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Abstract

Background: Paediatric cardiac surgery on cardiopulmonary bypass induces substantial physio-
logic changes that contribute to post-operative morbidity and mortality. Fluid overload and
oedema are prevalent complications, routinely treated with diuretics. The optimal diuretic
choice, timing of initiation, dose, and interval remain largely unknown.Methods:To guide clini-
cal practice and future studies, we used PubMed and EMBASE to systematically review the
existing literature of clinical trials involving diuretics following cardiac surgery from 2000 to
2020 in children aged 0–18 years. Studies were assessed by two reviewers to ensure that they
met eligibility criteria. Results:We identified nine studies of 430 children across fourmedication
classes. Five studies were retrospective, and four were prospective, two of which included ran-
domisation. All were single centre. There were five primary endpoints – urine output, acute
kidney injury, fluid balance, change in serum bicarbonate level, and required dose of diuretic.
Included studies showed early post-operative diuretic resistance, suggesting higher initial doses.
Two studies of ethacrynic acid showed increased urine output and lower diuretic requirement
compared to furosemide. Children receiving peritoneal dialysis were less likely to develop fluid
overload than those receiving furosemide. Chlorothiazide, acetazolamide, and tolvaptan dem-
onstrated potential benefit as adjuncts to traditional diuretic regimens. Conclusions: Early
diuretic resistance is seen in children following cardiopulmonary bypass. Ethacrynic acid
appears superior to furosemide. Adjunct diuretic therapies may provide additional benefit.
Study populations were heterogeneous and endpoints varied. Standardised, validated endpoints
and pragmatic trial designs may allow investigators to determine the optimal diuretic, timing of
initiation, dose, and interval to improve post-operative outcomes.

CHD represents almost one-third of all major congenital birth defects, occurring in about 1% of
all live births and leads to roughly 40,000 paediatric cardiac operations in the United States per
year.1,2 Although post-operative survival has improved over the past 30 years, surgical repair or
palliation with cardiopulmonary bypass still carries significant morbidity, with a risk of major
complication up to 38% for the highest risk children.2,3

Cardiopulmonary bypass leads to a systemic inflammatory response driven by numerous
factors including interactions with the bypass circuit, tissue ischaemia and reperfusion, haemol-
ysis, altered flow characteristics, and complement and cytokine activation.4 The resulting
increased endothelial permeability and interstitial oedema, combined with neurohormonal
changes, activate the renin-aldosterone system, increase anti-diuretic hormone release, and con-
tribute to fluid overload after cardiac surgery with cardiopulmonary bypass.5-7 Fluid overload is
estimated to occur in up to 40% of children following cardiopulmonary bypass and is seen more
commonly in children who are younger, have cyanotic heart lesions, and undergomore complex
surgeries.8-14 Fluid overload is associated with increased morbidity and mortality, including
higher risk of acute kidney injury and need for renal replacement therapy, prolonged duration
of mechanical ventilation and inotropic support, prolonged ICU and hospital stay, and
decreased overall survival.8-14 Understanding the drivers of fluid overload is critical to develop-
ing potential therapies and improving post-operative outcomes.

To improve fluid balance, several classes of diuretics are used in the post-operative setting
despite no current labelling for this indication by the US Food andDrug Administration.15 Label
guidance for appropriate diuretic dosing and adjunct therapies may allow for improved efficacy
with lower risk of adverse events.7 However, studies to determine optimal dosing strategies in
children with CHD are difficult to perform due to both limited numbers and disease hetero-
geneity, as well as challenges obtaining informed consent in a vulnerable population when there
may be parental reluctance to enroll in placebo-controlled trials.15,16 Additionally, a lack of
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consistent, validated endpoints may make interpreting study
results difficult and can prevent comparisons across studies.
This systematic review aims to summarise the existing literature
of diuretic use following cardiac surgery with cardiopulmonary
bypass in children with CHD to guide clinical practice and inform
areas where further research is needed.

