72 (61.5%)

Weight at surgery (kg) 3.2 ± 0.5 3.2 ± 0.6 2.9 ± 0.5 3.1 ± 0.6 0.067

Pre-operative creatininea 0.5 [0.5, 0.7] 0.5 [0.4, 0.7] 0.5 [0.4, 0.7] 0.5 [0.4, 0.7] 0.657

Chromosomal abnormality 19 (16.2%) 0.283

22q11.2 deletion 4 (9.8%) 3 (5.5%) 2 (9.5%)

Trisomy 21 1 (2.4%) 0 2 (9.5%)

Otherb 3 (7.3%) 4 (7.3%) 0

None 33 (80.5%) 48 (87.3%) 17 (81%)

Prematurity 7 (17.1%) 15 (27.3%) 10 (47.6%) 32 (27.4%) 0.038*

RACHS-1 score 0.098

Category 1 1 (2.4%) 0 0 1 (0.9%)

Category 2 2 (4.9%) 4 (7.3%) 6 (28.6%) 12 (10.3%)

Category 3 9 (30.0%) 10 (18.2%) 3 (14.3%) 22 (18.8%)

Category 4–6 29 (70.7%) 41 (70.9%) 12 (57.1%) 82 (68.4%)

Type of repair 0.653

Single ventricle palliation 8 (19.5%) 13 (23.6%) 3 (14.3%) 24 (20.5%)

Two ventricle repair 33 (80.8%) 42 (76.4%) 18 (85.7%) 93 (79.9%)

Cardiopulmonary bypass time (min) 146 [116, 176] 161 [129, 177] 160 [138, 185] 156 [124, 183] 0.314

Cross-clamp time (min) 83 [59, 97] 61 [84, 163] 96 [77, 110] 85 [63, 104] 0.354

Vasoactive-inotrope score 7.5 [5, 9.5] 8 [5, 11] 10 [7.5, 14] 8 [5, 11] 0.012*

Mortality 1 (2.4%) 4 (7.3%) 4 (19%) 9 (7.7%) 0.066

Cardiovascular intensive care unit LOS (days) 9 [7, 17] 10 [7, 16] 20 [10, 42] 10 [7, 19] 0.026*

Hospital LOS (days) 16 [11, 24] 16 [13, 25] 33 [16, 45] 17 [12, 30] 0.047*

Acute kidney injury 0.013*

No injury 23 (56.1%) 22 (40%) 5 (23.8%) 50 (43.1%)
Stage 1 14 (34.1%) 22 (40%) 5 (23.8%) 41 (35.3%)

Stage 2 3 (7.3%) 8 (14.8%) 8 (38.1%) 19 (16.4%)

Stage 3 1 (2.4%) 2 (3.7%) 3 (14.3%) 6 (5.2%)

*Statistically significant at p < 0.05

Data in table are presented as the median with the interquartile range (IQR) in square brackets, as a number with or without the percentage in parenthesis
or as the mean ± standard deviation (SD)

FO Fluid overload, RACHS-1 Risk Adjustment for Congenital Heart Surgery 1 method LOS length of stay
a One patient in the 10–20% fluid overload cohort had insufficient acute kidney injury data (no pre-operative creatinine measures due to emergent
surgery)
b 45X and deletion/duplication variants were detected on comparative genomic hybridization
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95% CI 2.879, 1.3 × 104; p = 0.028) were independently
associated with mortality (Table 3). A 1% increase in FO
conferred a 5.8% greater odds of mortality. Similarly, FO
was independently associated with total hospital and CVICU
LOS [coefficient 0.474 (p < 0.001) and 0.439 (p < 0.001),
respectively], as were neonates undergoing single ventricle
palliation [coefficient 23.06 (p = 0.005) and 16.55
(p = 0.035), respectively] and longer CPB time [coefficient
0.258 (p = < 0.001) and 0.255 (p < 0.001), respectively]
(Table 4). A 1% increase in FO conveyed an extra 0.474 total
hospital and 0.439 CVICU days. AKI Stage 3 was also asso-
ciated with total hospital and CVICU LOS [coefficient 104.7
(p < 0.001) and 83.23 (p < 0.001), respectively].

Discussion

Our study found that FO occurs in a majority of neonates
following congenital heart surgery with CPB and aortic
cross-clamp and that it is associated with significant morbidity
and poor outcomes. We found that this association remained
true after controlling for AKI.

