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Abstract

The purpose of this study was to determine the correlation of different methods of assessing fluid overload and determine
which metrics are associated with development of acute kidney injury (AKI) in the period immediately following Norwood
palliation. This was a retrospective single-center study of Norwood patients from January 2011 through January 2021. AKI
was defined using the Kidney Disease Improving Global Outcomes (KDIGO). Patients were separated into two groups:
those with AKI and those without. A logistic regression analysis was conducted with AKI at any point in the study period
as the dependent variable and clinical and laboratory data as independent variables. Analysis was conducted as a stepwise
regression. The coefficients from the logistic regression were then used to develop a cumulative AKI risk score. Spearman
correlations were conducted to analyze the correlation of fluid markers. 116 patients were included, and 49 (42.4%) developed
AKI. The duration of open chest, duration of mechanical ventilation, need for dialysis, need for extracorporeal membrane
oxygenation, and inpatient mortality were associated with AKI (p <0.05). Stepwise logistic regression demonstrated the fol-
lowing significant independent associations AKI: age at Norwood in days (p < 0.01), blood urea nitrogen (p <0.01), central
venous pressure (p =0.04), and renal oxygen extraction ratio (p < 0.01). The area under the receiver operating characteristic
curve for the logistic regression was 0.74. The fluid markers had weak R-value. Urea, central venous pressure, and renal
oxygen extraction ratio are associated with AKI after the Norwood operation. Common clinical metrics used to assess fluid
overload are poorly correlated with each other for postoperative Norwood patients.
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Introduction

Fluid overload and acute kidney injury (AKI) are common
complications following pediatric cardiac surgery and are
associated with increased morbidity and mortality in the
intensive care unit (ICU) [1-16]. Infants are at risk for fluid
overload after surgery for many reasons and as many as
30-68% of patients develop at least 10% fluid overload fol-
lowing cardiac surgery. Infants seem to be particularly at risk
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for fluid overload after surgery due to increased susceptibil-
ity to hemodilution and capillary permeability and may have
greater stimulus to retain fluid due to age-specific nuances
in the renin—angiotensin—aldosterone system. Fluid overload
has previously been demonstrated to be associated with AKI,
need for dialysis, acute lung injury, need for extracorporeal
membrane oxygenation, and mortality. AKI is a frequent
complication of fluid overload with an incidence of 15-60%
after cardiac surgery and is an independent risk factor for
worse outcomes, including prolonged hospital stay, longer
duration of mechanical ventilation, and mortality. Younger
children, particularly neonates, are at higher risk for devel-
oping AKI following cardiac surgery after adjusting for car-
diopulmonary bypass time and surgical complexity.
Because of the consequences of fluid overload, moni-
toring for fluid overload is important. However, quantify-
ing fluid overload after cardiac surgery remains difficult.
Anecdotally, the patient’s weight has been used as the gold
standard, however, this metric may be complicated by many
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factors, including scales, calibration, and inability to obtain
weights due to patient condition. Net fluid balance, blood
urea nitrogen, and central venous pressure are also utilized
to estimate fluid status, but none are without their own limi-
tations. There is no consensus regarding best practice for
quantifying fluid status.

Children with single ventricle physiology typically
undergo the Norwood palliation as the first step of the staged
palliation. The Norwood palliation is associated with mor-
bidity and mortality rates above 10%, and AKI has become
a known risk factor for worse outcomes following cardiac
surgery [1]. This study aimed to determine the correlation
of different methods of assessing fluid overload and to deter-
mine which of these metrics are associated with the develop-
ment of AKI in the period immediately following Norwood
palliation.

Methods
Study Design

This was a retrospective single-center study. Institutional
review board approval was received for this study. The study
is in concordance with the Helsinki Declaration.

Patients who underwent the Norwood operation from Jan-
uary 2011 through January 2021 were identified through the
Advocate Children’s Heart Institute surgical database. Those
with AKI prior to Norwood and those who were required
extracorporeal membrane oxygenation prior to Norwood
were excluded from the analyses. The remainder of these
patients were included for the final analyses.

Data of Interest

Data were collected for the following variables: age at
Norwood (days), weight at Norwood (kg), central venous
pressure (mmHg), fluid balance (mls), serum blood urea
nitrogen(mg/dL), serum creatinine (mg/dL), mean arterial
blood pressure (mmHg), pulse oximetry, and renal near
infrared spectroscopy.

