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Introduction

Fluids are one of the most common medications used in the intensive care unit (ICU) and the operating theatre
(OR). The optimal use of fluid involves optimal decision to administer fluids, optimal type and volume [1].
Under-resuscitation is associated with a risk of hypovolemia, low oxygen delivery, and organ failure. Indications
and volume of fluids remain a matter of debate. Often perceived as routine intervention, administration of
fluids without rigorous clinical decision and monitoring targets to adverse effects. Over-resuscitation is now
being increasingly recognised as associated with poor outcome, a risk of fluid overload, compartment
syndromes, and organ failure [2]. The growing interest in balanced solutions (i.e. fluid solutions with electrolyte
composition closed to the plasma and not enriched in sodium chloride) has not only enabled refinement of the
use of crystalloid solutions and their consequences on the acid-base status but also on patient-centred
outcomes, such as the risk of acute kidney injury (AKl) or death [3]. Among colloids, the use of hydroxyethyl
starches (HES) has been rather restricted after signals of harmful effects in ICU patients, particularly those with

sepsis, and a higher risk of AKI and risk of death [4]. The results of the last study also clarify the use of colloids
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in the perioperative setting with no benefits of HES use and a signal of higher AKI risk [5]. Finally, the use of the
natural colloid—albumin—remains debatable, particularly for sepsis and burn patients [6,7]. In this review, we
discuss the physiological and pathophysiological aspects of different types of fluids available, along with the
most recent evidence of their impact on the outcome of both ICU and high-risk surgical patients in accordance

with the underlying reason for fluid administration.

Septic patients
Four major changes in fluid therapy practices for sepsis patients in the ICU have been observed over the
previous decade: systematic monitoring to prevent fluid overload, suspension of synthetic colloids use,

restriction of use of a chloride-rich solution, and the controversial use of albumin.

1. Deleterious effects of fluid overload

Fluid therapy is the first line of symptomatic hemodynamic management during septic shock [8].
Approximately two-thirds of patients are fluid-responsive in the early phase of septic shock [9]. After fluid
challenge, fluid infusion is indicated as long as cardiac output or stroke volume continue to improve [8-10].
Therefore, haemodynamic monitoring is of particular importance in detecting hypovolemia as well as in
avoiding undue fluid administration. The absence of an increase (< 15%) in cardiac output (or surrogates) after
a fluid bolus (250 to 500 mL over 10 to 30 minutes) must lead to a cessation of fluid infusion [10]. The mini-
fluid challenge (100 mL over 1 minute) or the passive leg raising (PLR) test can help to rapidly and non-
invasively (transthoracic echocardiography) evaluate fluid responsiveness while avoiding unnecessary volume
expansion [11-14].

In large randomised controlled trials (RCTs), the total volume of fluids administered during the early phase (six
hours) of septic shock was found to significantly decrease over time: from 6000 ml in 2001 [15] to 2000 mL in
2015 [16-19]. During the same period, the mortality of septic shock patients decreased from 30% to 25%,
thereby suggesting that a mean volume of 2000 mL (30 mL/kg in adults) is sufficient for a majority of patients in
the early phase of septic shock. In an RCT conducted in a developing country with reduced healthcare
resources (no intensive care and no available haemodynamic monitoring device), the administration of 2000
mL (usual care) of crystalloids during the first six hours was associated with 33% mortality versus 48% in the
protocol group, which received 3500 mL (p < 0.001) [20]. The analysis of a large database suggests that the
administration of over 5000 mL during the first ICU day is associated with increased mortality and higher costs
[21]. Beyond the infused fluid volume, cumulative fluid balance is also of importance. A positive fluid balance
on the third ICU day is associated with increased mortality, thereby indicating that fluid overload risk persists
after the first ICU day, which indicates the requirement of strictly monitoring fluid administration after the
early phase and being careful of every gram of sodium and chloride administered to the patient [22]. Recent
cohort studies suggest that fluid infusion (30 mL/kg) is mainly effective when administered in the first two
hours, particularly in the first 30 minutes of septic shock [9,23,24]. After the second hour of shock, the
necessity of fluid infusion is probably a marker or refractory shock rather than relative hypovolaemia;

therefore, it is associated with mortality [9].



In summary, fluid infusion is mainly effective in the first two hours of septic shock. A volume of 2000 mL (30
mL/kg) is generally efficient in restoring blood volume during sepsis. Beyond this threshold, careful monitoring
is recommended to detect remaining fluid responder patients and avoid undue fluid infusion. During the first
day of septic shock, fluid infusion must not exceed 5000 mL, and fluid balance must ideally remain below 10%

of baseline body weight.

2. Synthetic colloids use in sepsis

Theoretically, colloids offer a larger and longer volume expansion than crystalloids and could therefore lead to
faster haemodynamic stabilisation. This assertion has not been confirmed by literature, and synthetic colloid
use among ICU patients has dramatically decreased. Negative results and harmful side-effects, including AKI,
reported in large RCTs published from 2008 to 2013, explain the decreased use of synthetic colloids. In the field
of sepsis, the “6S” trial indicated an increased mortality associated with HES use, mainly mediated through AKI
[25]. Conversely, in other large RCTs—such as CHEST [26] or CRYSTMAS trials [27]—the increased mortality
associated with HES use was not observed and deleterious effects on renal function were unclear, both in
septic and non-septic populations. One RCT had controversial results: the CRYSTAL study is the more recent
(2013), a large RCT that compared synthetic colloids (both gelatins and HES) in 2857 ICU patients with acute
circulatory failure [28]. In this study, over 50% of patients were in septic shock; the study indicated a non-
significant difference of mortality at 28 days (primary objective) but a significant decrease in mortality at day
90 (secondary objective) in the colloid group. Despite these controversial results, meta-analysis failed to show
any clinical superiority of synthetic colloids over isotonic crystalloids and some of these suggest potential renal
damage associated with synthetic colloid use [29-32]. Therefore, several national and international guidelines
recommend that synthetic colloids must not be used for sepsis patients, particularly HES [8,33,34]. Further,
restricting HES use in sepsis and critically ill patients was also confirmed in 2014 by the European Medical
Agency. A possible suspension of HES from the market is currently being studied by the European Medical
Agency [4]. If such a suspension raises legitimate controversies, particularly in perioperative and emergency
medicine [35,36], HES use is not recommended for sepsis or ICU patients.

Gelatins are the second class of synthetic colloids available for ICU patients. In the 20% of ICU patients who
received synthetic colloids in 2014, gelatins have been used in half of the cases [37]. It could be postulated
that, considering the potential side effects of HES during sepsis, gelatins could replace HES in this indication as
they are less toxic. However, there is no evidence to support the use of gelatins during sepsis. All synthetic
colloids (dextrans, colloids, HES) induce vacuolisation of epithelial tubular cells and subsequent kidney function
impairment. Currently available literature does not support the use of gelatins during sepsis, particularly to
replace HES [38-40].

In summary, HES are counter-indicated for resuscitation of patients with sepsis or those in septic shock, and no

data are available to support the use of gelatins in this setting.

3. Crystalloids, chloride accumulation, and sepsis



Historically, isotonic saline is the most widely used crystalloid solution for ICU patients. However, its use has
dramatically decreased over the previous decade, from 70% (2007) to 30% (2014) of ICU patients requiring
fluid therapy, due to an increasing amount of literature revealing the deleterious effects of chloride
accumulation [41]. Chloride accumulation has been suggested from the early 1900s onwards [42]. In humans,
the administration of 5000 ml of saline is associated with constant metabolic acidosis, low plasma bicarbonate,
and high chloride plasma concentration, all of which are not observed with Lactate Ringer (LR) or Ringer
acetate. Due to a chloride concentration of 154 mmol/L (versus 130 mmol/L in LR), saline induces a significant
increase in plasma chloride. Crystalloids with low chloride concentration (close to plasma concentration) are
called balanced solutions. Lactate ringer is the most widely used balanced solution [43]. According to the
Stewart model, excess chloride induces strong ion gap reduction, thereby leading to metabolic acidosis with a
normal anion gap. A large retrospective study (6730 patients) suggested that saline use was associated with
greater hyperchloremia and higher mortality as compared with a balanced solution administered during septic
shock [44]. Thus far, there are three RCTs that compare balanced crystalloids and saline. The SPLIT RCT trial
revealed that in non-severe ICU patients, a mean saline volume of 2500 mL was not associated with excess
mortality, renal impairment, or acidosis. This result suggests that 2000-2500 mL of saline infusion is a safe
volume that does not expose a patient to hyperchloremic acidosis. Beyond 2500 mL of infused saline, if
additional crystalloid infusion is mandatory, a balanced solution is preferred. In a large trial conducted among
over 15,000 ICU patients, hyperchloremic acidosis was associated with a significant increase in deleterious
renal effects, mortality, and the need for renal replacement therapy [45]. In a comparable study published by
the same group conducted in over 15,000 non-ICU patients admitted to emergency, no effect on mortality or
hospital length of stay was reported (principal objective); however, a significant increase on renal effects was
demonstrated (secondary objective) [46]. Further, the plasma chloride concentration associated with chloride
acidosis and related complications appears to be 107 to 110 mmol/L in these studies. In addition, a post-hoc
analysis of the ICU patient study focusing on septic patients indicated higher mortality in patients treated with
saline compared with those treated with balanced crystalloids [47].

