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Background: Fluid resuscitation is routinely needed for critically ill patients. However, the optimal choice between crystalloids and 
normal saline is in heat debate.
Objective: To conduct a meta-analysis comparing normal saline and balanced crystalloids in the treatment of critically ill patients 
with composite mortality as the primary outcome.
Methods: PubMed, Embase, Medline, Web of Science, and Cochrane Library were searched from inception up to March 2022. 
Studies of critically ill adult patients assigned to receive normal saline or balanced crystalloids were included. We conducted a meta- 
analysis using an inverse variance, random-effects model in addition to trial sequential analysis (TSA). The primary outcome was 
composite mortality. Subgroup analyses were also conducted.
Results: Eighteen full-text studies (n=36,224) were included. Balanced crystalloids were associated with lower mortality compared 
with normal saline (risk ratio [RR]=0.96; 95% confidential interval [CI] 0.93, 1; p=0.03; I2=0) and lower incidence of acute kidney 
injury/acute renal failure (RR =0.93; 95% CI = 0.87, 0.99; p=0.03). No significant difference was observed in other outcomes. In the 
sepsis patients, the balanced crystalloid showed a lower composite mortality rate compared with normal saline (RR =0.91; 95% CI = 
0.85, 0.99; p=0.02). TSA analysis demonstrated that, with 80% power, the effect of balanced crystalloid is not larger than a 10% 
relative decrease in composite mortality compared with normal saline.
Conclusion and Relevance: This study demonstrated that balanced crystalloids could be an optimal choice over normal saline in 
critically ill patients to a reduced composite mortality rate. In patients with sepsis, the difference is especially significant. Nonetheless, 
the optimal resuscitation fluid option between saline and balanced crystalloid solutions should be investigated further with more 
evidence.
Keywords: balanced crystalloids, normal saline, critically ill, systematic review, meta-analysis

Introduction
Intravenous fluid resuscitation has long been recognized as a vital intervention in critically ill patients, especially in the 
early management of acute diseases1 such as shock and pancreatitis,2 to correct a volume deficit. Although normal saline 
(0.9% sodium chloride) remains the most commonly used fluid to date,3 some reports have demonstrated its demerits. 
A high volume of normal saline has been associated with an increased risk of hyperchloremic acidosis,4 acute kidney 
injury (AKI),5–8 and in some cases, mortality.9 Consequently, there is a growing consideration of the utilization of 
balanced crystalloids as an alternative.
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Balanced crystalloid solutions (eg lactated Ringer’s, Plasma-Lyte), characterized by the substitution of chloride 
anions with bicarbonate or buffers,10 possess lower chloride content and stronger buffering capacity. The efficacy of 
balanced crystalloid solutions has been substantiated through accumulating evidence, as demonstrated by their ability to 
reduce the incidence of hyperchloremic acidosis11 in brain-injured patients,12 expedite the resolution of metabolic 
acidosis in severe diabetic ketoacidosis (DKA),13 and diminish inflammation14–16 in acute pancreatitis, etc.

In two recently published meta-analyses, critically ill patients resuscitated with balanced crystalloids have signifi-
cantly lower mortality than patients with saline [(0.75, 0.99) in Hammond et al17 and (0.68, 0.95) in Nam et al].18 But in 
2022, another randomized controlled trial (RCT) conducted by Finfer et al19 published an insignificant difference in the 
90 days mortality rate between the Plasma-Lyte 148 group and the saline group.

The inconclusive findings have highlighted the need for further investigation. Therefore, the objective of our research 
is to conduct an updated systematic review with meta-analysis and trial sequential analysis of randomized controlled 
trials to compare the effectiveness of the balanced crystalloid solution and normal saline in critically ill patients.

Materials and Methods
This study was performed following the Preferred Reporting Items for Systematic Reviews and Meta-Analyses 
(PRISMA) statement.20

Search Strategy and Study Selection
We searched PubMed, Embase, Medline, Web of Science, and Cochrane Library from inception up to March 2022 
without language restrictions to compare balanced crystalloids with normal saline in critically ill patients. The detailed 
search strategy was presented in Supplementary Material 1. Additionally, we also looked through the references of 
related articles.

The Included Studies Met the Following Criteria
1. Population: critically ill adult patients admitted to an intensive care unit (ICU) who need fluid resuscitation;
2. Intervention: balanced crystalloids, such as lactated Ringer’s solution (LRS), Plasma-Lyte A, balanced multi- 

electrolyte solution (BMES), isofundine, and streofundin;
3. Comparison: normal saline;
4. Outcome: the primary outcome was composite mortality and the secondary outcomes include the incidences of 

AKI and acute renal failure (ARF), requiring renal replacement therapy (RRT), hospitalization time, and mechan-
ical ventilation–free days;

5. Study design: RCT.

The exclusion criteria were as follows:

1. Critically ill patients aged younger than 18;
2. Patients treated with intravenous crystalloids but subsequently hospitalized outside an ICU;
3. Fluids are used as maintenance instead of resuscitation;
4. Meta-analyses, reviews, protocols, conference abstracts, case reports, non-English articles and repeated data;

Two researchers (GYL, CY) independently reviewed and evaluated the full text of eligible studies to decide to include 
the article. Any discrepancies were settled by discussing with senior researchers.

