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PRACTICE GAPS

1. Fluid accumulation and its consequences in the neonate remain an
ongoing challenge for clinicians because the evidence on best practices
is limited.

2. Although diuretic mechanisms of action in neonates are well understood,
the indications for use remain broad and evidence on outcomes and long-
term consequences is inadequate.

3. Diuretics may be useful in improving acute kidney injury diagnostic
precision.

OBJECTIVES After completing this article, readers should be able to:

1. Describe the impact of prematurity on fluid homeostasis, nephrogenesis,
and renal function.

2. Describe the complexity of fluid overload and the relationship with
acute kidney injury.

3. Explain the impact of fluid accumulation on neonatal morbidity andmortality.

4. Recognize the importance of monitoring, identifying, and managing
fluid overload.

ABSTRACT
Understanding physiologic water balance and homeostasis mechanisms in
the neonate is critical for clinicians in the NICU as pathologic fluid
accumulation increases the risk for morbidity and mortality. In addition, once
this process occurs, treatment is limited. In this review, we will cover fluid
homeostasis in the neonate, explain the implications of prematurity on this
process, discuss the complexity of fluid accumulation and the development
of fluid overload, identify mitigation strategies, and review treatment options.
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ABBREVIATIONS

AKI acute kidney injury
ANP atrial natriuretic peptide
AWAKEN Assessment of Worldwide

Acute Kidney Injury
Epidemiology in Neonates

BPD bronchopulmonary dysplasia
CKD chronic kidney disease
ECW extracellular water
FDA Food and Drug Administration
FO fluid overload
FST furosemide stress test
nKDIGO Kidney Disease: Improving

Global Outcomes for neonates
Na1-K1-2Cl� sodium-potassium-chloride
RRT renal replacement therapy
RAAS renin-angiotensin-aldosterone

system
uNGAL urine neutrophil gelatinase-

associated lipocalin
UOP urine output
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INTRODUCTION

Fluid balance assessment in preterm critically ill neonates

presents a unique challenge for clinicians in the NICU.

The preterm infant’s organ systems have difficulty main-

taining fluid homeostasis outside the uterine environ-

ment; the varying function of underdeveloped organs

makes it difficult to estimate the daily fluid needs of the

preterm infant. As a result, provision of optimal nutrition

and replacement of insensible losses while avoiding fluid

accumulation and its deleterious effects remains a delicate

prescriptive balance for the clinician. Restricting fluid in

preterm infants during the first few days after birth to pre-

vent morbidity and mortality is still a heavily debated

topic; the consensus favors avoidance of fluid accumula-

tion. (1)(2) In addition, diuretics are used for complica-

tions of prematurity affecting other organ systems, but

evidence for their use is inconclusive. (3) In the United

States, diuretics remain among the most commonly pre-

scribed medications in the NICU for preventing and treat-

ing pathophysiologic conditions exacerbated by fluid

accumulation.

Studies have demonstrated increases in neonatal mor-

bidity and mortality at a fluid accumulation threshold as

low as 10%. Most studies use this threshold for defining

fluid overload (FO). (2)(4)(5)(6)(7) In the last decade, there

has been an intense focus on the impact of prematurity

on neonatal nephrology and acute kidney injury (AKI).

Research into chronic lung disease and kidney lung cross-

talk has resurfaced, with discussions of extreme practice

variation surrounding early fluid requirements for preterm

neonates and/or diuretic use. Thus, it is paramount that

the neonatologist has an in-depth understanding of fluid

homeostasis, normal and abnormal physiology, pharmaco-

logic properties of diuretics, and management of AKI,

including renal replacement therapy (RRT). This allows

strategic planning for tailored treatment of each neonate

to achieve fluid homeostasis and avoid the downstream

pathologic consequences of FO.

FETAL AND NEONATAL FLUID HOMEOSTASIS

Water Compartments and Fluid Balance
The fetal compartment during pregnancy is composed of

the placenta, amniotic fluid, and fetus. Total water accumu-

lation of the fetal compartment before term delivery can

exceed 5 L. Water circulates between the pregnant woman

and the fetus primarily at the level of the syncytiotropho-

blast. (8)(9)(10) This intricate exchange is poorly under-

stood but thought to occur secondary to local osmotic

differences created by sodium and hydrostatic forces. As

the fetus grows, the percentage of total body water of the

fetus decreases and water transitions from the extracellular

water (ECW) compartment to the intracellular water com-

partment (Fig 1). (11)(12) The ECW is further divided into

interstitial and intravascular water. The movement of water

between these 2 ECW compartments is best described

using the Starling equation:

Jv ¼ Kfc Pc � Ptð Þ � rd pp � ptð Þ
h i

This equation describes flow of liquid across a semiper-

meable membrane, specifically the capillary endothelium,

and is determined by the balance between hydrostatic and

osmotic gradients. (13) The filtration across the capillary in

volume per second (Jv) is calculated by multiplying the fil-

tration coefficient of the capillary wall in volume flow per

unit time per 100 g of tissue per unit pressure (Kfc) by the

difference in the hydrostatic pressure gradient (capillary

hydrostatic pressure½Pc�� interstitial fluid pressure½Pt�),
and the osmotic pressure gradient, the osmotic reflection

coefficient of all plasma proteins ðsdÞ multiplied by the

difference between the plasma osmotic pressure (pp) and

the tissue osmotic pressure ðptÞ(Fig 2).