In summary, hyperchloremic acidosis is a frequent and potentially severe complication associated with saline,
particularly when the infused volume exceeds 2500 mL. Beyond this, the use of a balanced solution is
preferable, particularly for septic patients. In addition, the monitoring of chloride concentration during fluid
resuscitation with the objective of keeping it within physiological ranges appears pragmatic even if not directly

demonstrated.

4. Albumin therapy and sepsis
Albumin has several theoretical physiological properties that are particularly interesting for septic patients,
such as a plasma-expanding capacity, a microcirculatory perfusion improvement, and a protective effect on
glycocalyx [48] with anti-oxidant and anti-inflammatory effects. The integrity of glycocalyx determines optimal
microcirculation and vascular permeability. In experimental ischemia-reperfusion models, aloumin prevents
the loss of glycocalyx [49] and improves microcirculation [50]; however, its beneficial effect on humans remains

debatable. In addition to these theoretical protective properties, albumin has long been studied for its



expanding features in septic patients. Indeed, theoretically, 20% albumin increases oncotic pressure and
promotes an influx of water into the vascular space, the haemodynamic effect and duration depend on
albumin ability to remain intravascular [48]. Thus, the efficacy and safety of albumin in the resuscitation of
septic patients was assessed in a few large RCTs and several meta-analyses have also clarified its usefulness in
such a clinical situation.

A first RCT, the double-blind SAFE study, showed that fluid replacement with 4% albumin or saline for intra-
vascular-fluid resuscitation during a 28-day ICU stay did not change the outcomes among ICU patients on day
28 [51]. However, in the subgroup of patients with severe sepsis, the mortality rate was lower in the albumin
group, even when albumin levels were above 25 g/L [52]. Ten years later, the multicentre ALBIOS study
randomised 1818 patients with severe sepsis or septic shock to receive either crystalloids alone or crystalloids
associated with 20% albumin [53]. Here again, both the safety and efficacy of the use of human albumin during
sepsis were reported. The main findings were a significant improvement in haemodynamic variables but no
difference in mortality at 28 days and 90 days, number of organ dysfunctions, duration of being in the ICU or
length of hospital stay. However, a post-hoc analysis compared patients with septic shock and those without at
the time of randomisation (1121 versus 660); authors reported a significant survival advantage for patients who
received crystalloid versus 20% albumin (RR = 0.87; 95% Cl, 0.77 to 0.99) [53]. In this study, 20% albumin
administration was guided according to albuminaemia with a minimal target of 30 g/L, with a daily albumin
administration until ICU discharge or 28 days after randomisation.

Several systematic reviews and meta-analysis also explored evidence to use albumin in fluid resuscitation for
patients with sepsis or those in septic shock [54,55]. Conclusions are variable, but two of them included studies
in which reliability has been questioned [54,55]. For the other two, in patients with sepsis and in comparison
with crystalloids, albumin did not improve mortality at days 28 and 90 [56,57]. Interestingly, in subgroup
analysis according to severity, for both meta-analyses, mortality was significantly decreased in the albumin
group for patients with septic shock. Nonetheless, Jiang et al. reported a lack of robustness to show a 10%
decrease in mortality [56].

Thus, according to the results of RCTs and meta-analysis, the latest international guidelines for management of
sepsis and septic shock published by the Surviving Sepsis Campaign suggest “using albumin in addition to
crystalloids for initial resuscitation and subsequent intravascular volume replacement in patients with sepsis
and septic shock when patients require substantial amount of crystalloids”, as a weak recommendation, with
low-quality evidence [8]. Although the definition of “substantial amounts” is not provided in the guidelines,
albuminaemia could help to guide its use.

In summary, due to conflicting results, no recommendation can be made for the use of albumin in septic

patients.

Patients with acute kidney injury

Fluid volume in general and the type of fluid in particular have a significant impact on renal outcome for the
patients, particularly those already having AKI. First, fluid overload has been reported as an independent risk

factor of AKI in both septic and non-septic critically ill patients, particularly when fluid balance exceeds 10% of



baseline body weight [58-60]. Therefore, reasoned vascular filling must be performed, fairly extensively in the
first few hours of septic shock but quickly based on the dynamic criteria of the need for filling in order to avoid
excesses [61,62]. On the other hand, it is necessary to have a rather restrictive filling attitude in perioperative
management without, however, falling into excess, as latest studies reveal that an excessively restrictive
attitude can also lead to a higher risk of renal failure [63]. Once the problem of fluid volume has been resolved,
it is important to know what type of fluid must be used to preserve renal function, particularly in patients with
already existing AKI.

Let us eliminate from the basis the HES, which has been banned in the ICU for a few years after the decision of
the European Medical Agency and the Federal Drug Agency to prohibit its use in light of large number of RCTs,
revealing excess mortality or increased renal failure in patients treated with HES versus crystalloids [64,65].
This leaves crystalloids and albumin.

First, albumin has shown no particular deleterious effects on renal function [51,52]; although it does not
appear to be recommended but it may be used for patients with hypoalbuminaemia associated with
hypovolemia. Unlike synthetic colloids, no nephrotoxicity was reported in a large number of RCTs that explored
fluid challenge with albumin. In contrast, among ICU patients, 20% albumin would significantly decrease the
occurrence of AKI and death of patients with AKI [66]. Indeed, the optimisation of albuminaemia is likely to
protect renal function with an anti-inflammatory and antioxidant effect and would reduce drug nephrotoxicity
(e.g. aminoglycosides) [48].

Finally, for the choice of crystalloid, the pathophysiology of AKI must be taken into account to avoid inducing or
aggravating renal impairment or metabolic disorders [67]. Indeed, AKI leads to metabolic acidosis—particularly
due to hyperchloremia and hyponatremia—and causes a decrease in the strong ion difference (SID) as well as
hyperphosphatemia associated with hyperkaliaemia due to a decrease in urinary excretion on the one hand,
and an outflow of potassium from the cells as a result of acidosis on the other [68]. Thus, taking into account
these elements, it is necessary to favour fluids that are low in chloride and high in sodium and, therefore, to
use balanced fluids and avoid saline. The fear of administering balanced solutions to AKI patients with high
potassium plasma concentrations due to their containing 4 or 5 mmol/L of potassium is not justified. Indeed, it
is not possible to worsen hyperkaliaemia by administering a solution containing a chloride concentration lower
than the plasma one. Moreover, studies have shown—particularly in kidney transplant patients—that saline
increased kaliaemia more than LR [69].

Even in non-AKl patients, fluids with a high chloride content can potentially have negative effects on the
kidneys, particularly through the vasoconstrictive effect of chloride on the afferent arterioles [70]. Thus, in
healthy volunteers, hyperchloremia induced by 2000 mL saline infusion decreases renal blood flow as
compared to Plasma-Lyte®, thereby suggesting a vascular mechanism for chloride-induced renal impairment
[67,71]. Finally, although the first large studies comparing saline versus balanced crystalloids revealed
contradictory results on the possible deleterious effect of chloride on renal function [72-74], the last two RCTs
that involved over 15,000 patients each clearly showed a better renal outcome in patients receiving balanced

crystalloids versus saline [45,75].



In summary, chloride-poor balanced fluids are preferred in critically ill patients who are at risk of developing an
AKI as well as in patients who already have an AKI. HES are prohibited and albumin might be reserved for

patients with severe hypoalbuminaemia (<20 g/L).

Burn patients

Burn injury is associated with early and profound hypovolaemia due to the capillary leak syndrome followed by
systemic inflammatory response syndrome with a subsequent hyperdynamic state [76,77]. Haemodynamic
management has long been identified as a key factor impacting a burn patient’s outcome. Further, under
and/or late fluid overload has been associated with an increased risk of death and organ failures [78]. Burn
patients require a large quantity of crystalloids. Historically, balanced solutions (i.e. LR or Hartmann solutions)
have been used due to the risk of hypernatremia and hyperchloremia with the use of saline. Other balanced
solutions were scarcely explored in this population. On the other hand, the use of large amounts of crystalloid
infusion also exposed the patient to the risk of organ failure (i.e. pulmonary oedema, AKI, and intra-abdominal
hypertension), which negatively impacts the outcome. While various formulae (e.g. the Parkland formula) have
been proposed to predict the amount of fluid to be administered, a general consensus is now to tailor fluid
needs based on haemodynamic monitoring, avoiding both under- and over-resuscitation [79].