Data Extraction and Outcome Measurement
Two researchers (GYL, CY) independently collected data from the eligible articles. A third reviewer would resolve any 
disagreements. We developed a data extraction sheet in standardized Excel (Microsoft Corporation). The following 
variables were extracted: the name of the first author, publication year, the location of the study, interventions, 
demographic characteristics of patients, in-hospital details, and outcomes. In the case of missing data, we attempted to 
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extract data from other meta-analyses or calculated following the Cochrane Collaboration for Systematic Reviews 
guidelines.21

The primary outcome was composite mortality during the hospital stay after randomization. Secondary out-
comes included the incidence of AKI and ARF, requiring receipt of RRT, hospitalization time, and mechanical 
ventilation-free time. To acquire more data to analyze, composite mortality was defined as death at the final 
follow-up time in all studies. AKI was defined as Kidney Disease: Improving Global Outcomes [KDIGO] stage 2 
or 3.22 ARF was consensually defined by the Second International Consensus Conference of the Acute Dialysis 
Quality Initiative (ADQI) Group.23 For hospitalization time, 28/30 or 90-day mortality was defined as the death at 
28/30 or 90 days when the day of randomization to receive either saline solution or balanced solution was 
considered as day “0”. All the definitions listed were extracted from individual studies and not recreated for this 
analysis.

Quality Assessment
Two researchers (GYL, CY) independently assessed the risk of bias in each study by using methods from the Cochrane 
Collaboration24 which demand to response “low risk”, “high risk”, or ‘some concerns’ in five domains of each RCT 
study: (i) randomization process; (ii) deviations from intended interventions; (iii) missing outcome data; (iv) measure-
ment of the outcome; (v) selection of the reported result. Any disagreements were dealt with by the third reviewer. We 
also assessed the certainty of the evidence for each outcome through the Grading Recommendations Assessment, 
Development, and Evaluation (GRADE) system.25 We gave a lower rating based on five domains (risk of bias, 
indirectness, inconsistency, imprecision, and publication bias) and a higher rating based on three domains (large 
magnitude of effect, adjustment for potential confounders, and dose-response gradient). Overall certainty of evidence 
was expressed in four categories (high, moderate, low, and very low).

Statistical Analysis
Firstly, we evaluated the transitivity assumption by comparing the distribution of potential effect modifiers (country, fluid 
types, patient group, mean age) for all studies. Secondly, with the Hartung-Knapp (HAKN) method or DerSimonian- 
Laird (DL) method,26 we measured the risk ratio (RR) with the 95% confidence intervals (CIs) for dichotomized outcome 
data such as mortality, while the standard mean differences (SMD) with the 95% CIs for continuous outcome data. Then 
we carried out I2 statistics to examine the heterogeneity between studies. The heterogeneity was considered as low 
(<25%), moderate (26–50%), and high (>50%) based on the I2 values.27 The fixed-effect model was used to assume that 
all studies are part of a homogeneous population. There were some differences in the balanced crystalloid groups that 
were used since the target population of the included studies was not identical. Thus, we chose the random-effects model 
to analyze the results.26 Leave-one-out analysis28 and GOSH test29 were applied for sensitive analysis to explore possible 
causes of heterogeneity.

Moreover, we also performed subgroup analyses for the mortality according to demographic characteristics like age 
(>60 or ≤60), country (western or non-western) ICU or hospital setting, hospitalization time (28/30 days and 90 days), 
the indications for fluid resuscitation (DKA, sepsis or other above-mentioned sources of ICU admission), the Acute 
Physiology and Chronic Health Evaluation (APACHE) II score, and study quality (low, some concerns and high risk of 
bias). Besides, the contour-enhanced funnel plots were illustrated to assess the publication bias.

Furthermore, to stimulate the type I or type II errors in analysis, we conducted a trial sequential analysis (TSA, TSA 
software: v.0.9.5.10 beta). The methods of Wetterslev et al30 and the random-effects model were adopted. The needed 
information size was calculated for a minimum relative risk reduction of 10%. We supposed type II error of 20% and 
type I error of 5% and adjusted between-study heterogeneity for sample size calculations.