Methods

Search strategy

PubMed and EMBASEwere searched to identify studies investigat-
ing the use of diuretics in children after cardiac surgery with
cardiopulmonary bypass, similarly to research previously
described.17 Studies from 2000 to 2020 were included to reflect
medication use in the context of current clinical practice.
Children were defined as birth to age 18 years. The search terms
“postoperative care,” “heart surgery,” “cardiopulmonary bypass,”
“pediatric,” and “diuretic”were used to generate an initial group of
studies. We excluded animal studies, studies in a language other
than English, and studies focused on pre- or intraoperative medi-
cation use. Case reports, letters, editorials, and comments were
excluded. The search strategies are shown in the Appendix. A total
of 124 studies were identified.

Study selection

Identified studies were imported into EndNote (Clarivate
Analytics, Philadelphia, PA, USA). Two reviewers independently
screened and reviewed study abstracts and titles. Studies were eli-
gible for inclusion if the primary focus was diuretic administration
in the post-operative period for children following cardiac surgery
with cardiopulmonary bypass. The full article was then reviewed to
ensure appropriateness prior to data extraction. A total of nine
studies were included in the final analysis.

Data extraction and synthesis

A standardised data collection form was used to extract the rel-
evant data from each eligible study. The following data were col-
lected: study characteristics (including study design and years of
study), study population characteristics (including age and cardiac
defects), intervention (including medication administered and the
presence and type of control used), study endpoints, and results.
For each medication, the dose, timing of administration, primary
outcome, and secondary outcomes were compiled and analysed.

Results

Overall, nine studies in 430 children met our inclusion criteria, all
of which were single centre.18-26 Study characteristics are summar-
ised in Table 1. Three studies were prospective trials, one was a post
hoc analysis of a prospective trial, and five were retrospective
cohort studies. Of the prospective studies, two were randomised
controlled trials comparing two therapies without a placebo
arm, and one was an open-label, one-arm trial without a control
group. Seven studies used a surrogate marker of efficacy as the pri-
mary outcome, most commonly urine output or fluid balance. One
study used development of acute kidney injury as a primary end-
point, and none evaluated mortality as a primary outcome,
although two studies explored this as a secondary outcome.
None of the included studies evaluated pharmacokinetic data in
their design or analysis. Medications studied were loop diuretics

(furosemide [8/9], ethacrynic acid [2/9]), thiazides (chlorothiazide
[1/9]), vasopressin antagonists (tolvaptan [2/9]), and carbonic
anhydrase inhibitors (acetazolamide [1/9]).18-26 The median age
in all studies was ≤12 months.

Loop diuretics

Loop diuretics act at the ascending loop of Henle and reversibly
bind to the Na-K-2Cl cotransporter to reduce NaCl reabsorption.27

Loop diuretics are extensively protein bound and require active
transport to reach the tubular lumen to block active sodium trans-
port, with sodium excretion proportional to urinary drug excretion
rather than serum concentration.28 Loop diuretics include furose-
mide, torsemide, and bumetanide, differing by duration of action
and potency.29 Ethacrynic acid is a non-sulfonamide loop diuretic
that is less commonly used due to concern for increased ototoxicity
and cost.30,31

The loop diuretics furosemide and ethacrynic acid are labelled
for use as diuretics in paediatric populations: Intravenous and oral
furosemide are labelled by the Food and Drug Administration for
the treatment of oedema in paediatric patients of all ages with con-
gestive heart failure, hepatic cirrhosis, and renal disease,32 and oral
ethacrynic acid is Food and Drug Administration-labelled for the
short-term management of oedema in hospitalised paediatric
patients with CHD or nephrotic syndrome.33 Notably, both intra-
venous and oral ethacrynic acid are contraindicated for use in
infants by Food and Drug Administration labelling.