The following values were calculated from the data:
creatinine to baseline creatinine ratio, fluid overload per-
cent, and renal perfusion pressure. Creatinine to baseline
creatinine was calculated by dividing the current creatinine
by the baseline creatinine. Fluid overload percent was cal-
culated as follows: ((current weight — baseline weight)/
baseline weight) X 100. Renal perfusion pressure was cal-
culated as mean arterial pressure — central venous pressure.
Renal oxygen extraction ratio was calculated as follows:
((pulse oximetry — renal near infrared spectroscopy)/(pulse
oximetry)) X 100.

Time Points

Baseline data (postoperative day 0) were collected the
morning of the surgical day prior to going to the operat-
ing room. Data for all subsequent postoperative data were
collected the morning of that specific postoperative day.

The fluid balance for each day represented the fluid bal-
ance for the prior 24 h. Thus, for postoperative day 2, the
fluid balance represents the fluid balance from 7 am the
day prior to 7 am that day. Data for fluid balance only is
reported for postoperative day 2 onwards as the postopera-
tive day 1 fluid balance would represent the fluid from the
surgical day which would include fluid include from the
operating room. What is often charted from the operating
room may not actually be how much was administered to a
patient due to the nature of how fluid in the operating room
is charted; thus, we elected to eliminate the postoperative
day 1 fluid balance point from the analyses.

Central venous pressure, mean arterial blood pressure,
and the renal near infrared spectroscopy values represent
an average of the preceding 24 h.

AKI

AKI was defined as per the Kidney Disease Improving
Global Outcomes (KDIGO) serum creatinine to baseline
creatinine criteria. As such, AKI was deemed present if the
current creatinine to baseline creatinine ratio was greater
than or equal to 1.5. AKI was then further stratified by
stage using the KDIGO criteria as well. Stage one AKI
was present when the current creatinine to baseline cre-
atinine ratio was greater than or equal to 1.5 and less than
2.0; stage two AKI was present when the current creatinine
to baseline creatinine was greater than or equal to 2.0 and
less than 3.0; and stage three AKI was present when the
current creatinine to serum creatinine ratio was greater
than 3.0. For this study, the urine output criteria set forth
by KDIGO were not utilized. The presence of AKI was
determined for each specific postoperative day and then
whether it was present in the first 5 postoperative days
or not.

Statistical Analysis

Patients were separated into two groups: those with AKI
and those without. Distribution of data was assessed by
means of kurtosis and skewness. Due to non-normal dis-
tribution, continuous variables were reported as median
and range while categorical variables were reported as
absolute frequency and percent of total.
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Spearman correlations were conducted to analyze the
correlation between fluid overload percent, blood urea
nitrogen, central venous pressure, and fluid balance.

Next, receiver operator curve analyses were run with
AKI as the state variable and one of the variables of inter-
est. Receiver operator curve analyses were run using the
value of each variable on each individual postoperative
day as well as by using the 5-day average. This was done
just to determine if a single-day value may have a particu-
larly different effect compared to other days for the same
variable. The optimal cutoff point was selected by using
the distance furthest from the diagonal reference line.

Next, a logistic regression analysis was conducted with
AKI at any point in the study period as the dependent
variable and fluid overload, blood urea nitrogen, central
venous pressure, fluid balance, mean arterial pressure,
serum lactate, renal oxygen extraction ratio, and renal
perfusion pressure. Cardiopulmonary bypass time and
cross clamp time were also included in the regression.
This regression was conducted as a stepwise selection of
most informative explanatory variables.

The coefficients from the logistic regression were then
used to develop a cumulative AKI risk score. This risk
score was then calculated for each patient using the 5-day
average values. This was done only for variables found to
be statistically significant associated with AKI A receiver
operator curve analysis was then done to determine the
sensitivity and specificity of the AKI risk score. This
receiver operator curve analysis was also used to deter-
mine an optimal cutoff.

Finally, the frequency of AKI for specific ranges of
AKI risk scores was assessed.

All statistical analyses were done using SPSS Ver-
sion 23.0. A p-value of less than 0.05 was considered
statistically significant. All use of the word “significant”,
“significance”, or “significantly” in the manuscript refer
to statistical significance unless explicitly specified
otherwise.

