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Abstract

ogy, in septic patients.

Chloride represents—quantitatively—the most prevalent, negatively charged, strong plasma electrolyte. Control of
chloride concentration is a probable major mechanism for regulating the body’s acid-base balance and for main-
taining homeostasis of the entire internal environment. The difference between the concentrations of chloride and
sodium constitutes the major contributor to the strong ion difference (SID); SID is the key pH regulator in the body,
according to the physicochemical approach. Hyperchloraemia resulting from either underlying diseases or medical
interventions is common in intensive care units. Recent studies have demonstrated the importance of hyperchlorae-
mia in metabolic acidosis and in other pathophysiological disorders present in sepsis. The aim of this narrative review
is to present the current knowledge about the effects of hyperchloraemia, in relation to the underlying pathophysiol-
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Background

Sepsis and septic shock affect over 26 million people
worldwide and remain the leading causes of death in
the US hospitals, despite progress in early recognition
and treatment [1]. Acidosis is a frequently identified
acid—base disorder in patients with sepsis and is linked
to different pathophysiological routes (type II respira-
tory failure, renal failure, lactic acidosis, ketoacidosis).
Chloride (CI7) is the body’s major anion, representing
two-thirds of all negative charges in plasma and is also
responsible for one-third of plasma tonicity [2]. Its role
and significance in acid—base balance, osmosis, muscu-
lar activity and immunomodulation has been overshad-
owed by other serum electrolytes, even though chloride
abnormalities have been detected in 25% of patients in
the critical care setting [3]. Aggressive fluid resuscita-
tion, with chloride-rich crystalloids, during the treatment
of sepsis-induced hypoperfusion, may lead to iatrogenic
hyperchloraemic acidosis [4]. The present review focuses
on the effects of hyperchloraemia in septic patients (met-
abolic acidosis, haemodynamics, inflammatory response,
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renal and gastrointestinal function, haemostatic disor-
ders, mortality) and their underlying pathophysiology.

Main text

Hyperchloraemic metabolic acidosis

The major pathophysiological mechanisms leading to
hyperchloraemic metabolic acidosis after fluid resus-
citation with saline remain controversial. Van Slyke
described the phenomenon of “dilution acidosis” almost
100 years ago [5], but the term was proposed after the
Second World War [6]. He was the first to suggest that
intravenous saline infusion leads to metabolic acido-
sis due to dilution of total body base. Further studies in
non-intubated dogs showed that dilution acidosis was
not related to the type of the solution used (0.9% saline,
dextrose water 5%, mannitol 5%), since bicarbonate
(HCO;™) dilution by the medium water produced aci-
dosis of the same degree [7]. In the early 1980s Stewart
[8] proposed an innovative model of acid—base balance
regulation: changes in CI™ concentration were suggested
to be of particular importance, since it is the main nega-
tively charged strong (fully dissociated) electrolyte in the
extracellular space. According to Stewart’s approach pH
is determined by three independent variables: (i) strong
ion difference (SID), which is the difference between the
sum of all strong cations (Na™, K, Ca®*, Mg?") and the
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sum of all strong anions (Cl~, other strong anions as lac-
tate and ketones), (ii) partial pressure of carbon dioxide
(PCO,) and (iii) concentrations of non-volatile weak acids
(Aop), mainly albumin and phosphate. These variables
change the degree of water dissociation into hydrogen
and hydroxide ions according to three fundamental phys-
icochemical principles that must be met simultaneously:
(a) the law of mass preservation, (b) the law of electrical
neutrality in aqueous solutions and thus in body fluids
and (c) the law of mass action (i.e. the dissociation con-
stant magnitude of weak electrolytes). The ClI~ concen-
tration changes—due to either regulatory adaptations or
underlying disorders of acid—base balance in the organ-
ism—may occur independently of sodium (Na't) changes.
Na't concentration is under hormonal control for the
maintenance of plasma osmolality and water balance.
CI™ concentration can change by moving through cell
membranes under the control of Donnan forces and by
altered renal excretion depending on the acid—base sta-
tus of the body [9]. Our knowledge about the function of
Cl™ channels has grown considerably in recent years: for
example renal excretion and reabsorption are mediated
by ClI™ channels [10]; this knowledge has contributed to
our understanding of the corresponding disorders by elu-
cidating the pathophysiological mechanisms. In hyper-
chloraemia, increased Cl™ concentration decreases SID,
which in turn leads to an increase in free H™ ions [8].
The importance of Stewart’s approach is clear in septic
patients with low SID acidosis, who would have remained
undiagnosed by changes in base excess, due to the alka-
lizing effect of hypoalbuminaemia [11].