Furosemide is the most commonly used loop diuretic in chil-
dren and was included in all studies as either active drug, compa-
rator, or standard of care. No studies on torsemide or bumetanide
met inclusion criteria. In an uncontrolled, prospective trial of 12
infants (postnatal age range 0–33 weeks) with fluid overload, con-
tinuous furosemide infusion, started at a mean of 30 (range 21–48)
hours postoperatively, up to a mean rate of 0.175 (± 0.045) mg/kg/
h, resulted in significantly increased urine output.25 In a single-
centre randomised controlled trial of 74 children (mean age 4
months [± 180 days]), continuous ethacrynic acid infusion was
superior to continuous furosemide infusion, each starting at
0.2 mg/kg/h of furosemide equivalent dose, titratable up to
0.8 mg/kg/h to achieve net even or negative fluid balance on
post-operative day 0. Compared to furosemide, ethacrynic acid
resulted in improved urine output and net fluid balance on
post-operative day 0 (mean urine output 6.9 ml/kg/h vs. 4.6 ml/
kg/h, p= 0.002; mean fluid balance −43 ml/kg/h versus −17 ml/
kg/h, p= 0.01).24 Although no difference was seen on subsequent
post-operative days, the ethacrynic acid group trended towards
shorter duration of mechanical ventilation and had significantly
shorter ICU stays (mean 14 days vs. 16 days, p= 0.046). A signifi-
cantly lower dose of ethacrynic acid was required compared to
furosemide (mean 0.22 mg/kg/h vs. 0.33 mg/kg/h, p< 0.0001).

A post hoc analysis of this cohort demonstrated high initial loop
diuretic doses (median dose 0.34 mg/kg/h on post-operative day 0)
with a significant decrease over the following 48 hours (p= 0.04).20

Urine output remained stable over the study period, suggesting an
initial loop diuretic resistance in these infants that improved over
72 hours postoperatively. Lower blood pH after the first post-oper-
ative day and longer cross-clamp time both independently pre-
dicted the need for increased loop diuretic dose.

None of these studies found deleterious effects on renal func-
tion, with continuous infusions being associated with improving
serum creatinine over time in one study.25 Metabolic alkalosis
and hypokalaemia were common, with more severe alkalosis seen
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Table 1. Characteristics of included diuretic studies and study populations

REFERENCE MEDICATION STUDIED STUDY DESIGN (STUDY YEARS) N STUDY POPULATION
ROUTE, DOSE, AND TIME TO DRUG

INITIATION PRIMARY OUTCOME FINDINGS

van der
Vorst et al.,
200125

Continuous furose-
mide
infusion for 72 h

Single-centre prospective
observational

12 Infants with volume
overload requiring
inotropic support

Median age 13 weeks
(range 0 – 33
weeks)

IV
Mean dose of 0.093 (± 0.016) mg/
kg/h on day 1, 0.175 (± 0.045)
mg/kg/h on day 2, and 0.15
(± 0.052) mg/kg/h on day 3

Started at a mean 30 h postoper-
atively

Serum Cr, UOP,
and furosemide
excretion

9/12 infants required an increase in
furosemide rate.

Although no change in serum furosemide
level was seen, the median furosemide
excretion increased significantly over
72 h, which paralleled a significant
increase in Na excretion and UOP and
decrease in serum Cr.

Consider starting at higher furosemide
infusion doses immediately postopera-
tively.

Ricci et al.,
201524

Continuous furose-
mide
or EA for 72 h

Single-centre, prospective
randomised double-
blinded trial (2012–
2013)

74 Infants with signs of
fluid overload

Mean age 4 months (±
180 days)

IV
Furosemide mean dose of
0.33 mg/kg/h, EA mean dose of
0.22 mg/kg/h

Furosemide started at a mean
11 h postoperatively, EA started
at a mean 12 h postoperatively

Mean UOP at end
of POD0

14/36 of EA infants and 9/36 of furose
mide infants switched to bolus dosing by
POD2 due to polyuria and excessively
negative fluid balance.

EA group with significantly higher UOP
(p= 0.002) and net negative fluid
balance (p= 0.01) over first POD, with
no difference over the subsequent 48 h

EA group with significantly shorter ICU LOS
(16 days v 14 days, p = 0.046)

Cardiac index was higher in EA group as
measured from arterial waveform
(p= 0.008).

Haiberger
et al., 201620

Continuous furose-
mide
or EA for 72 h

Post hoc analysis of
single-centre prospec-
tive randomized dou-
ble-blinded (2012–2013)

67 Infants with signs of
fluid overload.

Median age 48 days
(IQR 13–139 days)

IV
Median diuretic dose of 0.34 (IQR
0.25–0.4) mg/kg/h at the end of
POD0, 0.25 (IQR 0.17–0.4) mg/
kg/h at the end of POD1, and
0.2 (0.12–0.4) mg/kg/h at the
end of POD2

Furosemide started at a mean
11 h postoperatively and EA
started at a mean 12 h postop-
eratively

Required dose of
diuretic

Diuretic dose significantly decreased over
time (p= 0.004).

