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Abstract 

Background:  Intravenous fluids are used commonly for almost all intensive care unit (ICU) patients, especially for 
patients in need of resuscitation. The selection and use of resuscitation fluids may affect the outcomes of patients; 
however, the optimal resuscitative fluid remains controversial.

Methods:  We systematically searched PubMed, Embase, and CENTRAL. Studies comparing balanced crystalloids 
and normal saline in ICU patients were selected. We used the Cochrane Collaboration tool to assess the risk of bias in 
studies. The primary outcome was mortality at the longest follow-up. Secondary outcomes included the incidence of 
acute kidney injury (AKI) and new renal replacement therapy (RRT).

Results:  A total of 35,456 patients from eight studies were included. There was no significant difference between 
balanced crystalloid solutions and saline in mortality (risk ratio [RR]: 0.96; 95% confidence interval [CI]:0.92–1.01). 
The subgroup analysis with traumatic brain injury (TBI) showed lower mortality in patients receiving normal saline 
(RR:1.25; 95% CI 1.02–1.54). However, in patients with non-TBI, balanced crystalloid solutions achieved lower mortality 
than normal saline (RR: 0.94; 95% CI 0.90–0.99). There was no significant difference in moderate to severe AKI (RR: 0.96; 
95% CI 0.90–1.01) or new RRT (RR: 0.94; 95% CI 0.84–1.04).

Conclusions:  Compared with normal saline, balanced crystalloids may not improve the outcomes of mortality, the 
incidence of AKI, and the use of RRT for critically ill patients. However, balanced crystalloids reduce the risk of death in 
patients with non-TBI but increase the risk of death in those with TBI. Large-scale rigorous randomized trials with bet‑
ter designs are needed, especially for specific patient populations.
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Background
Fluid resuscitation is performed for patients in the inten-
sive care unit (ICU) due to infection, shock, and burns [1, 
2]. The selection and use of resuscitation fluids may affect 
the outcome of patients [3, 4]. Saline is the most widely 
used and readily available liquid in clinical practice. 

Despite being referred to as “normal” saline, it contains a 
higher chloride concentration and lacks bicarbonate than 
the plasma [5]. For the concerns that saline may increase 
the risk of acute kidney injury (AKI) [6, 7], clinicians may 
favor balanced crystalloids in critically ill patients requir-
ing massive infusion. However, it is still unclear whether 
balanced crystalloids can improve the prognosis of criti-
cally ill patients [8, 9].

Preclinical studies showed that using saline may cause 
hyperchloremic metabolic acidosis, inflammation, hypo-
tension, AKI, and death [2]. While there was no signifi-
cant evidence that balanced crystalloids can reduce the 
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risks of death and AKI in clinical randomized controlled 
studies (RCTs) [9–11], a meta-analysis [8] revealed that 
balanced crystalloids reduce the length of hospital stay, 
mortality, and incidence of AKI in critically ill patients. 
These results could hardly reflect the real mortality due 
to assignable heterogeneity and many confounding fac-
tors when merging observational studies. Subsequently, 
Zwager et  al. [12] tried to include RCT studies for 
meta-analysis and sequential trial analysis. Their results 
showed that balanced crystalloids cannot reduce the risk 
of mortality and AKI in critical patients. Moreover, the 
results of sequential trail analysis did not cross the invalid 
boundary. Additionally, for inadequate samples, the cur-
rent cumulative samples size cannot reach the desired 
size; although balanced crystalloids could reduce the 
mortality in the subgroup of sepsis patients, this evidence 
was low in quality.

Two large RCTs [13, 14] investigating the effects of bal-
anced crystalloids and saline on the prognosis of critically 
ill patients in ICU have been published in recent years. 
We, therefore, hope to provide new evidence for the 
selection of resuscitation fluids for critically ill patients in 
the ICU through a rigorous systematic review and meta-
analysis. A sequential analysis of the experiment must be 
conducted to determine whether the current cumulative 
sample size is enough to utilize medical resources and 
avoid waste adequately.

Methods
The systematic review and meta-analysis were performed 
according to our protocol registered at the International 
Prospective Register of Systematic Reviews (PROSPERO; 
No. CRD42022304749) and followed the Preferred 
Reporting Items for Systematic Reviews and Meta-anal-
yses statement [13].

Search strategy
This meta-analysis searched PubMed, Embase, and CEN-
TRAL databases from inception to 13 February 2022. The 
following keywords were used for the search: “balanced 
crystalloid solutions”, “saline solution”, “fluid manage-
ment”, “intensive care units”, and “critically ill patients”. 
The search strategy for PubMed can be found in Addi-
tional file 1.

