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The purpose of perioperative fluid management in children is to maintain adequate volume
status, electrolyte level, and endocrine system homeostasis during the perioperative period.
Although hypotonic solutions containing glucose have traditionally been used as pediatric
maintenance fluids, recent studies have shown that isotonic balanced crystalloid solutions
lower the risk of hyponatremia and metabolic acidosis perioperatively. Isotonic balanced
solutions have been found to exhibit safer and more physiologically appropriate characteris-
tics for perioperative fluid maintenance and replacement. Additionally, adding 1%-2.5%
glucose to the maintenance fluid can help prevent children from developing hypoglycemia
as well as lipid mobilization, ketosis, and hyperglycemia. The fasting time should be as short
as possible without compromising safety; recent guidelines have recommended that the du-
ration of clear fluid fasting be reduced to 1 h. The ongoing loss of fluid and blood as well as
the free water retention induced by antidiuretic hormone secretion are unique characteris-
tics of postoperative fluid management that must be considered. Reducing the infusion rate
of the isotonic balanced solution may be necessary to avoid dilutional hyponatremia during
the postoperative period. In summary, perioperative fluid management in pediatric patients
requires careful attention because of the limited reserve capacity in this population. Isotonic
balanced solutions appear to be the safest and most beneficial choice for most pediatric pa-
tients, considering their physiology and safety concerns.

Keywords: Anesthesia; Child; Fluid therapy; Infant; Intravenous infusion; Isotonic solu-
tions; Perioperative medicine.

Introduction

The first intravenous (IV) fluid used in humans was administered to resuscitate a pa-
tient dying from malignant cholera [1]. At the earliest stages of IV fluid development, the
goal of fluid management was simply to replace intravascular volume loss to recover from
hypovolemia. However, hypervolemia was soon found to be as dangerous as hypovole-
mia. Disturbances in body volume or electrolyte balance can result in impaired organ
function and unfavorable outcomes, such as mortality [2,3]. The goal of perioperative
fluid management is to maintain homeostasis and central euvolemia and prevent excess
salt and water accumulation [4]. To attain a normal physiological state, maintaining or
re-establishing extracellular fluid (ECF) volume, blood volume, tissue perfusion, meta-
bolic function, electrolyte balance, and an appropriate acid-base status is necessary [5].
To achieve these goals, Holiday and Segar’s formula, commonly called the “4-2-1” rule,
has been used to calculate the infusion rate of maintenance fluids. However, the “4-2-1”
rule was based on a study that only included healthy persons in non-perioperative set-

tings (Table 1) [6]. Additionally, current pediatric anesthesia clinical practice is consider-
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Table 1. The “4-2-1” and “2-1-0.5” Rules

Weight (kg) Hourly fluid requirement using the “4-2-1” rule (ml/h) Hourly fluid requirement using the “2-1-0.5” rule (ml/h)
<10 4 x BW 2 x BW

10-20 40+ 2 x (BW-10) 20+ 1 x (BW-10)

> 20 60+ 1 x (BW-20) 30 + 0.5 x (BW-20)

BW: body weight.

ably different from that in Holiday and Segar’s era. Today, we have
a better understanding of pediatric physiology, including organ
maturation, perioperative fluid and electrolyte requirements, and
the effects of preoperative fasting. This review covers the basic
terminology, fluid management principles, and fluid physiology
relevant to children and the history of IV fluids, appropriate type
and volume of intraoperative IV fluids, preoperative fasting man-
agement, and the impact of hormonal changes on postoperative
fluid management.

We begin with the basic terminology used to describe electro-

lyte solutions’ effect on water movement into and out of the cell.

Osmolarity, osmolality, and tonicity

The osmotic concentration, commonly called “osmolarity;” is a
measurement of the osmotic activity of electrolyte solutions. Os-
molarity is the number of osmoles of solute per volume of solu-
tion (Osm/L). Homeostasis is the ability of an organism to main-
tain a stable internal environment. In humans, this involves the
dynamic balance of electrolytes and water in the intracellular flu-
id (ICF) and ECE which includes plasma. Disruption of this bal-
ance can lead to dehydration, edema, acidosis, alkalosis, and
changes in the plasma electrolyte concentrations (e.g., hypo- or
hypernatremia).

The osmolarity of a specific solution can be measured using an
osmometer or calculated from the composition of the solutes.
However, a simple summation of the osmolarity of all solutes in a
solution (theoretical osmolarity) is not equal to the measured
value (real osmolarity). The osmolarity can be calculated using

the following equation [7]:
Real osmolarity = Theoretical osmolarity x Osmotic coefficient

For example, a 0.9% Sodium(Na) chloride(Cl) solution has a
theoretical osmolarity of 308 mOsm/L (154 mOsm/L Na + 154
mOsm/L Cl), and the osmotic coefficient of the 0.9% NaCl solu-
tion is 0.93. If we substitute these numbers in the above equation,
we find that the real osmolarity of 0.9% NaCl is 286 mOsm/L (308
mOsm/L x 0.93) [ 7].