Hydrostatic forces play a major role in the exchange of

water molecules and electrolytes between the ECW com-

partments. This net difference Pc � Ptð Þ determines filtra-

tion or absorption between the lumen of the capillary and

surrounding interstitium. Increased venous resistance will

result in greater pressure differences as opposed to similar

changes in arterial resistance. Disruption of any of these

forces can lead to FO and clinically observed edema. The

compensation of the lymphatic system to increase flow in

Figure 1. Body composition of the fetus and neonate. ECW=extracellular
water, ICW=intracellular water, TBW=total body water.

e190 NeoReviews

Downloaded from http://publications.aap.org/neoreviews/article-pdf/23/3/e189/1264986/neoreviews.092021cmerev00153.pdf
by Nova Southeastern University, Benjamin Courchia
on 13 March 2023



response to changes in the Starling forces and capillary fil-

tration is known as the “edema safety factor.” (14)(15) The

“critical capillary pressure” described by Drake et al is the

given pressure at which this system becomes over-

whelmed and edema becomes visible. (16) Lymphatic dys-

function alone can lead to visible edema, as is seen in

patients with lymphatic malformations or those who are

critically ill. (17)(18)

Electrolytes are almost entirely responsible for the osmotic

pressure of plasma ðppÞ but in normal physiologic states are

almost equal in concentration to that of the tissue osmotic

pressure ptð Þ. In contrast, plasma proteins, such as albumin,

are not regularly found in the interstitial tissue surrounding

the capillary and play a major role in determining plasma

oncotic pressure. Albumin accounts for up to 80% of the

total colloid osmotic pressure and binds chloride anions.

This gives the albumin a net negative charge and attracts

positive molecules such as sodium. The attraction of sodium

substantially increases the osmotic pressure in the plasma

even more than the pressure generated by plasma alone. This is

referred to as the Gibbs-Donnan effect. Thus, even minimal

intravascular changes in albumin can greatly affect water bal-

ance between compartments. (19)

Similarly, in the mechanism of water circulation between

the fetus and the pregnant woman, sodium chloride is the

major active osmotic solute in the extracellular fluid and

drives the osmotic gradient between the intracellular and

extracellular space. This gradient determines the percentage

of water volume of each compartment. As total body water

and percentage of ECW change during fetal development,

secondary to normal physiology and osmotic gradient

changes, disruption of this process from preterm birth cre-

ates additional fluid shifts. The ECW compartment contracts,

secondary to natriuresis after birth. Normal weight loss in

term infants is suggested to be about 4% to 7% and the nadir

is seen 48 to 72 hours after birth. (20)(21) The degree of con-

traction is inversely proportional to the gestational age. (22)

Preterm infants can experience nearly double the weight loss

during the first week after birth. This visualized weight loss

is secondary to excessive ECW contraction, compounded by

the challenges of providing adequate nutrition in small vol-

umes to mimic fetal weight gain patterns. (1)(23)(24)(25)(26)

Exaggerated contraction of the ECW compartment in

preterm infants can be further exacerbated by immaturity

of the kidney, epidermal barrier, and insensible losses

from the respiratory tract. (27)(28)(29)(30) Like many

organ systems, structural kidney maturation is not com-

plete until approximately 34 weeks’ gestation. (31)(32)

Immature tubules and collecting ducts in the preterm kid-

ney have impaired sodium reabsorption and concentrating

ability. Siegel and Oh demonstrated that preterm infants

had greater urinary sodium loss, with up to 200 mEq/kg

per hour of sodium excretion, compared to term neonates,

who have sodium loss of 25 mEq/kg per hour. (22) Fur-

thermore, after birth, a major contributor of water loss is

evaporation across the epidermal and mucosal mem-

branes, with preterm infants experiencing exponentially

greater evaporative water loss compared to term infants.

(33)(34) The inverse relationship between gestational age

and transepidermal water loss is secondary to increased

permeability of the skin and a significantly larger skin sur-

face area exposed per kilogram of body weight. (35)(36)

Ambient temperature control and increased humidity can

mitigate this water loss both environmentally and in the

respiratory tract in extremely preterm infants. Although

little is still known on the molecular mechanism related to

water influx and efflux through the epidermal barrier,

keratinization of the epidermal barrier improves by the

2nd to 3rd week after birth and reduces transcutaneous

fluid loss. (37) Visscher and colleagues demonstrated that

even at 7 to 8 weeks after birth, transepidermal water loss

remains higher in preterm infants than in term infants

and should be accounted for in quantifying insensible

fluid losses. (38)

Mechanisms to Maintain Fluid Homeostasis
Despite underdeveloped organs, including immature kid-

ney development, the neonate will attempt to maintain

fluid homeostasis through the renin-angiotensin-aldoste-

rone system (RAAS), arginine vasopressin system, and

atrial natriuretic peptide (ANP) system.

Renin-Angiotensin-Aldosterone System. Renal modulation

through the RAAS to achieve water and electrolyte homeosta-

sis occurs in response to hypovolemia and/or hyponatremia.

Figure 2. Under normal physiologic conditions, capillary hydrostatic pres-
sure> interstitial fluid pressure favoring net movement out, and tissue
osmotic pressure> than plasma osmotic pressure, favoring net move-
ment into the capillary. If the hydrostatic pressure gradient exceeds the
osmotic pressure gradient, this favors the net movement of water into the
capillary (1 Jv ).
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(39) This complex system is activated by renin, the most

well-regulated component of the RAAS pathway. Renin is an

enzyme and a hormone primarily produced in the juxtaglo-

merular smooth muscle cells of the afferent arteriole as it

enters the glomerulus. Low arterial pressure, low sodium

chloride, and b1-adrenoceptor activation can all lead to renin

expression. Renin and its precursor storage form, prorenin,

bind to the prorenin receptor and enhance its own activity.

Renin hydrolyzes angiotensinogen, secreted by the

liver, to angiotensin I. Angiotensin I then undergoes cleav-

age in the lung endothelial cells and kidney epithelial cells

by angiotensin-converting enzyme to form angiotensin II.