All the statistical analyses and illustrations were done in R statistical software system v4.1.0. using packages: 
“meta31”, “metafor32”, “dmetar33”.
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Results
Search results and Study Characteristics
A total of 1127 records were retrieved by the literature search strategy on the aforementioned databases. We excluded 
692 duplicated studies, 188 unrelated studies, and other 219 inappropriate records. The detailed selection process was 
shown in Figure 1 with eighteen full-text studies left for the following meta-analysis.5,9,12–16,19,34–43 The eligible studies 
enrolled 36,224 patients and were published between 2001 and 2022 in 11 countries. 17,708 patients received balanced 
crystalloids and 18,516 patients received normal saline. The mean age of included patients ranged from 35.2 to 69.9 
years old. The male proportion accounted for 59% of the entire population. The transitivity of potential effect modifiers 
was illustrated in Figure 2. Ten studies recorded 28/30 days mortality, 4 in 90-day mortality, 6 in ICU mortality and 10 
in-hospital mortality. The detailed characteristics of eligible patients in each study were documented in Table 1.

Quality of Studies
The risk of bias assessment was summarized in Figure 3. We showed the results of each quality item as percentages 
across studies. Most studies were high-quality with a low risk of bias in all items. Two trials were at high risk in the 
randomization process,9,42 one showed high risk in deviations from intended interventions.5

Based on the GRADE system, the certainty of evidence was assessed for each outcome. Composite mortality, 
incidence of AKI/ARF, RRT use rate, and ventilator-free days were classified as moderate certainty. Hospitalization 
stay was classified as very low certainty. The detailed results were summarized in Table 2.

Primary Outcome
As shown in Figure 4A, a total of 18 studies provided composite mortality data for 36,224 patients. The pooled estimated 
RR was 0.96 (95% CI 0.93, 1; p=0.03) by using the HAKN method for balanced crystalloids solutions compared with 
saline with low heterogeneity (I2=0). When the studies were pooled using the DL method, the estimated RR was 0.96 
with low heterogeneity (95% CI 0.92, 1.01; p=0.09; I2=0).

Secondary Outcomes
Eight studies and 28,918 patients were evaluated for the incidence of AKI/ARF, and the results showed a significant 
decrease when applying balanced crystalloid solutions to patients, compared with normal saline, using the HAKN 

1127 literatures obtained

Excluded (N = 1099):
Duplicated (N = 692)
Not related (N = 188)
Conference (N = 18)
Review (N = 25)
Not human (N = 92)
Meta (N = 36)
Erratum (N = 2)
Protocol (N = 16)
Incomplete (N = 30)

Full text downloaded (N = 28)

Included after full text 
screening (N = 18)

Obtained from other source 
(N = 2)

Excluded after full text 
screening (N = 12)

PubMed: 185 Medline: 188 Embase: 300Cochrane: 172 Web of science: 282

Figure 1 The flowchart for the systematic search and the selection of studies.
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method (RR =0.93; 95% CI = 0.87, 0.99; p=0.03, Figure 4B). In the RRT use rate, seven studies and 23,294 patients were 
evaluated, there was no significant difference between balanced crystalloids and normal saline using the HAKN method 
(RR =0.95; 95% CI = 0.83, 1.08; p=0.34, Figure 4C). During hospitalization stay, seven studies and 357 patients were 
evaluated, there was no significant difference between balanced crystalloids versus saline using the HAKN method 
(SMD=−0.07; 95% CI, −0.41 to 0.27; p=0.64, Figure 4D). Three studies and 21,363 patients were evaluated for the 
ventilator-free days, there was no significant difference between those assigned to balanced crystalloids versus saline by 
using the HAKN method (SMD=0.03; 95% CI, −0.01 to 0.07; p=0.10, Figure 4E).

Subgroup Analysis
Regarding demographic characteristics, 11 RCTs and 6 RCTs included patients with an average age below 60 and above 
60, respectively. Patients younger than 60 years old showed significantly decreased mortality comparing balanced 
crystalloids with saline (RR = 0.93; 95% CI = 0.87, 0.98; p=0.04, Figure 5). Furthermore, 13 RCTs RCTs were 
conducted in Western countries while 5 RCTs were in non-western countries. Results showed a significant difference 
in RCTs from Western countries (RR = 0.96; 95% CI = 0.93, 1.00; p = 0.04, Figure 5).

The ICU mortality and hospital mortality of patients involved 6 RCTs and 10 RCTs respectively. The results 
suggested no significant difference in ICU mortality between balanced crystalloids and saline (RR =0.97; 95% CI = 
0.87, 1.08; p=0.57, Figure 5). A similar result was shown in the hospital mortality (RR =0.95; 95% CI = 0.86, 1.04; 
p=0.25, Figure 5). While the risk of 28/30 day mortality was significantly lower in the balanced crystalloids group than in 
the saline group, included in 10 studies (RR =0.94; 95% CI = 0.89, 0.99; p=0.02, Figure 5). The 90-day mortality 
included 4 studies, was found no significant difference between balanced crystalloids and saline (RR =0.98; 95% CI = 
0.93, 1.03; p=0.35, Figure 5).