The term “osmolality” is used to express osmotic concentration.

520

To calculate the osmolality, the mass of the solvent is used instead
of the volume to define the osmotic concentration. This can be
described as the number of osmoles of solute per unit mass of
solution, which is Osm/kg H,0 in most solutions for IV use.

The term “tonicity” is used to describe the behavior of a partic-
ular solution when a specific cell is fully submerged. The solution
is considered hypotonic if the cell swells, with a net movement of
water from the solution into the cell, and hypertonic if the cell
shrinks, with a net movement of water out of the cell. Isotonic
solutions do not alter the cell volume.

Osmolarity and tonicity are different concepts. While both are
used to compare the concentration of solutes between two solu-
tions separated by a semipermeable membrane (e.g., the mem-
brane of a human cell), the two terms differ in the definition of ef-
fective solutes. Cells can absorb some electrolytes through the cell
membrane via specialized transport proteins, which helps to pre-
vent the electrolytes from functioning as osmotically effective sol-
utes in vivo [8]. While both permeable and nonpermeable solutes
are considered effective for osmolarity, only nonpermeable solutes
are considered effective for tonicity. Consequently, an isotonic
solution for one species may not be isotonic for another. For ex-
ample, in the 19th century, scientific societies held the false belief
that a 0.6% NaCl solution was isotonic to humans based on ex-
perimental data from frogs [9].

The actual osmolarity of human plasma is 288 mOsmol/kg
H,O, which is not significantly different from the theoretical os-
molarity of 291 mOsmol/L. Therefore, a solution is considered
isotonic to human cells if the sum of the concentrations of the
nonpermeable solutes is not significantly different from 290
mOsmol/L.

For example, using an osmometer, the osmolarity of a 0.9%
NaCl solution is 286 mOsmol/L. Because both Na and Cl are non-
permeable solutes to human cell membranes, 0.9% NaCl is con-
sidered isosmotic and isotonic to human plasma. It is important
to note that an isosmotic solution is not always isotonic but can
also be hypotonic. For example, although the actual osmolarity of
a 5% dextrose water solution (5DW) is 278 mOsmol/L, it is con-
sidered hypotonic since, unlike Na or Cl, glucose can completely
permeate human cell membranes. When glucose enters the cell, it

drags water along with it via osmosis, causing the cell to expand
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in volume. Additionally, glucose metabolizes into energy, carbon
dioxide, and water once inside the cell, so 5DW is not different
from pure water in terms of tonicity [8].

To summarize, a hypoosmotic solution is always hypotonic,
whereas an isosmotic solution can be either hypotonic or isotonic.
Hyperosmotic solutions can be hypotonic, isotonic, or hypertonic.
For example, a 10% dextrose water (10DW) solution is considered
both hyperosmotic and hypotonic in humans.

Now we will discuss how fluid and electrolytes are balanced in
children.

Fluid and electrolyte physiology in children

The two-compartment model, which consists of the ECF and
ICE is commonly used to describe body fluids. The ECF to ICF
ratio changes continuously as a child grows. The proportion of the
ECF to the ICF volume is higher in the fetus (45% vs. 35% of body
weight). By 1 month of age, however, the ECF and ICF volumes
are equivalent, and the ratio of the ECF to the ICF as seen in
adults (1 : 2) is reached by the age of 1-3 years. Given that infants
have a relatively high ECF compared to ICF volume, they are
more susceptible to dehydration and fluid imbalance.

The proportion of total body fluids to body weight decreases
with age. In the fetus, the proportion is as high as 80%, falling to
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70% at full term, 60% by the age of 1 year, and 50%-60% after pu-
berty [10]. This decrease in water is primarily due to a decrease in
the ECF volume as the ICF volume increases with cell growth.
Fortunately, the composition of the ECE, including plasma, is con-
sistent across all ages, which allows for the same electrolyte-con-
taining fluids to be used in adults and children if their kidneys
have matured and can appropriately handle the electrolyte con-
centrations and water volume. The ECF consists of three com-
partments: the plasma, interstitial fluid, and transcellular fluid.
Only 25% of the ECF is plasma; the rest is interstitial fluid. Tran-
scellular fluid consists of the lymph, cerebrospinal fluid, aqueous
and vitreous humor, synovial fluid, and serous fluid. The volume
of transcelluar fluid is clinically negligible in healthy children
(Fig. 1) [11].

