
Pediatric Transplantation. 2023;27:e14499.	 		 	 | 1 of 7
https://doi.org/10.1111/petr.14499

wileyonlinelibrary.com/journal/petr

Received:	29	July	2022  | Revised:	16	February	2023  | Accepted:	22	February	2023
DOI: 10.1111/petr.14499  

O R I G I N A L  A R T I C L E

Fluid balance in pediatric postoperative liver transplant 
recipients

Jessica M. Winters1  |   Rebecca Brocks2 |   Catherine A. Chapin3  |    
Caroline P. Lemoine4  |   Riccardo Superina4  |   Katherine A. Brandt4  |    
L. Nelson Sanchez- Pinto5  |   Matthew F. Barhight5

This is an open access article under the terms of the Creative	Commons	Attribution-NonCommercial-NoDerivs License, which permits use and distribution in 
any	medium,	provided	the	original	work	is	properly	cited,	the	use	is	non-commercial	and	no	modifications	or	adaptations	are	made.
©	2023	The	Authors.	Pediatric Transplantation published by Wiley Periodicals LLC.

Abbreviations:	AKI,	acute	kidney	injury;	FB,	fluid	balance;	GRWR,	graft-	to-	recipient	weight	ratio;	IRR,	incident	rate	ratio;	KDIGO,	Kidney	Disease	Improving	Global	Outcomes	Nonprofit	
Organization;	LT,	[orthotopic]	liver	transplant;	POD,	postoperative	day;	PRISM-	III,	Pediatric	Risk	of	Mortality	Score-	III;	RRT,	renal	replacement	therapy;	VFD	at	28 days,	ventilator-	free	
days	at	28 days-		integer	number	of	days	patient	is	liberated	from	ventilator	and	alive	in	the	first	28 days	following	liver	transplantation.

1Division of Critical Care, Connecticut 
Children's, University of Connecticut 
School of Medicine, Hartford, 
Connecticut,	USA
2Division	of	Pediatric	General	Surgery,	
Hospital	Sainte-	Justine	–		Mother-	Child	
University Hospital Center, University of 
Montréal, Québec, Canada
3Division	of	Gastroenterology,	
Hepatology,	and	Nutrition,	Ann	&	Robert	
H. Lurie Children's Hospital of Chicago, 
Northwestern	University	Feinberg	School	
of	Medicine,	Chicago,	Illinois,	USA
4Division	of	Transplant	and	Advanced	
Hepatobiliary	Surgery,	Ann	&	Robert	
H. Lurie Children's Hospital of Chicago, 
Northwestern	University	Feinberg	School	
of	Medicine,	Chicago,	Illinois,	USA
5Division	of	Critical	Care,	Ann	&	Robert	
H. Lurie Children's Hospital of Chicago, 
Northwestern	University	Feinberg	School	
of	Medicine,	Chicago,	Illinois,	USA

Correspondence
Jessica M. Winters, Division of Critical 
Care, Connecticut Children's, University 
of	Connecticut	School	of	Medicine,	282	
Washington	St.,	Hartford,	CT	06106,	USA.
Email: jessmwinters13@gmail.com

Abstract
Background: Positive	fluid	balance	(FB)	is	associated	with	poor	outcomes	in	critically	
ill	children	but	has	not	been	studied	in	pediatric	liver	transplant	(LT)	recipients.	Our	
goal	 is	 to	 investigate	 the	 relationship	 between	 postoperative	 FB	 and	 outcomes	 in	
pediatric LT recipients.
Methods: We	 performed	 a	 retrospective	 cohort	 study	 of	 first-	time	 pediatric	 LT	
recipients at a quaternary care children's hospital. Patients were stratified into 
three	 groups	 based	 on	 their	 FB	 in	 the	 first	 72	 h	 postoperatively:	<10%,	 10–	20%,	
and > 20%.	Outcomes	were	pediatric	 intensive	care	unit	 (PICU)	and	hospital	 length	
of	 stay,	 ventilator-	free	 days	 (VFD)	 at	 28 days,	 day	 3	 severe	 acute	 kidney	 injury,	
and postoperative complications. Multivariate analyses were adjusted for age, 
preoperative	admission	status,	and	Pediatric	Risk	of	Mortality	(PRISM)-	III	score.
Results: We	 included	129	patients	with	median	PRISM-	III	 score	of	 9	 (interquartile	
range,	 IQR	7–	15)	and	calculated	Pediatric	End-	stage	Liver	Disease	score	of	15	(IQR	
2–	23).	A	total	of	37	patients	(28.7%)	had	10–	20%	FB,	and	26	(20.2%)	had	>20%	FB.	
Greater	 than	20%	FB	was	 associated	with	 an	 increased	 likelihood	of	 an	 additional	
PICU	day	(adjusted	incident	rate	ratio	[aIRR]	1.62,	95%	CI:	1.18–	2.24),	an	additional	
hospital	day	(aIRR	1.39,	95%	CI:	1.10–	1.77),	and	lower	likelihood	of	a	VFD	at	28 days	
(aIRR	0.85,	 95%	CI:	 0.74–	0.97).	 There	were	 no	 differences	 between	 groups	 in	 the	
likelihood of postoperative complications.
Conclusions: In pediatric LT recipients, >20%	FB	at	72	h	postoperatively	is	associated	
with	 increased	 morbidities,	 independent	 of	 age	 and	 severity	 of	 illness.	 Additional	
studies are needed to explore the impact of fluid management strategies on outcomes.

