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Abstract Fluid management has a major impact on the du-
ration, severity and outcome of critical illness. The overall
strategy for the acutely ill child should be biphasic.
Aggressive volume expansion to support tissue oxygen deliv-
ery as part of early goal-directed resuscitation algorithms for
shock—especially septic shock—has been associated with
dramatic improvements in outcome. Recent data suggest that
the cost-benefit of aggressive fluid resuscitation may be more
complex than previously thought, and may depend on case-
mix and the availability of intensive care. After the resuscita-
tion phase, critically ill children tend to retain free water while
having reduced insensible losses. Fluid regimens that limit or
avoid positive fluid balance are associated with a reduced
length of hospital stay and fewer complications. Identifying
the point at which patients change from the ‘early shock’
pattern to the later ‘chronic critical illness’ pattern remains a
major challenge. Very little data are available on the choice of
fluids, and most of the information that is available arises from
studies of critically ill adults. There is therefore an urgent need
for high-quality trials of both resuscitation and maintenance
fluid regimens in critically ill children.
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Introduction

Intensive care units (ICUs) came into existence in response to a
variety of needs, such as respiratory support (initially in polio
epidemics), treatment of shock (e.g. meningococcal disease)
and care following increasing complex surgery [1, 2].

Intravenous fluid therapy has been a key element of the more
intensive care provided to each of these groups of patients.
There are important differences between the optimal fluid
therapies in each of these scenarios and, perhaps more impor-
tantly, within the same patient at different stages in the natural
history of his/her critical illness.

Basic principles of fluid management

Total body fluid (TBF) consists of approximately one-third
extracellular fluid (ECF) and two-thirds intracellular fluid
(ICF). The ECF consists of both interstitial and intravascular
fluid [3–7]. The relative size of the intravascular volume
changes as the child grows. A term neonate has a circulating
volume of around 80 ml/kg; this has been reduced to 60–
70 ml/kg by adulthood [8].

Role of the circulating fluid volume

Intensive care doctors think in simple terms. For example, we
view the primary role of the circulating intravascular volume to
be the transport of oxygen from the lung to the tissues and the
return of carbon dioxide from the tissues to the lungs [9]. Any
threat to the size of the effective intravascular volume (haemor-
rhage or capillary leak) threatens this primary role of oxygen
delivery. When oxygen delivery is insufficient, sophisticated
compensatory mechanisms, such as increases in the heart rate
and/or stroke volume, are activated to increase the flow rate
(cardiac output) [10]. Further adaption is provided by selective
redistribution of blood flow to the most vital organs (heart and
brain). This occurs at the cost of further reductions in blood
flow to other organs, especially skin, gut and kidneys [11].

Systemic inflammation and increased micro-vascular
permeability

Critical illness is typically accompanied by the systemic in-
flammatory response syndrome (SIRS). This clinical syndrome
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of pyrexia, tachycardia, tachypneoa and leucocytosis is present
in around 75% of unselected critically ill children [12]. SIRS is
common even in the absence of infection, especially following
major surgery or trauma [13]. A crucial consequence of SIRS is
an alteration in endothelial permeability [14]. This has impor-
tant implications for fluid therapy administered in the ICU.

In 1896, Ernest Starling from University College London
proposed the famous model of capillaries as semi-permeable
membranes, with fluid shifts reflecting the resultant of os-
motic and hydrostatic pressures [15]. During SIRS or sepsis,
capillary permeability increases with a resultant net loss of
fluid from the circulation to the tissues [16, 17].

The molecular basis of this ‘capillary leak’ is now being
understood. VE-cadherin is a major protein complex in cell
junctions. In the normal state, this protein complex interacts
with the p120-catenin receptor and stabilises tight cell junc-
tions—thereby impeding capillary leak. However, during
SIRS/sepsis, circulating cytokines induce endothelial activa-
tion and dysfunction. The endothelium loses its ability to
induce vasoconstriction; it becomes less able to resist local
coagulation factor activation and expresses numerous mole-
cules that encourage leukocyte adhesion. Endothelial activa-
tion is also associatedwith the loss of cell surface VE-cadherin,
causing the opening of inter-cellular gaps and capillary leak.
Recent work has demonstrated that the Slit and ROBO-4
proteins combine to provide a stabilising effect on the VE-
cadherin system. This raises the possibility of therapeutic
manipulation of the degree of capillary leak with synthetic
proteins [17, 18] (Fig. 1).

Bolus fluid resuscitation in shock

Intravenous administration of extra fluid to ‘top-up’ the circu-
lation increases cardiac output by the Frank–Starling relation-
ship. Again, Ernest Starling described the key physiology we
still use today at every bed space based on observations of
isolated perfused dog hearts. He described the increase in
stroke volume seen with increased left ventricular stretch
[19, 20]. The result is that fluid administration increases
cardiac output, tissue blood flow and oxygen delivery to vital
organs (unless the heart is already failing). These core obser-
vations are translated into the current recommendations for
haemodynamic support in septic shock in children. Consensus
guidance recommends administering bolus aliquots of
20 ml/kg very rapidly (up to 60 ml/kg in ≤15 min). The
volume given is titrated to observable indicators of adequate
organ perfusion. These include capillary refill time, conscious
level and urine output [21].

Although the evidence base behind this guidance is
not robust, it is the most widely accepted reference for
management of the critically ill child. An update of this
guideline is currently under review and is due for pub-
lication in 2013 (Fig. 2).

Bolus administration of fluids has been assessed as a core
element of newer resuscitation algorithms. These ‘early goal-
directed’ algorithms include tight feedback loops of searching
for evidence of residual perfusion defects and pursuing rapid
correction of abnormal values. These protocols have been
associated with dramatic reductions in mortality from septic
shock in adults and children [22, 23]. Detailed studies of serial
pro-inflammatory cytokine profiles in shock patients demon-
strate that aggressive resuscitation attenuates the subsequent
inflammatory response, with reduced coagulation activation
and a lesser degree of endothelial injury [24]. In short, good,
early resuscitation is anti-inflammatory [25].

Impact of increased interstitial fluid

Our enthusiasm for rapid volume expansion in shock states
must be tempered by knowledge of its potential downside.
Excessive interstitial fluid reduces the efficacy of gas ex-
change at alveolar and tissue levels [26].