UOP was stable over time, suggesting a
time-dependent increase in UOP
response to dose.

In multivariate analysis, increased cross-
clamp time, lower blood pH at end of
first POD, and use of furosemide rather
than EA were all independently associ-
ated with increased diuretic dose.

Borasino
et al., 201818

Single furosemide
dose

Single-centre retrospec
tive cohort (2012–2015)

90 Infants
Mean age 12 days

(range 6–56 days)

IV
Average dose of 1.1 (± 0.3) mg/kg
Median time to first dose of 7.7
(IQR 4.4–9.5) h

Development of
postop AKI

41/90 infants developed AKI. Infants who
developed AKI had significantly lower
UOP response to furosemide dose
(p = 0.03).

Furosemide response was associated with
a significant reduction in need for pro-
longed PD or mechanical ventilation and
frequency of fluid overload.

Kwiatkowski
et al., 201723

Intermittent furose-
mide
versus PD

Single-centre prospective
randomised unblinded
(2011–2015)

73 Infants with post-
operative oliguria

Median age 8 days
(IQR 6–15 days)

IV
Dose of 1 mg/kg every 6 h for two
doses, then interval at the dis-
cretion of the treating clinician

Infants in the furosemide group

Incidence of nega
tive fluid bal-
ance on POD1

No difference was seen in rate of achiev
ing negative fluid balance.

Infants in the furosemide group were more
at risk for developing further fluid over-
load (OR 3.0, 95% CI 1.3–6.9) and more

(Continued)
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Table 1. (Continued )

REFERENCE MEDICATION STUDIED STUDY DESIGN (STUDY YEARS) N STUDY POPULATION
ROUTE, DOSE, AND TIME TO DRUG

INITIATION PRIMARY OUTCOME FINDINGS

received a median of 3–4
doses/day over the first 5 POD

likely to have prolonged ventilation time
(OR 3.1, 95% CI 1.2–8.2).

Carpenter
et al., 202026

Chlorothiazide in
addition to stan-
dard therapy of
high-dose furose-
mide for 48 h

Single-centre retrospec
tive cohort (2009–2011)

73 Infants less than 6
months

Median age 91 days
(IQR 3–162 days)

IV
1–2 mg/kg every 6–12 h, Mean
dose 3.83 (± 1.93) mg/kg/day

Therapy started median 3 days
post-op (IQR 2–5 days)

All patients were on high-dose
furosemide (mean dose
5.28 ± 1.68 mg/kg/day)

Change in UOP
and fluid balance
after 24 h of
therapy

Addition of chlorothiazide was associated
with a significant increase in UOP (mean
5.6 vs. 3.8 ml/kg/h, p< 0.001) and
improvement in fluid balance (mean net
negative 25 ml/kg/day versus net positive
16 ml/kg/day, p < 0.001).

Mean VIS decreased significantly after
chlorothiazide addition (p< 0.001).

Cr remained stable, but significant serum
electrolyte changes were seen: Na mean
decrease by 1.1 mEq/L (p< 0.01), K mean
decrease by 0.12 mEq/L (p = 0.02), Cl
mean decrease by 4.9 mEq/L (p < 0.001),
and bicarb mean increase by 2.9 mEq/L
(p < 0.001).

Lopez et al.,
201619

Acetazolamide in
addition to stan-
dard diuretic
therapy (furose-
mide, spironolac-
tone, ± thiazide)

Single-centre retrospec
tive cohort (2010–2014)

40 Children with post-
operative metabolic
alkalosis

Median age 6 months
(IQR 3–45 months)

Enteral
Median dose 8.7 mg/kg/day
divided every 12 h (IQR 5–10,
maximum 20mg/kg/day)

Acetazolamide started mean 8.1
days postoperatively, with a
median duration of 4 (IQR 3–6)
days

Change in serum
bicarbonate level

Significant decrease in serum bicarbonate
(mean decrease 4.5 mmol/L, p< 0.001)
as well as pCO2 (mean decrease
3.9 mmHg, p= 0.007) over 48 h of
therapy, with net decrease in pH (mean
decrease 0.03, p= 0.008)