Na and Cl are the major electrolytes in the ECFE, including in
the plasma. The concentrations of potassium (K), phosphate,
magnesium, and proteins are higher in the ICF than in the ECE
The composition of the interstitial fluid is similar to that of the
plasma, except for lower levels of proteins in the interstitial fluid
[12]. This uneven distribution of fluids and electrolytes between
the ECF and ICF is mediated by the sodium-potassium adenosine
triphosphatase pump (Na-K ATP pump) in the cell membrane
(cations) and the Gibbs-Donnan effect (anions). The Na-K ATP
pump enables Na and K to be the major cations in the ECF and

Plasma
15t 1/4 of ECF
Interstitial ECF
flui
451 uid 1/3 of TBW
3/4 of ECF
TBW
60% of
body weight
ICF ywes
12 L
2/3 of TBW

Plasma 0.4 L
" . ECk TBW
Interstitial fluid 1.2 L 1/2 of TBW
ICF 70% of
ICF16L bod ight
1/2 of TBW ody weig

(A (B

Fig. 1. Distribution of body water in a (A) 30-kg child aged 9 years and (B) 4.5-kg child aged 1 month. The height of a graph is proportional to the
volume. ECF: extracellular fluid, ICF: intracellular fluid, TBW: total body water.
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ICE respectively. The Gibbs-Donnan effect is a phenomenon of
uneven distribution of diffusible ions between a semipermeable
membrane owing to the presence of non-diffusible ions. In body
fluids, negatively charged proteins in the ICF cannot cross cellular
membranes, making Cl a major anion in the ECF [13].

Electrolyte levels depend on the dynamic equilibrium between
intake and output. In healthy children, electrolyte loss occurs pri-
marily through the urine, followed by the skin. A total of 2-3
mEq/kg Na, 1-2 mEq/kg K, and 5 mEq/kg Cl leave the body in
urine every day. The loss of Na and K through the skin is much
lower (0.5 mEq/kg per day). To compensate for this loss, the daily
electrolyte requirements should be as follows: 3 mEq/kg Na, 2
mEq/kg K, and 5 mEq/kg Cl [6,14].

History of IV fluids

In 1628, William Harvey first explained the closed circulation
of blood in the human body in his famous book, “Exercitatio An-
atomica de Motu Cordis et Sanguinis in Animalibus,” translated as
“An Anatomical Exercise on the Motion of the Heart and Blood in
Living Beings” However, the first successful report of plasma re-
placement appeared approximately 200 years later, after the sec-
ond cholera pandemic in England [1]. Dr. Thomas Latta was the
first to successfully treat cholera with an IV fluid injection in
1832. He wrote “I at length resolved to throw the fluid immediate-
ly into the circulation. In this, having no precedent to direct me, I
proceeded with much caution” Of the initial four patients who
received IV fluids, one patient survived. He attributed the low
success rate to the low volumes infused, administration at a late
stage of the disease process, and underlying diseases [1]. Latta’s
initial IV fluid was a mixture of “two drachms of muriate, and two
scruples of carbonate of soda, to sixty ounces of water;” making it
a hypotonic and hyponatremic solution of NaCl and sodium car-
bonate mixed in water. The concentration was as follows: Na 106
mmol/L, Cl 78 mmol/L, and carbonate 14 mmol/L [15]. This hy-
potonic solution would induce hemolysis and may thus be related
to the high rate of resuscitation failure. Subsequently, Latta modi-
fied the solution to be closer to the concentrations in plasma, at
134 mmol/L Na, 118 mmol/L Cl, and 16 mmol/L bicarbonate
[16]. However, IV fluid resuscitation did not gain popularity after
the sudden death of Latta from pulmonary tuberculosis and the
end of the cholera pandemic.

Nearly 50 years passed before a similar physiologic IV solution,
designed by Sydney Ringer, appeared in the literature in 1882.
Ringer’s solution maintained the rhythmicity of frog cardiac mus-
cle in ex vivo studies better than saline, although he believed that

0.6% NaCl was isotonic to human serum, based on frog experi-

522

ments [17]. In 1888, “normal saline” first appeared in a printed
article; however, the composition was far from equivalent to that
of the ECF: 150 mmol Na, 128 mmol Cl, 2.5 mmol phosphate,
and 27 mmol bicarbonate in 1,000 ml of water [18]. In 1921, Har-
tog Hamburger published a report that human blood and NaCl
0.9% solution were isotonic, based on a freezing point compari-
son. The in vitro study conducted by Hamburger provided the
first scientific support for the use of a 0.9% NaCl solution [19]. In
1924, Rudolph Matas advocated “the value and advantages of the
IV route for the direct and continuous instillation of fluids intend-
ed to replace the volume of lost blood,” prompting a new era of
continuous IV drips [20]. In 1932, the American pediatrician
Alexis Hartmann replaced the unstable bicarbonate in Ringer’s
solution with stable lactate while treating children with metabolic
acidosis due to severe diarrhea, emphasizing the advantage of a
balanced salt solution [21]. Calcium-free acetate-buffered isotonic
solutions (e.g., PlasmaLyte) have recently been introduced into
clinical practice. Although a better physiological profile has been
associated with a balanced salt solution, even in the 1930s, the

0.9% NaCl solution is still widely used perioperatively [22].