Oxygen diffusion efficiency is closely related to the
thickness of the alveolar–arterial membrane. Interstitial oe-
dema compromises oxygen delivery from the outside world
to the mitochondrion at two main sites—across the alveolar
membrane, where the diffusion of gases in hindered, and in
tissues, where oxygen extraction from capillaries and carbon
dioxide clearance are impaired [27] (Fig. 3).

Microcirculatory dysfunction in sepsis

Sepsis disrupts much of the fine local control of blood flow by
mediators, including induced nitric oxide [28, 29]. This ‘mi-
crocirculatory dysfunction’ results in heterogeneous perfusion
that is uncoupled from local tissue oxygen demands [30, 31].
It is believed that regional tissue hypoperfusion together with
mitochondrial dysfunction result in tissue ‘dysoxia’ [32–34].
Microvascular dysfunction compounds the detrimental effect
of interstitial oedema on the flow of oxygen across the alve-
olar–arterial membrane and into tissues [27] (Fig. 3).

Several therapies to improve microvascular dysfunction
have been investigated in trials. Interventions that boost early
systemic haemodynamics hold promise [34]. The results of
clinical studies suggest that early fluid expansion (<24 h) in
sepsis can increase the proportion of perfused small vessels,
whereas later fluid administration does not have this effect [35].

Dubin et al. used vasopressors to achieve a range of mean
arterial pressure targets in septic patients. The cardiac index
and other haemodynamic parameters increased, but no sig-
nificant changes in the sub-lingual micro-vascular flow in-
dex were seen. Significant inter-individual variations were
observed, again possibly reflecting variability occurring
during the natural history of sepsis [36].

As yet, no interventions that target microcirculatory
dysfunction are in clinical practice, but the available
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data are consistent with a biphasic response which is in
line with published results on early goal-directed thera-
py (EGDT) [34].

The balance between effective resuscitation and the risk
of fluid overload

The challenge is clear. In shock states, we have to re-
establish tissue perfusion rapidly without overdosing into
potentially harmful states of increased interstitial fluid.
There is no definitive way of determining this balance, but
timing, case-mix and the choice of fluids and resources

available for respiratory support all influence the efficacy
and safety of fluid resuscitation.

Recent history of goal-directed resuscitation

The last 40 years has seen numerous attempts to improve the
efficacy and reduce the risks of resuscitation. A serious and
systematic attempt to optimise resuscitation was undertaken
by Shoemaker’s group in the 1970s who used pulmonary
artery catheters to measure cardiac output and identified
detailed haemodynamic patterns associated with survival
from critical illness. These patterns were then proposed as
targets in resuscitation algorithms for the management of

Fig. 1 Cytokines and other inflammatory mediators induce gaps be-
tween endothelial cells by causing the disassembly of intracellular
junctions and/or alterations in the cellular cytoskeletal structure or by
directly damaging the cell monolayer. This creation of gaps can result
in microvascular leak and tissue edema. By binding the Robo4 recep-
tor, the slit protein prevents the dissociation of p120-catenin from the

VE-cadherin in response to inflammatory mediators, with the result
that VE-cadherin remains on the plasma membrane. Thus, the disas-
sembly of intercellular junctions is prevented, and barrier integrity is
maintained. Figure is provided by courtesy of Warren Lee et al. [17]
and used with permission
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septic patients in the emergency department in the early
1980s. Initially, observational studies suggested shorter
resuscitation times and fewer shock-related complica-
tions [37–39].

The early promise of this approach was subsequently chal-
lenged by three factors. Firstly, high rates of complications of
pulmonary artery catheters were reported [40]. Secondly, the
extent of potential harm of increased extravascular lung water

Fig. 2 American College of Critical Care Medicine (ACCM) guidance
algorithm 2007 for time-sensitive, goal-directed, stepwise management
of haemodynamic support in infants and children. The physician pro-
ceeds to the next step if shock persists. First-hour goals: restore and
maintain heart rate thresholds and achieve capillary refill of ≤2 s and a
normal blood pressure in the first hour/emergency department. Support
oxygenation and ventilation as appropriate. Subsequent intensive care
unit goals: if shock is not reversed, intervene to restore and maintain
normal perfusion pressure [mean arterial pressure (MAP)–central

venous pressure (CVP)] for age, central venous O2 saturation of
>70 % and cardiac index (CI) of>3.3 and <6.0 l/min/m2 in pediatric
intensive care unit (PICU). Hgb Hemoglobin, PICCO pulse contour
cardiac output, FATD femoral arterial thermodilution, ECMO extra-
corporeal membrane oxygenation, CRRT continuous renal replacement
therapy, IV intravenous, IO interosseous, IM intramuscular, ScvO2

superior caval vein oxygen saturation, PIV peripheral IV. Figure is
provided courtesy of Brierley et al. [21] and used with permission
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in the subset of patients with acute lung injury/acute respiratory
distress syndrome (ALI/ARDS) was recognised [41].
Consequently, the benefits of this approach were not demon-
strable in high-risk surgical patients [42]. The situation was
further complicated by studies that suggested that the benefits
of reaching oxygen delivery targets depended on how much
treatment was required to achieve these targets [43, 44].

A meta-analysis of 21 randomised controlled trials of
resuscitation algorithms in critical illness highlights that
efficacy is restricted to interventions before established or-
gan failures in high-risk patients [45]. There is an inherent
risk to low-risk patients or to those in established organ
failure from early-targeted resuscitation, such as fluid over-
load and increased complications [46].

Both these elements—early and targeted interventions to
the highest risk patients—have been explored in recent studies

in severe sepsis. The landmark study by Rivers et al. [22]
demonstrated the efficacy of adding a target of superior caval
vein oxygen saturation (ScvO2>70 %) to standard measures in
the first 6 h of resuscitation from septic shock in adults. ScvO2

is a measure of the global adequacy of oxygen delivery mea-
sured through a standard central line rather than a pulmonary
artery catheter. Values above 70 % provide evidence that
oxygen delivery is exceeding tissue consumption. The 16 %
absolute risk reduction for death in this study remains the
largest impact on sepsis mortality of any intervention yet
reported [22]. Similar results were reproduced in paediat-
ric sepsis from a team in San Paulo, Brazil: 28-day
mortality was 11.8 % in the ScvO2 goal-directed algo-
rithm group compared to 39.2 % in the standard American
College of Critical Care Medicine (ACCM) algorithm control
group (p<0.002) [23].