Further, the use of albumin during the first 24 hours of burn resuscitation is controversial. In a meta-analysis,
the use of albumin in the first 24 hours was not associated with increased survival in severely burned patients.
Nonetheless, significant statistical heterogeneity was present and after the exclusion of two studies at high risk
of bias, albumin infusion was associated with reduced mortality (odds ratio (CI95%) = 0.34 (0.19-0.58) (p <
0.001)) and with decreased occurrence of the compartment syndrome (pooled odds ratio (Cl 95%) = 0.19
(0.07-0.50) (p < 0.001)) [80]. In a multi-centre non-blinded controlled trial in patients with a total body surface
area > 20%, Cooper et al. observed no significant difference in organ failures between the group receiving 5%
albumin and the control group [81]. In a before-after study, Park et al. observed that the use of 5% albumin in
the first 24 hours (versus LR and a synthetic colloid) was associated with lower mortality, lower use of
vasopressors, lower duration of mechanical ventilation, and lower ventilator-associated pneumonia incidence
[82]. In a retrospective observational study, Lawrence et al. observed that 5% albumin administration was
associated with a reduction in crystalloid requirements [76-78,83]. However, albumin remains widely used
among burn specialists [84]. There is a need for adequately powered, multi-centre randomised controlled trials
to address the question of albumin administration on difficult outcomes in burn patients.

In summary, albumin could be used for fluid resuscitation in severe burn patients (> 30% of total cutaneous

surface) after the sixth hour.

Trauma patients
Haemorrhagic shock is the main cause of early death in trauma patients. Restricted volume replacement during
initial trauma resuscitation is feasible and may prove efficient in terms of both morbidity (e.g. duration of

hospital stay) and survival [85,86]. Based on these observations, the European guidelines for the management



of major bleeding and coagulopathy following trauma have recently strongly recommended to limit volume

replacement during initial trauma resuscitation [87].

It is also important to consider the choice of fluid for resuscitation. Since the vascular endothelium is supposed
to remain intact in trauma patients, colloids have long been the fluids of choice for the treatment of
haemorrhagic shock. Notably, an exploratory study of trauma patients monitored with pulmonary artery
catheter confirmed that colloids increased volaemia and cardiac output more significantly than crystalloids
[88]. However, in the RCTs comparing colloids and crystalloids, the subgroup analyses of trauma patients did
not reveal any reduction of patient outcomes, including 28-day or 90-day mortality [28] or transfusion
requirements [89]. Thus, isotonic crystalloid solutions rather than colloids are recommended for the initial
resuscitation of bleeding trauma patients [87]. Among crystalloid solutions, the respective roles of balanced
solutions and saline is yet controversial for the resuscitation of haemorrhagic shock. In an RCT on adult trauma
patients who required blood transfusion within 60 min of arrival, infusion of Plasma-Lyte® yielded better acid-
base status and less hyperchloremia 24 hours after injury as compared to resuscitation with saline [90]. Taking
into account all these results, the use of balanced solutions is promising for the resuscitation of trauma

patients; however, the impact on outcomes has not yet been thoroughly investigated [91].

Favourable hemodynamic effects of colloids, notably HES, can be important in the most severe haemorrhagic
shocks. The safety concern with the use of HES in septic shock is probably lower for trauma patients. Indeed,
the use of HES was not associated with renal effects or clinically significant coagulopathy in trauma patients.
The debate regarding intravascular volume expansion with hypertonic saline has not been concluded yet. In an
RCT, patients allocated to hypertonic solutions (NaCl 3% or 7.5%) received approximately half the amount of
fluids than those who received LR within the first hour of resuscitation, but this difference disappeared within
24 h. Moreover, side effects (e.g. arrhythmia, hypernatremia) were more common in patients who received
7.5% hypertonic saline. However, clinicians must be aware that trauma patient outcomes are not improved by
the use of colloids or hypertonic solution [92].

In summary, crystalloids are recommended for first-line use in trauma patients who require fluid resuscitation.
The role of HES appears marginal and future studies are required to determine the effectiveness of the use of

hypertonic solutions.

Brain injury patients

Fluid resuscitation is an integral part of the management of patients with brain injuries—traumatic brain injury
(TBI), subarachnoid haemorrhage (SAH), arterial ischemic stroke (AIS), and intracerebral haemorrhage (ICH).
The choice of fluid influences osmolarity and oncotic pressure, which has a direct impact on the brain. The type
of fluid is of major importance in three cases: 1/ general fluid management, 2/ hyperosmolar fluid to prevent
or treat intracranial hypertension, and 3/ fluid therapy for prevention or treatment of delayed cerebral
ischemia (DCI) [93]. Here, we intend to address the issues that arise for general fluid management.

For general fluid maintenance in brain-injured patients, glucose-containing hypotonic solutions or other



hypotonic solutions (osmolarity < 290 mOsm/L) must be avoided, at least in the acute phase, because of the
effect of hyponatremia and hypo-osmolarity on cerebral swelling. Data from the Prospective Observational
Multicentre Major Trauma transfusion (PROMMTT) study of patients who received pre-hospital LR or saline
were analysed [94]. Patients with TBI (n = 308) and who received LR had higher adjusted mortality than
patients who received saline (hazard ratio [HR] 1.78, confidence interval [CI] 1.04-3.04, p = 0.035).

Hyperchloremia and its possible side effects are a subject of debate [73,74], and clinicians may legitimately ask
whether it is better to select saline or balanced solutions for patients with brain injury. However, existing
literature only provides low-quality evidence. For TBI patients, a double-blind RCT (n = 41) reported that,
compared to saline, balanced crystalloids reduced hyperchloremic acidosis without worsening intracranial
pressure [95]. For patients with SAH, an RCT (n = 36) compared the use of saline to balanced crystalloid
(Isofundine®) in the first 48 h after injury [96]. Both studies reported an increase in hyperchloremia,
hyperosmolality, and positive fluid balance (> 1500 mL) with saline. The use of balanced crystalloids did not
lead to increased hyponatremia or hypo-osmolality. However, because neither neurologic outcomes nor
mortality have been tested in a large cohort, it remains difficult to provide recommendations. It is reasonable
to recommend the use of first-line saline in patients with brain injury, but balanced crystalloids must be used in
cases that require large fluid administration. It must be noted that in the two existing studies, HES was used for
both patient groups. As reported above, for the last five years, regulatory authorities in the US and EU have
limited the use of HES in septic, burn, or critically ill patients. Few studies have compared colloids with saline
for patients with brain injury. A retrospective study in patients with SAH (n = 276) compared patients who
received HES 6% and/or HES 10% with patients who received only saline [97]. No association was found
between the incidence of AKI and HES. Using propensity scores, in patients with SAH (n = 123), the
administration of colloids (plasma, dextran, starch, and/or albumin) and a positive fluid balance were
associated with worse NIHSS and modified Rankin scales [98], without impact on DCI. Moreover, another study
that pooled data on patients with SAH from two RCTs revealed an association between higher cumulative daily
doses (4% succinylated gelatine or 6% pentastarch) and worse results on the six-month Glasgow Outcome Scale
(GOS) (adjusted OR 2.53 (95% ClI 1.13-5.68)). However, higher cumulative daily doses of saline were associated
with better GOS (adjusted OR 0.27 (95% ClI 0.11-0.67)). Associations between colloid and saline with GOS at six
months were also dose-related [99]. Unfortunately, there have been only a few investigations of colloid
infusion in TBI. Indeed, only one retrospective study that used a multivariate model to investigate severe TBI
patients (n = 171) reported no association between cumulative pentastarch exposure and mortality [100].
Consequently, it is currently difficult to use colloids in patients with brain injury, either for fluid maintenance or
for fluid resuscitation. Other studies have compared the use of albumin, a natural colloid, with the use of saline
in patients with AIS, TBI, and SAH; in addition, experimental studies have reported encouraging results with the
use of 25% albumin in patients with AIS. A randomised multi-centre efficacy trial (Albumin in Acute Stroke
(ALIAS)) found no significant difference in the 90-day favourable outcome between patients with AIS who were
administered 25% albumin and those who were administered saline within 5 hours (albumin, 44.1%; saline,
44.2%; risk ratio 0.96; 95% Cl 0.84-1.10 with adjustment for baseline NIHSS score and thrombolysis stratum)

[101]. The pilot trial of this prospective single-centre observational study in patients with AIS (n = 82) reported



better patient outcomes (modified Rankin Scale or NIHSS) at three months with high-dose albumin compared
with lower doses (RR 1.81; 95% Cl 1.11-2.94) [102]. The subgroup analysis of the SAFE study for TBI patients
who underwent fluid resuscitation found higher mortality rates at 24 months when 4% albumin was used than
when saline was used (33.2% vs. 20.4%) (RR 1.63; 95% Cl, 1.17 to 2.26; p = 0.003) [103]. Moreover, this result
was more pronounced for patients with severe TBI (mortality rate: 41.8% vs. 22.2%, RR 1.88; 95% Cl 1.31-2.70;
p < 0.001) than for patients with moderate TBI (16% vs. 21.6%, RR 0.74; 95% Cl| 0.31-1.79; p = 0.50). A study
that employed propensity scores to test whether hypervolemia and hypertension (catecholamine and/or
albumin administration) during the DCI period would be associated with outcomes (n = 5400) found that
hypervolemia therapy (increased normalized fluid volume) and albumin administration during the DCI period
were associated with a lower mortality rate and better awareness at discharge [104]. Finally, a small
retrospective study reported that patients with SAH who received albumin (n = 37) had better GOS scores at
three months as compared to patients who received saline [105]. Thus, albumin must be avoided in TBI
patients and cannot be recommended in other patients with brain injury because the evidence of a beneficial
effect is limited.