Significant increase in UOP (mean increase
0.6 ml/kg/h, p= 0.02) and decrease in
overall diuretic requirement (p= 0.012)

Kerling et al.,
201922

Tolvaptan in addition
to
standard of care
diuretic therapy
(various combina-
tions of furose-
mide, thiazide,
spironolactone,
and EA)

Single-centre retrospec
tive cohort (2011–2017)

25 Children with
refractory capillary
leak syndrome*

Median age 36 days
(range 9–549 days)

Enteral
Median dose was 0.5 mg/kg daily
(range 0.13–1.05 mg/kg

Medication started at a median
13 (range 2–44) days postoper-
atively for a median duration
of 8 (range 1–47) days

Positive response
to tolvaptan:
defined as
increase in UOP by
10% within first
24 h of therapy

17 of 25 patients had positive response to
therapy.
Responders had significantly shorter over-
all ICU stay (p= 0.016) and were more
likely to be extubated during treatment
course (p = 0.042).

Responders had significant weight reduc-
tion over first 7 days of therapy with no
change seen in non-responders.

No difference between responders or non-
responders in age, CPB time, or com-
plexity of surgery

Increased mean BP on day 2 after starting
tolvaptan and increased UOP 24 h after
starting tolvaptan, both predictive of
positive response
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in children receiving ethacrynic acid than those receiving
furosemide.

No studies that met our inclusion criteria compared continuous
dosing to bolus dosing regimens. Bolus dosing of intravenous furo-
semide was compared to peritoneal dialysis in a single-centre rand-
omised trial of 73 infants (median age 9 days for furosemide group,
8 days for peritoneal dialysis group).23 All randomised infants had
a peritoneal dialysis catheter placed in the operating room and
upon development of oliguria during the first post-operative day
were randomised to bolus dosing of 1 mg/kg furosemide every 6
hours or peritoneal dialysis. No difference was seen in the primary
outcome – incidence of negative fluid balance on the first post-
operative day. However, the furosemide group was at higher risk
for developing at least 10% fluid overload (OR 3.0, 95% CI 1.3–
6.9) and for needing prolonged mechanical ventilation (OR 3.1,
95% CI 1.2–9.2).

A retrospective study of 90 infants (mean age 12 days, range 6–
56 days) found that urine output response following a bolus dose of
furosemide predicted development of acute kidney injury as well as
need for prolonged mechanical ventilation and prolonged perito-
neal dialysis.18 However, no specific cutoff point or urine output
threshold that could be used to prospectively predict acute kidney
injury risk in future children was defined.

Thiazides

Thiazide diuretics inhibit the Na-Cl cotransporter in the distal con-
voluted tubule, blocking sodium and chloride reabsorption.34

Their use as a diuretic is primarily in combination with loop
diuretic therapy to augment diuresis and blunt loop diuretic resis-
tance, with well-documented efficacy in adult patients with con-
gestive heart failure.7,35,36 Thiazides, including chlorthalidone
and hydrochlorothiazide, are used in children with CHD, but their
usage remains off-label.37 Two retrospective studies have looked at
thiazide usage in the paediatric cardiac ICU, suggesting that the
thiazide-like metolazone, but not chlorthalidone, was associated
with increased urine output.38,39 Neither study specifically investi-
gated the post-operative population. One study of chlorothiazide
met our inclusion criteria.

In a single-centre retrospective study of 73 children (median
age 91 days, interquartile range 9–162 days), the addition of
chlorothiazide (mean dose 3.83 mg/kg/day, started at a median 3
days postoperatively) to furosemide was associated with a signifi-
cant increase in urine output and improvement in fluid balance
after 24 hours of therapy (mean urine output 3.6 ml/kg/h vs.
5.6 ml/kg/h, p< 0.001; mean fluid balance þ16 ml/kg/day versus
−25 ml/kg/day, p< 0.001).26 Of note, the dose of furosemide also
increased significantly after chlorothiazide initiation (mean dose
0.20 vs. 0.24 mg/kg/h, p< 0.001), but the improvements in urine
output and fluid balance persisted after adjusting for furosemide
dose. Although serum creatinine remained stable with chlorothia-
zide therapy, its initiation was associated with significant electro-
lyte changes, notably, decreased serum sodium (mean 136.6 vs.
135.5 mEq/L, p< 0.01), potassium (mean 3.36 vs. 3.24 mEq/L,
p= 0.02), and chloride (mean 101.0 vs. 96.1 mEq/L, p< 0.001)
and increased metabolic alkalosis (mean serum bicarbonate
29 vs. 32 mEq/L, p< 0.001).