Fig. 3 Impact of fluid overload on oxygen cascade. Partial pressure of oxygen decreases at the level of alveoli, capillary, arteries and tissues. Black
line Normal gradation in partial pressure of oxygen, red line impact of fluid overload at the level of alveoli and tissues
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The results of these studies are consistent with early
aggressive resuscitation targeted at those cases, with evi-
dence of inadequate oxygen delivery being effective. The
very high control group mortalities in both of these break-
through studies have meant that the relevance of these
results to lower risk populations must be considered care-
fully while mega-trial results are awaited [47]. These studies
are on-going [21, 48–50]. In the meantime, it seems that the
presence of a feedback loop to keep reviewing the adequacy
of resuscitation may be the key feature of this approach—
and the effect may not be specific to ScvO2. For example,
recent work suggests that resuscitation targeted at reducing
raised serum lactate levels is equivalent to targeting ScvO2>
70%. This would have clear practical advantages in view of the
difficulty of obtaining ScvO2 estimations in children [51–54].

A recent audit by the UK Paediatric Intensive Care
Society Study Group showed that nearly 60 % of children
diagnosed with sepsis are not being resuscitated according
to the 2002 ACCM guideline. It may be that clinical im-
provement methodology represents the most effective next
step in shock resuscitation rather than more complex goal-
directed algorithms [50, 55].

FEAST

A recent large study (n=3,141) of three different fluid
resuscitation regimens (no bolus fluid vs.0.9 % saline bolus
vs. 4.5 % albumin bolus of 20–40 ml/kg) in children with
fever and evidence of poor perfusion superficially seems to
contradict our confidence in fluid resuscitation. Control
group mortality was 7.3 % whereas that of the saline or
albumin groups was 10.5–10.6 %. There are many potential
explanations for this dramatic result (including the lack of
availability of positive pressure ventilation), but one of these
might simply be another version of the message we learned
in the early 1990s—that aggressive resuscitation only bene-
fits those at high risk (not a control group mortality of 7 %)
when it is started early. Extended pre-hospital times might
well have contributed to the lack of efficacy of this study [56].

Impact of fluid resuscitation on the renal function

Glomerular filtration is dependent on renal perfusion pres-
sure [57]. Bolus fluid augments both mean arterial blood
pressure and renal perfusion pressure. However, in a rat
model of haemorrhagic shock Legrand et al. demonstrated
that fluid resuscitation does not improve direct measures of
renal oxygenation [58]. These observations have been repro-
duced in a sheep model wherein bolus fluid infusion aug-
mented cardiac output, but did not influence renal blood
flow and oxygenation [59].

Although these studies suggest no benefit of fluid resus-
citation on renal oxygenation, the paediatric EGDT study

describes a lower incidence of new onset renal failure in the
intervention group when compared to controls (6.7 vs.
26.7 %, p<0.02) [23].

Rivers et al. did not specifically report on renal
dysfunction. However, the intervention group had re-
duced severity of multi-organ dysfunction scores
(MODS) when compared to controls (mean ± standard
deviation5.1±3.9 vs. 6.4±4.0; p<0.001) [22]. These
studies imply a further mechanism is at work during
EGDT that might enhance organ function independent
of the effects on tissue oxygenation [24].

Later fluid management

Restrictive maintenance fluid strategy in the ICU

Insensible fluid losses are greatly reduced in patients admit-
ted to ICUs because inspired gas is warmed and humidified,
pyrexia is typically avoided and movements are greatly
reduced by anaesthesia often with neuromuscular blockade.
In addition, a critically ill child has a reduced capacity to
excrete free water [60].

Decreased free water clearance is also described as
the syndrome of inappropriate antidiuresis (SIAD).
SIAD is manifest secondary to the unregulated secretion
of argenine–vasopression (AVP), the elevated basal se-
cretion of AVP despite normal regulation of osmolality
or the suppression of AVP secretion or undetectable
levels of AVP with a reset of the serum sodium level
to lower than normal. Common causes of SIAD include
central nervous system and malignant disorders and
pulmonary disease [61].

SIAD and decreased insensible losses mean that hypona-
tremia occurs readily in critically ill children. Cerebral oedema
and hyponatremic encephalopathy are less well tolerated in
young children than adults due to the larger brain to intracra-
nial volume of the former. Deaths from hyponatremia after
routine surgery have been well documented. Isotonic solu-
tions mitigate the risk of hyponatremia [62].

The National Patient Safety Agency in 2007 warned:
“The use of intravenous hypotonic solutions puts children
at a greater risk of developing life-threatening hyponatrae-
mia than other types of fluid and should be prescribed with
caution. All children are at risk. Wherever possible, care-
fully managed oral fluids are preferable to intravenous fluid
therapy” [63].

As a result hypo-osmolar maintenance fluids, such as
0.18 % sodium chloride with 4 % glucose, have disappeared
from routine use [64].

The extent to which excessive free water may cause harm
has been considered in two recent large studies. Neither of
these studies randomised between fluid strategies, but a
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positive fluid balance was observed to be an independent
predictor of worse outcome in both the Vasopressin in
Septic Shock Trial (n=778) and the Sepsis in European
Intensive Care Units study (n=3,147) [65, 66]. Importantly
this effect remained after case-mix adjustment—reducing
the probability of a ‘para-phenomenon effect’.

In the Fluid and Catheter Treatment Trial (FACTT) 1,000
adults with ARDS were randomised to a strictly protocol-
ised conservative or liberal fluid management strategy . The
conservative group had improved gas exchange and higher
ventilator-free and ICU-free days (p=0.001). Interestingly,
this result did not equate to a statistical difference in survival
rates at 60 days—perhaps reflecting the impact of underly-
ing disease on mortality [67].

Murphy et al. [68] studied 212 patients with ALI follow-
ing septic shock. Patients who received adequate initial fluid
resuscitation had lower mortality than those who did not
[32.2 vs. 60.6 %; odds ratio (OR) 0.20, 95 % confidence
interval (CI)0.08–0.48, p<0.001)] Those who received con-
servative late fluid management had lower mortality than
those who received more liberal later fluid (24.8 vs. 62.6 %;
OR 0.16, 95 % CI0.07–0.36, p<0.001). Lowest hospital
mortality was noted in those who achieved both adequate
early and conservative late regimens (18.3 %) [68] (Fig. 4).