Eligibly criteria
The inclusion criteria were as follows: (1) The trial was 
designed as a randomized controlled trial; (2) study sub-
jects were critically ill patients (≥ 18 years old) requiring 
fluid resuscitation; (3) studies compared balanced solu-
tion and saline; and (4) the trial reported at least one of 
the outcomes (mortality, the incidence of AKI, and the 
incidence of new RRT).

The exclusion criteria were as follows: (1) fluids were 
used as maintenance rather than resuscitation, and (2) 
the study was a secondary analysis of the original data.

Study selection
Two independent investigators performed the study 
selection. Disagreements between two investigators were 
resolved in meetings or adjudicated by a third reviewer.

Data extraction
Two independent reviewers (DWH and YWQ) used a 
standardized form to perform the data extraction. The 
following data on study characteristics were collected: 
first author, publication year, sample size, mean age, 
severity, the cumulative volume of fluid, balanced crystal-
loid type, and follow-up time. The other two independent 
reviewers (ZWQ and SX) evaluated the data to ensure 
its accuracy. Two reviewers assessed the methodological 
quality of included trials according to the Cochrane Risk 
of Bias Tool.

Risk of bias
Two authors (DWH, YWQ) independently assessed the 
study quality, study limitations, and the extent of poten-
tial bias using the Cochrane Collaboration’s risk of bias 
tool [14]. The following domains were assessed: random 
sequence generation, allocation concealment, blinding of 
participants and personnel, blinding of outcome assess-
ments, incomplete outcome data, selective reporting, and 
other biases. Funnel plots for the primary outcomes were 
generated to assess publication bias.

Statistical analyses
The statistical analysis was accomplished using the 
Cochrane systematic review software and Review Man-
ager (RevMan; Version 5.3). Measurement data were 
expressed as means and standard deviations and 95% 
confidence intervals (95% CI). Enumeration data are 
expressed as risk ratios (RR) and 95% CI. Assessment of 
heterogeneity was completed using the chi-squared test. 
The I2 statistic was used for the determination of het-
erogeneity. The fixed-effect model was applied if low or 
moderate heterogeneity (I2 < 50%, P < 0.1). Otherwise, 
the random-effects model was used. Subgroup and sen-
sitivity analyses were performed to investigate potential 
between-study heterogeneities and estimate other poten-
tially confounding factors.

Trial sequential analysis (TSA)
We assessed the risk of false positives or false negatives 
in the meta-analyses by TSA [15]. Sequential monitor-
ing boundaries were established to limit the global type 
I error to 5%. Boundaries considered a power of 80% to 
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detect a relative risk of a 5% decrease in mortality at the 
longest follow-up. The control group mortality for the 
various settings was selected (Mortality at the longest 
follow-up, mortality of septic patients, mortality of trau-
matic brain injury [TBI], mortality of non- TBI, the need 
for new renal replacement therapy [RRT], and moderate 
to severe AKI were set at 27.2%, 48.9%, 23%, 21.9%, 8%, 
and 28.4% respectively in the ICU). When the cumula-
tive Z-curve enters the futility area or crosses the trial 
sequential monitoring boundary, the anticipated inter-
vention effect may reach a sufficient level of evidence. If 
the Z-curve does not cross any of the boundaries and the 
required information size has not been reached, the evi-
dence is rendered inadequate to conclude. The TSA was 
conducted using TSA version 0.9 beta (The Copenhagen 
Trial Unit, Centre for Clinical Intervention Research, 
Rigshospitalet, Copenhagen, Denmark), 2016.

Results
Study selection and study characteristics
The flow diagram showed the study selection process in 
Additional file 2: Fig S1. Eight randomized controlled tri-
als [10, 11, 16–21], recruiting 35,456 patients, provided 
data for meta-analysis. We included one trial for which 
we could only source the abstract [20]. The main char-
acteristics of the included studies are summarized in 
Table  1. All trials focused on patients in the ICU. Sam-
ple sizes ranged from 65 to 11,052. One trial [17] (46 
patients) analysed 30-day mortality, two trials [11, 19] 
(16,776 patients) analysed the 60-day mortality, two trials 
[16, 21] (15,366 patients) analysed the 90-day mortality, 
and two trials [10, 18] (2329 patients) analysed the in-
hospital mortality.

Risk of bias in studies
The RCTs’ bias assessment was listed in Additional file 2: 
Fig. S2. Six trials were considered to have a low risk of 
bias, with adequate randomized sequences, concealed 
allocation, and analyzed outcomes of patients by the 
assigned group. Two trials were considered to have some 
concerns for the risk of bias. Ratanarat et al.’s study [20] 
was published as an abstract in a supplement. Although 
editors and peer reviewers evaluated the study design, 
there is an unknown risk of bias due to the lack of infor-
mation. Enrolled patients were randomly assigned to 
the saline group balanced crystalloid group by month of 
admission to the ICU in Semler’s study [19]. This kind of 
randomization method could cause selection bias. The 
plot for mortality at the longest follow-up and incidence 
of AKI for studies was asymmetrical, implying that publi-
cation bias is strongly suspected. No publication bias was 
evident for the new RRT (Additional file 2: Fig. S3).