Angiotensin II, a more potent vasoconstrictor, acts on all

blood vessels by constricting smooth muscle. Angiotensin

II cross-talks with all organ systems and stimulates the

adrenal gland to release aldosterone. The release of aldo-

sterone from the zona glomerulosa cells promotes salt and

water retention. The primary mechanism of this retention

is the activation of the sodium transport channel in the

epithelium of the distal and proximal tubule. (40)(41)(42)

Arginine Vasopressin. Arginine vasopressin is produced in

the hypothalamus and stored in the posterior pituitary as

early as 11 to 12 weeks of gestation. It is released in

response to various stimuli. Primarily, it is secreted second-

ary to increased plasma osmolality or decreased circulating

blood volume and other triggers such as pain, tissue hyp-

oxia, hypoglycemia, intracranial hemorrhage, or drugs com-

monly used for sedation. Plasma osmolality changes as

small as 2 mOsm/kg H2O can be sensed by hypothalamic

osmoreceptors to trigger vasopressin secretion. (43)(44)

The primary site of action for arginine vasopressin is at

the V2 vasopressin receptor on the basolateral membrane

of the renal collecting tubule. (45) Activation leads to

increases in cyclic adenosine monophosphate, which up-

regulates expression of the aquaporin-2 channel on the

luminal membrane of the collecting tubules. Aquaporin-2

is critical for osmotic movement of water into the intersti-

tium of the cell. Water then leaves through aquaporin-3

and aquaporin-4 channels on the basolateral membrane of

the collecting duct.

Despite the presence of vasopressin early in fetal develop-

ment, the neonatal kidney at birth exhibits a blunted

response to vasopressin, resulting in poor urinary concentrat-

ing ability compared to adults. (46)(47) Animal studies have

demonstrated the presence of the V2 vasopressin receptor

expression early in gestation on harvested kidneys, suggesting

poor response to vasopressin secretion rather than lack of

receptor expression. (48)(49) Studies examining aquaporin-2

excretion in urine demonstrated no difference between

preterm or term neonates compared to adults and did not

correlate with urine concentrating ability. (50)(51)(52) This

diminished response is postulated to be beneficial by helping

to clear excess extracellular pulmonary fluid. (14)

Atrial Natriuretic Peptide. ANP is continuously released by

atrial cardiomyocytes and promotes natriuresis while inhibit-

ing sodium reabsorption and vasopressin secretion. After

birth, ANP concentrations peak at 48 to 72 hours, with pre-

term infants having higher concentrations than term infants.

(53) This observed ANP increase is postulated to be second-

ary to a reduction in pulmonary vascular resistance with

increased blood flow to the left atrium. (53)(54) These

changes in central venous pressure stretch cardiomyocytes

and upregulate ANP synthesis and release. Although this is

the main mechanism of ANP regulation, additional factors

have been identified as important mediators. In animal and

human models, hypoxia increases ANP levels to nearly dou-

ble. (55)(56)(57) Glucocorticoids and mineralocorticoids up-

regulate ANP gene expression in the hypothalamus. (58)(59)

Prostaglandins and vasoconstrictor hormones, angiotensin II

and vasopressin, mediate ANP secretion. (60)(61) As these

are common environmental exposures in the NICU, ANP

release in neonates may also largely be affected by external

influences.

FLUID ACCUMULATION AND OVERLOAD

Etiology of Fluid Accumulation
A multitude of disruptions in the Starling forces of the

capillaries and/or glomeruli alter fluid homeostasis and can

promote fluid accumulation in the neonate. However, neona-

tal physiology, management, and hospitalizations are largely

different than in adults and older children. Therefore, defin-

ing the threshold at which fluid accumulation becomes FO is

difficult.

Preterm infants are at increased risk of fluid accumulation

secondary to decreased nephron endowment, loss of glomer-

ular surface for filtration, hypertrophy of glomeruli, and

improper estimation of insensitive losses. (62)(63)(64) After

preterm birth, nephrogenesis is postulated to continue but

postnatal kidney development appears to be notable for

abnormal glomeruli development. (64) Sutherland and col-

leagues compared renal autopsy findings of infants whose

postnatal survival ranged from 2 to 68 days to gestational

age–matched stillborn controls. (65) Infants who survived

after birth demonstrated accelerated renal maturation with

abnormal glomeruli in the outer cortex. These presumed

nonfunctional, morphologically abnormal nephrons displayed

an enlarged Bowman space with shrunken glomerular tuft.
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The authors hypothesized that glomerular hypertrophy may

be secondary to the inability of the preterm kidney to main-

tain the change in functional demands after birth, leading to

hyperfiltration and nephron loss. (65)

Excessive replacement of estimated insensible water

losses may contribute to iatrogenic FO in the first week

after birth, with some association noted with increased

risk of death or bronchopulmonary dysplasia (BPD) in

those with weight gain and larger fluid intake. (1)(21) Use

of controlled evaluated daily fluid management goals was

associated with lower incidence of patent ductus arteriosus

and necrotizing enterocolitis. (66) In addition, a higher

risk of death or BPD in preterm infants with excessive

weight gain and higher fluid intake during the first 10

days after birth was noted. (1) The aforementioned data

are largely limited by substantial practice changes over the

last 20 to 40 years that include, but are not limited to, sur-

factant administration, antenatal steroids, ventilation strat-

egies, and nutritional support. Despite advances in

nutritional support, protein accretion leads to subsequent

hypoalbuminemia altering the osmotic gradient.