In the last decade, paediatric ICUs (PICUs) have
used these adult studies to incorporate restrictive fluid
strategy into practice. Arikan et al. reported on 80
critically ill children in whom the peak fluid overload
percentage was independently associated with higher
oxygenation index (p=0.009), longer duration of venti-
lation (p=0.004) and longer length of PICU (p=0.008)
and hospital stay (p=0.02) [69]. Valentine et al. [70], on
behalf of the Paediatric Acute Lung Injury and Sepsis
Investigators (PALISI) network, have assessed net fluid bal-
ance in children with ALI against the groups in the FACTT.
Among the 168 children reviewed, increasing fluid balance on

day 3 was noted to be inversely proportional to ventilator-free
days (p=0.02). The fluid balance pattern was similar to that of
the liberal arm of the FACTT [70].

Relationship of fluid overload to acute kidney injury
and mortality

The incidence of acute kidney injury (AKI) in children
admitted to the ICU can be as high as 60 % [71]. These
cases are more likely to remain in a positive fluid balance.
This relationship has been demonstrated in several large
cohort studies. In the large Sepsis Occurrence in Acutely
Ill Patients study (SOAP; n=3,147), 36 % of patients had
acute renal failure at some point in their ICU stay; of these,
30.2 % died compared to 12.1 % of the non-acute renal
failure group (p<0.01) [72]. Positive fluid balance was an
independent predictor of death. Similarly, in the Programme
to Improve Care in Acute Renal Disease (PICKARD) study,
618 critically ill patients with AKI were examined. The
mean percentage fluid accumulation was lower in survivors
than in non-survivors (8.8 vs. 14.2 %; p<0.001). The
odds ratio for death for patients with fluid overload com-
pared to those without fluid overload was 2.07 (95% CI1.3–
3.4) [73]. Hence, renal failure appears to increase ICU
mortality, at least in part, as a result of fluid retention.

Importantly, among patients who receive renal replace-
ment therapy (RRT), late initiation (>2 days after ICU
admission) is associated with higher ICU mortality (late
61.5 % vs. early 39.4 %; p<0.01) [72].

Although it is generally agreed that there is a need to
‘keep ‘em dry’, management strategies to achieve this have
not been well researched. A recent systematic review reports
that loop diuretics improve urine output and shorten the
duration of RRT but that they do not have an effect on the
eventual recovery of renal function or mortality of the patient
[74]. The initiation of early RRT has been advocated [75].

Fig. 4 Hospital mortality
according to whether or not
patients achieved adequate
initial fluid resuscitation,
conservative later fluid
management, both, or neither.
Figure is provided courtesy of
Murphy et al. [68] and used
with permission
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Choice of fluid for volume expansion

Numerous animal studies have supported either crystalloid or
colloid as preferable for resuscitation in various species with
various aetiologies of shock [76–78]. The Saline vs. Albumin
for Fluid Evaluation (SAFE)multicentre randomised controlled
mega-trial compared resuscitation with albumin and saline

(n=6,997). The relative risk of death in 28 days for patients in
the albumin group compared to the saline group was 0.99 (95%
CI 0.91–1.09). However, this did not end the debate as subgroup
analyses revealed an advantage for severe sepsis managed with
albumin. Case-mix adjusted odds ratio for death for albumin
versus saline was 0.71 (95 % CI 0.52–0.97, p=0.03). The same
group is now assessing this result in a further trial [79–81].

Fig. 5 Algorithm for management of fluid balance in the critically ill child
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Interestingly, an opposite effect is observed in head trauma
cases (relative risk of death by 24 months with albumin 1.63;
95 % CI 1.17–2.26, p=0.003) [82].

While the results of numerous studies of artificial colloids
have suggested minor effects on the times to shock reversal
in comparison to crystalloids, the effect are largely small
and short-lived. There are indications of an increased risk of
AKI, especially with hydroxyethyl starches (HES) [83]. The
first large-scale study in 798 adults with severe sepsis
recorded increased mortality with HES compared to ringer’s
lactate (relative risk 1.17, 95% CI 1.01–1.36, p=0.03) [84]

Myburgh et al. reported on 7,000 critically ill adult
patients requiring fluid resuscitation randomised to HES or
normal saline. No difference in the risk of death was noted
(relative risk 1.06, (5 % CI0.96–1.18), however 7 % of the
HES group needed RRT compared to 5.8 % in the saline
group (p=0.04) [85].

To summarise these data—the choice between crystalloid
and colloid in septic shock is still open with some data in
favour of each [86, 87]. Starch-based solutions should prob-
ably be avoided. Our practice is to use a 4.5 % human
albumin solution if immediately available in sepsis cases
and normal saline in trauma cases [88, 89].

Choice of maintenance fluid

As early as 1932, Hartmann showed that normal saline
causes acidosis in children [90]. Much later, Ringer’s lactate
was shown to cause a decrease in osmolality [91].

Although studies have looked at the most appropriate
fluid for maintenance, no clear guidance is available in this
regard other than the caution on hypotonic solutions [92]. At
our hospital, we use isotonic solutions for maintenance with
close monitoring of electrolyte parameters.

Potential value of hyperosmolar therapy

Cerebral oedema is a risk in the traumatic brain injury
patient due to primary and secondary brain injury.
Mannitol and hypertonic saline have been used in this
group. The aim is to reduce cerebral edema by creating
an osmotic gradient. Osmolar therapies are well established
in the treatment of cerebral oedema although evidence for
their efficacy is limited. Both therapies are used nearly
equally in the paediatric intensive care settings as shown
by a recent study [93].

Resuscitation of the major trauma patient

Doctors working in armed conflict zones were the first to
recognise that victims of major trauma with uncontrolled

haemorrhage had better outcomes when resuscitated with
lower blood pressures. This has led to the principle of damage
control resuscitation and integrates permissive hypotension,
haemostatic resuscitation and damage control surgery [94].

The results of animal trails have been encouraging, with a
systematic review byMapstone et al. reporting a lower relative
risk of death of 0.37 (95 % CI –0.27 to 0.52) with hypotensive
resuscitation compared to normotensive resuscitation. (p<
0.00001) [95].

Data from large human trails are lacking. Preliminary
results from a randomised control trial suggest that hypoten-
sive resuscitation may be a safe and feasible option. Larger
adult studies and paediatric studies are necessary before in-
corporation of this principle into paediatric practice [96].

Conclusion

Fluidmanagement of the critically ill child still has facets that are
contentious.We agree that bolus fluid resuscitation is crucial to a
child in shock. However, current evidence suggests that early
goal-directed therapy is only beneficial in the high-risk patient
before the development to organ failure. Following resuscitation,
restrictive fluid strategy garners widespread consensus.