Further, in patients with brain injury, the infusion of hypertonic fluids for fluid resuscitation is appealing
because it restores cerebral perfusion, decreases cerebral oedema, and modulates inflammatory response. In
the comparison of saline and LR solutions, all studies that included patients with TBI found no significant
difference in mortality at 6 months, 30 days or GOS at 6 months, 30 days or at hospital discharge [106-108].
However, strategies of continuous infusion of hypertonic saline solutions, which induce sustained
hyperosmolarity, have been associated with a lower risk of intracranial hypertension and a reduction of in-ICU
mortality (OR 1.42, 95%Cl 1.04-1.95, p = 0.03) [109].

In summary, a multi-modal approach must be employed to optimize fluid therapy in patients with brain injury;

however, hypo-osmolar therapy must be avoided.

Brain death and organ donors

Brain-dead patients frequently exhibit arterial hypotension caused by the association of decreased sympathetic
tone and hypovolemia. The latter results from diabetes insipidus, leading to massive losses of fluids and
electrolytes. The management of heart-beating brain-dead organ donors follows guidelines that aim to
optimize the quality of harvested organs. These guidelines recommend the use of crystalloids and colloids to
treat hypovolemia [110]. HES represent the only colloids evaluated in this indication. Cittanova et al. reported
that the use of an “old” HES (Elohes®), compared with gelatin, was associated with a worse renal function after
kidney transplantation [111]. However, the long-term follow-up of these patients did not find any difference
between HES and Gelatin [112]. Subsequently, several authors have reported conflicting results. This
discrepancy could be explained by the use of a “modern” HES with a smaller molecular weight or smaller
volumes of colloids [113,114]. The negative effects of HES on delayed graft function appeared to be associated
with a volume higher than 1500 mL [114]. Currently, the debate on the use of HES in the context of organ

donation seems out-of-date.



With regard to the type of crystalloids, the current debate is the choice of saline vs. balanced solutions. This
debate cannot be applied to the context of brain-dead organ donor management, as no study has compared
them in this context. However, a study evaluated the association of hyperchloremia (a frequent side effect of
saline) on patient outcome after kidney transplantation [115] and found that the function of grafted kidneys
did not differ between hyperchloremic and normochloraemic donors.

In summary, the fluid management of brain-dead patients must be based on crystalloid infusion. In addition,
owing to the lack of studies that compared different crystalloids, saline or balanced solutions can be used

indifferently.

Paediatric patients

Problems related to differences in volume expansion efficiency, the adverse effects of various solutions, and
the role of balanced solutions are also the subject of various controversies in paediatrics, based on a much less
extensive literature than that related to adults. The key messages remain the need to monitor and individualise
fluid therapy. Fluid overload is associated with an increased morbidity and mortality in paediatrics [116].
Infancy and early childhood are characterised by heterogeneous haemodynamic profiles with important
physiological features that are known to optimise hemodynamic parameters—increased sensitivity to water
loss, limited blood volume, different thoraco-pulmonary and vascular compliances—as compared to adults.
The years of middle childhood are probably similar to adolescence and early adulthood, although this
population is rarely studied in adult literature. Maintaining optimal blood volume is one of the priority
objectives in paediatric intensive care, where blood volume variations can be significant and frequent but
occasionally underestimated. It is essential to select those children who will actually benefit from volume
expansion before prescribing it. Thus, it is recommended, as in adults, to use predictive tests to evaluate the
expected response to fluid therapy [117]. Only dynamic tests take advantage of heart-lung interactions and can
reversibly vary ventricular loading conditions and detect a cardiac output improvement. However, even if they
are less well-validated in children, predictive performance during fluid therapy of the respiratory variability of
the systolic ejection volume or these derivatives (like aortic velocity peak) can be retained under certain
controlled ventilation settings [118].

The current availability of numerous synthetic colloids reflects the challenge of specifying their respective
indications, particularly since there is little data available for children, and the choice of solutions is based more
on experience and concepts. Therefore, it appears interesting to consider the physiological features and
solutions available to identify a strategy in accordance with specific clinical situations. Overall, it appears that
the indications for albumin are gradually decreasing. A recent meta-analysis that includes paediatric studies
does not suggest that it is superior to other solutions [92]. The American College of Critical Care Medicine
(ACCM) recommends that saline or 5% albumin is preferred (in accordance with the results of the various
meta-analyses) [118]. With regard to HES, the European Medical Agency has decided to contraindicate their
use in paediatric intensive care despite the absence of studies on their renal or haematological toxicity

compared with other fluid resuscitation. Nevertheless, a meta-analysis performed in the context of the OR did



not find an increased risk of renal or haematological toxicity with HES in children [119]. Synthetic colloids used
in a rational manner, by limiting their dosage and targeting their indication, could find their place. Saline
remains the most commonly used crystalloid and is recommended as a first-line solution in paediatric ICU
patients. The use of balanced crystalloids, as opposed to saline, would limit the occurrence of hyperchloraemic
acidosis. An increasing amount of literature suggests the deleterious effects of chloride accumulation [120].
However, the beneficial effect of balanced crystalloids has yet to be demonstrated in paediatrics [121].

In summary, it is important to distinguish the fluid replacement during the early phase of initial care from the
fluid therapy during the ICU stay. Fluid infusion must be titrated from 5 to 10 mL/kg, carefully monitored for
detecting remaining fluid responder patients. However, several controversies remain with regard to the
modalities of fluid therapy in paediatric ICU patients. Nevertheless, it is essential to develop a fluid
replacement strategy by considering the indications and the pathology as well as the available solutions, taking

into account their possible adverse effects.

Conclusion

Both hypovolaemia and overfilling are deleterious to critically ill patients and, therefore, vascular filling must be
reasoned and supported by clinical and biological data as well as by dynamic criteria for fluid responsiveness
and accurate haemodynamic monitoring. The choice of fluid is highly dependent on the clinical situation of the
patient; however, overall, balanced crystalloids must be the first-line fluid of choice rather than saline except in
specific situations (e.g. hypochloraemic alkalosis and brain injury), where HES are prohibited and albumin

remains indicated for patients with proven severe hypoalbuminaemia.



References

[1] Lira A, Pinsky MR. Choices in fluid type and volume during resuscitation: impact on
patient outcomes. Ann Intensive Care 2014;4:38. https://doi.org/10.1186/s13613-014-0038-4.
[2] Wang N, Jiang L, Zhu B, Wen Y, Xi X-M, Beijing Acute Kidney Injury Trial
(BAKIT) Workgroup. Fluid balance and mortality in critically ill patients with acute kidney
injury: a multicenter prospective epidemiological study. Crit Care Lond Engl 2015;19:371.
https://doi.org/10.1186/s13054-015-1085-4.

[3] Soussi S, Ferry A, Chaussard M, Legrand M. Chloride toxicity in critically ill patients:
What’s the evidence? Anaesth Crit Care Pain Med 2017;36:125-30.
https://doi.org/10.1016/j.accpm.2016.03.008.

[4] Cohen D. EMA calls for hydroxyethyl starch solutions to be taken off market. BMJ
2018;360:k225. https://doi.org/10.1136/bmj.k225.

[5] Futier E, Garot M, Godet T, Biais M, Verzilli D, Ouattara A, et al. Effect of
Hydroxyethyl Starch vs Saline for Volume Replacement Therapy on Death or Postoperative
Complications Among High-Risk Patients Undergoing Major Abdominal Surgery: The
FLASH Randomized Clinical Trial. JAMA 2020;323:225-36.
https://doi.org/10.1001/jama.2019.20833.

[6] Caironi P, Gattinoni L. Proposed benefits of aloumin from the ALBIOS trial: a dose of
insane belief. Crit Care Lond Engl 2014;18:510. https://doi.org/10.1186/s13054-014-0510-4.
[7] de Tymowski C, Pallado S, Anstey J, Depret F, Moreno N, Benyamina M, et al. Early
hypoalbuminemia is associated with 28-day mortality in severely burned patients: A
retrospective cohort study. Burns J Int Soc Burn Inj 2019.
https://doi.org/10.1016/j.burns.2019.09.013.