Vasopressin receptor antagonists

Tolvaptan is a selective vasopressin 2 receptor antagonist that leads
to increased renal free water excretion without increased electro-
lyte wasting and is only available in an oral formulation.40 In adultTa
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patients with acute heart failure, tolvaptan improved weight loss
and oedema but had no mortality benefit.41 Recently, tolvaptan
has been shown to be safe in a paediatric heart failure population,
leading to improved urine output in children with acute heart fail-
ure exacerbations, but its use in paediatric populations remains off-
label.42 The inflammatory and neurohormonal response after
cardiopulmonary bypass leads to interstitial oedema and free water
retention, suggesting a potential role of tolvaptan for enhanced free
water excretion in the acute post-operative setting.6 Two studies of
tolvaptan met our inclusion criteria.

A retrospective study of 43 children (median age 12 months,
range 2–192 months) compared cohorts before and after institut-
ing a policy of a single dose of 0.45 mg/kg tolvaptan in addition
to standard oral diuretic therapy following extubation after surgical
repair of simple left to right shunts.21 The addition of tolvaptan was
associated with increased urine output (p= 0.043) but similar net
fluid balance to the control group on the first postoperative day. In
a separate study, the addition of daily doses of tolvaptan (starting
dose 0.25 mg/kg/day) in post-operative infants with capillary leak
syndrome (median age 35 days for responders, 37.5 days for non-
responders, range 9–549 days) was associated with at least a 10%
increase in urine output in 17 of the 25 children, although no con-
trol group was used.22 Therapy was started a median of 13 days
postoperatively. Responders were able to be extubated significantly
earlier (10/17 of responders vs. 1/7 of nonresponders were extu-
bated during treatment course; p= 0.042) with shorter overall
length of stay (median days after tolvaptan administration 15 vs.
41; p= 0.016). Both studies looked at the effect of therapy on renal
function and serum sodium concentration. Treatment was overall
well tolerated, with only one child developing significant hyperna-
tremia and no evidence of worsening glomerular filtration rate.

Carbonic anhydrase inhibitors

Post-operative metabolic alkalosis is common, especially in infants
less than 1 year old, and is often driven by high-dose loop diuretic
use.43 Alkalosis is associated with decreased respiratory drive and
increased mortality in critically ill patients.44,45 Hypochloremic met-
abolic alkalosis is associated with loop diuretic resistance, leading to
higher required doses.46 Acetazolamide is a carbonic anhydrase
inhibitor that causes increased urinary sodium and bicarbonate
excretion and improvement of metabolic alkalosis. It has been used
safely in the paediatric population despite being used off-label.47-49

One study of acetazolamide met our inclusion criteria. In a sin-
gle-centre retrospective study of 40 children (mean age 6 months)
who developed post-operative metabolic alkalosis (mean 8.1 days
postoperatively), the addition of acetazolamide was associated with
a significant improvement in serum bicarbonate (p< 0.001) and
pH (p=.006).19 After 48 hours of therapy, these children also
had a significant increase in urine output (p= 0.02) and a decrease
in total diuretic requirement (p = 0.012). All children were con-
comitantly treated with both furosemide and spironolactone, with
over half on high doses of continuous furosemide infusion (58% on
>0.3 mg/kg/h) at therapy initiation. Treatment was associated with
an improvement of hypercapnia in ventilated children, but the
study was not designed to assess mechanical ventilation duration
as an outcome.

Discussion

Our review identified nine trials in 430 children across four medi-
cation classes. The majority of these studies were retrospective. Of

those that were prospective, only two trials of 147 children had a
control arm. None of the studies were multicentre trials, and both
the intervention – single dose, repeated bolus dosing, or continu-
ous infusion – and outcome were variable between studies, limiting
comparisons across trials and the broader application of their
findings.