Further, we classified the patients based on indications for fluid resuscitation: sepsis, trauma, acute pancreatitis (AP), 
traumatic brain injury (TBI), admission to ICU after surgery, DKA, and renal complications. In 6 RCTs reporting patients 
with sepsis, balanced crystalloids could significantly decrease composite mortality compared with saline (RR =0.91; 95% 
CI = 0.85, 0.99; p=0.02, Figure 5). The difference was not statistically significant in the composite mortality of patients 
with trauma between balanced crystalloids and saline (RR =0.92; 95% CI = 0.74, 1.15; p=0.45, Figure 5). The RR for 
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Table 1 The Characteristics of Included Studies

ID Country Design Population Types of 
Balanced 
Crystalloid

Total Amount of 
Fluid (mL)

Number of 
Patients

Age Male 
(%)

Sepsis 
(%)

Outcome

Waters JH 
200134

America Double- 
blind

After surgery 
to Surgical 

Intensive Care 

Unit (SICU)

Saline 7000 (5000, 8000)† 33 69.8 NA NA Complication, hospital mortality, ventilator time, ICU 
and hospital stay

LRS 6871 (5700, 7900)† 33 69.9 NA NA

WU BU 

201114

America Double- 

blind

Acute 

pancreatitis

Saline 1225 (950, 1537.5)† 21 51.3 50 NA Systemic inflammation measured clinically as the 

change in prevalence of SIRS at 24 hours post- 
randomization, complication, CRP level at 24 hours, 

hospital mortality, hospital stay

LRS 1000 (1000, 1800)† 19 54.3 63 NA

Annane 

D 201340

France Single- 

blinded

Critically ill Saline NA 1035 NA NA NA 28-day and 90-day mortality

BMES NA 72 NA NA NA

Van Zyl 

DG 201335

South 

Africa

Double- 

blind

DKA Saline NA 27 35.2 48.1 NA Time to reach a venous pH of 7.32, to achieve serum 

glucose of 14 mmol/l and time to resolution of DKA, 
hospital mortality

LRS NA 27 35.7 66.7 NA

Roquilly 
A 201312

France Double- 
blind

Traumatic 
brain injury

Saline 1000 (500, 1000)† 21 51 71 NA The occurrence of hyperchloremic metabolic acidosis 
within 48 hours, electrolyte status, ICP, rate of ICH 

episodes, volume of intravenous fluid, duration of 
vasopressor therapy, duration of mechanical 

ventilation, lCU mortality, lCU stay

Isofundine 1000 (500, 1500)† 20 49 85 NA

Young JB 

201437

America Double- 

blind

Trauma Saline 9000±5500* 24 39 79 NA The change in base excess from 0 to 24 hours, serum 

electrolyte levels, calculated osmolality, lactate, arterial 

pH, international normalized ratio, activated partial 
thromboplastin time, study fluid volume, and urine 

volume at 6 and 24 hours; organ failure, ventilator-free 

days, and occurrence of an open abdomen within 30 
days, 30-day and hospital mortality, ICU and hospital 

stay

Plasma-Lyte 
A

10300±5500* 22 38 73 NA
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Young 

P 201541

New 

Zealand

Double- 

blind

Renal 

complications 
to ICU

BMES NA 1152 60.1 64 3.6 The proportion of patients with AKI, the use of RRT in 

the ICU and the requirements for RRT after hospital 
discharge; the indications for initiation of RRT in the 

ICU, the proportion of patients requiring, and the 

duration of, mechanical ventilation; the proportion of 
patients requiring ICU readmission during their index 

hospital admission; the ICU and hospital length of stay; 

ICU and hospital mortality

Saline NA 1110 61 67 3.9

Verma 

B 201639

Australia Double- 

blind

Critically ill Saline NA 34 60.7 61.8 41.2 The maximum BE in the first 4 days, peak serum 

chloride levels, peak creatinine level in the ICU, the 
incidence of AKI in the first 4 days in the ICU, the need 

for RRT during the hospital stay, ICU and hospital 

mortality, ICU and hospital stay

BMES NA 33 59 63.6 45.5

Semler 

MW 
201742

America Unblinded Critically ill LRS/Plasma- 

Lyte A

NA 520 57 51.5 25 The proportion of intravenous isotonic crystalloid 

administered in the ICU that was saline, 30-day, 60-day, 
ICU and hospital mortality, ICU and hospital stay