Mortality at the longest follow‑up
Seven trials [10, 11, 16–19, 21] were included in the 
mortality analysis. There was no significant difference 
in patients receiving balanced crystalloid solutions ver-
sus normal saline (RR: 0.96; 95% CI 0.92–1.01) (Fig. 1). 
There was no significant heterogeneity (P = 0.09, 
I2 = 0%). Results from a subgroup analysis with sep-
sis (RR: 0.94; 95% CI 0.87–1.00; I2 = 0%) or non-sepsis 
(RR: 0.98; 95% CI 0.92–1.04; I2 = 0%) were similar to 
those in the over-all analysis (Additional file 2: Fig S4). 
The subgroup analysis with TBI showed lower mortal-
ity in patients receiving normal saline (RR: 1.24; 95% 
CI 1.02–1.50; I2 = 7%), whereas those non-TBI showed 
lower mortality in patients receiving balanced crystal-
loid (RR: 0.94; 95% CI 0.90–0.99; I2 = 0%) (Fig. 2).

Renal outcomes
Seven trials [10, 11, 16–20] were included in moderate 
to severe AKI analysis development. There was no sig-
nificant difference in patients receiving balanced crys-
talloid solutions versus normal saline (RR: 0.95; 95% 
CI 0.90–1.01; I2 = 0%) (Fig. 3). Seven trials [10, 11, 16, 
18–21] were included in the need for a new RRT analy-
sis. We found no significant difference in the incidence 
of new RRT between patients receiving balanced crys-
talloid solutions compared with those receiving normal 
saline (RR: 0.93; 95% CI 0.86–1.02; I2 = 19%) (Fig. 4).

Trial sequential analysis
Results of TSA for mortality at the latest follow-up can 
be found in Fig. 5. The Z-curve crossed trial sequential 
monitoring boundaries for futility and did not cross 
the conventional boundary. The sample size reached 
the required information size (n = 33,411) and did not 
require more trials for confirmation. However, the 
results of the TSA for mortality of patients with sep-
sis, the development of moderate to severe AKI, and 
incidence of new RRT showed that the Z-curve did 
not cross the conventional or trial sequential monitor-
ing boundaries for benefit, harm, or futility (Additional 
file 2: Fig. S5). The mortality for patients with TBI was 
not available for TSA due to insufficient data. Results 
of TSA for mortality of non-TBI patients can be found 
in Fig. 6. The Z-curve crossed trial sequential monitor-
ing boundaries and conventional boundaries for futility, 
indicating that although the sample size does not reach 
the required information size (n = 32,749), it has been 
proved that balanced crystalloids can reduce mortality 
in non-TBI patients.
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Discussion
In terms of this meta-analysis, there was no difference 
in mortality between the balanced crystalloids group 
and the normal saline group for adult ICU patients. The 
data crossed a conservative futility boundary, and fur-
ther clinical trials may not alter the result. There was 
no significant difference in AKI incidence or the need 
for new RRT. However, balanced crystalloids reduce 
the risk of death in patients with non-TBI, which TSA 
confirmed. Balanced crystalloids may increase the risk 
of death in those with TBI, which needs further high-
quality evidence to prove.

Fluid therapy is the cornerstone of treating critically 
ill patients in the ICU. The Surviving Sepsis Campaign 
guideline recommends crystal solution as the preferred 
resuscitation fluid; however, there is no recommendation 
on the types of crystal solution to administer as relevant 
research is lacking [22]. Some observational studies on 
operating rooms and ICUs suggested that hyperchlo-
remia may be associated with higher mortality, including 
AKI risk. However, whether metabolic acidosis induced 
by saline affects organ function and mortality is uncer-
tain. Indeed, humans can tolerate rather a significant aci-
dosis (e.g., permissible hypercapnia in acute respiratory 
distress syndrome patients can reduce arterial blood PH 
to 7.23 without affecting organ function and mortality) 
[23]. Vasodilation induced by acidosis may aggravate crit-
ically ill patients’ shock [24]. However, fluid resuscitation 
is not performed alone in clinical practice. During intra-
venous fluid administration, critically ill patients undergo 
strict vital sign monitoring, including administration of 
vasoactive drugs, which to some extent reduce the effects 
of acidosis. The results of several prospective randomized 
controlled trials [10, 11, 16–19, 21] did not show that bal-
anced crystalloids could reduce the mortality of critically 
ill patients. These supports reduce the effects of acidosis. 
After merging these studies, the results of the meta-anal-
ysis remained consistent. We correct the random error of 
mortality by TSA, and the results show that the sample 

size reached the required information size, which can be 
recognized as stable.