However, there are indications that hyperchloraemia
is not exclusively iatrogenic, but constitutes part of the
pathophysiology of sepsis. Kellum and colleagues treated
experimental shock (post-E. coli endotoxin infusion)
in dogs with saline infusion. In this model it was dem-
onstrated that the exogenous Cl™ administration could
account for only one-third of the Cl™ serum increase,
representing 38% of the total acid load; lactate contrib-
uted less than 10% of the acidic load at the end of the
experimental period. The excess Cl~ was attributed to the
activation of mechanisms that led to differential move-
ments of Na™ and Cl~ from intracellular to extracellular
spaces or from extravascular to intravascular compart-
ments; the endothelial injury and the extravasation of
albumin might represent a scenario for this CI~ move-
ment [12].

Hyperchloraemia has been studied in children with
meningococcal septic shock and was found to be the
main cause of metabolic acidosis post-resuscitation [13];
this observation was confirmed 2 years later in critically
ill, adult patients with severe sepsis and septic shock [14].
Szrama and Smuszkiewicz [15], analysing 990 arterial
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blood gas results from 43 septic intensive care unit (ICU)
patients, found that low SID acidosis (increased Cl7/
Na™ ratio) was the most frequent cause of acidosis, being
present in 93.5% of blood samples. In a pilot study from
our centre, the most important cause of metabolic acido-
sis in septic patients was hyperchloraemia and low SID
[16]. In particular, the causes of metabolic acidosis were
investigated in 94 patients with sepsis and septic shock
on the day of ICU admission. Cl™ levels were significantly
elevated, resulting in a low SID, in the metabolic acidosis
group (BE<—2 mEq/L), while lactic acid levels did not
differ significantly among the subgroups of patients with
low (< —2 mEq/L), normal (between —2 and +2 mEq/L)
or elevated (>2 mEq/L) base excess values. Of note is the
fact that in this ICU balanced crystalloid solutions (Ring-
er’s lactate) are used for resuscitation, except for those
cases requiring saline use (i.e. severe hyponatraemia).

Hyperchloraemia and inflammatory response during sepsis
Sepsis represents a state of hyperimmune response to an
infection, with both pro-inflammatory (systemic inflam-
matory response syndrome—SIRS) and anti-inflam-
matory (compensatory anti-inflammatory response
syndrome—CARS) pathways being activated [17]. The
possible effects of hyperchloraemic acidosis on the host’s
immunity have been studied in experimental models.

Several studies [18-20] document that hydrochloric
acid (HCl)-induced acidosis influences the TNF-« levels
by enhancing TNF-a gene transcription [19]. However, a
reduced TNF-a secretion is observed when pH reaches
7.0 or less [18] and the major pH-sensitive step(s) in
TNF-a production appears to be located at a post-tran-
scriptional level [21].

The upregulation of inducible nitric oxide synthase
(iNOS) and the consequent overproduction of nitric
oxide is associated with systemic hypotension and
decreased vascular reactivity in septic patients [22].
Pedoto et al. [23, 24] reported the correlation of HCl-
induced acidosis with increased iNOS activity, along
with lung and intestinal injury in healthy rats. A previ-
ous study by Bellocq et al. [20] had suggested that low-
ering pH from 7.4 to 7.0 amplifies the nuclear factor-«xB
(NEF-kB)-dependent iNOS pathway, by upregulating
mRNA expression. However, extreme acidic conditions
(pH 6.5) do not increase nitrite production [25], since the
intracellular pH falls below 7.0, which has been suggested
to be optimal for iNOS function [24].