Fluid accumulation in both the interstitial and intravas-

cular space has deleterious downstream consequences in

older children and adults. (1)(5)(67)(68)(69)(70) Endothelial

dysfunction, ANP release, capillary leakage, decreased intra-

vascular volume, decreased perfusion, impaired oxygena-

tion, increased intra-abdominal pressure, rise in

catecholamines, activation of the RAAS pathway, and

release of inflammatory cytokines play a large role (Fig 3).

This disruption is frequently observed in the NICU from

common illnesses including sepsis, respiratory distress syn-

drome, BPD, necrotizing enterocolitis, and intraventricular

hemorrhage. (71)(72)(73)(74)(75) The systemic inflammatory

response initiated by sepsis is one of the best described

examples. In this process, increased vascular permeability

from endothelial injury causes regression of the endothelial

cell borders. This regression leads to loss of junctional

integrity and an increase in size of endothelial pores. Intra-

vascular contents, including albumin, leak into the sur-

rounding interstitium until the osmotic and hydrostatic

pressure gradients equalize. (76) Activated leukocytes can

prolong vascular permeability, contributing to ongoing fluid

accumulation in the interstitial tissue. (77) As fluid accumu-

lates in interstitial tissue, bowel wall edema and endothelial

dysfunction occur, and ANP is released, resulting in renal

congestion and increased intra-abdominal pressure. With

disrupted endothelial integrity, bacterial translocation across

the gut wall occurs. All these factors, coupled with contin-

ued volume resuscitation, lead to iatrogenic FO. (76)(78)

FO Outcomes
Pathologic fluid accumulation is associated with increased

morbidity and mortality in neonates. (5)(79) A systematic

meta-analysis in children demonstrated that FO of more

than 10% was significantly associated with mortality, with

an odds ratio (OR) of 15.02 (95% CI, 7.09–31.82), and

pooled analysis demonstrated a 6% increased odds of

mortality for every 1% increase in FO above 10%. (80)

Although this finding is supported by multiple studies in

postoperative pediatric cardiac patients, neonatal literature

on FO is deficient. (7)(79) Selewski and colleagues

attempted to address this knowledge gap using data from

the Assessment of Worldwide Acute Kidney Injury Epide-

miology in Neonates (AWAKEN) study. (2)(81) Multivari-

able analysis demonstrated that for every 1% rise in

maximum daily fluid balance, the odds of requiring

mechanical ventilation up to 7 days after birth increased

12% in term infants (adjusted OR [aOR], 1.12; 95% CI,

1.08–1.17; P<.0001) and 14% in preterm infants (aOR,

1.14; 95% CI, 1.10–1.19; P<.0001). (2)(81) Despite these

striking conclusions, this analysis was limited by its retro-

spective nature and requirement of complete documenta-

tion of fluid balance.

Neonatal AKI, as defined by the modified Kidney Dis-

ease: Improving Global Outcomes for neonates (nKDIGO)

criteria, occurs commonly in the NICU and is associated

with increased risk for morbidity and mortality. Table 1

summarizes the different definitions of the modified

nKDIGO criteria. (82) Several studies have demonstrated

that FO, independent of AKI, is associated with poor out-

comes. (7)(67)(83)(84) The contribution of FO to poor out-

comes may be exacerbated in the presence of AKI (Fig 3).

When FO is combined with AKI, it appears to have a syn-

ergistic effect on the outcome. (67)(84) Despite modifica-

tion of the current AKI consensus definition for neonates,

we are still challenged with how to use this definition in

some populations of neonates (eg, preterm infants) and in

the presence of significant FO, because FO dilutes actual

measures of creatinine. (82)(85)(86)(87) Correction of cre-

atinine for fluid balance has been shown to identify addi-

tional cases of AKI and strengthen the association of AKI

with poor outcomes and is described in further detail later

in this review. (67)(83)(88)

FO is common in children with chronic kidney disease

(CKD). However, CKD cannot be diagnosed until at least

2 years of age due to the ongoing functional maturation of

the kidney until this time. However, despite the lag time

in diagnosis, many preterm infants progress toward CKD.

(89)(90) A retrospective study from Sweden from 1973 to
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2014 demonstrated that preterm birth was associated with

a 3-fold increase in the risk of CKD, with the strongest

association seen in the early pediatric years. (90) Neonatal

studies are currently only beginning to evaluate the rela-

tionship among AKI, recurrent AKI, and progression to

CKD, yet none have described an association between his-

tory of FO and progression of CKD. (89)(90)(91)(92)

Future studies closely examining the relationship and pro-

gression to CKD are warranted, because FO may serve as

an early warning sign for clinicians.

Strategies for Preventing and Mitigating FO
Although historical studies favor fluid restriction, a gener-

alized fixed restrictive approach in the preterm neonate is

not recommended. We suggest an individualized approach

with meticulous monitoring of net fluid balance and provi-

sion of fluid (nutrition, medications, etc) to avoid FO. Sim-

ilar to antimicrobial stewardship programs whose goals

are to avoid the capricious use of antimicrobial drugs,

fluid stewardship programs can be used to target the

individual needs of the patient and provide an early warn-

ing system for clinicians. This collaborative approach war-

rants further investigation coupled with an improved

understanding of interpreting fluid balance and insensible

losses, in addition to improving documentation when the

neonate is critically ill. (85) As clinicians, we must start

somewhere, and screening, recognition, and reporting are

the crux toward changing the path. A summary of the

approach to screening and monitoring fluids can be found

in Table 2.

Evaluation of FO. Evaluating and quantifying fluid accumu-

lation are a unique challenge in preterm infants compared

to adults and older children. NICU stays can extend for

long periods, therefore, expected growth may make it diffi-

cult to determine the most accurate dry/euvolemic weight.

The clinician can use the dry weight to determine the

degree of FO using a weight-based or intake/output–based

assessment described in the equations below. In the cur-

rent era, the electronic health record can also be leveraged

for automated calculation.