From a statistical standpoint, the mortality between 
the balanced crystalloids group and the normal saline 
group for critically ill patients was no difference in our 
meta-analysis. However, determining which critically ill 
patients would most likely benefit from balanced crystal-
loids is more meaningful for clinicians. Ostermann et al. 
[25] presented that understanding which ICU patient 
would most likely benefit from the use of a balanced elec-
trolyte solution and which balanced solution would pro-
vide that benefit is important and understanding when 
the use of saline is equivalent or better. Hence, large-
scale rigorous randomized trials with better designs are 
needed to provide robust evidence for clinical manage-
ment, especially for specific patient populations. Evaluat-
ing which specific patient would most likely benefit from 
balanced crystalloids and which would benefit from nor-
mal saline is essential.

In the subgroup analyses, our study showed that bal-
anced crystalloids might reduce the risk of death in 
patients with non-TBI but increase the risk of death in 
those with TBI. A possible explanation is that balanced 
crystalloids are a hypoosmotic solution, increasing the 
intracranial pressure in patients with TBI and increas-
ing the incidence of hyponatremia [19]. Our results 
did support the option of administering normal saline 
to patients with TBI, which is clinically important. It is 
worth noticing that those with non-TBI showed lower 
mortality in patients receiving balanced crystalloid. And 
TSA was found that the finding of patients with non-
TBI was reliable and conclusive. Subgroup analysis by 
patients with non-TBI included four trials [10, 16, 19, 21] 
with 33,430 patients. Our result for patients with non-
TBI was utterly opposite to one RCT by Finfer et al. [21] 
published in 2022, which excluded patients with TBI or at 
risk for cerebral edema. The trial was prematurely termi-
nated due to the coronavirus disease 2019 pandemic and 
included a reduction in the size of the recruitment target 

Fig. 1  Forest plots for mortality at the longest follow-up for studies performed in ICU
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and unavailable data on the primary outcome. This trial 
was limited by its early termination. Furthermore, more 
than half the patients in the balanced crystalloids group 

received 500 ml or more saline. This may have attenuated 
a protective effect of balanced crystalloids. Hence, these 
findings provide necessary and reasonable suggestions 

Fig. 2  Forest plots of mortality for patients with TBI

Fig. 3  Forest plots for the development of moderate to severe acute kidney injury

Fig. 4  Forest plots for incidence of new RRT​
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Fig. 5  Trial sequential analysis for mortality at the longest follow-up. TSA used estimates of 27.2% for baseline mortality, 5% for relative risk 
reduction, 5% for alpha and 80% for power. The sample size reached required information size, but Z-curve not crossed conventional boundary and 
TSA boundary

Fig. 6  Trial sequential analysis for mortality of non-TBI patients. TSA used estimates of 21.9% for baseline mortality, 5% for relative risk reduction, 5% 
for alpha and 80% for power.The sample size not reached required information size, but Z-curve crossed conventional boundary and TSA boundary
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between the fluid types for clinical management for criti-
cally ill patients with TBI or non-TBI.

In addition, previous retrospective study suggested [6, 
26] that chloride-restrictive intravenous fluid administra-
tion strategy was associated with a significant decrease in 
AKI incidence and RRT use. However, in our study, we 
did not find that balanced crystalloids or saline can sig-
nificantly decrease AKI incidence and use of RRT.

Our systematic review has several limitations. Firstly, 
although we sought to enroll critically ill patients requir-
ing fluid resuscitation, some ICU patients receiving 
smaller infusion volumes were included in our study. 
Hence, large-scale rigorous randomized trials with bet-
ter designs for fluid resuscitation are needed. Secondly, 
different  studies reported  different  follow-up  periods. 
Our primary outcome of all-cause mortality included in-
hospital mortality, 30-day, 60-day, and 90-day mortality. 
However, heterogeneity was low in all-cause mortality for 
the included studies. Sensitivity analyses were also con-
ducted by the sequential exclusion of each study and did 
not alter the results. Thus, it is reasonable to combine 
data from patients with different follow-up periods in our 
study. Thirdly, we included all critically ill patients in the 
ICU, and we could not determine if the results general-
ize to any specific population, such as ketoacidosis and 
sepsis. Finally, publication bias was possible, as demon-
strated by a funnel plot, although efforts were made to 
conduct a thorough review of the literature.

Conclusions
Compared with normal saline, balanced crystalloids may 
not improve the outcomes of mortality, the incidence of 
AKI, and the use of RRT for critically ill patients. How-
ever, balanced crystalloids reduce the risk of death in 
patients with non-TBI but increase the risk of death in 
those with TBI. Large-scale rigorous randomized tri-
als with better designs are needed, especially for specific 
patient populations.
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