Ideal pediatric intraoperative fluid

Pediatric intraoperative fluid management involves four major
considerations. The first is tonicity, which is primarily determined
by Na concentration. The second is the use of a balanced solution,
with buffered solutions containing less Cl than unbalanced or un-
buffered solutions. The third is glucose levels, which are associat-
ed with hypoglycemia, lipolysis, ketosis, or even shock if depleted
and hyperglycemia if excessive. The fourth is the use of a colloid
solution containing protein or starch to maintain intravascular
oncotic pressure. Many medical societies have developed guide-

lines and recommendations to address these issues.

Hyponatremic vs isonatremic solutions

In this section, we will use the terms hyponatremic and isona-
tremic instead of hypotonic and isotonic to increase understand-
ing of the historical context of hypotonic maintenance fluid solu-
tions in pediatrics.

Holiday and Segar calculated the basal fluid and electrolyte re-
quirements for children. The Na requirement calculated was 3
mEq/100 cal/day [6]. If a child’s body weight is 5 kg, the amount
of fluid calculated using the “4-2-1” rule is 4 (cc/h/kg) x 5 (kg) x
24 (h/day) = 480 ml/day . Because the “4-2-1” rule is based on
the observation that processing one calory requires one milliliter

of water, the daily requirement of Na is 3 (mEq/100 cal/day) x
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480 (ml/cal) = 14.4 mEq/day. For a child with complete oral fast-
ing and minimal movement, 480 ml of water and 14.4 mEq of Na
should be supplied daily; an IV fluid solution containing 30 mEq/
L Na (14.4 mEq/0.48 L = 30 mEq/L) can be used. This is the
same Na concentration as that of 0.18% NaCl with 4% glucose
(154 mEq/L x 0.2 = 31 mEq/L), which is only 21.4% of the Na
concentr ation of human plasma (140 mEq/L x 0.214 = 30 mEq/
L). This is the rationale for using 0.18% NaCl with 4% glucose as
the maintenance solution for neonates and infants; however, this
is actually a hyponatremic solution. In the 1960s and early 1970s,
severe hyponatremic fluids, such as 0.2% NaCl or even 5% dex-
trose water (which contains no Na) was used as a maintenance
and replacement fluid perioperatively because of the false belief
that children’s immature kidneys could not excrete Na properly.
Although subsequent studies have demonstrated that the concen-
tration function of the kidney matures rapidly, reaching 80-90%
of adult levels by six months of age, the universal practice of ad-
ministering hyponatremic solutions during anesthesia persisted.
Because Na is the primary determinant of the osmolarity of a
solution, a hyponatremic solution is hypotonic in most cases.
When administered over a short period, such severely hypotonic
fluids can induce acute cerebral edema and, ultimately, brain her-
niation due to the net movement of water. Prepubescent children
are more vulnerable to hyponatremia-induced brain edema than
adults because of their increased brain-size-to-cranial-vault ratio,
decreased Na-K ATPase activity, and increased antidiuretic hor-
mone (ADH) levels in response to stress [23,24]. Children who
receive hyponatremic fluids may experience increased irritability,
headaches, seizures, and even sudden death [24,25]. In 2014, a
Cochrane review compared isotonic and hypotonic solutions as
maintenance IV fluids in children. This review included ten stud-
ies with 1,106 total patients. Most patients were admitted to an in-
tensive care setting. The risk of hyponatremia was decreased by
52% in the isotonic solution group [26]. This finding is consistent
with that of a well-designed double-blind randomized controlled
trial (RCT) comparing an isotonic IV fluid containing 140 mmol/
L Na to a hypotonic solution with 77 mmol/L Na as the IV main-
tenance fluid in children. The group that received the isotonic flu-
id had a lower risk of hyponatremia, with no increase in adverse
effects [27].

Even in the 1960s, Holliday was also aware of the risk of hypo-
natremia associated with large volumes of hypotonic solution
[28,29]. Although he recommended isotonic solutions for volume
expansion or compensation for volume deficits, he still preferred
hypotonic solutions for maintenance [30]. However, considering
practical concerns, such as the need for additional IV lines and

situations requiring rapid volume expansion, isotonic fluids are
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more appropriate for intraoperative use.