Saline NA 454 58 54.2 28.6

Rossman 

H 201736

Malaysia Unblinded DKA Saline 4639.50 (2286–7853)† 9 46.2 44.4 NA The mean changes of pH, bicarbonate, blood ketone, 

hospital mortality
Sterofundin 4898.3 (3000–6120)† 9 44.7 66.7 NA

Choosakul 
S 201815

Thailand Double- 
blind

Acute 
pancreatitis

LRS 4929.57±1265.6* 23 54.8 52.2 NA SIRS reduction, complication, organ failure, reduction 
in bio-inflammatory marker, 30-day and hospital 

mortality, hospital stay
Saline 5474.17±768.82* 24 48.3 70.8 NA

Semler 

MW 20189

America Unblinded Critically ill BMES NA 7492 57 57.2 14.7 The proportion of patients who met one or more 

criteria for a major adverse kidney event within 30 

days, new receipt of renal-replacement therapy, or 
persistent renal dysfunction, 30-day, 60-day, ICU and 

hospital mortality

Saline NA 7860 57 58 14.9

De- 

Madaria 

E 201816

Spain Triple- 

blinded

Acute 

pancreatitis

LRS 6904 (6400–8600)† 19 63.8 42.1 47.4 The number of SIRS criteria at 24 hours, 48 hours and 

72 hours and levels of CRP at 48 hours and 72 hours, 

bicarbonate levels and pH were measured from venous 
blood gas at 24 hours, 48 hours and 72 hours, hospital 

mortality, hospital stay

Saline 5900 (4930–7002)† 21 61.4 52.4 16.7

(Continued)
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Table 1 (Continued). 

ID Country Design Population Types of 
Balanced 
Crystalloid

Total Amount of 
Fluid (mL)

Number of 
Patients

Age Male 
(%)

Sepsis 
(%)

Outcome

Golla 
R 20205

India Unblinded Septic LRS 3740±920* 80 43.5 56.3 NA The incidence of hyperchloremia at 24h from the time 
of randomization and during the hospital stay, 

incidence of acute kidney injury, need for renal 

replacement therapy; differences in pH, bicarbonate, 
serum lactate, coagulation parameters, sequential 

organ failure assessment scores at various time points; 

and hospital/30-day mortality

Saline 3660±790* 80 42.4 50 NA

Zampieri 

FG 202143

Brazil Double- 

blind

Critically ill Plasma-Lyte 

A

NA 5230 60.9 55.6 18.5 90-day mortality, the need for kidney replacement 

therapy up to 90 days after enrollment, the occurrence 
of acute kidney injury, the number of days not 

requiring mechanical ventilation within 28 days
Saline NA 5290 61.2 55.9 19.2

Ramanan 

M 202113

Australia Unblinded DKA Plasma-Lyte 

A

6798±4850* 48 37.1 46 NA ICU and hospital mortality, hospital stay, the 

proportion of patients receiving organ support 

(invasive and non-invasive ventilation, acute renal 
replacement therapy)

Saline 6574±3123* 42 38.5 43 NA

Finfer 
S 202219

Australia Double- 
blind

Critically ill BMES NA 2515 61.7 62.7 43.8 The peak serum creatinine level during the first 7 days 
after randomization, the maximum increase in 

creatinine level during ICU stay, receipt of new renal- 
replacement therapy, receipt and duration of 

treatment with vasoactive drugs, duration of 

mechanical ventilation in the ICU, length of ICU and 
hospital stays, and death from any cause during ICU 

stay, during hospital stay, 90-day mortality

Saline NA 2522 62.1 59.9 42.6

Karki 

B 202238

Nepal Unblinded Acute 

pancreatitis

LRS NA 26 41.3 96.2 46.1 Hospital mortality, hospital stay

Saline NA 25 41.3 3.8 64

Notes: †Median, IQR (25th, 75th). *Mean, Standard deviation.
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composite mortality of patients with TBI was higher in the balanced crystalloids group than in the saline group, but the 
difference was not statistically significant (RR =1.26; 95% CI = 0.93, 1.7; p=0.13, Figure 5). In 5 RCTs, patients were 
admitted to ICU after surgery. For these patients, the pooled estimate of the RR for patients who received balanced 
crystalloids compared with saline was 0.95 (95% CI = 0.87, 1.04; p=0.28, Figure 5). As for the results of patients with 
AKI and DKA, there were no significant differences between balanced crystalloids and saline respectively (RR =0.98; 
95% CI = 0.92, 1.04; p=0.46 and RR =0.78; 95% CI = 0.24, 2.49; p=0.67, Figure 5).