K E Y W O R D S
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1  |  INTRODUC TION

Liver	 transplantation	 (LT)	 is	 the	 standard-	of-	care	 therapy	 for	 chil-
dren	with	end-	stage	liver	disease.	During	surgery,	there	are	periods	
of hemodynamic instability with potential significant blood loss, 
reperfusion	phase-	induced	hypotension	frequently	requiring	active	
resuscitation, and risk of systemic inflammatory response with en-
dothelial leak and extravascular fluid shifts.1–	3 Pediatric patients are 
postoperatively	 admitted	 the	 pediatric	 intensive	 care	 unit	 (PICU),	
where they receive ongoing resuscitation with close monitoring of 
hemodynamic status, frequent reassessment of intravascular status, 
and careful titration of medications.

Studies have investigated the risks for patient morbidity and 
mortality in the intraoperative period, but there is limited data 
evaluating risk factors in the immediate postoperative period and 
how they may contribute to outcomes.4,5	Positive	fluid	balance	(FB)	
is well known to be associated with increased morbidity and mor-
tality in other critically ill pediatric populations including patients 
with shock, acute lung injury, those postoperative from cardiac sur-
gery.6–	10	In	adult	LT	recipients,	postoperative	positive	FB	is	associ-
ated	with	acute	kidney	injury	(AKI),	graft	failure,	and	mortality.11–	13 
The	effects	of	postoperative	FB	have	not	been	studied	in	pediatric	
LT recipients.

We	sought	to	describe	FB	in	the	postoperative	period	for	pediat-
ric LT recipients and its association with outcomes. We hypothesized 
that	positive	FB	is	common	and	is	associated	with	poor	in-	hospital	
clinical outcomes in pediatric LT recipients.

2  |  MATERIAL S AND METHODS

We	performed	a	retrospective	cohort	study	of	patients	0–	18 years-	
old	who	underwent	a	first-	time	orthotopic	LT	at	a	quaternary	care	
free-	standing	 children's	hospital	 in	Chicago,	 IL,	USA	 from	 January	
2009	to	December	2018.	Patients	receiving	preoperative	renal	re-
placement	 therapy	 (RRT),	 those	 undergoing	 repeat	 LT,	 initial	 and	
repeat LT during the same admission, multivisceral transplant, and 
those	who	died	prior	to	postoperative	day	(POD)	3	were	excluded.	
Data were collected from preexisting data sets and the electronic 
health record. Procedures were followed in accordance with ethical 
standards	of	Ann	and	Robert	H.	Lurie	Children's	Hospital	Institutional	
Review	Board	 (Outcomes	Following	Liver	Transplantation,	#2013–	
15 357,	approved	2/27/2015),	which	waived	the	need	for	informed	
consent, and in accordance with the Helsinki Declaration of 1975.