Results
Cohort Description

A total of 116 patients were included in the final analyses.
Of these 49 (42.4%) developed AKI. A majority (77, 66%) of
these patients had hypoplastic left heart syndrome. The sec-
ond most common primary cardiac diagnosis in this cohort
was interrupted aortic arch (13, 11%) with the third most
common being double inlet left ventricle (6, 5%) and double
outlet right ventricle (6, 5%). Only 5 (4%) of these patients
had systemic ventricular dysfunction and only 6 (5%) had
moderate or greater atrioventricular valve regurgitation.

Average age and weight at the time of Norwood was not
significantly different between the two groups. The duration
of open chest, duration of mechanical ventilation, need for
dialysis, need for extracorporeal membrane oxygenation, and
inpatient mortality also did not significantly differ between
the two groups (Table 1).

Correlation of Clinical Fluid Balance Markers

Correlation analyses demonstrated significant correlation
between blood urea nitrogen and fluid overload percent
and fluid balance and fluid overload percent. Despite these
correlations being significant, the R-value demonstrated a
weak correlation. Table 2 outlines the correlation between
the various clinical fluid balance markers.

Association of Clinical and Laboratory Variables
with AKI

Fluid overload percent was significantly different between
the two groups on postoperative day 5 (Fig. 1). Blood urea
nitrogen was significantly different between the two groups
on postoperative days 2, 3, 4, and 5 (Fig. 2). Central venous
pressure was significantly different between the two groups
on postoperative days 2, 3, and 4 (Fig. 3). Fluid balance did
not differ at any time point (Fig. 4).

Table 1 Characteristics and

No acute kidney Acute kidney injury  p value
AKI presence injury (n=67) (n=49)
Age at Norwood (days) 6.0 (3.0-138.0) 7.0 (3.0-142.0) 0.30
Weight at Norwood (kg) 3.3 (2.1-5.6) 3.3(2.2-5.5) 0.06
Duration of open chest (days) 3.0 (0-21.0) 3.0 (0-10.0) 0.17
Duration of mechanical ventilation (days) 7.0 (1.0-88.0) 7.0 (2.0-35.0) 0.30
Need for peritoneal dialysis catheter 8 (11.9) 1(2.0) 0.04
Need for dialysis 2 (3.0 1(2.0) 0.75
Extracorporeal membrane oxygenation 9(13.4) 2(4.1) 0.09
Inpatient mortality 6(9.0) 1(2.0) 0.12
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Table 2 Correlation results

Fluid overload percent Blood urea nitrogen Central venous pressure Fluid balance
Fluid overload percent - —-0.30 (p<0.01) 0.01 (p=0.94) 0.40 (p=0.03)
Blood urea nitrogen —0.30 (p<0.01) - 0.17 (p=0.06) —0.01 (p=0.95)
Central venous pressure 0.01 (p=0.94) 0.17 (p=0.06) - —0.01 (p=0.95)
Fluid balance 0.40 (p=0.01) —0.01 (p=0.95) —0.10 (p=0.25) -
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When comparing the 5-day average value for all collected
variables, only blood urea nitrogen, central venous pressure,
and renal oxygen extraction ratio were significantly different
between the two groups (Table 3).

Receiver operator curve analyses for the utility of various
clinical and laboratory variables to predict AKI are outlined
in Table 4. There was no significant change with time in the
area under curve for any of the variables. Fluid overload
percent, fluid balance, mean arterial blood pressure, serum
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Fig.4 Fluid balance over time

lactate, and renal perfusion pressure all demonstrated weak
predictive value. Blood urea nitrogen, central venous pres-
sure, renal oxygen extraction ratio, and renal infrared spec-
troscopy demonstrated moderate predictive value.
Stepwise logistic regression demonstrated the follow-
ing significant independent associations with AKI: age at
Norwood in days (beta coefficient 0.03, p <0.01), blood
urea nitrogen (beta coefficient 0.21, p <0.01), central
venous pressure (beta coefficient 0.37, p=0.04), and renal
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Table 3 Descriptive information for patients with AKI