Figure 3. Flowchart showing mechanisms of action of fluid accumulation and overload. AKI=acute kidney injury, ANP=atrial natriuretic peptide, AVP=ar-
ginine vasopressin system, RAAS=renin-angiotensin-aldosterone system.

Table 1. Difference in Definitions of the Modified nKDIGO Criteria

2014
Modified nKDIGO

2016 (AWAKEN)
Modified nKDIGO Modified nKDIGO

Stage Urine Output (85) Urine Output Over 24 Hours (82) Creatinine Levels (82)(85)

0 $0.5 mL/kg/h > 1 mL/kg/h No change OR increase <0.3
mg/dL (26.5 1 μmol/L)

1 <0.5 mL/kg/h for 6–12 h >0.5 and # 1 mL/kg/h $0.3 mg/dL (26.5 μmol/L)
within 48 h OR $1.5–1.9
mg/dL (132.6–169 μmol/L) ×
reference within 7 d

2 <0.5 mL/kg/h for $12 h >0.3 and #0.5 mL/kg/h $2–2.9 mg/dL (176.8–256.3
μmol/L) × reference

3 <0.3 mL/kg/h for $24 h
OR
Anuria for $12 h

# 0.3 mL/kg/h $3 mg/dL (265.2 μmol/L) ×
reference, $2.5 mg/dL (221
μmol/L) OR Dialysis

AWAKEN=Assessment of Worldwide Acute Kidney Injury Epidemiology in Neonates, nKDIGO=Kidney Disease: Improving Global Outcomes
for neonates.
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% FO ¼ daily weight� dry weight*

dry weight*
� 100

OR

% fluid accumulation ¼ fluid in� fluid out
dry weight*

� 100

*In these equations, birthweight can be substituted for

the dry weight when the infant is less than 2 weeks old.

Screening should be performed every day based on weight

or net fluid accumulation calculation during high-risk periods,

because edema is a late clinical sign of FO, likely already sur-

passing 20%. Chen and colleagues described this with an

experiment on the development of edema in the hind paw of

a dog. (93) Despite an increase in 10% of interstitial fluid vol-

ume with a hydrostatic pressure increase of 12 mm Hg, no

edema was visibly apparent. It was not until capillary pressure

was further increased to 37.9 mm Hg that gross edema

became noticeable. (93) We recommend daily weight measure-

ments during the first week after birth in infants anticipated to

receive intravenous fluids for more than 48 hours, those with

episodes of acute illness, and during perioperative periods,

especially when there is also a high risk for concurrent AKI.

Monitoring Those with FO. On identification of fluid accu-

mulation, every effort should be made by the clinician to

concentrate medications, reduce numerous flushes, and

maintain strict adherence to total daily fluid goals. (94)

Despite fluid stewardship, FO may be unavoidable. In this

situation, patients should be monitored for hypoalbumine-

mia and AKI as they can affect binding and clearance of

medications and overall outcomes.

Given that FO and AKI often occur conjointly, the pres-

ence of either condition should prompt evaluation and

monitoring for the other. Despite the common belief that

more than 1 mL/kg per hour of urine output (UOP)

means that the kidneys are functioning well, if FO is

occurring, the kidneys have already lost the ability to

maintain homeostasis. Quantification of UOP for defining

AKI in neonates and young children is particularly chal-

lenging, especially in the absence of indwelling bladder

catheters. Anuria for 6 to 12 hours is considered AKI stage

1 to 2 per the nKDIGO definition, and most clinicians

would agree that anuria for up to 6 hours is abnormal in

neonates. (85)(86) Following anuria, neonates may exhibit

polyuria, thus precluding them from a more recent defini-

tion that was proposed by the AWAKEN study and the

National Institutes of Diabetes and Digestive and Kidney

Diseases neonatal AKI workshop (Table 1). (86)(95) As

long-term impacts of AKI, and especially UOP-defined

AKI, in neonates are unknown, a more inclusive approach

to monitoring is warranted. Similar to our approach for

FO and assessment of daily weights, we recommend daily

serum creatinine monitoring for high-risk neonates dur-

ing the first week after birth, acute episodes of illness, and

perioperative periods. (87) Correction of creatinine for

fluid balances should be considered and can be easily per-

formed using the following equation:

Corrected creatinine ¼ Measured creatinine
mg
dL

� �

� 11
Accumulated net fluid balance Lð Þ

Total body water

 !" #

Despite these measures, as serum creatinine and UOP are

markers of functional loss and not representative of true

nephron insult, biomarkers such as urine neutrophil gelatin-

ase–associated lipocalin (uNGAL) may prove helpful and are

starting to become more widely available at pediatric centers

Table 2. Fluid Stewardship Recommendations

Recommendation

Fluid stewardship
� Daily weights
� Daily calculations of fluid balance
� Concentrate additional medications
� Evaluate and attempt to minimize flush volumes
� Strict ins and outs

Fluid accumulation and/or overload
� All components of fluid stewardship plus routine screening for AKI (if not already being performed)
� Daily serum creatinine
� Consideration of daily uNGAL (if available at the institution)

� Routine screening for hypoalbuminemia
� Daily albumin levels

� Monitoring for electrolyte imbalances (especially in the setting of diuretic therapy)
� Consultation with nephrology if > stage 2 AKI and/or >10% fluid accumulation
� Consideration of risk benefit of renal replacement therapy

AKI=acute kidney injury, uNGAL=urine neutrophil gelatinase-associated lipocalin.
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in the United States. (96)(97)(98)(99)(100)(101) A detailed

discussion of AKI biomarkers is beyond the scope of this

review. Briefly, uNGAL increases in neonatal AKI, but it is

important to remember that baseline values of uNGAL are

inversely proportional to gestational age, and changes in lev-

els over time with correction for gestational age have yet to

be established. (102)(103)(104)

FLUID STEWARDSHIP MANAGEMENT
CONSIDERATIONS

Albumin
Hypoalbuminemia may precede FO and is common dur-

ing the first week after birth and stages of acute illness. It

also likely accounts for elevated serum indirect bilirubin

levels during periods of illness, further potentiated in

some instances by drug displacement. The relationship

between hypoalbuminemia with indirect hyperbilirubine-

mia and subsequent negative outcomes is well reported.