Our	primary	aim	was	to	describe	postoperative	FB	 in	pediatric	
LT recipients. Our secondary aim was to evaluate the relationship 
between	 postoperative	 FB	 and	 in-	hospital	 clinical	 outcomes.	 Our	
primary	 outcome	 was	 PICU	 length	 of	 stay	 (LOS).	 Secondary	 out-
comes	were	hospital	LOS,	ventilator-	free	days	(VFD)	at	28 days,	in-	
hospital	mortality,	 day	 3	 severe	AKI,	 fluid-	corrected	 day	3	 severe	
AKI.	 Additional	 outcomes	 included	were	 postoperative	 infections,	
biliary complications, and a vascular complication composite that 
consisted of postoperative hepatic arterial thrombosis and portal 

venous thrombosis. We also evaluated the number of repeat oper-
ations, time to permanent fascial closure, volume of postoperative 
blood product received in the first 72 h in mL/kg (excluding rou-
tine administration of fresh frozen plasma infusion which is used as 
drain	output	replacement	at	our	institution),	receipt	of	diuretics	and	
enteral feeds during the first 72 h postoperatively, and time to full 
enteral feeds.

We included patient's most immediate preoperative calculated 
pediatric	 end-	stage	 liver	 disease	 score	 or	 model	 end-	stage	 liver	
disease score as well as medical priority exceptions recorded for 
United	 Network	 for	 Organ	 Sharing,	 in	 demographic	 data.	We	 in-
cluded each patient's diagnosis categorized into Organ Procurement 
and	Transplantation	Network	liver	diagnosis	categories.14 We char-
acterized the patient's preoperative admission status, whether the 
patient was home or admitted to the hospital ward or PICU prior 
to LT, with the latter as a marker of higher acuity of illness or larger 
disease burden. We defined intraoperative transfusion as the cumu-
lative volume of packed red blood cells and cell saver administered 
in the operating room, in mL/kg.

FB	was	defined	as	 the	cumulative	FB	 in	 the	 first	72	h	postop-
eratively	using	the	patient's	pre-	transplant	weight	as	their	baseline	
weight	 in	 a	 formula	 described	 by	 Goldstein	 et	 al:	 [(total	 fluid	 in-
take	 (L)	–		total	 fluid	output	 (L))/pre-	transplant	weight	 (kg)] × 100.15 
Patients were categorized into one of three groups based on their 
FB:	<10%	FB,	10–	20%	FB,	and > 20%	FB.	These	are	consistent	with	
FB	categories	used	in	other	pediatric	studies.6,16,17 We also did an ad 
hoc	analysis	with	FB	as	a	continuous	variable.	PICU	LOS	days	were	
calculated based on postoperative PICU admission, transfer, and dis-
charge dates. Hospital LOS days were calculated using the patient's 
PICU admission following LT timestamp and their discharge from the 
hospital timestamp in the medical record.

Day	 3	 AKI	was	 defined	 using	 kidney	 disease	 improving	 global	
outcomes	 (KDIGO)	 creatinine-	based	 criteria.	We	used	 the	highest	
serum	creatinine	level	collected	48–	72	h	following	LT	compared	to	
baseline creatinine, which was the lowest creatinine recorded in the 
electronic medical record within 3 months prior to admission. If no 
baseline creatinine was available, normal values for age and gender 
were used.15,18	Day	3	severe	AKI	was	defined	as	stage	2	or	3	AKI.	
Fluid-	corrected	 severe	 AKI	was	 calculated	 using	 a	 fluid-	corrected	
creatinine	equation:	 [fluid-	corrected	creatinine	= serum creatinine 
*	(1 + [net	FB/total	body	water])]	where	total	body	water	varied	by	
age:	 3 months-	1 year	 =	 0.8 × weight	 (kg),	 1–	2 years	 =	 0.7 × weight	
(kg),	 and ≥2 years	=	 0.6 × weight	 (kg).17,19,20	 Finally,	 we	 performed	
descriptive subgroup analyses of our cohort by liver diagnosis and 
preoperative admission status.

2.1  |  Statistical analysis

Statistical	analyses	were	performed	using	Stata	16.1	(StataCorp	LP).	
Statistical significance was set at p-	Value	<.05. Patient demographic 
data	are	displayed	by	FB	percentage	groups.	Non-	normal	data	are	
presented	as	median	with	interquartile	range	(IQR)	or	number	with	
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percentages.	Kruskal–	Wallis	and	chi-	squared	tests	were	performed	
to	compare	FB	percentage	groups.	Bonferroni	correction	was	done	
to	adjust	for	multiple	comparisons.	Negative	binomial	regression	was	
used	to	explore	the	relationship	between	10–	20%	FB	and > 20%	FB	
and	PICU	LOS,	VFD	at	28 days,	and	hospital	LOS.	Modified	Poisson	
regression	was	used	to	evaluate	the	relative	risk	of	day	3	severe	AKI,	
day	3	fluid-	corrected	severe	AKI,	and	postoperative	complications	
including infections, biliary complications, and vascular complica-
tions.21 In multivariate analyses, we adjusted for potential confound-
ers	 defined	 a	 priori	 of	 age,	 Pediatric	 Risk	 of	Mortality	 (PRISM)-	III	
score, and preoperative admission status, as these have been shown 
to be associated with mortality.22 We also performed an ad hoc 
analysis	 investigating	the	relationship	between	FB	as	a	continuous	
variable	and	the	clinical	outcomes	previously	stated.	For	subgroup	
analyses, data were presented as median with IQR or number with 
percentages,	Kruskal–	Wallis	or	chi-	squared	tests	were	performed	to	
compare	FB	percentage	groups,	and	Bonferroni	correction	was	used	
to account for multiple comparisons.