We propose an algorithm for fluid management in the
critically ill child drawn from current literature (Fig. 5).

Although there is no clear-cut guidance on the appropri-
ate fluid to use for bolus fluid resuscitation, recent literature
raises concerns on the usage of HES. Guidance on mainte-
nance fluid prescriptions is clearer. We follow the National
Patient Safety Agency guidance and avoid hypotonic solu-
tions. The art is to deliver a biphasic fluid strategy: resusci-
tate early, resuscitate hard and then ‘keep ‘em dry’.

Acknowledgements This work was undertaken at the Great Ormond
Street Hospital/UCL Institute of Child Health, which received a pro-
portion of its funding from the Department of Health’s NIHR Biomed-
ical Research Centres funding scheme. Dr. Peters receives Higher
Education Funding Executive support as a Clinical Senior Lecturer.

References

1. Lassen HCA (1953) A preliminary report on the 1952 epidemic of
poliomyelitis in Copenhagen with special reference to the treat-
ment of acute respiratory insufficiency. Lancet 1:37–41

2. Reynolds L, Tansey E (2011) History of British intensive Care,
c.1950–c.2000. Wellcome Witnesses to Twentieth Century Medi-
cine, vol. 42. London, Wellcome Trust Centre for the History of
Medicine at UCL, pp 1–188

3. Petersen VP (1957) Body composition and fluid compartments in
normal, obese and underweight human subjects. Acta Med Scand
158:103–111

4. Bhave G, Neilson EG (2011) Volume depletion versus dehydra-
tion: how understanding the difference can guide therapy. Am J
Kidney Dis 58:302–309

Pediatr Nephrol (2014) 29:23–34 31



5. Edelman IS, Leibman J (1959) Anatomy of body water and elec-
trolytes. Am J Med 27:256–277

6. Watson PE, Watson ID, Batt RD (1980) Total body water volumes
for adult males and females estimated from simple anthropometric
measurements. Am J Clin Nutr 33:27–39

7. Chumlea WC, Guo SS, Zeller CM, Reo NV, Baumgartner RN,
Garry PJ, Wang J, Pierson RN, Heymsfield SB, Siervogel RM
(2001) Total body water reference values and prediction equations
for adults. Kidney Int 59:2250–2258

8. Friis-Hansen B (1961) Body water compartments in children:
changes during growth and related changes in body composition.
Pediatrics 28:169–181

9. Manier G, Castaing Y (1992) Influence of cardiac output on
oxygen exchange in acute pulmonary embolism. Am Rev Respir
Dis 145:130–136

10. Torres Filho IP, Torres LN, Pittman RN (2010) Early physiologic
responses to hemorrhagic hypotension. Transl Res 155:78–88

11. Schlichtig R, Kramer DJ, Pinsky MR (1991) Flow redistribution
during progressive hemorrhage is a determinant of critical O2
delivery. J Appl Physiol 70:169–178

12. Agbeko RS, Fidler KJ, Allen ML, Wilson P, Klein NJ, Peters MJ
(2010) Genetic variability in complement activation modulates the
systemic inflammatory response syndrome in children. Pediatr Crit
Care Med 11:561–567

13. Brun-Buisson C (2000) The epidemiology of the systemic inflam-
matory response. Intensive Care Med 26[Suppl 1]:S64–S74

14. de Jong HK, van der Poll T, Wiersinga WJ (2010) The systemic
pro-inflammatory response in sepsis. J Innate Immun 2:422–430

15. Taylor AE (1981) Capillary fluid filtration. Starling forces and
lymph flow. Circ Res 49:557–575

16. Klein NJ, Shennan GI, Heyderman RS, Levin M (1992) Alteration
in glycosaminoglycan metabolism and surface charge on human
umbilical vein endothelial cells induced by cytokines, endotoxin
and neutrophils. J Cell Sci 102(Pt 4):821–832

17. Lee WL, Slutsky AS (2010) Sepsis and endothelial permeability. N
Engl J Med 363:689–691

18. London NR, Zhu W, Bozza FA, Smith MCP, Greif DM, Sorensen
LK, Chen L, Kaminoh Y, Chan AC, Passi SF, Day CW, Barnard
DL, Zimmerman GA, Krasnow MA, Li DY (2010) Targeting
Robo4-dependent slit signaling to survive the cytokine storm in
sepsis and influenza. Sci Transl Med 2:23ra19–23ra19

19. Srivastava D (2006) Stretching to meet needs: integrin-linked
kinase and the cardiac pump. Genes Dev 20:2327–2331

20. Patterson SW, Starling EH (1914) On the mechanical factors which
determine the output of the ventricles. J Physiol (Lond) 48:357–379

21. Brierley J, Carcillo JA, ChoongK, Cornell T, DeCaenA, DeymannA,
Doctor A, Davis A, Duff J, DugasM-A, DuncanA, Evans B, Feldman
J, Felmet K, Fisher G, Frankel L, Jeffries H, Greenwald B, Gutierrez J,
Hall M, Han YY, Hanson J, Hazelzet J, Hernan L, Kiff J, Kissoon N,
Kon A, Irazuzta J, Lin J, Lorts A, Mariscalco M, Mehta R, Nadel S,
Nguyen T, Nicholson C, Peters M, Okhuysen-Cawley R, Poulton T,
Relves M, Rodriguez A, Rozenfeld R, Schnitzler E, Shanley T, Kache
S, Skippen P, Torres A, vonDessauer B,Weingarten J, Yeh T, Zaritsky
A, Stojadinovic B, Zimmerman J, Zuckerberg A (2009) Clinical
practice parameters for hemodynamic support of pediatric and neona-
tal septic shock: 2007 update from the American College of Critical
Care Medicine. Crit Care Med 37:666–688

22. Rivers E, Nguyen B, Havstad S, Ressler J, Muzzin A, Knoblich B,
Peterson E, Tomlanovich M, Early Goal-Directed Therapy Collab-
orative Group (2001) Early goal-directed therapy in the treatment
of severe sepsis and septic shock. N Engl J Med 345:1368–1377

23. Oliveira CF, Oliveira DSF, Gottschald AFC, Moura JDG, Costa
GA, Ventura AC, Fernandes JC, Vaz FAC, Carcillo JA, Rivers EP,
Troster EJ (2008) ACCM/PALS haemodynamic support guidelines
for paediatric septic shock: an outcomes comparison with and

without monitoring central venous oxygen saturation. Intensive
Care Med 34:1065–1075