Lastly, we dived the studies into three groups according to risk of bias. No significant difference was observed in low 
risk of bias group (8 RCTs, RR = 0.98; 95% CI = 0.92, 1.03; p = 0.30), some concerns group (7 RCTs, RR = 0.95; 95% 
CI = 0.88, 1.02; p = 0.14), high risk of bias group (3 RCTs, RR = 0.88; 95% CI = 0.73, 1.05; p = 0.09).

Figure 3 Summary of risk of bias of the included randomized controlled trials.

Table 2 Summary Table of GRADE System

Outcome Number of 
Studies

Total Number of 
Patients

Meta-Analysis Result  
(RR/SMD 95% CI)

Quality of the Evidence

Mortality 18 RCTs 36,224 RR: 0.96 (0.93 to 1.00) 

HAKN 

RR: 0.96 (0.92 to 1.01) DL

⊕ ⊕ ⊕ ○ 
Moderate 

due to the risk of bias

AKI/ARF 8 RCTs 28,918 RR: 0.93 (0.87 to 0.99) ⊕ ⊕ ⊕○ 
Moderate 

due to the risk of bias

RRT Use 7 RCTs 23,294 RR: 0.95 (0.83 to 1.08) ⊕ ⊕ ⊕○ 
Moderate 

due to the risk of bias

Hospitalization stay 7 RCTs 357 SMD: −0.07 (−0.41 to 0.27) ⊕○○○ 
Very Low due to inconsistency, imprecision, 

publication bias

Ventilator-free Days 3 RCTs 21,363 SMD: 0.03 (−0.01 to 0.07) ⊕ ⊕ ⊕○ 
Moderate due to publication bias

Notes: Methodological quality based on the GRADE system. ⊕ and○were used to symbolize the quality of results. “⊕⊕⊕⊕” referred to high quality, “⊕⊕⊕○” referred 
to moderate quality, “⊕⊕○○” referred to low quality, and “⊕○○○” referred to very low quality. 
Abbreviations: RCT, randomized controlled trial. AKI, acute kidney injury. ARF, acute renal failure. RRT, renal replacement therapy. RR, relative risk. SMD, standard mean 
difference.
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Figure 4 The forest plot for outcomes. (A) Composite mortality. (B) The incidence of acute kidney injury. (C) The rate of requiring renal replacement therapy. (D) The 
hospitalization stays (E) The ventilator-free days.
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Analysis of Heterogeneity
The analysis of heterogeneity in the meta-analysis of hospitalization stay revealed a moderate level (I2 = 39%). The 
Leave-one-out plot demonstrated that the lowest levels of heterogeneity were observed when excluding the studies 
“Karki B 2022” (I2 = 13%) and “WU BU 2011” (I2 = 23%) (Supplementary Figure 1). Notably, the results showed 
a significant shift in the opposite direction upon exclusion of these two RCTs (omitting Karki B 2022: SMD = 0.03; 95% 
CI = −0.28, 0.35; p = 0.79; omitting WU BU 2011: SMD = 0.01; 95% CI = −0.32, 0.34; p = 0.93). Moreover, the GOSH 
test identified the studies “Kaiki B 2022” and “Verma B 2016” as contributors to the heterogeneity. After excluding these 
studies, the pooled effect was smaller but still in the same order of magnitude (SMD = −0.037; 95% CI = −0.41, 0.33; p = 
0.79; Table 3), while the I2 of the meta-analysis decreased to be of low level (I2 = 5.70%). Overall, despite the GOSH test 

Subgroup Number of 
trials 

Number of 
patients 

Relative risk (95% CI) P-value 

Overall 18 36224 
 

0.96  (0.93, 1.00) 0.03 
Age 

     

<60 11 16873 
 

0.93 (0.87, 0.98) 0.04 
>60 6 17992 

 
0.97 (0.92, 1.02) 0.21 

Country 
     

Western 13 35894 
 

0.96 (0.93, 1.00) 0.04 
Non-western 5 330 

 
0.76 (0.48, 1.21) 0.16 

Type of solution 
     

LRS 7 1743 
 

0.74 (0.57, 0.96) 0.03 
BMES 5 23825 

 
0.96 (0.89, 1.04) 0.24 

Plasma-Lyte A 3 10656 
 

0.97 (0.87, 1.07) 0.32 
Indications for fluid resuscitation 

    