3  |  RESULTS

3.1  |  Demographics and clinical characteristics

From	2009	to	2018,	158	LTs	were	performed	in	151	children	at	our	
institution.	A	total	of	22	patients	were	excluded	due	to	the	following	
reasons: receiving RRT preoperatively (n =	12),	repeat	LT	(n =	5),	ini-
tial and repeat LT during same admission (n =	2),	multivisceral	trans-
plant (n =	1),	and	death	prior	to	POD	3	(n =	2).	The	remaining	129	
patients were included in our analyses.

Demographics and clinical characteristics for all patients as well 
as	comparisons	between	FB	strata	are	shown	in	Table 1. Median age 
at	LT	was	20.8 months	(IQR	9.4–	105.1),	50.4%	(n =	65)	were	female,	
the most common primary liver diagnosis for LT was biliary atresia 
(47.3%, n =	61),	and	30.2%	(n =	39)	were	admitted	to	the	hospital	
or	 PICU	 preoperatively.	 At	 72	 h	 postoperatively,	 51.2%	 patients	
(n =	66)	had	<10%	FB,	28.7%	patients	(n =	37)	had	10–	20%	FB,	and	
20.2% patients (n =	26)	had	>20%	FB.	Compared	to	patients	with	
<10%	FB,	patients	with	10–	20%	and > 20%	FB	were	younger,	had	
higher	PRISM-	III	 scores	on	admission	 to	 the	PICU,	 and	 received	a	
larger volume of intraoperative transfusion.

3.2  |  Clinical outcomes

Patients	with	10–	20%	and > 20%	FB	had	a	longer	median	PICU	LOS	
compared with patients who had <10%	FB	 (Table 2, <10%:	6 days	
[IQR	3–	10],	10–	20%:	10 days	[IQR	5–	16],	>20%:	12 days	[IQR	9–	27]).	
After	adjusting	for	age,	PRISM-	III	score,	and	preoperative	admission	
status	 in	multivariate	 analyses,	 10–	20%	and > 20%	FB	was	 associ-
ated with an increased likelihood of an additional PICU day (Table 3, 
10–	20%:	 adjusted	 incidence	 rate	 ratio	 [aIRR]	 1.37,	 95%	 CI:	 1.04–	
1.81;	>20%:	aIRR	1.62,	95%	CI:	1.18–	2.24).

In bivariate analyses, there was a significant difference between 
FB	groups	for	VFD	at	28 days	and	hospital	LOS	(Table 2).	In	adjusted	
multivariate analyses, >20%	 FB	was	 associated	with	 an	 increased	
likelihood	 of	 an	 additional	 hospital	 day	 (aIRR	 1.39,	 95%	CI:	 1.10–	
1.77)	as	well	as	fewer	VFD	at	28 days	(Table 3,	aIRR	0.85,	95%	CI:	
0.74–	0.97).	 In	 ad	 hoc	 adjusted	multivariate	 analyses	with	 FB	 as	 a	
continuous	variable,	FB	was	associated	with	an	increased	likelihood	
of an additional hospital day as well (Table S6, aIRR 1.03, 95% CI: 
1.0001–	1.06).	Only	one	patient	died	during	the	follow-	up	period	of	
our study. Therefore, mortality rate and risk were not calculated.

There were no differences between the rates and risk of post-
operative infections, biliary complications, or composite vascular 
complications	among	FB	strata	in	bivariate	and	multivariate	analyses	
(Tables S1 and S2).	Compared	 to	patients	with	<10%	FB,	patients	
with	 10–	20%	 and > 20%	 FB	 received	 diuresis-	promoting	 medica-
tions more often during the first 72 h postoperatively (Table S1).