The observed increase in both NF-«kB binding activ-
ity in the nucleus and NF-xB-driven reporter gene
expression under acidic conditions [20, 25] has been
demonstrated to affect other inflammatory pathways.
Kellum and co-workers studied the release of IL-6 and
IL-10 in murine cell cultures stimulated with E. coli
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lipopolysaccharide after acidification with HCl. Extreme
acidosis (pH 6.5) was associated with reduced release of
both IL-6 and IL-10 as well as attenuated NF-kB DNA
binding activity. However, the greater reduction in IL-10
levels led to a significant increase in IL-6 to IL-10 ratio
from 5:1 at pH 7.4 to 55:1 at pH 6.5 [25]. In contrast to
these in vitro results, data from experimental sepsis in
rats suggest that both pro-inflammatory (TNF, IL-6) and
anti-inflammatory (IL-10) mediators were increased by
HCI infusion. The above results illustrate the major dif-
ferences between ex vivo and in vivo models [26] due to a
number of other parameters triggered by acidaemia (cat-
echolamine synthesis, stimulation of vasopressin, adren-
ocorticotropic hormone and aldosterone).

In conclusion, hyperchloraemic acidification appears
to have a main pro-inflammatory effect based on NO
release, IL-6-to-IL-10 ratios and NF-xB binding activ-
ity demonstrated ex vivo. The reduced TNF-a secretion
[18] and NF-«B binding activity [25] in severe acidosis
suggest that not all pro-inflammatory pathways are pre-
served at the extremes of the acid—base homeostasis. In
contrast, lactic acidosis appears to exhibit anti-inflamma-
tory action by decreasing cytokine expression and NF-kB
binding activity [25].

Hyperchloraemia and haemodynamics

Severe acidosis in sepsis is associated with haemody-
namic instability through many different pathophysi-
ologic mechanisms (reduced left ventricular contractility,
diastolic dysfunction and right ventricular failure, pre-
disposition to cardiac arrhythmias, arterial vasodilation,
impaired responsiveness to catecholamines, reduced
hepatic blood flow, impaired oxygen tissue delivery) [27].
Kellum et al. [28] demonstrated that hyperchloraemic
acidosis reduced the mean arterial pressure (MAP) in
normotensive septic rats; the decrease in MAP showed
a higher correlation to plasma Cl~ elevation as com-
pared to pH reduction. Moderate acidosis enhanced
plasma nitrite levels, a result confirming previous studies
by Pedoto et al. [24] who reported an increase in serum
nitrite levels and a significant decrease in blood pressure
in healthy rats after HCl-induced acidosis.

Hyperchloraemia and renal function
Among critically ill patients who develop acute kidney
injury (AKI) almost 50% are septic. Furthermore, septic
AKI is identified as an independent predictor of hospital
death [29]. The administration of chloride-rich solutions
and the probable adverse effects on kidney function have
been studied in both animal and human trials.

An animal study performed by Wilcox indicated that
intrarenal infusion of chloride-containing solutions led
to renal vasoconstriction and fall in glomerular filtration
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rate (GFR). Chloride-induced vasoconstriction—which
appeared to be specific for the renal vessels—was poten-
tiated by previous salt depletion and related to tubular
Cl™ reabsorption [30]. Pathophysiologically, this obser-
vation is attributed to high CI~ sensitivity of K™-induced
smooth muscle cell contraction in the afferent arterioles
[31] and also to the activation of tubuloglomerular nega-
tive feedback provoked by higher levels of CI™ transport
across the macula densa cells [32]. The chloride-induced
thromboxane release—and its actions on the afferent and
efferent arterioles that contribute to renal vascular resist-
ance—offers an additional, hypothetical mechanism for
the fall in GFR during hyperchloraemia [33]. An experi-
mental study by Quilley suggested that exposure of iso-
lated rat kidney to higher CI™ concentration increased
vasoconstrictor responses to angiotensin II (Ang II) [34].
However, a previous study in greyhounds had shown that
hyperchloraemia also decreases generation of Ang II,
questioning the role of intrarenal renin—angiotensin sys-
tem in chloride-induced renal vasoconstriction in intact
animals [35].

Studies in animals [36] and human volunteers [37] have
shown a correlation between higher levels of inflamma-
tory markers in sepsis with the development of AKIL The
observed increase in IL-6 levels following saline resusci-
tation in septic animals and its association with increased
AKI risk provide an additional explanation for renal dys-
function during sepsis resuscitation treatment [38].