[8] Rhodes A, Evans LE, Alhazzani W, Levy MM, Antonelli M, Ferrer R, et al. Surviving
Sepsis Campaign: International Guidelines for Management of Sepsis and Septic Shock:
2016. Intensive Care Med 2017;43:304—77. https://doi.org/10.1007/s00134-017-4683-6.

[9] Leisman DE, Doerfler ME, Schneider SM, Masick KD, D’Amore JA, D’ Angelo JK.
Predictors, Prevalence, and Outcomes of Early Crystalloid Responsiveness Among Initially
Hypotensive Patients With Sepsis and Septic Shock. Crit Care Med 2018;46:189-98.
https://doi.org/10.1097/CCM.0000000000002834.

[10] Cecconi M, De Backer D, Antonelli M, Beale R, Bakker J, Hofer C, et al. Consensus
on circulatory shock and hemodynamic monitoring. Task force of the European Society of
Intensive Care Medicine. Intensive Care Med 2014;40:1795-815.
https://doi.org/10.1007/s00134-014-3525-z.

[11] Muller L, Toumi M, Bousquet P-J, Riu-Poulenc B, Louart G, Candela D, et al. An
increase in aortic blood flow after an infusion of 100 ml colloid over 1 minute can predict
fluid responsiveness: the mini-fluid challenge study. Anesthesiology 2011;115:541-7.
https://doi.org/10.1097/ALN.0b013e318229a500.

[12] Monnet X, Teboul J-L. Assessment of fluid responsiveness: recent advances. Curr
Opin Crit Care 2018;24:190-5. https://doi.org/10.1097/MCC.0000000000000501.

[13] Mallat J, Meddour M, Durville E, Lemyze M, Pepy F, Temime J, et al. Decrease in
pulse pressure and stroke volume variations after mini-fluid challenge accurately predicts
fluid responsivenesst. Br J Anaesth 2015;115:449-56. https://doi.org/10.1093/bja/aev222.
[14] Zieleskiewicz L, Muller L, Lakhal K, Meresse Z, Arbelot C, Bertrand P-M, et al.
Point-of-care ultrasound in intensive care units: assessment of 1073 procedures in a
multicentric, prospective, observational study. Intensive Care Med 2015;41:1638-47.
https://doi.org/10.1007/s00134-015-3952-5.

[15] Rivers E, Nguyen B, Havstad S, Ressler J, Muzzin A, Knoblich B, et al. Early goal-
directed therapy in the treatment of severe sepsis and septic shock. N Engl J Med



2001;345:1368-77. https://doi.org/10.1056/NEJM0a010307.

[16] ProCESS Investigators, Yealy DM, Kellum JA, Huang DT, Barnato AE, Weissfeld
LA, et al. A randomized trial of protocol-based care for early septic shock. N Engl J Med
2014;370:1683-93. https://doi.org/10.1056/NEJM0a1401602.

[17] Mouncey PR, Osborn TM, Power GS, Harrison DA, Sadique MZ, Grieve RD, et al.
Trial of early, goal-directed resuscitation for septic shock. N Engl J Med 2015;372:1301-11.
https://doi.org/10.1056/NEJM0a1500896.

[18] ARISE Investigators, ANZICS Clinical Trials Group, Peake SL, Delaney A, Bailey
M, Bellomo R, et al. Goal-directed resuscitation for patients with early septic shock. N Engl J
Med 2014;371:1496-506. https://doi.org/10.1056/NEJM0al1404380.

[19] PRISM Investigators, Rowan KM, Angus DC, Bailey M, Barnato AE, Bellomo R, et
al. Early, Goal-Directed Therapy for Septic Shock - A Patient-Level Meta-Analysis. N Engl J
Med 2017;376:2223-34. https://doi.org/10.1056/NEJMo0al1701380.

[20]  Andrews B, Semler MW, Muchemwa L, Kelly P, Lakhi S, Heimburger DC, et al.
Effect of an Early Resuscitation Protocol on In-hospital Mortality Among Adults With Sepsis
and Hypotension: A Randomized Clinical Trial. JAMA 2017;318:1233-40.
https://doi.org/10.1001/jama.2017.10913.

[21] Marik PE, Linde-Zwirble WT, Bittner EA, Sahatjian J, Hansell D. Fluid
administration in severe sepsis and septic shock, patterns and outcomes: an analysis of a large
national database. Intensive Care Med 2017;43:625-32. https://doi.org/10.1007/s00134-016-
4675-y.

[22] Sakr Y, Rubatto Birri PN, Kotfis K, Nanchal R, Shah B, Kluge S, et al. Higher Fluid
Balance Increases the Risk of Death From Sepsis: Results From a Large International Audit.
Crit Care Med 2017;45:386—-94. https://doi.org/10.1097/CCM.0000000000002189.

[23] Leisman DE, Doerfler ME, Ward MF, Masick KD, Wie BJ, Gribben JL, et al. Survival
Benefit and Cost Savings From Compliance With a Simplified 3-Hour Sepsis Bundle in a
Series of Prospective, Multisite, Observational Cohorts. Crit Care Med 2017;45:395-406.
https://doi.org/10.1097/CCM.0000000000002184.

[24] Leisman DE, Goldman C, Doerfler ME, Masick KD, Dries S, Hamilton E, et al.
Patterns and Outcomes Associated With Timeliness of Initial Crystalloid Resuscitation in a
Prospective Sepsis and Septic Shock Cohort. Crit Care Med 2017;45:1596-606.
https://doi.org/10.1097/CCM.0000000000002574.

[25] Perner A, Haase N, Guttormsen AB, Tenhunen J, Klemenzson G, Aneman A, et al.
Hydroxyethyl Starch 130/0.42 versus Ringer’s Acetate in Severe Sepsis. N Engl J Med
2012;367:124-34. https://doi.org/10.1056/NEJM0al1204242.

[26] Myburgh JA, Finfer S, Bellomo R, Billot L, Cass A, Gattas D, et al. Hydroxyethyl
Starch or Saline for Fluid Resuscitation in Intensive Care. N Engl J Med 2012;367:1901-11.
https://doi.org/10.1056/NEJM0al1209759.

[27] Guidet B, Martinet O, Boulain T, Philippart F, Poussel JF, Maizel J, et al. Assessment
of hemodynamic efficacy and safety of 6% hydroxyethylstarch 130/0.4 vs. 0.9% NaCl fluid
replacement in patients with severe sepsis: the CRYSTMAS study. Crit Care Lond Engl
2012;16:R94. https://doi.org/10.1186/cc11358.

[28] Annane D, Siami S, Jaber S, Martin C, Elatrous S, Declére AD, et al. Effects of fluid
resuscitation with colloids vs crystalloids on mortality in critically ill patients presenting with
hypovolemic shock: the CRISTAL randomized trial. JAMA 2013;310:1809-17.
https://doi.org/10.1001/jama.2013.280502.

[29] Zarychanski R, Abou-Setta AM, Turgeon AF, Houston BL, Mcintyre L, Marshall JC,
et al. Association of hydroxyethyl starch administration with mortality and acute kidney
injury in critically ill patients requiring volume resuscitation: a systematic review and meta-
analysis. JAMA 2013;309:678-88. https://doi.org/10.1001/jama.2013.430.



[30] Gattas DJ, Dan A, Myburgh J, Billot L, Lo S, Finfer S, et al. Fluid resuscitation with 6
% hydroxyethyl starch (130/0.4 and 130/0.42) in acutely ill patients: systematic review of
effects on mortality and treatment with renal replacement therapy. Intensive Care Med
2013;39:558-68. https://doi.org/10.1007/s00134-013-2840-0.

[31] Haase N, Perner A, Hennings LI, Siegemund M, Lauridsen B, Wetterslev M, et al.
Hydroxyethyl starch 130/0.38-0.45 versus crystalloid or albumin in patients with sepsis:
systematic review with meta-analysis and trial sequential analysis. BMJ 2013;346:f839.
https://doi.org/10.1136/bm;.f8309.

[32] Mutter TC, Ruth CA, Dart AB. Hydroxyethyl starch (HES) versus other fluid
therapies: effects on kidney function. Cochrane Database Syst Rev 2013:CD007594.
https://doi.org/10.1002/14651858.CD007594.pubs3.

[33] Ichai C, Vinsonneau C, Souweine B, Armando F, Canet E, Clec’h C, et al. Acute
kidney injury in the perioperative period and in intensive care units (excluding renal
replacement therapies). Anaesth Crit Care Pain Med 2016;35:151-65.
https://doi.org/10.1016/j.accpm.2016.03.004.

[34] Seymour CW, Rosengart MR. Septic Shock: Advances in Diagnosis and Treatment.
JAMA 2015;314:708-17. https://doi.org/10.1001/jama.2015.7885.

[35] Doshi P. EMA recommendation on hydroxyethyl starch solutions obscured
controversy. BMJ 2018;360:k1287. https://doi.org/10.1136/bmj.k1287.