At	72	h	postoperatively,	11.6%	(n =	15)	of	patients	had	stage	1	
AKI,	7.8%	(n =	10)	had	stage	2	AKI,	and	5.4%	(n =	7)	had	stage	3	AKI.	
Therefore, 13.2% (n =	17)	patients	had	day	3	severe	AKI	(Table 2).	
In	 unadjusted	 multivariate	 analyses,	 10–	20%	 and > 20%	 FB	 was	
associated	with	 an	 increased	 risk	 of	 developing	 day	 3	 severe	AKI	
compared with <10%	FB	(Table 3,	10–	20%:	relative	risk	 [RR]	4.16,	
95%	CI:	1.13–	15.21;	>20%:	RR	5.92,	95%	CI:	1.65–	21.28).	After	ad-
justing for confounders, there was no difference in the risk of day 3 
severe	AKI	between	FB	strata	(Table 3).	However,	in	ad	hoc	adjusted	
multivariate	analyses	of	FB	as	a	continuous	variable,	higher	FB	was	
found to be associated with an increased risk of developing day 3 
severe	AKI	 (Table S6,	aRR	0.40,	95%	CI:	0.36–	0.45).	When	creati-
nine	was	adjusted	for	FB	in	order	to	evaluate	the	fluid-	corrected	se-
vere	AKI,	day	3	severe	AKI	was	diagnosed	in	an	additional	6	patients	
(Table 2, details: Table S3).	In	total,	day	3	fluid-	corrected	severe	AKI	
was	diagnosed	in	one	patient	(1.5%)	with	<10%	FB	compared	with	
11	patients	 (29.7%)	with	10–	20%	FB	and	11	patients	 (42.3%)	with	
>20%	FB.	In	adjusted	multivariate	regression,	10–	20%	and > 20%	FB	
was	associated	with	 increased	risk	of	day	3	 fluid-	corrected	severe	
AKI	(Table 3,	10–	20%:	aRR	16.76,	95%	CI:	1.95–	144.19;	>20%: aRR 
22.16,	95%	CI:	2.40–	204.43).

Subgroup bivariate analysis by primary liver diagnosis (Table S4)	
and preoperative admission status (Table S5)	 had	 similar	 findings	
to the entire cohort. There was a significant difference between 
FB	groups	for	day	3	fluid-	correct	AKI	among	all	liver	diagnosis	sub-
groups (biliary atresia, metabolic diseases, and malignant neoplasms 
diagnoses)	 and	patients	home	preoperatively.	 In	addition,	patients	
home	preoperatively	had	a	difference	between	FB	groups	for	PICU	
LOS,	 hospital	 LOS,	 and	VFD	at	 28 days.	 In	 the	metabolic	 diseases	
subgroup,	there	was	a	difference	between	FB	groups	for	PICU	LOS	
and	VFD	at	28 days.

4  |  DISCUSSION

In	this	retrospective	single-	center	study	of	pediatric	LT	recipients,	
we	found	independent	associations	between	positive	FB	and	poor	
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in-	hospital	clinical	outcomes.	After	adjusting	for	covariates	includ-
ing severity of illness, we found that >20%	FB	at	72	h	postopera-
tive was associated with an increased the likelihood of longer PICU 
and	hospital	LOS,	day	3	fluid-	corrected	AKI,	and	decreased	number	
of	VFD	at	28 days.	Furthermore,	 in	subgroup	analyses	by	primary	
liver diagnosis and preoperative admission status, the relation-
ship	between	higher	positive	FB	and	in-	hospital	clinical	outcomes	
remained.

Similar to our findings, Zhang et al demonstrated in adult LT that 
FB	at	72	h	postoperatively	 is	a	risk	factor	for	development	of	AKI	
and postoperative complications.11	Furthermore,	Jeong	et	al	demon-
strated in a large cohort of LT patients that early postoperative 
weight gain was associated with early allograft dysfunction, graft 
failure, and mortality.12,16 Similar to these adult LT recipient studies, 
as well as research done in other populations of critically ill children, 
we	found	that	positive	FB	after	pediatric	LT	is	associated	with	a	more	
complicated and prolonged postoperative course.6,7,9,10,23 Positive 