Our study offers a novel perspective on the role of FO by
isolating its effects from those of AKI—a distinction that prior
studies have not made and, consequently the separate contri-
butions of FO and AKI toward clinical outcomes in patients
following congenital heart surgery were unclear. While AKI
has been shown to be associated with poor outcomes, it is
unrecognized whether FO from CPB and cardiac surgery has
important clinical implications independent of AKI. Previous
studies are limited largely due to the colinearity of these over-
lapping and interacting clinical processes. Our study differs
from these studies in that we evaluated a subgroup of patients
without AKI to determine the effect of FO in the absence of
AKI. Prior studies are also limited by broad age considerations
and small sample sizes. Sampaio et al. [15] found that maxi-
mum FO is associated with the duration of mechanical venti-
lation and intensive care LOS. However, more than one-third
of their patients experienced concurrent renal failure. Lex and
colleagues [7] found that a higher FO on postoperative day 0
was associated with mortality and low cardiac output syn-
drome, but at the same time these authors reported that higher
maximum creatinine levels were associated with a higher
risk of >5% FO by the end of postoperative day 2. Wilder
et al. [16] found that both a FO > 16% and creatinine >
0.9 mg/dL on postoperative day 3 are concomitantly asso-
ciated with a composite poor outcome score. However,
their report did not intend to separate the independent ef-
fects of FO as most of their patients (71%) had AKI Stage 1
or greater, and neonates with poor outcomes had a higher
peak and postoperative day 3 creatinine. Additionally, a
number of other studies reporting an association between
FO and poor outcomes [1, 5, 6] do not demonstrate the
independent contribution of FO. The aim of our study
was to evaluate FO in a unique fashion, apart from AKI,
in a large, exclusively neonatal population.

Our findings are consistent with previous reports suggest-
ing that FO is associated with poor outcomes. We found that
neonates with > 20% FO tended to stay 11 days longer in the
CVICU and 17 days longer in the hospital than neonates who
experienced < 10% FO. These data are similar to the results
reported by Wilder and colleagues [16] who found that pa-
tients with ≥ 16% FO on postoperative day 3 on average
stayed 11 days in the intensive care unit and 20 days in the
hospital compared to 7 and 15 days, respectively, in those with
< 16% FO. Our findings are in agreement with previous re-
ports that longer CPB times [29] and single ventricle palliation
[30] predispose to poor outcomes.
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Fig. 2 Kaplan–Meier survival analysis of neonates following cardiac
surgery according to fluid overload (FO) cohort. Data are presented as
cumulative survival based on a patient’s maximum aggregate FO
experienced between postoperative days 0–5, used to categorize
patients into <10%, 10–20%, and >20% FO cohorts

Fig. 1 Stacked column graph showing the percentage of neonates
following cardiac surgery by fluid overload (FO) cohort within each acute
kidney injury (AKI) stage
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We found that the effects of FO are clinically important
independent of the development of AKI, leading us to specu-
late that the development of postoperative FO in the absence
of AKI occurs, in part, due to several peri-operative factors,
including fluid/blood product administration, hemodilution
and hemoconcentration [31], low oncotic pressure, capillary
hyperpermeability, and low cardiac output, culminating into
systemic endothelial dysfunction. Evidence of inflammation
driving capillary leak syndrome following CPB can often be
detected before the clinical manifestations are evident [32].
However, tissue measurements of inflammation are not com-
monly available or utilized, and serum markers are varied,
indiscriminante, and non-specific [33]. Clinical and readily
available biomarkers to predict FO in the vulnerable neonate
patient population have yet to be elucidated, yet the prediction
of FO may have important prognostic and therapeutic
implications.

Our findings suggest that the early identification of postop-
erative FO may predict risk and that strategies to prevent or
treat neonates with FO may have benefit in improving out-
comes.More conservative fluid resuscitation may be valuable,
as the common practice of administering fluid boluses for
borderline low blood pressure in the early postoperative set-
tingmay not be as benign as previously understood, especially
if the clinical indices of perfusion are normal. Although the

role of diuretics in the setting of AKI is controversial [34],
early prophylactic or therapeutic decongestive therapies for
FO may be a modifiable feature in neonatal postoperative
fluid management, even in patients without evidence of
AKI. Initial studies have found that passive peritoneal drain-
age and peritoneal dialysis are associated with earlier and
greater negative fluid balance [35], increased urine output,
earlier extubation, improved inotrope scores [36, 37], lower
electrolyte abnormality scores, and greater avoidance of 10%
FO [38] and that peritoneal dialysis and early continuous renal
replacement therapy are associated with decreased mortality
[39, 40]. This growing body of evidence suggests that more
aggressive forms of fluid removal initiated early in the post-
operative course may be potential avenues for future investi-
gation. Similarly, although studies to date do not demonstrate
the efficacy of agents such as fenoldopam [41] and aminoph-
ylline [42] to prevent AKI after cardiac surgery, future study
of prophylactic medicinal therapies for FO may be warranted.