[36] Annane D, Fuchs-Buder T, Zoellner C, Kaukonen M, Scheeren TWL. EMA
recommendation to suspend HES is hazardous. Lancet Lond Engl 2018;391:736-8.
https://doi.org/10.1016/S0140-6736(18)30254-X.

[37] Hammond NE, Taylor C, Finfer S, Machado FR, An Y, Billot L, et al. Patterns of
intravenous fluid resuscitation use in adult intensive care patients between 2007 and 2014: An
international cross-sectional study. PloS One 2017;12:e0176292.
https://doi.org/10.1371/journal.pone.0176292.

[38] Reinhart K, Perner A, Sprung CL, Jaeschke R, Schortgen F, Johan Groeneveld AB, et
al. Consensus statement of the ESICM task force on colloid volume therapy in critically ill
patients. Intensive Care Med 2012;38:368-83. https://doi.org/10.1007/s00134-012-2472-9.
[39] Thomas-Rueddel DO, Vlasakov V, Reinhart K, Jaeschke R, Rueddel H, Hutagalung
R, et al. Safety of gelatin for volume resuscitation--a systematic review and meta-analysis.
Intensive Care Med 2012;38:1134-42. https://doi.org/10.1007/s00134-012-2560-x.

[40] Albrecht FW, Glas M, Rensing H, Kindgen-Milles D, Volk T, Mathes AM. A change
of colloid from hydroxyethyl starch to gelatin does not reduce rate of renal failure or mortality
in surgical critical care patients: Results of a retrospective cohort study. J Crit Care
2016;36:160-5. https://doi.org/10.1016/j.jcrc.2016.07.005.

[41] Hammond NE, Haase N, Billot L, Wetterslev J, Saxena MK, Finfer S, et al. Individual
patient data meta-analysis of hydroxyethyl starch 130/0.4-0.42 versus crystalloid for fluid
resuscitation in patients with severe sepsis: a statistical analysis plan. Crit Care Resusc J
Australas Acad Crit Care Med 2014;16:96-103.

[42] Evans G. The abuse of normal salt solution. JAMA J Am Med Assoc 1911:2126—7.
[43] Mcintyre L, Rowe BH, Walsh TS, Gray A, Arabi Y, Perner A, et al. Multicountry
survey of emergency and critical care medicine physicians’ fluid resuscitation practices for
adult patients with early septic shock. BMJ Open 2016;6:€010041.
https://doi.org/10.1136/bmjopen-2015-010041.

[44] Raghunathan K, Shaw A, Nathanson B, Stirmer T, Brookhart A, Stefan MS, et al.
Association between the choice of IV crystalloid and in-hospital mortality among critically ill
adults with sepsis*. Crit Care Med 2014;42:1585-91.
https://doi.org/10.1097/CCM.0000000000000305.

[45] Semler MW, Self WH, Wanderer JP, Ehrenfeld JM, Wang L, Byrne DW, et al.



Balanced Crystalloids versus Saline in Critically Il Adults. N Engl J Med 2018;378:829-39.
https://doi.org/10.1056/NEJMo0al711584.

[46] Self WH, Semler MW, Wanderer JP, Wang L, Byrne DW, Collins SP, et al. Balanced
Crystalloids versus Saline in Noncritically 11l Adults. N Engl J Med 2018;378:819-28.
https://doi.org/10.1056/NEJM0al711586.

[47] Brown RM, Wang L, Coston TD, Krishnan NI, Casey JD, Wanderer JP, et al.
Balanced Crystalloids versus Saline in Sepsis. A Secondary Analysis of the SMART Clinical
Trial. Am J Respir Crit Care Med 2019;200:1487-95. https://doi.org/10.1164/rccm.201903-
05570C.

[48] Vincent JL, De Backer D, Wiedermann CJ. Fluid management in sepsis: The potential
beneficial effects of albumin. J Crit Care 2016;35:161-7.
https://doi.org/10.1016/j.jcrc.2016.04.019.

[49] Woodcock TE, Woodcock TM. Revised Starling equation and the glycocalyx model
of transvascular fluid exchange: an improved paradigm for prescribing intravenous fluid
therapy. Br J Anaesth 2012;108:384-94. https://doi.org/10.1093/bja/aer515.

[50] Steinbauer M, Guba M, Biichner M, Farkas S, Anthuber M, Jauch KW. Impact of
polynitroxylated aloumin (PNA) and tempol on ischemia/reperfusion injury: intravital
microscopic study in the dorsal skinfold chamber of the Syrian golden hamster. Shock
Augusta Ga 2000;14:163-8. https://doi.org/10.1097/00024382-200014020-00015.

[51] Finfer S, Bellomo R, Boyce N, French J, Myburgh J, Norton R, et al. A comparison of
albumin and saline for fluid resuscitation in the intensive care unit. N Engl J Med
2004;350:2247-56. https://doi.org/10.1056/NEJM0a040232.

[52] SAFE Study Investigators, Finfer S, McEvoy S, Bellomo R, McArthur C, Myburgh J,
et al. Impact of albumin compared to saline on organ function and mortality of patients with
severe sepsis. Intensive Care Med 2011;37:86—96. https://doi.org/10.1007/s00134-010-2039-
6.

[53] Caironi P, Tognoni G, Masson S, Fumagalli R, Pesenti A, Romero M, et al. Albumin
replacement in patients with severe sepsis or septic shock. N Engl J Med 2014;370:1412-21.
https://doi.org/10.1056/NEJM0al1305727.

[54] Delaney AP, Dan A, McCaffrey J, Finfer S. The role of albumin as a resuscitation
fluid for patients with sepsis: a systematic review and meta-analysis. Crit Care Med
2011;39:386-91. https://doi.org/10.1097/CCM.0b013e3181ffe217.

[55] Patel A, Laffan MA, Waheed U, Brett SJ. Randomised trials of human albumin for
adults with sepsis: systematic review and meta-analysis with trial sequential analysis of all-
cause mortality. BMJ 2014;349:94561. https://doi.org/10.1136/bmj.g4561.

[56] Jiang L, Jiang S, Zhang M, Zheng Z, Ma Y. Albumin versus other fluids for fluid
resuscitation in patients with sepsis: a meta-analysis. PloS One 2014;9:e114666.
https://doi.org/10.1371/journal.pone.0114666.

[57] XuJ-Y, Chen Q-H, Xie J-F, Pan C, Liu S-Q, Huang L-W, et al. Comparison of the
effects of albumin and crystalloid on mortality in adult patients with severe sepsis and septic
shock: a meta-analysis of randomized clinical trials. Crit Care Lond Engl 2014;18:702.
https://doi.org/10.1186/s13054-014-0702-y.

[58] Bouchard J, Soroko SB, Chertow GM, Himmelfarb J, Ikizler TA, Paganini EP, et al.
Fluid accumulation, survival and recovery of kidney function in critically ill patients with
acute kidney injury. Kidney Int 2009;76:422—7. https://doi.org/10.1038/ki.2009.159.

[59] Salahuddin N, Sammani M, Hamdan A, Joseph M, Al-Nemary Y, Alquaiz R, et al.
Fluid overload is an independent risk factor for acute kidney injury in critically Il patients:
results of a cohort study. BMC Nephrol 2017;18:45. https://doi.org/10.1186/s12882-017-
0460-6.

[60] Teixeira C, Garzotto F, Piccinni P, Brienza N, lannuzzi M, Gramaticopolo S, et al.



Fluid balance and urine volume are independent predictors of mortality in acute kidney injury.
Crit Care Lond Engl 2013;17:R14. https://doi.org/10.1186/cc12484.

[61] Canet E, Bellomo R. Perioperative renal protection. Curr Opin Crit Care 2018;24:568—
74. https://doi.org/10.1097/MCC.0000000000000560.

[62] Ostermann M, Liu K, Kashani K. Fluid Management in Acute Kidney Injury. Chest
2019;156:594-603. https://doi.org/10.1016/j.chest.2019.04.004.

[63] Myles PS, Bellomo R, Corcoran T, Forbes A, Peyton P, Story D, et al. Restrictive
versus Liberal Fluid Therapy for Major Abdominal Surgery. N Engl J Med 2018;378:2263—
74. https://doi.org/10.1056/NEJM0a1801601.

[64] Perner A, Haase N, Guttormsen AB, Tenhunen J, Klemenzson G, Aneman A, et al.
Hydroxyethyl starch 130/0.42 versus Ringer’s acetate in severe sepsis. N Engl ] Med
2012;367:124-34. https://doi.org/10.1056/NEJM0a1204242.

[65] Myburgh JA, Finfer S, Bellomo R, Billot L, Cass A, Gattas D, et al. Hydroxyethyl
starch or saline for fluid resuscitation in intensive care. N Engl J Med 2012;367:1901-11.
https://doi.org/10.1056/NEJM0a1209759.

[66] Wiedermann CJ, Dunzendorfer S, Gaioni LU, Zaraca F, Joannidis M. Hyperoncotic
colloids and acute kidney injury: a meta-analysis of randomized trials. Crit Care Lond Engl
2010;14:R191. https://doi.org/10.1186/cc9308.