FB	puts	patients	at	risk	for	several	multiorgan	system	complications	
including pulmonary edema with prolonged intubation and oxygen 
requirement, interstitial edema with delayed wound healing, and 
bowel wall edema with impaired bowel function and prolonged re-
ceipt	of	IV	fluids	or	parenteral	nutrition,	contributing	to	prolonged	
postoperative ICU and hospital LOS.24

Vascular	 thromboses	 are	 a	 feared	 complication	 following	 solid	
organ transplantation. In pediatric LT, thromboses are associated 
with graft failure and mortality.25,26 Studies show that LT recipients 
are	 hypercoagulable	 for	 the	 first	 30 days	 following	 transplant.27 
Hypercoagulability may contribute to sluggish arterial and ve-
nous blood flow through the transplanted allograft anastomoses. 
Strategies	to	maintain	a	positive	FB	have	been	historically	used	to	
potentially mitigate the risk of thromboses; however, wide variability 
exists between pediatric LT programs in postoperative management, 
and there are no universally adopted guidelines for antithrombotic 
or postoperative fluid management.28,29 In this retrospective study, 

TA B L E  1 Pediatric	liver	transplant	recipient	demographic	and	clinical	characteristics	by	cumulative	fluid	balance	strata.

Demographics and clinical characteristics Total (n = 129) <10% FB (n = 66) 10– 20% FB (n = 37) >20% FB (n = 26) p- Value

Age,	months,	median (IQR) 20.8	(9.4–	105.1) 39.9	(15.7–	134.3) 12.0	(8.8–	80.3) 8.9	(6.3–	18.7) <.001

Immediate preoperative weight, kg, median 
(IQR)

11.2	(7.4–	24.6) 15.1	(9.3–	32.4) 9.4	(6.8–	21.9) 7.5	(6.3–	10.4) <.001

Female	sex,	n (%) 65	(50.4) 38	(57.6) 21	(56.8) 6	(23.1) .008

Diagnosis, n (%)

Non-	cholestatic	cirrhosis 8	(6.2) 2	(3.0) 3	(8.1) 3	(11.5) 0

Cholestatic liver disease/cirrhosis 6	(4.7) 4	(6.1) 1	(2.7) 1	(3.9)

Biliary	atresia 61	(47.3) 27	(40.9) 21	(56.8) 13	(50.0)

Acute	hepatic	necrosis 5	(3.88) 4	(6.1) 1	(2.7) 0	(0)

Metabolic diseases 28	(21.7) 15	(22.7) 6	(16.2) 7	(26.9)

Malignant neoplasms 11	(8.5) 8	(12.1) 2	(5.4) 1	(3.9)

Other 10	(7.8) 6	(9.1) 3	(8.1) 1	(3.9)

Calculated PELD/MELD, median (IQR) 15	(2–	23) 10	(0–	20) 18	(10–	27) 18.5	(−1–	24) .05

Medical priority exceptions, n (%)

Status	1A 9	(7.0) 6	(9.1) 1	(2.7) 2	(7.7) .5

Status	1B 20	(15.5) 9	(13.6) 6	(16.2) 5	(19.2)

Donor, graft type, n (%)

Donor, whole 29	(22.5) 21	(31.8) 7	(18.9) 1	(3.9) .08

Donor, split 48	(37.2) 22	(33.3) 12	(32.4) 14	(53.9)

Donor, reduced 18	(14.0) 8	(12.1) 5	(13.5) 5	(19.2)

Living 34	(26.4) 15	(22.7) 13	(35.1) 6	(23.1)

Calculated PELD/MELD, median (IQR) 15	(2–	23) 10	(0–	20) 18	(10–	27) 18.5	(−1–	24) .05

GRWR	(n =	97),	%,	median (IQR) 2.9	(1.8–	3.8) 2.4	(1.7–	3.1) 3.2	(1.8–	4.1) 3.7	(2.8–	4.5) .001

PRISM-	III,	median (IQR) 9	(7–	15) 8	(5–	11) 12	(8–	16) 14	(7–	19) .002

Admitted	preoperatively,	n (%) 39	(30.2) 13	(19.7) 15	(40.5) 11	(42.3) .03

Intraoperative blood transfusion volume, 
mL/kg, median (IQR)

53.6	(29.8–	110.3) 39.4	(24.0–	64.3) 95.7	(37.9–	140.4) 101.2	(60.6–	143.1) <.001

Note:	Cumulative	fluid	balance	was	measured	in	the	first	72	h	postoperatively.	Kruskal-	Wallis	and	chi-	square	were	used	to	generate	p- Value,	as	
appropriate.
Abbreviations:	FB,	fluid	balance;	GRWR,	graft-	to-	recipient	weight	ratio;	MELD,	model	end-	stage	liver	disease	score;	PELD,	pediatric	end-	stage	liver	
disease	score;	PRISM-	3,	Pediatric	Risk	of	Morality	Score-	3.
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TA B L E  2 Pediatric	liver	transplant	recipient	bivariate	analyses	of	outcomes	by	cumulative	fluid	balance	strata.