Sepsis 6 6914 
 

0.91 (0.85, 0.99) 0.02 
Trauma 4 3487 

 
0.92 (0.74, 1.15) 0.45 

Traumatic brain injury 4 1927 
 

1.26 (0.93, 1.70) 0.13 
Admitted from surgery 5 10911 

 
0.95 (0.87, 1.04) 0.28 

AKI 4 5607 
 

0.98 (0.92, 1.04) 0.46 
DKA 3 149 

 
0.78 (0.24, 2.49) 0.67 

APACHE II score 
     

< 25 3 15174 
 

0.98 (0.92, 1.05) 0.59 
≥25 3 2281 

 
1.01 (0.93, 1.09) 0.9 

Mortality 
     

ICU mortality 6 23992 
 

0,97 (0.87, 1.08) 0.57 
Hospital mortality 10 8554 

 
0.95 (0.86, 1.04) 0.25 

28/30-day mortality 10 39911 
 

0.94 (0.89, 0.99) 0.02 
90-day mortality 4 18735 

 
0.98 (0.93, 1.03) 0.35 

Risk of bias 
     

Low 8 15871 
 

0.98 (0.92, 1.03) 0.3 
Some concerns 7 16705 

 
0.95 (0.88, 1.02) 0.14 

High 3 3396 
 

0.88 (0.73, 1.05) 0.09 

Figure 5 The subgroup analysis of composite mortality. 
Abbreviations: CI, confidential interval; LRS, lactated Ringer’s solution; BMES, balanced multi-electrolyte solution; AKI, acute kidney injury; DKA, diabetic ketoacidosis; 
APACHE, Acute Physiology and Chronic Health Evaluation; ICU, intensive care unit.

Table 3 Sensitive Analysis for Hospitalization Stay

Analysis Num of 
Studies

Num of 
Patients

RR (95% CI) P I2

Main analysis 7 357 −0.07 (−0.41, 0.27) 0.64 39%

Cases removed (Removed cases: Verma B2016,39 Karki B 202238) 5 239 −0.037 (−0.41, 0.33) 0.79 5.70%

Risk of bias
Low 4 219 0.13 (−0.13, 0.40) 0.21 0%

Some concerns 3 138 −0.35 (−1.40, 0.70) 0.29 50.10%
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indicating an acceptable impact of influential studies, the leave-one-out analysis revealed fluctuations in the pooled 
effect, thereby undermining the stability of the results.

Furthermore, a subgroup analysis was performed based on the quality of the studies. Four RCTs reported studies with 
a low risk of bias, while three RCTs reported studies with some concerns. The results showed no heterogeneity (I2 = 0) in 
the low risk of bias group, whereas a high level of heterogeneity (I2 = 50.10%) in the some concerns group (Table 3). 
These findings suggest that the heterogeneity observed is not attributable to the quality of the studies.

Publication Bias
We performed funnel plots to assess the publication bias among the included studies. No potential publication bias was 
observed for primary outcomes as shown in Figure 6. But the results of Karki et al38 and Semler et al9 for hospitalization 
time and ventilator-free days respectively have significant publication bias (p < 0.05).

TSA Analysis
Based on a risk reduction of 10%, the heterogeneity (Q = 7.68), and a 12% baseline risk of composite mortality (based on 
the mean mortality rate of the control group), the cumulative Z-statistic did not reach above 1.96, which corresponds to 
the nominal threshold for statistical significance. Additionally, it crossed below the futility boundaries, demonstrating 
with 80% power that the effect of balanced crystalloid is not larger than a 10% relative reduction compared with normal 
saline. (Figure 7).

Discussion
The present meta-analysis and systematic review assessed the efficacy and safety of balanced crystalloids versus saline 
for critically ill patients who required fluid resuscitation. The results of the composite mortality rate showed an 8–9% 
relative reduction to a 0–1% relative increase with low heterogeneity when comparing the balanced crystalloids with 
saline for fluid resuscitation. The balanced crystalloids showed a reduction in the incidence of AKI by 2–14% compared 
with saline. The protective role of balanced crystalloids was also found in patients with sepsis with a 9% reduction in 
composite mortality rate compared with saline.

Fluid and electrolyte management is essential in AKI patients. Continuous hemodynamic monitoring and direct 
supervision of the physician are necessary to prevent fluid overload and related complications.44,45 Balanced crystalloids 
solution, possessing a sodium and chloride content closer to that of plasma, is believed to have fewer adverse effects on 
acid-base balance, water regulation, and salt regulation10 compared with saline. In this study, the balanced crystalloid 
solution was correlated with a lower incidence of AKI significantly, consistent with Nam et al.18 However, in Hammond 
et al,46 including only trials with a low risk of bias, the RR was 0.96 [95% CI, 0.89, 1.02] for AKI and 0.95 [95% CI, 
0.81, 1.11] for RRT with balanced crystalloid solution compared with saline. This discrepancy would originate from the 
number of trials included as we included 9 studies while they included only 5. Meanwhile, it is notable that our results 
showed that in the AKI patients, the composite mortality rate did not differ between the two groups with low 
heterogeneity, which suggests that the use of balanced crystalloid or saline would not influence the prognosis of patients 
once the diagnosis of AKI was confirmed. However, further research is necessary to account for variations in study 
design, population characteristics, and fluid administration protocols (including quantity and type of fluid).