Moving from animal to human studies, Williams and
colleagues conducted a trial in healthy human volunteers
and reported that infusion of large volumes of 0.9% saline
(50 mL/kg) within 1 h resulted in lower pH and signifi-
cantly prolonged the time until first urination compared
to infusion of Ringer’s lactate (RL) solution; the effect of
acidosis persisted for 1 h beyond the end of infusion [39].
Other studies involving humans showed that the intrave-
nous infusion of 2 L of 0.9% saline over 60 min resulted in
a reduction in renal blood flow velocity and renal cortical
tissue perfusion; such changes were not observed after
infusion of balanced crystalloids [40]. The delayed time to
first micturition in human volunteers, who had received
2 L intravenous infusions of 0.9% saline comparing to
Hartman’s solution (within 1 h, on separate occasions),
was associated with the development of hyperchlorae-
mia in all subjects; hyperchloraemia was recorded for 6 h
from the beginning of the infusion. In contrast, serum
chloride concentrations remained normal after Hart-
mann’s infusion [41]. Although the infusion of a lower
osmolality solution could relate to lower antidiuretic
hormone secretion leading to earlier diuresis, the greater
natriuresis observed could not support this theory [10].
A probable explanation might relate to chloride’s vaso-
constrictive action, boosted by the previously reported
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slower excess chloride excretion during administration of
saline solutions [42].

Most studies examining the pathophysiological effects
of hyperchloraemia on kidney function have not been
performed in septic patients exclusively, but include a
heterogeneous population of ICU patients. In a meta-
analysis of studies relating intravenous resuscitation
fluids administration to patient outcomes in the periop-
erative or intensive care setting, high-chloride fluids were
associated with a significantly higher risk of acute kidney
injury [43]. Two out of the 21 meta-analysed trials, that
included general ICU patients, gave conflicting results.
Yunos and colleagues studied a rather diverse population
(~50% post-operative,~7% severe sepsis/septic shock
patients) and demonstrated that chloride-restrictive
intravenous fluids strategy was associated with a signifi-
cant decrease in the incidence of (a) AKI, including the
use of renal replacement therapy [44], (b) metabolic aci-
dosis, (c) severe hyperchloraemia and (d) hypernatraemia
[45]. On the contrary, the SPLIT trial (comparing saline
vs balanced crystalloid) concluded that the type of crys-
talloid infused did not affect the incidence of AKI [46].
However, this study involved predominantly ICU post-
operative population and sepsis was diagnosed in only 4%
of the cases. In addition, the median volume of crystal-
loids infused was only 2000 cc, which might have affected
the results as shown in the recently published SALT
study. In this randomized trial on ICU patients the inci-
dence of AKI did not differ between the two study arms
(balanced crystalloids vs 0.9% saline). However, among
patients who received larger volumes of fluids, those
assigned to saline appeared to experience more major
adverse kidney events [47]. The negative effect of the
infused saline volume on kidney function has also been
confirmed by two recent studies—a retrospective one by
Sen et al. [48] and the SMART randomized trial [49]—
involving critically ill patients. Furthermore, the SMART
trial being a randomized study including 15,802 patients
demonstrated a negative impact on renal function of
saline infusion versus balanced crystalloids; this effect
was even greater in the subgroup of 2336 septic patients.

Additional data from a retrospective cohort study sug-
gest that maximal serum Cl~ concentration in the first
48 h after resuscitation of septic patients is associated
with AKI. The increase in serum Cl~ exhibited a dose-
dependent relationship with the severity of AKI, and
remarkably, an increase in serum Cl™>5 mmol/L was
associated with the development of AKI even among
patients who remained normochloraemic [50]. These
results are consistent with those of an earlier retrospec-
tive analysis of data from general ICU population. Zhang
et al. demonstrated—for the first time—that higher maxi-
mal and mean Cl™ concentration values were associated
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with the subsequent development of AKI, but the sever-
ity of AKI correlated only with the former [51]. Never-
theless, in a retrospective cohort study on septic patients
published a year later [52] it was found that the preva-
lence of acute renal failure was independent of the crys-
talloid solution infused (balanced or isotonic saline).
Therefore, large-scale randomized trials focusing on low
versus high CI™ strategy during fluid resuscitation in
sepsis—as the ongoing FISSH trial [53]—must be under-
taken for valid conclusions.