No acute kidney injury (n=67) Acute kidney injury (n=49) p value
Fluid overload percent (%) 9.7 (— 10.0 to 134.0) 5.4 (- 50.0to 112.0%) 0.19
Blood urea nitrogen 18.2 (8.0 to 32.2) 21.4 (10.2 to 40.0) <0.01
Central venous pressure (mmHg) 84 (44t011.2) 9.2 (4.8t0 12.4) <0.01
Daily fluid balance (mls) 15.6 (— 205.1 to 224.3) —27.0 (= 179.4 to 1463.1) 0.63
Mean arterial pressure (mmHg) 56.4 (44.0 to 77.0) 55.8 (43.0to 73.4) 0.36
Serum lactate 1.8 (1.0t0 6.3) 1.7 (1.0t0 4.5) 0.15
Renal near infrared spectroscopy 59.4 (41.0 to 85.5) 47.6 (35.2t0 68.2) 0.95
Renal oxygen extraction ratio 30.6 (27.3 to 33.3) 33.6 (30.1 to 38.0) <0.01
Renal perfusion pressure (mmHg) 47.6 (35.2t0 68.2) 46.2 (34.0 to 61.6) 0.09

Table 4 Area under the curve
analysis

POD 1 POD2 POD3 POD4 PODS5  5-day average
Fluid overload percent - 0.55 0.59 0.46 0.37 0.36
Blood urea nitrogen 0.60 0.69 0.61 0.56 0.59 0.62
Central venous pressure 0.51 0.68 0.66 0.69 0.55 0.65
Fluid balance - 0.56 0.49 0.43 0.43 0.48
Mean arterial pressure 0.39 0.44 0.45 0.44 0.44 0.40
Serum lactate 0.47 0.47 0.45 0.33 0.32 0.40
Renal near infrared spectroscopy ~ 0.42 0.54 0.54 0.51 0.50 0.51
Renal oxygen extraction ratio 0.66 0.75 0.68 0.62 0.65 0.68
Renal perfusion pressure 0.36 0.44 0.43 0.43 0.43 0.38

oxygen extraction ratio (beta coefficient 1.01, p <0.01).
The resulting equation for the AKI risk score was thus as
follows: age in days at Norwood X 0.03 +blood urea nitro-
gen X 0.21 + central venous pressure X 0.37 +renal oxygen
extraction ratio X 1.01.

The mean acute injury risk score was 43.11 in those with
AKI group versus 40.45 in those without AKI. Receiver
operator curve analysis for the utility of the AKI risk score
to predict AKI resulted in an area under the curve of 0.74.
A score of 40.87 was found to offer 82% sensitivity and 55%
specificity (Table 5).

Those with an AKI risk score of less than 35 had a 15%
risk of AKI. Those with a score of greater than or equal to
35 but less than 40 had a 20% risk. Those with a score of
greater than or equal to 40 but less than 45 had a 46% risk.
Those with a score of greater than or equal to 45 but less
than 50 had a 75% risk. Those with a score greater than or
equal to 50 had an 80% risk.

Discussion

AKI is a known complication following Norwood operation,
and the associations between fluid status and AKI have not
been thoroughly described in this high-risk population [4,
5,8, 11, 15, 17-19]. The prevalence of AKI after Norwood
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Table 5 Risk score of those with and without acute kidney injury as
well as probability of acute kidney injury associated with specific
scores

No acute
kidney
injury

Acute kidney injury p value

Acute kidney injury risk  40.4+2.7  43.1+3.1 <0.01

score

Likelihood of acute kidney injury based on acute kidney injury
score

Score of less than 35 15% risk

Score between 35 and 20% risk
40

Score between 40 and ~ 46% risk
45

Score between 45 and ~ 75% risk
50

Score greater than 50 80% risk

operation in our cohort was 42% in the first 5 days follow-
ing Norwood operation. This finding is similar to a previ-
ous study by SooHoo et al. reported a prevalence of 40%
in a similar population following Norwood operation [17].
Although the incidence of AKI was high in this cohort,
the presence of AKI was not significantly associated with
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duration of open chest, duration of mechanical ventilation,
need for dialysis, need for extracorporeal membrane oxy-
genation, or inpatient mortality. AKI in this cohort lasted
for an average of 1-2 days, suggesting short duration of AKI
may not negatively impact outcomes [19].

Fluid overload is a common finding following cardiac
surgery and many studies show there is association between
fluid overload and poor outcomes [7, 9, 20]. Hazle et al.
used fluid balance and daily weight as markers for estimating
fluid overload in neonates, however, there is no universally
accepted measure for estimating fluid overload and there are
limitations to these measures, particularly in critically ill
infants in the immediate post-operative period who may be
too unstable to accurately weigh and/or may not have accu-
rate intraoperative measures of fluid input and output [20].
The analyses in this study demonstrated that the most used
markers of fluid balance did not correlate strongly with one
another in this specific population in the immediate postop-
erative period. While we demonstrated significant correla-
tions between blood urea nitrogen and fluid overload percent
and fluid balance and fluid overload percent, the correlations
were weak suggesting these markers are not interchangeable.