0.9% NaCl solutions vs balanced crystalloid solutions

Although ‘normal’ is too broad and vague of a term, we call
0.9% NaCl a ‘normal’ saline solution. Unfortunately, no scientific
background supports the use of the word ‘normal for the 0.9%
NaCl solution, which consists of 9 g NaCl in 1,000 ml of water.
Although this solution is isotonic to human blood, this does not
mean that it is normal or physiologic [31].

Moreover, the term ‘normal’ in normal saline gives a false sense
of security, making it dangerous since the human response to a
0.9% NaCl solution may not be benign. Even in healthy volun-
teers, a large volume infusion of 0.9% NaCl has been associated
with abdominal discomfort, pain, nausea, drowsiness, and de-
creased mental capacity to perform complex tasks [32]. Hyper-
chloremia, metabolic acidosis, fluid retention, renal vascular con-
striction, and reduced glomerular filtration rate can also occur in
both adults and children following a 0.9% NaCl infusion [34-37].
Additionally, this solution can cause cellular dysfunction by in-
ducing cytosolic acidification, membrane hyperpolarization, inac-
tivation of protein kinases, and disruption of phosphorylation
[38]. Although the 0.9% NaCl solution is isotonic to human plas-
ma, it can induce pathological changes in humans. Therefore,
caution is advised in calling this solution ‘normal’

A balanced crystalloid solution (BCS) is physiologically more
similar to human plasma than the 0.9% NaCl solution. A BCS
contains lactate, acetate, or malate as a bicarbonate precursor to
prevent hyperchloremic and dilutional metabolic acidosis, which
is observed after 0.9% NaCl infusions. Compared to lactate, ace-
tate metabolism is significantly faster and more independent of
hepatic function, with a lower increase in oxygen consumption
and no interference with the diagnostic use of lactate as a marker
of inadequate tissue perfusion [8]. A BCS can be used to normal-
ize electrolyte imbalance, maintain homeostasis, and provide a
margin of safety in cases of accidental hyperinfusion [39]. In a
well-designed RCT of critically ill adults, the use of a BCS was as-
sociated with a lower rate of death and new renal replacement
therapy than the use of a 0.9% NaCl solution [40]. In adult pa-
tients with sepsis, the beneficial effect of a BCS on mortality was
greater than that of saline when fluid choice was controlled earlier
[41]. Among non-critically ill adults, the incidence of major ad-
verse kidney events within 30 days was lower with a BCS than
with 0.9% NaCl [42]. A recent meta-analysis of 13 studies showed
that the BCS was associated with lower hospital or 28-30 day
mortality in critically ill adults [43]. However, the mortality and
acute kidney injury rates did not differ between the BCS and 0.9%
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NacCl solution groups in a Cochrane review of critically ill adult
and pediatric patients. However, it should be noticed that, only
258 pediatric patients were included in this Cochrane review [44].

A recent meta-analysis of three RCTs with 162 critically ill pe-
diatric patients showed that metabolic acidosis and bicarbonate
levels improved after 4-12 h of hydration with a BCS compared
with a 0.9% NaCl solution [45]. The European Society of Pediatric
and Neonatal Intensive Care recently conducted a systematic re-
view and published recommendations for IV maintenance fluid
therapy. In solid consensus, isotonic BCS was recommended as a
maintenance fluid in acute and critically ill children [46]. The Eu-
ropean consensus statement in 2011 and guidelines from the As-
sociation of the Scientific Medical Societies in Germany in 2016
also recommend an isotonic BCS be used for intraoperative main-

tenance fluid therapy in children [5,47].

Glucose

During surgery, surgical stress increases plasma counter-insulin
hormone levels (e.g., cortisol, glucagon, epinephrine, and growth
hormone) and decreases plasma insulin levels, which leads to a
hyperglycemia-induced catabolic state [48]. However, if the glu-
cose supplement is insufficient (e.g., long preoperative fasting
with no glucose supplement during surgery), lipolysis and keto-
genesis occur after depletion of glycogen and gluconeogenetic
substrates (e.g., alanine from skeletal muscle) [49]. This leads to a
lower or lower-normal glucose concentration, elevated levels of
ketone bodies and free fatty acids, reduced base excess, and the
occurrence of ketoacidosis [50].

To prevent hypoglycemia and catabolic reactions, fluids con-
taining 5% glucose (5DS) have gained popularity as a mainte-
nance infusion for children [23]. However, as the glucose concen-
tration of 5DS is 5,000 mg/dl, which is approximately 50 times
higher than that in plasma, perioperative infusion of 5DS can in-
duce hyperglycemia [50].