24. Rivers EP, Kruse JA, Jacobsen G, Shah K, Loomba M, Otero R,
Childs EW (2007) The influence of early hemodynamic optimiza-
tion on biomarker patterns of severe sepsis and septic shock. Crit
Care Med 35:2016–2024

25. Peters MJ, Brierley J (2008) Back to basics in septic shock.
Intensive Care Med 34:991–993

26. Rivers E (2006) Fluid-management strategies in acute lung injury
—liberal, conservative, or both? N Engl J Med 354:2598–2600

27. Law R (2012) The physiology of oxygen delivery. Update in
anaesthesia: 1–6

28. Secor D, Li F, Ellis CG, Sharpe MD, Gross PL, Wilson JX, Tyml K
(2010) Impaired microvascular perfusion in sepsis requires acti-
vated coagulation and P-selectin-mediated platelet adhesion in
capillaries. Intensive Care Med 36:1928–1934

29. Verdant CL, De Backer D, Bruhn A, Clausi CM, Su F, Wang Z,
Rodriguez H, Pries AR, Vincent J-L (2009) Evaluation of sublin-
gual and gut mucosal microcirculation in sepsis: a quantitative
analysis. Crit Care Med 37:2875–2881

30. Bateman RM, Sharpe MD, Ellis CG (2003) Bench-to-bedside
review: microvascular dys fluid-management strategies in acute
lung injury function in sepsis–hemodynamics, oxygen transport,
and nitric oxide. Crit Care 7:359–373

31. De Backer D, Donadello K, Taccone FS, Ospina-Tascon G, Sal-
gado D, Vincent J-L (2011) Microcirculatory alterations: potential
mechanisms and implications for therapy. Ann Intensive Care 1:27

32. Bateman RM, Tokunaga C, Kareco T, Dorscheid DR, Walley KR
(2007) Myocardial hypoxia-inducible HIF-1, VEGF, and GLUT1
gene expression is associated with microvascular and ICAM-1
heterogeneity during endotoxemia. Am J Physiol Heart Circ Phys-
iol 293:H448–H456

33. Trzeciak S, Rivers EP (2005) Clinical manifestations of disordered
microcirculatory perfusion in severe sepsis. Crit Care 9[Suppl 4]:
S20–S26

34. Garrabou G, Moren C, Lopez S, Tobias E, Cardellach F, Miro O,
Casademont J (2012) The effects of sepsis on mitochondria. J
Infect Dis 205:392–400

35. Ospina-Tascon G, Neves AP, Occhipinti G, Donadello K, Buchele
G, Simion D, Chierego M-L, Silva TO, Fonseca A, Vincent J-L,
De Backer D (2010) Effects of fluids on microvascular perfusion in
patients with severe sepsis. Intensive Care Med 36:949–955

36. Dubin A, Pozo MO, Casabella CA, Pálizas F, Murias G, Moseinco
MC, Kanoore Edul VS, Pálizas F, Estenssoro E, Ince C (2009)
Increasing arterial blood pressure with norepinephrine does not
improve microcirculatory blood flow: a prospective study. Crit
Care 13:R92

37. Shoemaker WC, Kark AE (1970) Role of physiologic monitoring
in the intensive care unit. Surg Annu 2:61–81

38. Shoemaker WC, Mohr PA, Printen KJ, Brown RS, Amato JJ,
Carey JS, Youssef S, Reinhard JM, Kim SI, Kark AE (1970) Use
of sequential physiologic measurements for evaluation and therapy
of uncomplicated septic shock. Surg Gynecol Obstet 131:245–254

39. Hopkins JA, Shoemaker WC, Chang PC, Schluchter M, Greenfield
S (1983) Clinical trial of an emergency resuscitation algorithm.
Crit Care Med 11:621–629

40. Bayliss M, Andrade J, Heydari B, Ignaszewski A (2009) Jeremy
Swan and the pulmonary artery catheter: paving the way for
effective hemodynamic monitoring. BCMJ 51:302–307

41. Humphrey H, Hall J, Sznajder I, Silverstein M, Wood L (1990)
Improved survival in ARDS patients associated with a reduction in
pulmonary capillary wedge pressure. Chest 97:1176–1180

42. Sandham JD, Hull RD, Brant RF, Knox L, Pineo GF, Doig CJ,
Laporta DP, Viner S, Passerini L, Devitt H, Kirby A, Jacka M,
Canadian Critical Care Clinical Trials Group (2003) A randomized,

32 Pediatr Nephrol (2014) 29:23–34



controlled trial of the use of pulmonary-artery catheters in high-risk
surgical patients. N Engl J Med 348:5–14

43. Hayes MA, Timmins AC, Yau EH, Palazzo M, Hinds CJ, Watson
D (1994) Elevation of systemic oxygen delivery in the treatment of
critically ill patients. N Engl J Med 330:1717–1722

44. Gattinoni L, Brazzi L, Pelosi P, Latini R, Tognoni G, Pesenti A,
Fumagalli R (1995) A trial of goal-oriented hemodynamic therapy
in critically ill patients. SvO2 Collaborative Group. N Engl J Med
333:1025–1032

45. Boyd O (1999) The high risk surgical patient—where are we now?
Clin Intensive Care 10:161–167

46. Kern JW, Shoemaker WC (2002) Meta-analysis of hemodynamic
optimization in high-risk patients. Crit Care Med 30:1686–1692

47. Rivers EP (2010) Point: adherence to early goal-directed therapy:
does it really matter? Yes. After a decade, the scientific proof
speaks for itself. Chest 138:476–480, discussion 484–485

48. Martin GS, Mannino DM, Eaton S, Moss M (2003) The epidemi-
ology of sepsis in the United States from 1979 through 2000. N
Engl J Med 348:1546–1554

49. Dombrovskiy VY, Martin AA, Sunderram J, Paz HL (2007) Rapid
increase in hospitalization and mortality rates for severe sepsis in
the United States: a trend analysis from 1993 to 2003. Crit Care
Med 35:1244–1250

50. Inwald DP, Tasker RC, Peters MJ, Nadel S, on behalf of the
Paediatric Intensive Care Society Study Group (PICS-SG) (2009)
Emergency management of children with severe sepsis in the
United Kingdom: the results of the Paediatric Intensive Care
Society sepsis audit. Arch Dis Child 94:348–353