(105)(106)(107) Albumin administration may be a poten-

tial target to preclude poor outcomes. (108) Unfortunately,

literature related to the safety and efficacy of albumin

replacement in the early neonatal period is inconclusive.

(71) Appropriately, clinicians are often apprehensive about

albumin replacement secondary to the continued leakage

of albumin through the damaged endothelial junctions

during critical illness. Thus, albumin replacement may

exacerbate FO if given when endothelial junctions are still

wide open. Further studies are greatly needed for an

improved understanding of the risk-benefit assessment of

albumin goals during the first week after birth and during

distinct periods of critical illness. We suggest close moni-

toring of hypoalbuminemia and individual consideration

of risk-benefit for replacement in infants with FO.

Diuretic Therapy
Treatment options for fluid accumulation in neonates are

limited to diuretics and RRT. In the United States, loop di-

uretics are the seventh most common drug prescribed to neo-

nates. (109) Nearly 40% of infants of less than 32 weeks’ ges-

tation receive a diuretic at least once during their hospital

course, with practice patterns in the United States varying sig-

nificantly on indications for diuretic use in respiratory dis-

ease, AKI, and FO. (109)(110)(111)(112)(113) For this reason,

irrespective of indications, it is critical that NICU clinicians

understand the mechanism of actions, potency, routes of

administration, and side effects for the different classes of

diuretics. Significant heterogeneity in diuretic choice exists,

and this choice may have a concomitant beneficial effect. For

example, thiazide diuretics are considered first-line

management for chronic neonatal hypertension in infants

with BPD and have a weak diuretic effect. (114) Of the various

classes of diuretics available, all but osmotic diuretics are

used in neonates. Mannitol is not recommended because of

serious side effects of circulatory overload, AKI, and intracra-

nial hemorrhage, and will not be discussed herein. (115)

Loop Diuretics. Loop diuretics induce sodium clearing by

inhibiting the reabsorption of sodium through the sodium-

potassium-chloride (Na1-K1-2Cl-) channel on the luminal

side of the thick ascending loop of Henle. Of the loop diu-

retics, furosemide and bumetanide, sulfonamide derivatives,

are the most commonly used in the United States. (109) Tor-

semide (a sulfonylurea) and ethacrynic acid (a phenoxyacetic

acid derivative) are enteral alternatives and thus infrequently

prescribed and poorly studied in neonates. Loop diuretics are

also the most potent diuretics available. (116) Furosemide

and bumetanide are the most extensively studied diuretics in

neonates and are available in both intravenous and oral

forms. The bioavailability of oral furosemide is variable and

thus when intravenous access is available, it is the favored

administrative route. Bumetanide is 40-fold more potent,

with a more favorable side effect profile, than furosemide.

(117)(118)(119)

Furosemide has been noted to cause permanent ototox-

icity in neonates at concentrations exceeding 50 mg/mL.

(120) Therefore, use of bumetanide, especially in the set-

ting of another ototoxic medication exposure, such as an

aminoglycoside, may decrease the risk for hearing loss.

(121) Furosemide is highly protein bound thus decreasing

filtration by the glomerulus, and it also displaces bilirubin

from albumin at a higher rate than bumetanide. (122)(123)

These drugs are secreted into the tubular lumen via

organic acid transporters by inhibiting the reabsorption of

sodium through the Na1-K1-2Cl- channel. Furosemide is

eliminated as unchanged drug in the urine. Subject

response is therefore related to urinary excretion rather

than plasma concentration. (124) The impact of furose-

mide is dependent on both adequate kidney function and

albumin concentration.

The potency of loop diuretics is credited to their action in

the ascending loop of Henle, where 25% of filtered sodium

is subsequently reabsorbed, minimizing the amount of

sodium that can be reabsorbed downstream. This increases

sodium delivery to the distal tubule and collecting duct,

decreasing the net positive gradient. This loss contributes to

increased calcium and magnesium elimination as well as

potassium and hydrogen wasting. There is an inverse rela-

tionship between half-life elimination and gestational age.

(125)(126)(127) Mirochnick and colleagues demonstrated that
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in infants of less than 31 weeks’ gestation, plasma half-life

frequently exceeded 24 hours. (125) The half-life of bumeta-

nide is shorter than that of furosemide and clinical trials

support the idea that continuous infusion of therapy yields

safer diuresis with decreased fluid shifts and improved stabil-

ity. (121)(128)(129)

The most common adverse effects of loop diuretics are

dose dependent and include volume depletion and electro-

lyte abnormalities. Electrolyte imbalance, particularly

sodium in preterm neonates, has a substantial effect on

growth and development. (130)(131)(132) Poor growth

adversely affects long-term neurodevelopmental outcomes

and may have an impact on nephrogenesis. In addition,

urinary calcium wasting has been commonly described

and can result in nephrocalcinosis and metabolic bone dis-

ease. (133)(134)(135) Renal ultrasonography for the evalua-

tion of nephrocalcinosis should be considered in a

neonate receiving long-term diuretics. In older children,

hypercalciuria and nephrolithiasis are included in the dif-

ferential diagnosis for abdominal and flank pain, but are

often forgotten in the diuretic-treated neonate. (136)(137)