[67] Zampieri FG, Liborio AB, Cavalcanti AB. Fluid composition and acute kidney injury.
Curr Opin Crit Care 2016;22:533-41. https://doi.org/10.1097/MCC.0000000000000361.
[68] Kellum JA, Prowle JR. Paradigms of acute kidney injury in the intensive care setting.
Nat Rev Nephrol 2018;14:217-30. https://doi.org/10.1038/nrneph.2017.184.

[69] O’Malley CMN, Frumento RJ, Hardy MA, Benvenisty Al, Brentjens TE, Mercer JS,
et al. A randomized, double-blind comparison of lactated Ringer’s solution and 0.9% NaCl
during renal transplantation. Anesth Analg 2005;100:1518-24, table of contents.
https://doi.org/10.1213/01.ANE.0000150939.28904.81.

[70] Lobo DN, Awad S. Should chloride-rich crystalloids remain the mainstay of fluid
resuscitation to prevent “pre-renal” acute kidney injury?: con. Kidney Int 2014;86:1096—-105.
https://doi.org/10.1038/ki.2014.105.

[71] Chowdhury AH, Cox EF, Francis ST, Lobo DN. A randomized, controlled, double-
blind crossover study on the effects of 2-L infusions of 0.9% saline and plasma-lyte® 148 on
renal blood flow velocity and renal cortical tissue perfusion in healthy volunteers. Ann Surg
2012;256:18-24. https://doi.org/10.1097/SLA.0b013e318256be72.

[72] Yunos NM, Bellomo R, Hegarty C, Story D, Ho L, Bailey M. Association between a
chloride-liberal vs chloride-restrictive intravenous fluid administration strategy and kidney
injury in critically ill adults. JAMA 2012;308:1566-72.
https://doi.org/10.1001/jama.2012.13356.

[73] Yunos NM, Bellomo R, Glassford N, Sutcliffe H, Lam Q, Bailey M. Chloride-liberal
vs. chloride-restrictive intravenous fluid administration and acute kidney injury: an extended
analysis. Intensive Care Med 2015;41:257-64. https://doi.org/10.1007/s00134-014-3593-0.
[74] Young P, Bailey M, Beasley R, Henderson S, Mackle D, McArthur C, et al. Effect of a
Buffered Crystalloid Solution vs Saline on Acute Kidney Injury Among Patients in the
Intensive Care Unit: The SPLIT Randomized Clinical Trial. JAMA 2015;314:1701-10.
https://doi.org/10.1001/jama.2015.12334.

[75] Self WH, Semler MW, Wanderer JP, Wang L, Byrne DW, Collins SP, et al. Balanced
Crystalloids versus Saline in Noncritically 1l Adults. N Engl J Med 2018;378:819-28.
https://doi.org/10.1056/NEJMo0al711586.

[76] Soussi S, Taccori M, De Tymowski C, Depret F, Chaussard M, Fratani A, et al. Risk
Factors for Acute Mesenteric Ischemia in Critically Il Burns Patients-A Matched Case-
Control Study. Shock Augusta Ga 2019;51:153-60.



https://doi.org/10.1097/SHK.0000000000001140.

[77] Soussi S, Dépret F, Benyamina M, Legrand M. Early Hemodynamic Management of
Critically Il Burn Patients. Anesthesiology 2018;129:583-9.
https://doi.org/10.1097/ALN.0000000000002314.

[78] Soussi S, Deniau B, Ferry A, Levé C, Benyamina M, Maurel V, et al. Low cardiac
index and stroke volume on admission are associated with poor outcome in critically ill burn
patients: a retrospective cohort study. Ann Intensive Care 2016;6:87.
https://doi.org/10.1186/s13613-016-0192-y.

[79] Soussi S, Legrand M. Hemodynamic coherence in patients with burns. Best Pract Res
Clin Anaesthesiol 2016;30:437-43. https://doi.org/10.1016/j.bpa.2016.10.004.

[80] Eljaiek R, Heylbroeck C, Dubois M-J. Albumin administration for fluid resuscitation
in burn patients: A systematic review and meta-analysis. Burns J Int Soc Burn Inj
2017;43:17-24. https://doi.org/10.1016/j.burns.2016.08.001.

[81] Cooper AB, Cohn SM, Zhang HS, Hanna K, Stewart TE, Slutsky AS, et al. Five
percent albumin for adult burn shock resuscitation: lack of effect on daily multiple organ
dysfunction score. Transfusion (Paris) 2006;46:80-9. https://doi.org/10.1111/j.1537-
2995.2005.00667 .x.

[82] Park SH, Hemmila MR, Wahl WL. Early albumin use improves mortality in difficult
to resuscitate burn patients. J Trauma Acute Care Surg 2012;73:1294-7.
https://doi.org/10.1097/TA.0b013e31827019b1.

[83] Lawrence A, Faraklas I, Watkins H, Allen A, Cochran A, Morris S, et al. Colloid
administration normalizes resuscitation ratio and ameliorates “fluid creep.” J Burn Care Res
Off Publ Am Burn Assoc 2010;31:40-7. https://doi.org/10.1097/BCR.0b013e3181ch8c72.
[84] Soussi S, Berger MM, Colpaert K, Dlinser MW, Guttormsen AB, Juffermans NP, et
al. Hemodynamic management of critically ill burn patients: an international survey. Crit Care
Lond Engl 2018;22:194. https://doi.org/10.1186/s13054-018-2129-3.

[85] Bickell WH, Wall MJ, Pepe PE, Martin RR, Ginger VF, Allen MK, et al. Immediate
versus delayed fluid resuscitation for hypotensive patients with penetrating torso injuries. N
Engl J Med 1994;331:1105-9. https://doi.org/10.1056/NEJM199410273311701.

[86] Schreiber MA, Meier EN, Tisherman SA, Kerby JD, Newgard CD, Brasel K, et al. A
controlled resuscitation strategy is feasible and safe in hypotensive trauma patients: results of
a prospective randomized pilot trial. J Trauma Acute Care Surg 2015;78:687-95; discussion
695-697. https://doi.org/10.1097/TA.0000000000000600.

[87] Rossaint R, Bouillon B, Cerny V, Coats TJ, Duranteau J, Fernandez-Mondéjar E, et al.
The European guideline on management of major bleeding and coagulopathy following
trauma: fourth edition. Crit Care Lond Engl 2016;20:100. https://doi.org/10.1186/s13054-016-
1265-x.

[88] Heming N, Elatrous S, Jaber S, Dumenil AS, Cousson J, Forceville X, et al.
Haemodynamic response to crystalloids or colloids in shock: an exploratory subgroup
analysis of a randomised controlled trial. BMJ Open 2017;7:€016736.
https://doi.org/10.1136/bmjopen-2017-016736.

[89] Busuito CM, Ledgerwood AM, Lucas CE. Colloid with high fresh frozen plasma/red
blood cell resuscitation does not reduce postoperative fluid needs. J Trauma Acute Care Surg
2014;76:1008-12. https://doi.org/10.1097/TA.0000000000000183.

[90] Young JB, Utter GH, Schermer CR, Galante JM, Phan HH, Yang Y, et al. Saline
versus Plasma-Lyte A in initial resuscitation of trauma patients: a randomized trial. Ann Surg
2014;259:255-62. https://doi.org/10.1097/SLA.0b013e318295feba.

[91] Hammond NE, Bellomo R, Gallagher M, Gattas D, Glass P, Mackle D, et al. The
Plasma-Lyte 148 v Saline (PLUS) study protocol: a multicentre, randomised controlled trial
of the effect of intensive care fluid therapy on mortality. Crit Care Resusc J Australas Acad



Crit Care Med 2017;19:239-46.

[92] Lewis SR, Pritchard MW, Evans DJ, Butler AR, Alderson P, Smith AF, et al. Colloids
versus crystalloids for fluid resuscitation in critically ill people. Cochrane Database Syst Rev
2018;8:CD000567. https://doi.org/10.1002/14651858.CD000567.pub?.

[93] Oddo M, Poole D, Helbok R, Meyfroidt G, Stocchetti N, Bouzat P, et al. Fluid therapy
in neurointensive care patients: ESICM consensus and clinical practice recommendations.
Intensive Care Med 2018;44:449-63. https://doi.org/10.1007/s00134-018-5086-z.

[94] Rowell SE, Fair KA, Barbosa RR, Watters JM, Bulger EM, Holcomb JB, et al. The
Impact of Pre-Hospital Administration of Lactated Ringer’s Solution versus Normal Saline in
Patients with Traumatic Brain Injury. J Neurotrauma 2016;33:1054-9.
https://doi.org/10.1089/neu.2014.3478.