In pediatric patients, both hypoglycemia and hyperglycemia are
associated with neuronal damage [51]. To minimize the risk of
glucose and endocrine homeostasis disruption (hyperglycemia,
hypoglycemia, lipid mobilization, and ketosis), recent consensus
guidelines recommend 1%-2.5% glucose-containing solutions be
used as perioperative maintenance fluids for children [47,52].

However, the amount of glucose administered should be indi-
vidualized, and the anesthesiologist should monitor plasma glu-
cose levels regularly. By adhering to the recommended preopera-
tive fasting time for a healthy child past the neonatal stage, the ad-
ministration of a glucose-free solution is unlikely to disrupt glu-

cose and lipid homeostasis during brief (< 1 h), minimally trau-
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matic surgery such as inguinal hernia repair [53]. In fact, the inci-
dence of preoperative hypoglycemia is between 0% and 2.5% and
is usually associated with a longer duration of fasting. According-
ly, routine administration of glucose is not necessary in healthy
children. In contrast, for a child at a high risk of hypoglycemia, a
2.5% glucose- containing solution may not be sufficient to prevent
perioperative hypoglycemia and ketosis [54]. Children in a cata-
bolic state and/or with a low glycogen reserve (e.g., long fasting
time, burns, prematurity, debilitation, malnourishment, and liver
disease) are at a higher risk of perioperative hypoglycemia. One
RCT found that a 2%-4% DS administered at a rate of 10 ml/kg/h
was more effective at preventing intraoperative catabolism, insu-
lin resistance, rebound hyperglycemia, and acidosis than a 1% DS

in low-birth- weight neonates [55].

Colloids

The use of colloids in clinical practice is relatively new in medi-
cal history. The first case series of IV human albumin (HA) use
was published in 1941 for severely burned and injured sailors
during World War II [56]. Albumin is an essential component of
human plasma proteins. The human liver synthesizes 10-12 g of
albumin, which is degraded spontaneously daily. The half-life of
albumin in human plasma is up to 3 weeks [57]. Albumin com-
prises more than 50% of plasma proteins and is responsible for
80% of the intravascular oncotic pressure [58]. Besides maintain-
ing oncotic plasma pressure, albumin increases plasma concentra-
tions of thiols, which are essential antioxidants of the ECF [59],
modulates the activity of nitric oxide by generating an S-nitroso
adduct of serum albumin [60], and acts as a buffer for hydrogen
ions [61]. However, few studies have shown that external albumin
administration has a clinical impact on these mechanisms.

The use of HA in clinical settings remains controversial. HA
administration has not been found to decrease mortality in criti-
cally ill adults [62-64]. The actual intravascular volume expansion
efficacy of albumin in clinical settings, when compared with that
of a crystalloid solution, is often much less than theoretically ex-
pected. The theoretical volume expansion efficacy of albumin can
be achieved under the conditions of an intact vascular barrier and
normal permeability. However, critical illness and inflammatory
responses are frequently associated with the degradation of the
endothelial glycocalyx layer and increased vascular permeability,
which facilitate water and solute leakage into the interstitium.
This could partly explain the lack of clinical benefit associated
with HA in critically ill patients with edema or sepsis.

HA is the scarcest and most expensive colloid besides plasma.
Additionally, HA has a high associated risk of infection. There-
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fore, since the 1970s, synthetic colloids such as the hydroxyethyl
starch solution (HES) have gradually replaced HA in clinical
practice [65].

The HES is a corn- or potato-based starch containing 0.9% sa-
line or balanced crystalloids. Each HES has a unique molecular
weight, degree of substitution, C2/C6 ratio, and concentration.
The third-generation HES has a lower molecular weight of
130,000 Da and shows an improved safety profile with a lower
risk of renal failure and pruritus and fewer hemostatic alterations,
while maintaining the same volume effects [66,67]. The third
-generation HES in a balanced electrolyte solution showed fewer
acid-base and electrolyte alterations than 0.9% saline [68].

However, the use of a HES in adults, especially under critical
conditions, has been controversial. A recent large meta-analysis
showed that the HES is associated with an increased risk of blood
transfusions and renal replacement therapy in critically ill pa-
tients. However, immediate 30- and 90-day mortality rates did not
differ significantly [69]. In another meta-analysis, compared with
a low-molecular-weight (third-generation) HES in patients with
septic shock, a first- or second-generation HES was associated
with a significant risk of acute kidney injury and renal replace-
ment therapy, whereas the third-generation HES was associated
with an increased risk of renal replacement therapy but not acute
kidney injury [70].