Our study has important limitations. First, it has a retro-
spective cohort design which carries intrinsic risk for con-
founding and bias and thus cannot infer causality. Second, it
is based on experience from a single institution and may not
be generalizable to other hospitals. For example, we do not
perform modified ultrafiltration during or after CPB at our
hospital, and we do not routinely administer steroids in the

Table 2 Univariate and multivariate predictors of hospital and cardiovascular intensive care unit lengths of stay among neonates without acute kidney
injury following cardiac surgery

Characteristics Hospital length of stay Cardiovascular intensive care unit length of stay

Univariate analysis Multivariate analysis Univariate analysis Multivariate analysis

Coefficienta p value Coefficienta p value Coefficienta p value Coefficienta p value

Age (days) −0.73 0.01* −0.36 0.106 −0.63 0.016* −0.31 0.128

Gender (female) −1.89 0.68 −3.63 0.382

Racea >0.05 >0.05

Ethnicity (Hispanic) 1.27 0.772 −0.6 0.881

Weight at surgery (kg) 2.15 0.537 −0.64 0.84

Chromosomal abnormality 2.69 0.633 0.8 0.876

Prematurity 16.57 <0.001* 7.016 0.093 13.95 0.001* 4.26 0.26

RACHS-1 scoreb >0.05 >0.05

Type of repair (single ventricle) 16.77 0.002* 13.05 0.004* −12.11 0.015* 10.06 0.015*

Cardiopulmonary bypass time (min) 0.14 <0.001* 0.073 0.03* 0.12 0.001* 0.059 0.056

Cross-clamp time (min) 0.03 0.558 0.02 0.646

Vasoactive-inotrope score 0.76 0.139 0.4 0.397

FO (%) 0.46 0.009* 0.322 0.029* 0.56 <0.001* 0.468 <0.001*

*Statistically significant at p < 0.05
aDays of increased length of stay per one unit increment of characteristic (independent variable)
b Reference levels: Race (Asian); Risk Adjustment for Congenital Heart Surgery-1 RACHS-1 (score = 1), FO fluid overload
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postoperative period, which may have an influence on our
observation of FO and LOS. However, previous studies have

shown that modified ultrafiltration does not selectively re-
move proinflammatory mediators, result in end-organ

Table 3 Univariate and multivariate predictors of in-hospital mortality among neonates following cardiac surgery

Characteristics Univariate analysis Multivariate analysis

Survivors (n = 108) Nonsurvivors (n = 9) p value Odds ratioa

(95% confidence interval)
p value

Age (days) 4.6 [1.7, 7.4] 6.7 [3.7, 10.4] 0.116

Gender (female) 42 (38.9%) 5 (55.6%) 0.481

Race 0.333

White 81 (75%) 8 (88.9%)

Black 3 (2.8%) 0

Native American 2 (1.9%) 1 (11.1%)

Native Hawaiian/Pacific Islander 1 (0.9%) 0

Asian 20 (18.5%) 0

Other 1 (0.9%) 0

Ethnicity 0.732

Hispanic 41 (38%) 4 (44.4%)

Non-Hispanic 67 (62%) 5 (55.6%)

Weight at surgery (kg) 3.2 ± 0.6 2.8 ± 0.5 0.054 0.127 (0.003, 19.8) 0.182

Chromosomal abnormality 0.236

22q11.2 deletion 9 (8.3%) 0

Trisomy 21 2 (1.9%) 1 (11.1%)

Otherb 6 (5.6%) 1 (11.1%)

None 91 (84.3%) 7 (77.8%)

Prematurity 27 (25%) 5 (55.6%) 0.062 0.131 (0.002, 3.063) 0.269

RACHS-1 score 0.234

1 1 (0.9%) 0

2 10 (9.3%) 2 (22.2%)

3 22 (20.4%) 0

4–6 75 (69.4%) 7 (77.8%)

Type of repair 0.387

Single ventricle palliation 21 (19.4%) 3 (33.3%)

Two ventricle repair 87 (80.6%) 6 (66.7%)

Cardiopulmonary bypass time (min) 150 [121, 176] 233 [175, 257] <0.001* 1.042 (1.09, 1.104) 0.019*

Cross-clamp time (min) 84 [59, 103.2] 93 [77, 114] 0.229

Vasoactive-inotrope score 8 [5.5, 11] 7 [0, 11.5] 0.452

FO (%) 12 [8, 17] 18.5 [15.3, 53.5] 0.008* 1.058 (1.008, 1.125) 0.032*

Acute kidney injury <0.001*

No 48 (44.9%) 2 (22.2%)