Effects of hyperchloraemia on the gastrointestinal tract
Experimental models have demonstrated the association
of HCl-induced metabolic acidosis with reduced gastric
motility in pigs [54] and intestinal injury in rats [23]. A
trial among elderly surgical patients revealed a significant
trend towards increased nausea and vomiting when saline
infusion was compared to balanced fluids; two-third of
the saline-treated patient group developed hyperchlo-
raemic metabolic acidosis [55]. This information and the
abdominal discomfort provoked in healthy subjects by
saline infusion [39] suggest that hyperchloraemic acidosis
could be associated with complications such as gastropa-
resis, emesis and altered intestinal permeability; further
investigation on this subject is required.

Effects of hyperchloraemia on haemostasis
and haemopoiesis
Coagulation activation during sepsis represents an
important component of the overall response against
invading pathogens [56]. This beneficial process can be
reversed to a life-threatening event during severe inflam-
matory responses, since excessive thrombosis activa-
tion may lead to disseminated intravascular coagulation
(DIC) and consumption of multiple clotting factors [57].
The correlation of hyperchloraemia during sepsis with
coagulation has not been studied yet. A limited number
of experimental and clinical studies [58, 59] suggest that
large volumes of chloride-rich solutions lead to coagu-
lation disorders and increased tendency for bleeding.
However, coagulation abnormalities in substantial blood
loss and haemorrhagic shock (and this was the case in
the above-mentioned studies) are influenced by several
factors—hormonal, immunological, extent of blood loss,
hypoxia, acidosis, hypothermia—[60] that differ or may
not be present in septic patients. On the other hand,
the reduced coagulation proteases’ activity observed in
acidic pH [61] could affect the progression of sepsis in
patients with hyperchloraemic acidosis by undermining
coagulation activation; this hypothesis should be further
investigated.

Anaemia is common in septic patients and is caused by
shortening of red blood cell (RBC) circulatory lifespan
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(haemolysis, phlebotomy losses, invasive procedures,
gastrointestinal bleeding, etc.) and/or diminished RBC
production due to nutritional deficiencies, iron metabo-
lism, inflammatory processes leading to impaired RBC
proliferation, impaired erythropoietin production and
signalling [62]. The results of a cohort study by Neyra
et al. [63] in septic patients suggest that anaemia is
more frequent in hyperchloraemic patients, requiring
more blood transfusions compared to normochloraemic
patients. A probable mechanism explaining this observa-
tion might relate to inhibition of erythropoietin produc-
tion by pro-inflammatory cytokines [64] since the latter
predominate in hyperchloraemic acidosis [25].

Hyperchloraemia and mortality in sepsis

The negative impact of hyperchloraemia on the mortal-
ity of septic [14] and critically ill [65] patients was first
reported less than a decade ago. In contrast, data from
a single-centre observational retrospective cohort study
of critically ill septic patients suggested that Cl~ levels
upon ICU admission were not related to hospital mortal-
ity. However, in subjects with deteriorating hyperchlo-
raemia, higher levels of CI~ (=5 mEq/L) 72 h later were
associated with increased hospital mortality [63]. Since
the study population was limited to ICU patients, the
acid—base balance could have been manipulated by fluid
administration in the emergency room. Rochwerg et al.
performed a meta-analysis of the effect different resus-
citative fluids (crystalloids and colloids) had on the mor-
tality rate in septic patients. A trend towards improved
survival of patients resuscitated with balanced crystal-
loids compared to patients who received saline was noted
at a 6-node meta-analysis level (crystalloids vs albu-
min vs hydroxyethyl starch vs gelatin, with crystalloids
divided into balanced or unbalanced and hydroxyethyl
starch divided into low or high molecular weight) [66].
Studies that compared chloride-rich versus balanced
crystalloid solutions were designed and confirmed the
previous findings. Shaw and colleagues conducted a ret-
rospective cohort study that demonstrated an association
between lower Cl™ load and lower mortality in hospital-
ized patients with SIRS; this observation was independ-
ent of the total fluid volume administered and remained
significant after adjustment for illness severity [67]. Rag-
hunathan et al. [52] confirmed the previous observa-
tion in septic patients who received greater proportions
of balanced crystalloids. The retrospective study of Sen
et al. [48] showed a negative association between higher
Cl™ load and survival rate among ICU patients who had
received large-volume fluids; this effect extended to
at least 1 year post-ICU admission. The SMART ran-
domized trial demonstrated a statistically significant
higher 30-day in-hospital mortality in septic patients
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treated with saline compared to those treated with bal-
anced crystalloids [49].