Increased peak concentrations of loop diuretics also

amplify the risk, albeit rare, of sensorineural hearing loss

in infants. (138)(139) This hearing loss may be transient or

permanent and is exacerbated by the coadministration of

aminoglycosides. (140)

Thiazide Diuretics. Like loop diuretics, thiazide di-uretics

are transported to the luminal side of the proximal tubule

via organic acid transporters where they then pass to the

distal tubule. In the distal convoluted tubule, they inhibit

the Na1-Cl- apical cotransporter, also referred to as the

“thiazide-sensitive sodium chloride cotransporter.” The 2

most common thiazide diuretics used in neonatology are

chlorothiazide and hydrochlorothiazide. Chlorothiazide is

the more potent of the 2 and has a longer half-life, often

making it the more favorable option. In addition, metola-

zone, only available in oral preparation, has been used

infrequently in neonates. (141)

Thiazides are quickly absorbed, with nearly 100% bio-

availability after administration and variable binding to

plasma proteins. Like loop diuretics, they can displace bili-

rubin from albumin and should be administered cau-

tiously in patients with indirect hyperbilirubinemia. (142)

The thiazide diuretics are eliminated unchanged in urine.

In contrast, sodium reabsorption in the distal convoluted

tubule is only 4% to 5% of the filtered load, and thus they

are less potent than loop diuretics. Upregulation of this

cotransporter is mediated by aldosterone. (143) Unlike loop

diuretics, thiazide diuretics decrease calcium excretion. This

effect is lost, however, with sodium supplementation because

this alters the gradient and impairs calcium reuptake. Camp-

field and colleagues described this effect when examining

urinary oxalate excretion in premature infants. (144) They

noted that the combination of furosemide and thiazide

diuretic did not favor decreased calcium levels. However,

more interestingly, they described that urinary excretion of

calcium was increased and likely came at the cost of bone

mineralization. (144) Magnesium and potassium are indi-

rectly affected, with potassium loss being partially blunted if

prescribed in addition to potassium-sparing diuretics. Hydro-

chlorothiazide and chlorothiazide can weakly inhibit carbonic

anhydrase and subsequently increase the excretion of the

anion, bicarbonate. Thiazides display synergism when

administered 30 minutes to 1 hour before loop diuretic

agents by impeding distal sodium reabsorption at the peak

effect of loop-induced urinary sodium excretion.

Electrolyte abnormalities, specifically hypokalemia, are

an adverse effect of thiazide diuretics. Thiazide diuretics

have also been found to increase cholesterol levels, cause

gastrointestinal disturbances, jaundice, and thrombocyto-

penia, and precipitate hepatic encephalopathy in patients

with underlying cirrhosis. (145) They should be used cau-

tiously in patients with liver or gastrointestinal disorders.

Potassium-sparing Diuretics. Potassium-sparing diuretics can

be further classified into 2 mechanistic groups–

those that inhibit the epithelial sodium channel in the distal

convoluted tubules and collecting ducts (eg, amiloride and tri-

amterene) and antagonists of mineralocorticoid receptors (eg,

spironolactone). Amiloride and triamterene have poor oral

bioavailability. They do not bind plasma proteins. Their pri-

mary site of action is on the epithelial sodium channel and

they block sodium entry, thus changing the electrical charge

and supporting retention of hydrogen and potassium.

Spironolactone, the more commonly used potassium-

sparing drug in neonates, inhibits aldosterone by competi-

tively binding the mineralocorticoid receptor. Its bioavailabil-

ity is greater (90%) than that of amiloride and triamterene.

After entering the bloodstream, approximately 90% binds to

plasma protein. Unlike thiazide and loop diuretics, which

have an onset of action in hours, spironolactone achieves

maximal effect in 2 to 3 days. (146) Inhibition of the aldoste-

rone receptor, located on the distal tubule of the collecting

ducts, reduces sodium reabsorption and thus limits potas-

sium and hydrogen exchange and wasting. Because the

main site of action is the distal tubule and collecting ducts,

like thiazide diuretics, spironolactone is considered a weak

diuretic.
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The most concerning adverse effect of potassium-spar-

ing diuretics is the development of hyperkalemia. Serum

potassium levels should be monitored closely. Ovarian

cysts in female patients and gynecomastia can occur with

spironolactone secondary to its antiandrogenic properties

and estrogenic influence. (147)

Carbonic Anhydrase Inhibitors. Like the classification

implies, acetazolamide inhibits carbonic anhydrase located

in the brush border of renal proximal tubular cells. Acet-

azolamide is a sulfonamide derivative and is rapidly

absorbed, with peak plasma concentrations occurring

roughly 2 hours after oral administration. It binds plasma

proteins, with renal clearance being sensitive to changes

in plasma protein levels. (148) Acetazolamide remains pri-

marily unchanged after active tubular excretion into the

urine. It acts as a diuretic through increased excretion of

bicarbonate by inhibiting carbonic anhydrase, an enzy-

matic catalyst of bicarbonate and hydrogen ions. The inhibi-

tion of carbonic anhydrase promotes secretion of hydrogen,

decreasing reabsorption of bicarbonate. Acetazolamide is

also considered a weak diuretic but offers benefit promoting

alkaline diuresis and in diuretic resistance. (149)(150)

Adverse side effects include metabolic acidosis, drowsiness,

and hepatic failure. In addition, as neonatal glomerular filtra-

tion is immature and plasma protein levels can be decreased

in sick infants, erythrocyte accumulation can occur and

cause dose-dependent side effects similar to those seen in

the elderly. (151)