Diuretic resistance is seen early in the post-operative period,
suggesting that higher initial doses of diuretic may decrease fluid
overload, although timing of diuretic initiation remains unknown.25

Current evidence suggests that ethacrynic acid may be superior to
furosemide butmay result in increased electrolyte abnormalities.20,24

The use of adjunct diuretic therapies may improve urine output and
fluid balance, but may also adversely affect electrolytes.19,21,22,26

One major limitation in comparing conclusions across studies
and translating these conclusions into clinical practice is the lack of
validated, standardised endpoints for diuretic medications. The
included studies primarily used urine output or fluid balance as
their primary endpoint. Previous studies have demonstrated a cor-
relation between fluid overload and morbidity and mortality, but it
has not been clearly demonstrated that therapy directed toward
improving fluid overload improves those outcomes.8-12

Endpoints of morbidity – prolonged intubation time, prolonged
hospital stay – or mortality may be more clinically relevant but
require a large sample size and face significant confounding factors
in these complex children. All identified studies included 90 or
fewer children, limiting the power to detect significant differences
in mortality, and preventing correlation between improvements in
the surrogate markers of urine output or fluid balance and the
more clinically important markers of morbidity and mortality.

For assessment of dose response to a single drug, urine output
may be a feasible and immediate outcome to monitor. However, to
assess efficacy for treating fluid overload in critically ill children
post-cardiopulmonary bypass, overall fluid balance may be a more
physiologically relevant marker. Previous studies from the late
1990s compared intermittent dosing to continuous infusions of
furosemide, with some data suggesting that larger intermittent
urine output required additional compensatory fluid administra-
tion to stabilise haemodynamics, limiting the total net volume
decrease.50-52 Further, differences in fluid overload have been asso-
ciated with clinically important outcomes such as length of intu-
bation, length of hospital stay, and overall mortality.8,10-12 Active
de-escalation and improvement of fluid balance have also been
associated with reduced mortality in critically ill adult patients.53

Accordingly, using fluid balance as a surrogate marker of diuretic
efficacy may allow for smaller sample sizes, real time data collec-
tion and analysis, and better comparison of medications across tri-
als if this association holds in paediatric populations.

Most (6/9) of our included studies looked at diuretic use in the
first 72 hours after surgery, during which children require ino-
tropic support and undergo significant volume shifts and profound
physiologic alterations. These effects may alter both drug disposi-
tion and exposure–response relationships. Haiberger et al demon-
strated a time-dependent increase in urine output response to loop
diuretic dose during this early period, suggesting early diuretic
resistance, but dose response at other times remains unknown.20

Underlying cardiac diagnosis, such as one- or two-ventricle physi-
ology, and developmental related changes also affect drug disposi-
tion, but most (8/9) studies also did not evaluate outcomes in this
context.54,55 These factors should be considered in future studies to
inform optimal regimens (diuretic type, dose, duration, and timing
of initiation) and appropriate adjunct therapies specific to under-
lying physiology.
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Although there are over 40,000 paediatric cardiac surgeries
annually, only nine studies with 430 total children met our inclu-
sion criteria over a 20-year period.2 The paucity of trials is reflec-
tive, at least in part, of the complexity of conducting traditional
trials in this vulnerable and high-risk population with complex
clinical care needs. Pragmatic trial designs, master protocols,
and the use of real-world data may provide feasible alternatives
to traditional clinical trials by simplifying protocols, supporting
enrollment, allowing for collaboration across sites, andminimising
the need for trial-specific data collection and analysis.15,56,57

Additionally, combining dosing and demographic data from the
electronic health record with advanced pharmacokinetic/pharma-
codynamic modelling may allow for dose optimisation in specific
populations while avoiding the challenges of performing clinical
trials.

Our objective was to evaluate the existing evidence for diuretic
use in children with CHD following surgery with cardiopulmonary
bypass. We found that ethacrynic acid may be superior to furose-
mide, and adjunct therapies may be beneficial in treating fluid
overload. Higher initial diuretic doses should be considered.
Significant study heterogeneity, limited enrollment, and lack of
validated, consistent endpoints make trial results difficult to trans-
late into clinical practice. Novel trial designs may allow for
improved evidence-based drug selection and delivery, resulting
in improved outcomes in children with CHD undergoing surgery
with cardiopulmonary bypass.
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