Stage 1 38 (35.5%) 3 (33.3%) 1.317 (0.081, 31.9) 0.844

Stage 2 19 (17.8%) 0 (0%) 0 (NA, 1.6 × 10118) 0.995

Stage 3 2 (1.9%) 4 (44.4%) 79.12 (2.879, 1.3 × 104) 0.028*

RACHS Risk Adjustment for Congenital Heart Surgery, FO fluid overload

*Statistically significant at p < 0.05

Data in table are presented as the median with the IQR in square brackets, as a number with the percentage in parenthesis or as the mean ± SD
aOdds ratio per one unit increment of characteristic (independent variable)
b 45X and deletion/duplication variants detected on comparative genomic hybridization
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function improvements, or change morbidity and mortality
[43], and the utilization of steroids in the postoperative period
continues to be a controversial practice [44]. Third, our calcu-
lation of FO does not account for insensible losses, whereas
the FO calculation based on daily weight does. We do not
obtain daily weights in neonates in the immediate postopera-
tive period at our hospital due to patient acuity, risk to patient,
and inaccuracy due to indwelling lines and tubes. Fourth, our
AKI definition used the KDIGO creatinine criteria, but not the
urine output criteria. It is possible that there were patients with
AKI whom we did not detect; creatinine is an insensitive
marker of renal injury [45], and it is possible FO may have
had a dilution effect on serum creatinine concentration, thus
masking AKI events [46]. Either of these effects could have
obscured the influence of AKI on outcomes. More abstractly,
FO and AKI are certainly intertwined and often impact each
other. At the same time, there are also scenarios in which FO
and AKI manifest in the absence of the other. Our study has
attempted to identify the separate impact of these two phe-
nomena, but it may be limited due to the interwoven

relationship between FO and AKI. Finally, our subgroup mor-
tality analyses may not have reached significance due to inad-
equate power from sample size limitations.

FO, independent from AKI, is a significant risk factor for
poor postoperative outcomes in neonates recovering from car-
diac surgery with CPB and aortic cross-clamp. Future inves-
tigations of decongestive therapies, even in fluid-overloaded
patients without AKI, may be important in understanding op-
timal postoperative fluid management strategies. In these fu-
ture investigations, FO may be an important marker to char-
acterize disease severity.

Conclusions

Fluid overload is an important independent contributor to out-
comes in neonates following congenital heart surgery with
cardiopulmonary bypass. Careful fluid management after car-
diac surgery in neonates with and without AKI is warranted.

Table 4 Univariate and multivariate predictors of hospital and cardiovascular intensive care unit lengths of stay among neonates following cardiac
surgery

Characteristics Hospital length of stay Cardiovascular intensive care unit length of stay

Univariate analysis Multivariate analysis Univariate analysis Multivariate analysis

Coefficienta p value Coefficienta p value Coefficienta p value Coefficienta p value

Age (days) −1.39 0.051 −1.18 0.065

Gender (female) 19.78 0.034* 11.72 0.083 16.62 0.048* 8.3 0.199

Racea >0.05 >0.05

Ethnicity (Hispanic) 7.57 0.426 3.93 0.645

Weight at surgery (kg) −17.87 0.021* −0.89 0.888 −18.04 0.009* −5.31 0.382

Chromosomal abnormality 6.95 0.579 5.75 0.61

Prematurity 34.35 0.001* 7.55 0.394 28.56 0.002* 1.64 0.847

RACHS-1 scoreb >0.05 >0.05

Type of repair (single ventricle) 31.25 0.006* 23.06 0.005* 22.74 0.025* 16.55 0.035*

Cardiopulmonary bypass time (min) 0.48 <0.001* 0.258 <0.001* 0.43 <0.001* 0.255 <0.001*

Cross-clamp time (min) 0.16 0.234 0.14 0.254

Vasoactive-inotrope score −0.51 0.642 −0.59 0.549

FO (%) 0.62 <0.001* 0.474 <0.001* 0.57 <0.001* 0.439 <0.001*

Acute kidney injurya

Stage 1 7.89 0.371 −1.53 0.832 7.74 0.347 −0.623 0.928

Stage 2 16.14 0.154 12.29 0.177 14.15 0.18 10.206 0.242

Stage 3 129.64 <0.001* 104.7 <0.001* 106.8 <0.001* 83.23 <0.001*

*Statistically significant at p < 0.05
aDays of increased length of stay per one unit increment of characteristic (independent variable)
b Reference levels: Race (Asian), Risk Adjustment for Congenital Heart Surgery-1 RACHS-1 (Score = 1), Acute Kidney Injury (No Acute Kidney
Injury), FO fluid overload
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