Special Considerations for Diuretic Administration. Most

neonatal AKI cases can be characterized as driven by

impaired hemodynamics or nephrotoxic medication expo-

sure. Distinction between functional loss and tubular dys-

function may be improved by using urinary biomarkers,

as described before, but these are not available at all pedi-

atric centers. Furthermore, a meta-analysis of furosemide

for neonatal AKI demonstrated no benefit, with an

increased risk in ototoxicity. (152) However, UOP response

to a diuretic (particularly loop diuretics) may be a useful

clinical tool to distinguish severity and outcomes of kidney

injury. Often referred to as the “furosemide stress test

(FST)” or “furosemide challenge,” furosemide is used to

assess the response of the kidney’s ability to increase

UOP. (153) As furosemide is not cleared by the glomerulus

and requires drug delivery to the site of action, it can be

used to assess nephron proximal tubular integrity. A

meta-analysis of 11 trials including a total of 1,366 adults

demonstrated the use of the FST as a predictor for RRT,

and showed an area under the curve for summary receiver

operative characteristics of 0.86. Although this tool

remains undescribed in the NICU, a multicenter study of

166 children with congenital heart disease and a median

age of 6.3 months confirmed the usefulness of the furose-

mide challenge for predicting AKI. (154) However, the use

of the FST for AKI prediction and progression in neonates

needs to be evaluated, and there may be substantial con-

cern of intravascular volume depletion and dehydration. A

prospective study could easily be conducted similar to the

initial adult study, in which UOP was replaced by intrave-

nous fluid. (155) This would certainly mitigate the effects

of volume depletion. As long-term morbidity from AKI

becomes increasingly apparent, furosemide may prove a

useful diagnostic tool for mitigation strategies.

RENAL REPLACEMENT THERAPY

When fluid stewardship and diuresis fail to maintain

acceptable fluid homeostasis with the necessary fluids

required for nutrition, medications, and/or blood prod-

ucts, RRT is likely warranted. Fluid accumulation of more

than 10% should prompt consideration of RRT. Peritoneal

dialysis is the preferred modality in neonates but has lim-

ited ultrafiltration capabilities. (156) Body wall edema can

also increase the risk for peritoneal catheter leakage, limit-

ing its insertion and use in patients with significant FO.

Until recently, treatment options for RRT and ultrafiltra-

tion have remained limited to peritoneal dialysis or hemo-

filtration via modified adult hemodialysis machines.

(4)(5)(157)(158) In addition, ultrafiltration and hemodialysis

require central line placement, therefore, the risk-benefit

should be carefully considered. In a secondary analysis of

children on the prospective pediatric continuous RRT reg-

istry, Askenazi and colleagues demonstrated an increased

risk of mortality in those weighing less than 10 kg com-

pared to those of 10 kg or more. (159) Subjects in whom

continuous RRT was initiated at lower levels of FO (<10%

vs >20%) had improved odds of survival. (159)

Until recently, RRT in neonates required adaptation of

adult or pediatric machines such as the Aquadex FlexFlow

System (CHF Solutions, Eden Prairie, MN). (160) As this

machine has a smaller extracorporeal volume compared to

other RRT devices, some centers use it to provide forms of

RRT. (161) Advancements in the field of neonatal RRT in the

last decade have included the development of RRT devices

designed for use in infants. The CArdio-Renal PEdiatric Dial-

ysis Emergency Machine (Carpediem™, Bellco Medtronic,

Minneapolis, MN) has been available in Europe since 2015

and was approved by the US Food and Drug Administration

(FDA) in 2020. This novel device, designed for continuous
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venovenous hemofiltration or continuous venovenous hemodi-

alysis in infants, has calibrated scales with a precision of 1 g/

hour and can run blood pump flow rates as low as 5 mL/min.

(162) European studies have demonstrated an excellent safety

profile and a wide range of use in infants, in whom peritoneal

dialysis is limited. (163) In addition, the Newcastle Infant Dialy-

sis and Ultrafiltration System shows promising results, with

comparable blood flow rates and a small circuit volume (<10

mL). (164) This device, however, is not yet approved by the

FDA or commercially available in the United States. Future

large-scale studies on use and best practices are warranted and

should be conducted soon, as previous data have demonstrated

improved odds of survival at lower FO levels.

CONCLUSION

Neonatal fluid balance assessment is critical as pathologic

fluid accumulation in neonates is associated with increased

morbidity and mortality. Careful evaluation of neonatal fluid

status, kidney function, and underlying pathophysiology con-

tributing to this accumulation is of utmost importance

through fluid stewardship measures. Focus on preventing FO

through personalized daily assessments is critical, as current

treatment strategies are limited to diuretic therapy and RRT.

American Board of Pediatrics
Neonatal-Perinatal Content
Specifications
• Know the changes in body water distribution and

body fluid composition that occur during fetal and

postnatal development.

• Know physiologic, environmental, and other factors

such as thermal environment and gestational age

that contribute to insensible water loss (IWL).

• Know therapeutic interventions that can be used to

decrease IWL.

• Know the specific hormonal factors that influence

water balance in newborn infants.

• Know the effects of arginine vasopressin (antidi-

uretic hormone) on sodium and water balance.

• Know the impact of renal dysfunction on water

requirements.

• Know the etiology of electrolyte abnormalities in

the neonate.

• Know the changes in glomerular and tubular func-

tion that occur during development, including the

handling of glucose, sodium, potassium, calcium,

bicarbonate, and phosphate.

• Know the production pathway and the actions of

the components of the renin-angiotensin system.

• Know how to interpret various renal function tests

(eg, urinalysis, creatinine clearance).

• Understand indications for and methods of antena-

tal assessment of renal function.

• Know the mechanism of action of commonly used

diuretic drugs in infants.
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