Outcome Total (n = 129) <10% FB (n = 66) 10– 20% FB (n = 37) >20% FB (n = 26) p- Value

PICU LOS, in days, median (IQR) 8	(5–	15) 6	(3–	10) 10	(5–	16) 12	(9–	27) <.001

Hospital LOS, in days, median (IQR) 15.0	(11.1–	22.5) 13.5	(10.0–	18.0) 14.7	(12.8–	25) 20.3	(16–	33) <.001

Ventilator-	free	days	at	28 days,	median (IQR) 25	(19–	27) 27	(24–	27) 22	(16–	27) 20	(12–	24) <.001

In-	hospital	mortality,	n (%) 1	(0.8) 0	(0) 0	(0) 1	(3.9) .1

Day	3	severe	AKI	(stage	2	or	3),	n (%) 17	(13.2) 3	(4.6) 7	(18.9) 7	(26.9) .008

Day	3	AKI

Stage 1, n (%) 15	(11.6) 5	(7.6) 6	(16.2) 4	(15.4) .02

Stage 2 10	(7.8) 3	(4.6) 4	(10.8) 3	(11.5)

Stage 3 7	(5.4) 0 3	(8.1) 4	(15.4)

Day	3	fluid-	corrected	severe	AKI	(stage	2	
or	3),	n (%)

23	(17.8) 1	(1.5) 11	(29.7) 11	(42.3) <.001

New	postoperative	RRT,	n (%) 2	(1.6%) 0 0 2	(7.7%) .02

Note:	Cumulative	fluid	balance	was	measured	in	the	first	72	h	postoperatively.	Kruskal-	Wallis	and	chi-	square	were	used	to	generate	p- Value,	as	
appropriate.	PICU	length	of	stay	is	number	of	days	in	hospital	following	transplant,	hospital	length	of	stay	is	time	between	post-	transplant	admission	
timestamp	and	discharge	timestamp.	AKI	staging	is	based	on	KDIGO	creatinine-	based	criteria.	Fluid-	corrected	severe	AKI	was	determined	using	a	
fluid-	corrected	creatinine	equation	and	KDIGO	creatinine-	based	criteria.
Abbreviations:	AKI,	acute	kidney	injury;	FB,	fluid	balance;	LOS,	length	of	stay;	RRT,	renal	replacement	therapy.

Outcome
Cumulative fluid 
balance Unadjusted IRR Adjusted IRR

PICU LOS, in days <10% Reference Reference

10–	20% 1.63	(1.22–	2.17) 1.37	(1.04–	1.81)

>20% 2.22	(1.61–	3.06) 1.62	(1.18–	2.24)

Hospital LOS, in days <10% Reference Reference

10–	20% 1.30	(1.06–	1.60) 1.17	(0.95–	1.43)

>20% 1.70	(1.35–	2.14) 1.39	(1.10–	1.77)

Ventilator-	free	days	at	
28 days

<10% Reference Reference

10–	20% 0.84	(0.74–	0.96) 0.94	(0.84–	1.05)

>20% 0.71	(0.61–	0.83) 0.85	(0.74–	0.97)

Outcome Cumulative fluid 
balance

Unadjusted RR Adjusted	RR

Day	3	severe	AKI	(stage	
2	or	3)

<10% Reference Reference

10–	20% 4.16	(1.13–	15.21) 2.75	(0.67–	11.25)

>20% 5.92	(1.65–	21.28) 3.17	(0.78–	12.90)

Day	3	fluid-	corrected	
severe	AKI	(stage	2	
or	3)

< 10% Reference Reference

10–	20% 19.62	(2.62–	147.17) 16.76	(1.95–	144.19)

>20% 27.92	(3.76–	207.14) 22.16	(2.40–	204.43)