Chloride-restrictive fluid administration

Saline 0.9% is the most commonly used crystalloid solu-
tion globally [50], even though doubts regarding its
physiological effects had been raised as early as the end
of the nineteenth century [68]; these observations led to
the production of the first buffered solutions. The drastic
changes in the pathophysiology of metabolic acidosis in
sepsis within 8 h post-aggressive isotonic fluid resuscita-
tion—from acidosis due to unmeasured anions to hyper-
chloraemic acidosis—[13] is an effect many clinicians
are not aware of. This common condition among ICU
patients [69] has probably influenced the clinical practice
of intensivists, who favour the use of buffered crystalloid
solutions over saline according to the FENICE study [70].
The latest Surviving Sepsis Campaign guidelines do not
recommend balanced crystalloids over saline; however,
close monitoring of chloride levels is advised for avoid-
ance of hyperchloraemia [71]. Raised concerns about
iatrogenic metabolic acidosis in critically ill patients
are fully justified, because of the inadequate respiratory
compensation and the anticipated exhaustion of buffer-
ing reserves [12]. It should be noted that from the studies
mentioned, it cannot be safely ascertained whether the
adverse events observed in the case of hyperchloraemia
are due to elevated levels of Cl™ or acidosis per se.

The beneficial effect of balanced crystalloids is sup-
ported by the probable harmful effects of saline on MAP,
renal haemodynamics and the gastrointestinal tract,
particularly in the setting of sepsis-induced systemic
hypoperfusion and lastly the higher mortality rates of
patients receiving saline [49, 72]. Furthermore, among
the ten studies (involving 15,000 critically ill patients)
subjected to meta-analysis, none demonstrated superior-
ity of saline in organ function or mortality rate over bal-
anced crystalloids [43, 73]. The lower transfusion rate in
patients receiving low-chloride balanced fluids supports
the chloride-restrictive practice, although an incompat-
ibility of calcium-containing buffered solutions and cit-
rated blood cannot be excluded [43]. Buffered solutions
have been associated with lower prevalence of SIRS and
C-reactive protein levels—compared to saline in patients
with acute pancreatitis [74]—and a lower risk of post-
operative infections after open abdominal surgeries [75];
such observations are compatible with the pro-inflamma-
tory effects of saline-induced hyperchloraemic acidosis
demonstrated in experimental models. Up to date, saline
remains the fluid of choice in septic patients with comor-
bidities such as severe hyponatraemia, cerebral oedema
and brain injury [76].



Filis et al. Ann. Intensive Care (2018) 8:43

Conclusions

Chloride, as the major anion of the extracellular fluid,
constitutes an important element in the homeostasis
of the human organism. Hyperchloraemia, whether a
result of the sepsis process or a consequence of its treat-
ment with supraphysiologic chloride fluids, appears to
have a negative impact on the clinical outcome of sep-
tic patients. The detrimental effect of hyperchloraemic
acidosis on the inflammatory response, on haemody-
namics and also upon the homeostasis of organs or sys-
tems, demonstrated by studies in humans and some
experimental models of sepsis, should keep clinicians
alert. Close monitoring of chloride levels and acid—base
homeostasis pertains to all levels of hospitalization, start-
ing with the early resuscitation treatment in the emer-
gency room. Balanced crystalloids appear to improve the
sepsis outcome, when compared to saline. Large-scale
randomized trials analysing more than one endpoint
(mortality, haemodynamics, AKI, haemostatic disorders,
other organ damage, length of ICU and hospital stay) are
urgently needed in order to confirm the possible benefi-
cial effect of chloride restriction strategies.
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