Because of the poor correlation between metrics used to
assess fluid overload, the next question became which would
be the most optimal for use. In order to try to better focus
this question, the study sought to determine the association
of various metrics with AKI. The logic behind this being
that fluid overload may mediate poor outcomes by develop-
ment of AKI. Fluid overload percent, blood urea nitrogen,
central venous pressure, and renal oxygen extraction ratio
were significantly different between cohorts with and with-
out AKI at different time points, while average blood urea
nitrogen, ventral venous pressures, and renal oxygen extrac-
tion ratio were significantly higher in the AKI group over
the 5-day period. These data suggest that elevated blood
urea nitrogen, central venous pressures, and renal oxygen
extraction ratio are therefore most significantly indepen-
dently associated with AKI. These findings that may be con-
sistent with a relatively intravascularly deplete state for the
AKI cohort as evidenced by an elevated blood urea nitrogen
with a compensatory increase in central venous pressure to
increase intravascular pressure and subsequent decrease in
renal oxygen delivery.

Renal oxygen delivery had the greatest area under the
curve in the receiver operator curve analyses and the great-
est beta-coefficient in the multivariable analysis. This is an
important finding as it highlights the importance of renal
oxygen delivery. Historically, much attention has been
paid to renal perfusion pressure. Recent studies, however,
have investigated renal oxygen delivery, many utilizing
renal near infrared spectroscopy [21-28]. Some studies
have noted significant associations between AKI and renal
oxygen delivery but not mean arterial pressure or renal

perfusion pressure. This should not come as a surprise
as volume and pressure metrics are not equal [29]. Just
because the pressure in a vessel is higher does not nec-
essarily mean it contains more blood, and subsequently,
oxygen. Pressure is the product of flow and resistance so
the pressure in a vessel can simply be elevated because
resistance is high. Certainly, without knowing what the
resistance in the vessel is, pressure cannot be accurately
used to assess flow in the vessel. The organs all need oxy-
gen, and it is the cardiovascular system’s goal to simply
deliver this oxygen. Pressure is simply the driving force
for oxygen-containing blood in the vasculature but does
not impact oxygen content itself. Thus, it is should be little
surprise that an actual oxygen delivery metric outperforms
a pressure metric with respect to kidney function. This
has in fact, been demonstrated with mean arterial blood
pressure and systemic oxygen delivery as a whole as well
[30-35].

From the above-mentioned findings, an AKI risk score
was developed to identify patients at higher risk for devel-
oping AKI in the immediate post-operative period fol-
lowing Norwood operation. Post-operative management
of these patients often requires early need for aggressive
volume resuscitation, with simultaneous need for diure-
sis. These conflicting management requirements put this
population at particularly high risk for developing AKI
and determining patients’ intravascular volume status is
often difficult in this particularly high-risk time frame.
This score may allow providers to identify patients at high
risk for developing AKI at any time point in the postopera-
tive period and adjust management strategies to prevent
development of AKI during this time period.

Such preventive strategies are currently limited
although a network meta-analysis identified milrinone,
levosimendan, and aminophylline may provide protective
benefit. Placed in the context of the findings of this study,
optimization of renal oxygen delivery appears to be of
importance as has been demonstrated by other studies.
Being able to identify those at high-risk for AKI can help
design studies investigating preventive strategies whether
they be perioperative strategies, pharmacologic, or proce-
dural [36-42].

Limitations of this study include its single-center, ret-
rospective design, which may not account for site-specific
and other unaccounted variables that are not reproducible.
Prospective application and implantation at other institu-
tions could validate this scoring system and improve util-
ity. Additionally, the cohort is large, but there is likely era
effect due to the 10-year interval. The frequency of mor-
tality was also low, which limits statistical power of our
findings that there was no significant association between
AKI and mortality. Another limitation is that AKI was
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treated as a binary outcome and thus a logistic regression
was done rather than a time-dependent analysis.

Conclusion

Various clinical metrics used to assess fluid overload have
poor correlation in those who have undergone a Norwood
operation. Blood urea nitrogen, central venous pressure, and
renal oxygen extraction ratio, however, are associated with
AKT after the Norwood operation.
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