In pediatric patients undergoing surgery, a meta-analysis of
nine RCTs showed that perioperative volume expansion with a
third-generation HES did not alter renal function, blood loss, or
blood transfusions [71]. The intraoperative use of a 6% HES
130/0.4 up to 30 ml/kg was not associated with postoperative
acute kidney injury in pediatric cardiac patients [72]. However,
HES products are under regulatory suspension for all ages in Eu-
rope and the USA [73,74].

Pediatric intraoperative fluid management

The most favored intraoperative maintenance fluid is an isoton-
ic BCS with 1%-2.5% glucose. This solution helps to maintain
electrolyte and endocrine homeostasis in children during surgery.
The “4-2-17 rule, along with the additional fluid requirements
based on the invasiveness of the surgical procedure (2 ml/kg/h for
minor, 4 mg/kg/h for intermediate, and 6 ml/kg/h for major trau-
ma) is still useful for calculating intraoperative maintenance in
children. Anesthesiologists should carefully monitor the ongoing
blood and fluid loss and compensate for this loss with an isotonic
BCS free of glucose or blood, as necessary. Individualized volume
replacement helps optimize the cardiac output based on dynamic

variables specific to pediatric patients and their vital signs [75].
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Colloids can be added to compensate for volume loss and to

maintain the plasma oncotic pressure.

Preoperative fasting

The fasting time associated with volume deficits influences in-
traoperative fluid management. Prolonged fasting is associated
with patient discomfort, nausea and vomiting, thirst, hunger, anx-
iety, and metabolic changes, including ketoacidosis. However,
these adverse effects are less likely to occur when the traditional
“6-4-2” fasting guideline is strictly followed [76]. Excessive fasting
is common, with some patients fasting for up to 15 h, which is
much longer than the recommended fasting time of 2 h [77,78].
Recent studies have suggested that shorter clear-fluid fasting du-
rations may be more beneficial. Two well-designed multidisci-
plinary approaches that included educating parents and medical
personnel and encouraging clear fluid intake even up to 2 h before
surgery, failed to reduce the clear fluid fasting time. In contrast,
after changing the minimum fasting time to 1 h, prolonged fasting
decreased by more than 50% [79,80]. The residual volume of the
stomach and gastric pH did not differ between the 1-h and 2-h
clear fluid fasting groups [81]. Pooled data and audits of liberal
fluid intake guidelines have shown that clear fluid in the stomach
of children during the induction of elective anesthesia does not
increase the risk of aspiration [82].

In 2022, the European Society of Anesthesiology and Intensive
Care published updated guidelines for preoperative fasting in
children in which the 6 (solid, infant formula) - 4 (breast milk) - 2
(clear fluid) regimen was changed to the 6 (solid) - 4 (infant for-
mula) - 3 (breast milk) - 1 (clear fluid) regimen (each number
representing the minimal hours of fasting) [83]. This reduction in
the recommended preoperative clear fluid fasting time is consis-
tent with the 2018 consensus statement from the European Soci-
ety for Pediatric Anesthesiology (ESPA) [84]. Although this mini-
mum recommended clear-fluid fasting time may be controversial,
achieving the shortest possible fasting time without compromis-
ing patient safety is essential. The ESPA recommends < 3 ml/kg
of clear fluid based on a study examining serial magnetic reso-
nance imaging, which showed that the residual gastric volume re-
turned to baseline 1 h after ingestion of 3 ml/kg sugared clear flu-
id [85].

Postoperative fluid management

Children should start drinking fluids as early as possible after
anesthesia. However, timing should be based on the childs urge

to drink. Forced postoperative drinking is associated with in-
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creased vomiting [83]. When early oral intake is not possible or
insufficient, IV fluid support is essential to maintain normovole-
mia. Postoperative IV fluid management involves two unique as-
pects: ongoing body fluid loss and free water retention. Table 2
shows the composition of body fluids. Most body fluids are iso-
tonic; however, they can be hyponatremic or isonatremic. Using
a hyponatremic solution as a postoperative maintenance fluid is
associated with a high risk of iatrogenic hyponatremia.

Free water retention following surgery is another cause of iatro-
genic hyponatremia. Renin and ADH are released to retain salt
and water in response to perioperative hypovolemia. Renin pro-
motes Na and water retention via aldosterone, while ADH induc-
es water resorption via the water channels of the collecting tubules
and ducts in the kidneys. Intravascular volume depletion is the
most potent stimulus of ADH release. Although this reaction is

physiological and thus not inappropriate, various osmotic and

Table 2. Composition of Body Fluids

non-osmotic factors, including pain, inflammation, surgical
stress, hypoxia, hypercapnia, sepsis, organ dysfunction, and drugs
potentiate the release of excessive amounts of ADH, causing the
syndrome of inappropriate antidiuretic hormone secretion (SI-
ADH) to occur [86]. Children in the postoperative period are at
risk of dilutional hyponatremia.