51. Varpula M, Tallgren M, Saukkonen K, Voipio-Pulkki L-M, Pettilä
V (2005) Hemodynamic variables related to outcome in septic
shock. Intensive Care Med 31:1066–1071

52. Castellanos-Ortega A, Suberviola B, García-Astudillo LA,
Holanda MS, Ortiz F, Llorca J, Delgado-Rodríguez M (2010)
Impact of the surviving sepsis campaign protocols on hospital
length of stay and mortality in septic shock patients: results of a
three-year follow-up quasi-experimental study. Crit Care Med
38:1036–1043

53. Pope JV, Jones AE, Gaieski DF, Arnold RC, Trzeciak S, Shapiro
NI , Emergency Medic ine Shock Resea rch Ne twork
(EMShockNet) Investigators (2010) Multicenter study of central
venous oxygen saturation (ScvO(2)) as a predictor of mortality in
patients with sepsis. Ann Emerg Med 55:40.e1–46.e1

54. Nguyen HB, Rivers EP, Knoblich BP, Jacobsen G, Muzzin A,
Ressler JA, Tomlanovich MC (2004) Early lactate clearance is
associated with improved outcome in severe sepsis and septic
shock. Crit Care Med 32:1637–1642

55. Cruz AT, Perry AM, Williams EA, Graf JM, Wuestner ER, Patel B
(2011) Implementation of goal-directed therapy for children with
suspected sepsis in the emergency department. Pediatrics 127:
e758–e766

56. Maitland K, Kiguli S, Opoka RO, Engoru C, Olupot-Olupot P,
Akech SO, Nyeko R, Mtove G, Reyburn H, Lang T, Brent B,
Evans JA, Tibenderana JK, Crawley J, Russell EC, Levin M,
Babiker AG, Gibb DM, FEAST Trial Group (2011) Mortality after
fluid bolus in African children with severe infection. N Engl J Med
364:2483–2495

57. Prowle JR, Bellomo R (2010) Fluid administration and the kidney.
Curr Opin Crit Care 16:332–336

58. Legrand M, Mik EG, Balestra GM, Lutter R, Pirracchio R, Payen
D, Ince C (2010) Fluid resuscitation does not improve renal oxy-
genation during hemorrhagic shock in rats. Anesthesiology
112:119–127

59. Wan L, Bellomo R, May CN (2007) The effects of normal and
hypertonic saline on regional blood flow and oxygen delivery.
Anesth Analg 105:141–147

60. Duke T, Molyneux EM (2003) Intravenous fluids for seriously ill
children: time to reconsider. Lancet 362:1320–1323

61. Ellison DH, Berl T (2007) Clinical practice. The syndrome of
inappropriate antidiuresis. N Engl J Med 356:2064–2072

62. Alves JTL, Troster EJ, de Oliveira CAC (2011) Isotonic saline
solution as maintenance intravenous fluid therapy to prevent ac-
quired hyponatremia in hospitalized children. J Pediatr (Rio J)
87:478–486

63. National Reporting and Learning Service (2007) Patient safety
alert. Available at: www.nrls.npsa.nhs.uk/resources

64. Moritz ML, Ayus JC (2005) Preventing neurological complications
from dysnatremias in children. Pediatr Nephrol 20:1687–1700

65. Boyd JH, Forbes J, Nakada T-A, Walley KR, Russell JA (2011)
Fluid resuscitation in septic shock: a positive fluid balance and
elevated central venous pressure are associated with increased
mortality. Crit Care Med 39:259–265

66. Vincent J-L, Sakr Y, Sprung CL, Ranieri VM, Reinhart K, Gerlach
H, Moreno R, Carlet J, Le Gall J-R, Payen D (2006) Sepsis in
European intensive care units: results of the SOAP study. Crit Care
Med 34:344–353

67. National Heart, Lung, and Blood Institute Acute Respiratory Dis-
tress Syndrome (ARDS) Clinical Trials Network, Wiedemann HP,
Wheeler AP, Bernard GR, Thompson BT, Hayden D, deBoisblanc
B, Connors AF, Hite RD, Harabin AL (2006) Comparison of two
fluid-management strategies in acute lung injury. N Engl J Med
354:2564–2575

68. Murphy CV, Schramm GE, Doherty JA, Reichley RM, Gajic O,
Afessa B, Micek ST, Kollef MH (2009) The importance of fluid
management in acute lung injury secondary to septic shock. Chest
136:102–109

69. Arikan AA, Zappitelli M, Goldstein SL, Naipaul A, Jefferson LS,
Loftis LL (2012) Fluid overload is associated with impaired oxy-
genation and morbidity in critically ill children. Pediatr Crit Care
Med 13:253–258

70. Valentine SL, Sapru A, Higgerson RA, Spinella PC, Flori HR,
Graham DA, Brett M, Convery M, Christie LM, Karamessinis L,
Randolph AG (2012) Fluid balance in critically ill children with
acute lung injury. Crit Care Med 40:2883–2889

71. Plötz FB, Bouma AB, Wijk JAE, Kneyber MCJ, Bökenkamp A
(2008) Pediatric acute kidney injury in the ICU: an independent
evaluation of pRIFLE criteria. Intensive Care Med 34:1713–1717

72. Payen D, de Pont AC, Sakr Y, Spies C, Reinhart K, Vincent J-L,
Sepsis Occurrence in Acutely Ill Patients (SOAP) Investigators
(2008) A positive fluid balance is associated with a worse outcome
in patients with acute renal failure. Crit Care 12:R74

73. Bouchard J, Soroko SB, Chertow GM, Himmelfarb J, Ikizler TA,
Paganini EP, Mehta RL (2009) Fluid accumulation, survival and
recovery of kidney function in critically ill patients with acute
kidney injury. Kidney Int 76:422–427

74. Bagshaw SM, Delaney A, Haase M, Ghali WA, Bellomo R (2007)
Loop diuretics in the management of acute renal failure: a system-
atic review and meta-analysis. Crit Care Resusc 9:60–68

75. Cerda J, Sheinfeld G, Ronco C (2010) Fluid overload in critically
ill patients with acute kidney injury. Blood Purif 29:331–338

76. Chen S, Zhu X, Wang Q, Li W, Cheng D, Lei C, Xiong L (2009)
The early effect of voluven, a novel hydroxyethyl starch (130/0.4),
on cerebral oxygen supply and consumption in resuscitation of
rabbit with acute hemorrhagic shock. J Trauma 66:676–682