On the other hand, administration of isotonic or hypertonic saline may be a suitable choice to maintain or increase 
serum osmolality for patients with elevated intracranial pressure. Patients with TBI would take advantage of normal 
saline as proved in several preliminary studies.12,37,47,48 But according to a review published in 2023 by Esteban-Zubero 
et al49, crystalloids and hyperosmolar fluid may be most beneficial in TBI, although the evidence is not as clear. In our 
results and two of the published trials,12,37 the saline did not relate to a significant decrease in composite mortality. 
Nevertheless, as TBI is a very special situation where low tonicity presumably increases mortality the inconsistent results 
could be caused by the change in ion level which did not strong enough to influence the survival results. The very small 
number of traumatic brain injury studies included in this meta-analysis is also not inconclusive, requiring further 
evaluation. While for the septic patients, the significantly lower mortality rate was confirmed not only in our results 
but also in Tseng et al50 and Winters et al.51
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A group of researchers (Hammond et al) published a meta-analysis recently.46 The authors used both HAKN and DL 
random-effect models and also conducted a Bayesian meta-analysis. They searched 1779 records and summarized six 
low bias risk studies, in which the pooled RR of 90-day mortality of balanced crystalloid solution versus saline was 0.96 
[95% CI, 0.91–1.01] in the HAKN model, 0.96 [95% CI, 0.92–1.01] in the DL model, 0.96 [95% CI, 0.88–1.04] in 
Bayesian meta-analysis. The interpretation of results, as they stated, will depend on an individual’s preference for 
a frequentist or Bayesian approach. In our results, the RR and CI between balanced crystalloid solution and saline were 

Figure 6 The funnel plot for primary and secondary outcomes. (A) Composite mortality. (B) The incidence of acute kidney injury and acute renal failure. (C) The rate of 
requiring renal replacement therapy. (D) The hospitalization stays (E) The ventilator-free days.
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also slightly influenced by the statistical methods (0.96 [95% CI, 0.93–1.00] in the HAKN method, 0.96 [95% CI, 0.92– 
1.01] in the DL method). However, with TSA analysis, the 10% relative reduction of composite mortality when 
comparing balanced crystalloid with normal saline was challenged with 5% type I error and 20% type II error. The 
balanced crystalloid was supposed to cause fewer adverse effects on acid-base balance than saline9 based on its 
composition and this concept was proved by a series of studies. Firstly, in the health volunteers, saline was found to 
decrease renal cortical tissue perfusion compared with Plasma-Lyte through the induction of hyperchloremia.52,53 Then in 
observational studies and trials in the operating room, patients who were treated with balanced crystalloids also showed 
decreased complications.54–56 But recent RCTs failed to verify this positive effect of balanced crystalloids in critically ill 
patients.9,41,42 This phenomenon recalled the pendulum effect brought up by Dr. Jean-Louis Vincent,57 which means 
initially apparent beneficial effects have not been confirmed in later trials. To be specific, there were differences in the 
type and amount of fluid that were used. Buffers between different solutions like Plasma-Lyte A and LRS also differ from 
each other. And for 90-day mortality, it might be too far to see the significant difference of 3–4 liters of crystalloid fluid 
that are used on day one of admission. All these factors could influence the final result. And this should be attached to 
more importance when it comes to critically ill patients. With critically ill patients, even a slight difference in mortality or 
other outcomes may result in important clinical influence at the population level. Thus, any simple interpretation of 
results or irrational prejudice of choice against a specific patient should be opposed.

Limitations
This meta-analysis contains several limitations. Firstly, the amount, sequence, and types of fluid resuscitated would be an 
inevitable heterogeneity source in the results, whose influence should not be ignored. Secondly, as stated in the results, 
the definition of AKI is different between the studies. Additionally, the outcome results in subgroups were missing or the 
number of events was zero, resulting in the undermining of the statistical power of our results.

Figure 7 Trial sequential analysis results. The required event size to demonstrate a 10% relative decrease in composite mortality with a control group proportion of 12%, an 
alpha of 5% and a beta of 20% is 4147 (vertical red line). The red lines represent the trial sequential monitoring boundaries and the futility boundaries. The dashed dark lines 
cross the y-axis at 1.96 and −1.96, which correspond to the nominal threshold for statistical significance. The blue line is the cumulative Z-curve.
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Conclusion
Our meta-analysis indicated that balanced crystalloids could be a more beneficial treatment for critically ill patients. But 
further evidence based on a large population, more robust data, and a more comprehensive view is still required. Given 
the importance of rapid infusion of large volumes in the early clinical practice for critically ill patients, clinicians are 
advised to select the most accessible method as long as they are reasonable and effective based on our experience.
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