To compensate for body fluid loss and free water retention and
to minimize the risk of iatrogenic hyponatremia, the postopera-
tive maintenance solution should be isotonic and isonatremic
[27]. If a patient has a risk of water retention associated with ADH
secretion, restricting fluids to 50%-80% of routine maintenance
can be considered.

Even in 1972, Holliday recommended that the maintenance
fluid infusion rate be reduced to half of the “4-2-1” rule when the
urine output is decreased due to ADH secretion [87]. In 2007, he

modified his maintenance fluid therapy recommendations for

Source Na' (mEq/L) K" (mEq/L) Cl' (mEq/L) HCO; (mEq/L) pH Osmolarity (mOsm/L)
Gastric 50 10-15 150 0 1 300

Pancreas 140 5 0-100 100 9 300

Bile 130 5 100 40 8 300
Ileostomy 130 15-20 120 25-30 8 300
Diarrhea 50 35 40 50

Sweat 50 5 55 0 Alkaline

Blood 140 4-5 100 25 74 285-295

Urine 0-100 20-100 70-100 0 4.5-8.5 50-1400

Modified from Herrin JT. Fluids and electrolytes. In: Manual of Pediatric Therapeutics. 6th ed. Edited by Graef JW: Philadelphia, Lippincott-

Raven. 1997, pp 63-75.

Table 3. Composition of Plasma and Crystalloid Fluids

Na" cr K* Ca®  Mg" Glucose Lactate Acetate Gluconate Osmolarity H
(mEq/L) (mEg/L) (mEg/L) (mEq/L) (mEq/L) (g/L) (mEq/L) (mEq/L) (mEg/L) (mOsm/L)
Blood
Plasma 135-145 94-111 4.5-50 2.2-2.6 0.8-1.0 0.07-0.1 1-2 275-295 74
Isotonic solution
0.9% Sodium Chloride 154 154 308 5.6
Hartmann's solution 131 111 54 1.8 28 280 6
Plasmalyte-A 140 98 3 27 23 294 74
Hypotonic Solution
5% Dextrose in Water 50 280 4
0.45% Sodium Chloride 77 77 154 5.6
0.3% Sodium Chloride with 51 51 33 288 4.5
3.3% Dextrose (1:2 DS)
0.18% Sodium Chloride with 30 30 40 284 4.5

4% Dextrose (1:4 DS)

Plasma and isotonic solution. Modified from Semler MW, Kellum JA. Balanced crystalloid solutions. Am ] Respir Crit Care Med 2019; 199: 952

60. Hypotonic solution: from manufacturer’s data sheet.
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acutely ill and mild-to-moderately hypovolemic children with
ADH secretion. He recommended that 20-40 ml/kg of isotonic
solution be administered rapidly within 1-2 h to stop the secre-
tion of ADH and that hypotonic solution be administered per his
original recommendation, with the rate reduced by half of the “4-
2-1” rule [88]. However, he was a pediatrician and not a pediatric
anesthesiologist, and his recommendation was not intended for
the postoperative state. As previously mentioned, because of other
ADH-stimulating factors, recovery from hypovolemia is not suffi-
cient to stop the secretion of ADH during and after surgery.

Thus, during the postoperative period, the fluid management
priority is early oral fluid intake based on ameliorating thirst. If
parenteral fluid management is necessary, isotonic solutions
should be used as maintenance fluids in children, and the rate
should be half of the “4-2-1” rule (i.e., the “2-1-0.5” rule) when
hourly urine volume is diminished due to ADH secretion. After
urine volume is normalized, the rate may be increased to again
follow the “4-2-1” rule (Table 1).

Conclusion

For perioperative fluid management, anesthesiologists should
be aware of the perioperative pathophysiology of children and the
characteristics of the fluids (Table 3). Excessive preoperative fast-
ing is associated with discomfort, dehydration, and a catabolic
state. The preoperative fasting time should be kept to a minimum
to ensure patient safety. An isotonic balanced solution shows bet-
ter physiological characteristics and is safer for perioperative
maintenance and replacement than other fluids. For intraopera-
tive maintenance, adding 1%-2.5% glucose can help prevent glu-
cose and endocrine homeostasis disruption in some patients.
During the postoperative period, children should be encouraged
to drink fluids when thirsty. The rate of postoperative fluid ad-
ministration should be adjusted to account for the effects of free
water retention by renin and ADH as well as ongoing fluid and

blood loss during the postoperative period.
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