[95] Roquilly A, Loutrel O, Cinotti R, Rosenczweig E, Flet L, Mahe PJ, et al. Balanced
versus chloride-rich solutions for fluid resuscitation in brain-injured patients: a randomised
double-blind pilot study. Crit Care Lond Engl 2013;17:R77. https://doi.org/10.1186/cc12686.
[96] Lehmann L, Bendel S, Uehlinger DE, Takala J, Schafer M, Reinert M, et al.
Randomized, double-blind trial of the effect of fluid composition on electrolyte, acid-base,
and fluid homeostasis in patients early after subarachnoid hemorrhage. Neurocrit Care
2013;18:5-12. https://doi.org/10.1007/s12028-012-9764-3.

[97] Bercker S, Winkelmann T, Busch T, Laudi S, Lindner D, Meixensberger J.
Hydroxyethyl starch for volume expansion after subarachnoid haemorrhage and renal
function: Results of a retrospective analysis. PloS One 2018;13:e0192832.
https://doi.org/10.1371/journal.pone.0192832.

[98] Ibrahim GM, Macdonald RL. The effects of fluid balance and colloid administration
on outcomes in patients with aneurysmal subarachnoid hemorrhage: a propensity score-
matched analysis. Neurocrit Care 2013;19:140-9. https://doi.org/10.1007/s12028-013-9860-z.
[99] Tseng M-Y, Hutchinson PJ, Kirkpatrick PJ. Effects of fluid therapy following
aneurysmal subarachnoid haemorrhage: a prospective clinical study. Br J Neurosurg
2008;22:257-68. https://doi.org/10.1080/02688690701832100.

[100] Sekhon MS, Dhingra VK, Sekhon IS, Henderson WR, McLean N, Griesdale DEG.
The safety of synthetic colloid in critically ill patients with severe traumatic brain injuries. J
Crit Care 2011;26:357—62. https://doi.org/10.1016/j.jcrc.2010.12.001.

[101] Ginsberg MD, Palesch YY, Hill MD, Martin RH, Moy CS, Barsan WG, et al. High-
dose albumin treatment for acute ischaemic stroke (ALIAS) Part 2: a randomised, double-
blind, phase 3, placebo-controlled trial. Lancet Neurol 2013;12:1049-58.
https://doi.org/10.1016/S1474-4422(13)70223-0.

[102] Palesch Y'Y, Hill MD, Ryckborst KJ, Tamariz D, Ginsberg MD. The ALIAS Pilot
Trial: a dose-escalation and safety study of albumin therapy for acute ischemic stroke--11:
neurologic outcome and efficacy analysis. Stroke 2006;37:2107-14.
https://doi.org/10.1161/01.STR.0000231389.34701.b5.

[103] SAFE Study Investigators, Australian and New Zealand Intensive Care Society
Clinical Trials Group, Australian Red Cross Blood Service, George Institute for International
Health, Myburgh J, Cooper DJ, et al. Saline or albumin for fluid resuscitation in patients with
traumatic brain injury. N Engl J Med 2007;357:874-84.
https://doi.org/10.1056/NEJM0a067514.

[104] Kuwabara K, Fushimi K, Matsuda S, Ishikawa KB, Horiguchi H, Fujimori K.
Association of early post-procedure hemodynamic management with the outcomes of
subarachnoid hemorrhage patients. J Neurol 2013;260:820-31.
https://doi.org/10.1007/s00415-012-6710-4.

[105] Suarez JI, Shannon L, Zaidat OO, Suri MF, Singh G, Lynch G, et al. Effect of human
albumin administration on clinical outcome and hospital cost in patients with subarachnoid



hemorrhage. J Neurosurg 2004;100:585-90. https://doi.org/10.3171/jns.2004.100.4.0585.
[106] Baker AJ, Rhind SG, Morrison LJ, Black S, Crnko NT, Shek PN, et al. Resuscitation
with hypertonic saline-dextran reduces serum biomarker levels and correlates with outcome in
severe traumatic brain injury patients. J Neurotrauma 2009;26:1227-40.
https://doi.org/10.1089/neu.2008.0868.

[107] Cooper DJ, Myles PS, McDermott FT, Murray LJ, Laidlaw J, Cooper G, et al.
Prehospital hypertonic saline resuscitation of patients with hypotension and severe traumatic
brain injury: a randomized controlled trial. JAMA 2004;291:1350-7.
https://doi.org/10.1001/jama.291.11.1350.

[108] Shackford SR, Bourguignon PR, Wald SL, Rogers FB, Osler TM, Clark DE.
Hypertonic saline resuscitation of patients with head injury: a prospective, randomized
clinical trial. J Trauma 1998;44:50-8. https://doi.org/10.1097/00005373-199801000-00004.
[109] Asehnoune K, Lasocki S, Seguin P, Geeraerts T, Perrigault PF, Dahyot-Fizelier C, et
al. Association between continuous hyperosmolar therapy and survival in patients with
traumatic brain injury - a multicentre prospective cohort study and systematic review. Crit
Care Lond Engl 2017;21:328. https://doi.org/10.1186/s13054-017-1918-4.

[110] Boulard G, Guiot P, Pottecher T, Tenaillon A. [Management of subjects in a state of
brain death and the preservation of organs]. Ann Fr Anesth Reanim 2005;24:836-43.
https://doi.org/10.1016/j.annfar.2005.05.020.

[111] Cittanova ML, Leblanc I, Legendre C, Mouquet C, Riou B, Coriat P. Effect of
hydroxyethylstarch in brain-dead kidney donors on renal function in kidney-transplant
recipients. Lancet Lond Engl 1996;348:1620-2. https://doi.org/10.1016/s0140-
6736(96)07588-5.

[112] Cittanova ML, Mavré J, Riou B, Coriat P. Long-term follow-up of transplanted
kidneys according to plasma volume expander of kidney donors. Intensive Care Med
2001;27:1830. https://doi.org/10.1007/s00134-001-1110-8.

[113] Blasco V, Colavolpe JC, Antonini F, Zieleskiewicz L, Nafati C, Albanese J, et al.
Long-term outcome in kidney recipients from donors treated with hydroxyethylstarch 130/0.4
and hydroxyethylstarch 200/0.6. Br J Anaesth 2015;115:798.
https://doi.org/10.1093/bja/aev335.

[114] Giral M, Bertola JP, Foucher Y, Villers D, Bironneau E, Blanloeil Y, et al. Effect of
brain-dead donor resuscitation on delayed graft function: results of a monocentric analysis.
Transplantation 2007;83:1174-81. https://doi.org/10.1097/01.tp.0000259935.82722.11.
[115] Uchytilova E, Protus M, Merta D, Kula R, Pokorna E, Kieslichova E. Lack of Impact
of Hyperchloremia in Brain-Dead Organ Donors on the Onset of Kidney Allograft Function
in the Recipients. Transplant Proc 2017;49:1262-9.
https://doi.org/10.1016/j.transproceed.2017.02.053.

[116] Alobaidi R, Morgan C, Basu RK, Stenson E, Featherstone R, Majumdar SR, et al.
Association Between Fluid Balance and Outcomes in Critically 11l Children: A Systematic
Review and Meta-analysis. JAMA Pediatr 2018;172:257-68.
https://doi.org/10.1001/jamapediatrics.2017.4540.

[117] Vallet B, Blanloeil Y, Cholley B, Orliaguet G, Pierre S, Tavernier B, et al. Guidelines
for perioperative haemodynamic optimization. Ann Fr Anesth Reanim 2013;32:e151-158.
https://doi.org/10.1016/j.annfar.2013.09.010.

[118] Davis AL, Carcillo JA, Aneja RK, Deymann AJ, Lin JC, Nguyen TC, et al. American
College of Critical Care Medicine Clinical Practice Parameters for Hemodynamic Support of
Pediatric and Neonatal Septic Shock. Crit Care Med 2017;45:1061-93.
https://doi.org/10.1097/CCM.0000000000002425.

[119] Thy M, Montmayeur J, Julien-Marsollier F, Michelet D, Brasher C, Dahmani S, et al.
Safety and efficacy of peri-operative administration of hydroxyethyl starch in children



undergoing surgery: A systematic review and meta-analysis. Eur J Anaesthesiol 2018;35:484—
95. https://doi.org/10.1097/EJA.0000000000000780.

[120] Stenson EK, Cvijanovich NZ, Anas N, Allen GL, Thomas NJ, Bigham MT, et al.
Hyperchloremia Is Associated With Complicated Course and Mortality in Pediatric Patients
With Septic Shock. Pediatr Crit Care Med J Soc Crit Care Med World Fed Pediatr Intensive
Crit Care Soc 2018;19:155-60. https://doi.org/10.1097/PCC.0000000000001401.

[121] Weiss SL, Keele L, Balamuth F, Vendetti N, Ross R, Fitzgerald JC, et al. Crystalloid
Fluid Choice and Clinical Outcomes in Pediatric Sepsis: A Matched Retrospective Cohort
Study. J Pediatr 2017;182:304-310.e10. https://doi.org/10.1016/j.jpeds.2016.11.075.