77. Zaar M, Lauritzen B, Secher NH, Krantz T, Nielsen HB, Madsen
PL, Johansson PI (2009) Initial administration of hydroxyethyl
starch vs lactated Ringer after liver trauma in the pig. Br J Anaesth
102:221–226

78. Wang P, Li Y, Li J (2009) Protective roles of hydroxyethyl starch 130/
0.4 in intestinal inflammatory response and oxidative stress after
hemorrhagic shock and resuscitation in rats. Inflammation 32:71–82

Pediatr Nephrol (2014) 29:23–34 33

http://www.nrls.npsa.nhs.uk/resources


79. McIntyre LA, Fergusson DA, Cook DJ, Rowe BH, Bagshaw SM,
Easton D, Emond M, Finfer S, Fox-Robichaud A, Gaudert C,
Green R, Hebert P, Marshall J, Rankin N, Stiell I, Tinmouth A,
Pagliarello J, Turgeon AF, Worster A, Zarychanski R, Canadian
Critical Care Trials Group (2012) Fluid resuscitation with 5 %
albumin versus normal saline in early septic shock: a pilot ran-
domized, controlled trial. J Crit Care 27:317.e1–317.e6

80. The SAFE Study Investigators (2010) Impact of albumin com-
pared to saline on organ function and mortality of patients with
severe sepsis. Intensive Care Med 37:86–96

81. Finfer S, Bellomo R, Boyce N, French J, Myburgh J, Norton R,
SAFE Study Investigators (2004) A comparison of albumin and
saline for fluid resuscitation in the intensive care unit. N Engl J
Med 350:2247–2256

82. Myburgh J, Cooper DJ, Finfer S, Bellomo R, Norton R, Bishop N,
Kai Lo S, Vallance S (2007) Saline or albumin for fluid resuscitation
in patients with traumatic brain injury. N Engl J Med 357:874–884

83. Bayer O, Reinhart K, Kohl M, Kabisch B, Marshall J, Sakr Y,
Bauer M, Hartog C, Schwarzkopf D, Riedemann N (2012) Effects
of fluid resuscitation with synthetic colloids or crystalloids alone
on shock reversal, fluid balance, and patient outcomes in patients
with severe sepsis. Crit Care Med 40:2543–2551

84. Perner A, Haase N, Guttormsen AB, Tenhunen J, Klemenzson G,
Åneman A, Madsen KR, Møller MH, Elkjær JM, Poulsen LM,
Bendtsen A, Winding R, Steensen M, Berezowicz P, Søe-Jensen P,
Bestle M, Strand K, Wiis J, White JO, Thornberg KJ, Quist L,
Nielsen J, Andersen LH, Holst LB, Thormar K, Kjældgaard AL,
Fabritius ML, Mondrup F, Pott FC, Møller TP, Winkel P, Wetter-
slev J, 6S Trial Group; Scandinavian Critical Care Trials Group
(2012) Hydroxyethyl starch 130/0.4 versus ringer’s acetate in
severe sepsis. N Engl J Med 367:124–134

85. Myburgh JA, Finfer S, Bellomo R, Billot L, Cass A, Gattas D, Glass
P, Lipman J, Liu B, McArthur C, McGuinness S, Rajbhandari D,
Taylor CB,Webb SAR (2012) Hydroxyethyl starch or saline for fluid
resuscitation in intensive care. N Engl J Med 367:1901–1911

86. Akech S, Ledermann H, Maitland K (2010) Choice of fluids for
resuscitation in children with severe infection and shock: system-
atic review. Br Med J 341:c4416–c4416

87. Perel P, Roberts I (2012) Colloids versus crystalloids for fluid
resuscitation in critically ill patients. Cochrane Database Syst
Rev 6:CD000567

88. Reinhart K, Perner A, Sprung CL, Jaeschke R, Schortgen F, Johan
Groeneveld AB, Beale R, Hartog CS (2012) Consensus statement
of the ESICM task force on colloid volume therapy in critically ill
patients. Intensive Care Med 38:368–383

89. Delaney AP, Dan A, McCaffrey J, Finfer S (2011) The role of
albumin as a resuscitation fluid for patients with sepsis: a system-
atic review and meta-analysis. Crit Care Med 39:386–391

90. Hartmann AF, SennMJE (1932) Studies in themetabolism of sodium
r-lactate. II. Response of human subjects with acidosis to the intra-
venous injection of sodium r-lactate. J Clin Invest 11:337–344

91. Williams EL (1999) The effect of intravenous lactated ringer’s
solution versus 0.9 % sodium chloride solution on serum osmolal-
ity in human volunteers. Anesth Analg 88:999–1003

92. Choong K, Bohn D (2007) Maintenance parenteral fluids in the
critically ill child. J Pediatr (Rio J) 83:S3–S10

93. Bennett TD, Statler KD, Korgenski EK, Bratton SL (2012) Osmo-
lar therapy in pediatric traumatic brain injury. Crit Care Med
40:208–215

94. Jansen JO, Thomas R, Loudon MA, Brooks A (2009) Damage
control resuscitation for patients with major trauma. Br Med J 338:
b1778–b1778

95. Mapstone J, Roberts I, Evans P (2003) Fluid resuscitation strate-
gies: a systematic review of animal trials. J Trauma 55:571–589

96. Morrison CA, Carrick MM, Norman MA, Scott BG, Welsh FJ,
Tsai P, Liscum KR, Wall MJ Jr, Mattox KL (2011) Hypotensive
resuscitation strategy reduces transfusion requirements and severe
postoperative coagulopathy in trauma patients with hemorrhagic
shock: preliminary results of a randomized controlled trial. J Trau-
ma 70:652–663

34 Pediatr Nephrol (2014) 29:23–34


	Fluid management in the critically ill child
	Abstract
	Introduction
	Basic principles of fluid management
	Role of the circulating fluid volume

	Systemic inflammation and increased micro-vascular permeability
	Bolus fluid resuscitation in shock
	Impact of increased interstitial fluid
	Microcirculatory dysfunction in sepsis

	The balance between effective resuscitation and the risk of fluid overload
	Recent history of goal-directed resuscitation
	FEAST
	Impact of fluid resuscitation on the renal function

	Later fluid management
	Restrictive maintenance fluid strategy in the ICU
	Relationship of fluid overload to acute kidney injury and mortality

	Choice of fluid for volume expansion
	Choice of maintenance fluid

	Potential value of hyperosmolar therapy
	Resuscitation of the major trauma patient
	Conclusion
	References