Note:	Cumulative	fluid	balance	was	measured	in	the	first	72	postoperative	hours.	Negative	
binomial regression analyses were done to evaluate incident rate ratio in continuous variables, 
modified Poisson regression analyses were done to evaluate relative risk in categorical variables. 
PICU length of stay is number of days in hospital following transplant, hospital length of stay is 
time	between	post-	transplant	admission	timestamp	and	discharge	timestamp.	AKI	staging	is	based	
on	KDIGO	creatinine-	based	criteria.	Fluid-	corrected	severe	AKI	was	determined	using	a	fluid-	
corrected	creatinine	equation	and	KDIGO	creatinine-	based	criteria.	Adjusted	analyses	accounted	
for	a-	priori-	defined	variables	of	age,	Pediatric	Risk	of	Mortality	(PRISM)-	III	score,	preoperative	
location.
Abbreviations:	AKI,	acute	kidney	injury;	IRR,	incident	rate	ratio;	LOS,	length	of	stay;	RR,	relative	
risk.

TA B L E  3 Pediatric	liver	transplant	
recipient multivariate analyses of 
outcomes by cumulative fluid balance 
strata.
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we	found	no	association	between	postoperative	FB	and	postopera-
tive vascular complications (Table S1, p =	.5).

Growing	 evidence	 of	 the	 deleterious	 effects	 of	 positive	 FB	 in	
critically ill children, including the findings of this study, suggest 
that	 close	 monitoring	 of	 postoperative	 FB	 is	 important	 and	 that	
intervention in postoperative fluid management with attention to 
potential associations with postoperative complications should be 
evaluated.16	 A	 single-	center	 feasibility	 randomized	 controlled	 trial	
currently	ongoing	is	investigating	goal-	directed	fluid	therapy	in	adult	
LT recipients using stroke volume optimization.30	Goal-	directed	fluid	
therapy and advanced coagulation monitoring tools such as throm-
boelastography	may	allow	for	precise	management	of	FB,	hemody-
namics,	and	hypercoagulable	state	in	pediatric	LT	recipients.	Further	
study	in	this	area	has	the	potential	to	lead	to	evidence-	based	post-
operative management.30

Limitations of our study include that it was a retrospective re-
view at a single center. Our cohort of donor types may be different 
than other pediatric centers and, therefore, not as generalizable 
to these institutions. We chose the first 3 PODs as the data col-
lection timepoint to reflect completion of the initial resuscitation 
period following transplant; however it is possible that this does 
not	 represent	 the	 peak	 cumulative	 FB	or	 peak	 serum	 creatinine,	
and	 we	 may	 have	 missed	 a	 postoperative	 time	 point	 where	 FB	
was more strongly associated with outcomes.31	We	used	KDIGO	
creatinine-	based	 criteria	 to	 diagnose	AKI.	 Although	 creatinine	 is	
the best widely available biomarker currently, measurements of 
creatinine have a number of limitations in patients with acute or 
chronic liver failure. Creatine is produced by the liver and stored 
in muscle; children with liver disease may have decreased produc-
tion	 of	 creatine,	 protein-	malnutrition,	 and	 decreased	muscle	 use	
from chronic illness, potentially making creatinine a less accurate 
measure of renal function in this population.32–	34 The multivariate 
analyses	of	FB	and	day	3	fluid-	corrected	severe	AKI	(Table 3)	had	
wide confidence intervals, which may be due to our relatively small 
sample size and suggests less precision in these particular findings. 
Intraoperative fluid administration was not included in our model 
in order to isolate postoperative fluid management. One poten-
tial minor limitation of this approach is that intraoperative fluid 
administration may have impacted fluid management and clinical 
decision making postoperatively, and this potential impact was 
not	able	 to	be	accounted	 for.	Finally,	we	adjusted	 for	severity	of	
illness	 by	 including	 PRISM-	III	 score	 in	 our	 adjusted	 multivariate	
analyses, which is a highly validated and commonly used severity 
of illness score in general PICU populations, but it is possible that 
other variables may better predict disease severity in pediatric LT 
recipients.35

5  |  CONCLUSIONS

Our	study	reports	that	positive	FB	in	the	first	72	h	postoperatively	
is	 common	and	 associated	with	poor	 in-	hospital	 clinical	 outcomes	
in pediatric LT recipients. This is consistent with other critically ill 

pediatric populations and cohorts of adult LT recipients. Prospective 
studies	are	needed	to	confirm	our	findings,	determine	the	long-	term	
impact	of	positive	FB	in	this	population,	and	investigate	postopera-
tive LT fluid management strategies.
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