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Kidney Transplantation

Balanced Electrolyte Solutions Versus 0.9% 
Saline for Kidney Transplantation: An Updated 
Systematic Review and Meta-analysis
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Background. Perioperative intravenous fluids are administered to kidney transplant recipients to maintain hemodynamic 
stability and graft perfusion; however, the ideal fluid remains uncertain. Although 0.9% saline (saline) is commonly used, its 
high chloride content causes hyperchloremic metabolic acidosis and may increase the risks of delayed graft function (DGF) 
and hyperkalemia. Balanced electrolyte solutions (BES) have a more physiological chloride concentration and may reduce 
these risks. Previous meta-analyses found insufficient evidence to compare BES with saline for these outcomes; however, 
new studies have recently been published. In this updated review, we compared the effects of BES with saline on the risk of 
DGF and hyperkalemia in kidney transplantation.  Methods. MEDLINE, Embase, and CENTRAL were searched for ran-
domized controlled trials comparing BES with saline in kidney transplantation. The primary outcomes were DGF and hyper-
kalemia. Eligible studies were assessed for risk of bias and data were pooled for analysis. The Grading of Recommendations 
Assessment, Development, and Evaluation framework was used to assess the quality of evidence.  Results. Ten studies 
involving 1532 participants were included. The quality of evidence was high for deceased donor transplantation and very low 
for living donor transplantation. The relative risk (RR) of DGF associated with BES compared with saline was 0.83 (95% con-
fidence interval [CI], 0.71-0.96; P = 0.01) in deceased donor transplantation. There was no difference in DGF in living donor 
transplantation (RR 0.79; 95% CI, 0.26-2.41; P = 0.68). There was no difference in hyperkalemia between groups (RR 0.87; 
95% CI, 0.59-1.27; P = 0.46).  Conclusions. Compared with saline, BES reduces the risk of DGF in deceased donor 
kidney transplantation without increasing hyperkalemia. 

(Transplantation Direct 2025;11: e1687; doi: 10.1097/TXD.0000000000001687.) 

In the setting of kidney transplantation surgery, significant 
volumes of intravenous crystalloid fluids are administered 

to transplant recipients to maintain blood pressure and 
ensure adequate graft perfusion, with the goal of promot-
ing recovery of graft function. However, the ideal choice 
of intravenous fluid remains controversial. In many trans-
plant centers, 0.9% sodium chloride (saline) has historically 
been the fluid of choice,1 and balanced electrolyte solutions 

(BES) have been avoided because of their potassium con-
tent and the perceived risk of hyperkalemia in patients with 
kidney failure. More recently, hyperchloremic metabolic 
acidosis has been recognized as an adverse effect of large-
volume infusions of saline, which may itself be associated 
with hyperkalemia and acute kidney injury (AKI).2-4 In the 
early postoperative period after kidney transplantation, 
AKI, because of hyperchloremic metabolic acidosis, may 
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exacerbate kidney ischemia-reperfusion injury and increase 
risks of delayed graft function (DGF).5 DGF is defined as the 
requirement for dialysis within the first 7 d posttransplant and 
affects 30%–50% of deceased donor kidney transplants.6 It 
is associated with significant short- and long-term sequelae, 
including an increased risk of acute rejection, decreased graft 
function, and shorter graft survival.7 The pathophysiology of 
DGF is multifactorial and encompasses kidney insults that 
occur during donor death, organ retrieval surgery and pres-
ervation, ischemia-reperfusion injury with attendant activa-
tion of recipient innate and adaptive immune responses, and 
kidney injury related to recipient hemodynamics and the 
electrolyte milieu, of which intravenous fluid therapy is a 
key determinant.8

Several small single-center randomized controlled tri-
als (RCTs) in living and deceased donor kidney transplant 
recipients have demonstrated that BES is associated with less 
hyperchloremic metabolic acidosis compared with saline9-14; 
however, whether this translates to significant improve-
ments in transplant outcomes such as DGF and perioperative 
hyperkalemia has been uncertain. We previously published a 
Cochrane Systematic Review and meta-analysis, which con-
cluded that there was insufficient evidence to determine the 
effects of BES compared with saline on these outcomes.15 Since 
that publication, several additional RCTs have examined this 
question, including the recently published multicenter Better 
Evidence for Selecting Transplant Fluids (BEST-Fluids) trial.16 
In this updated systematic review and meta-analysis, we aimed 
to examine the role of BES compared with saline as periop-
erative fluids for the outcomes of DGF and hyperkalemia in 
kidney transplantation.

MATERIALS AND METHODS

Inclusion Criteria
We performed an updated systematic review and meta-

analysis of RCTs comparing BES to saline for perioperative 
intravenous fluids in kidney transplantation. BES included 
lactated Ringer’s solution (LR, also known as Hartmann’s 
Solution or Compound Sodium Lactate), Plasmalyte (also 
known as Plasma-Lyte 148 or Plasma-Lyte), and Elo-Mel 
Isoton. There were no restrictions on the timing, rate, or dura-
tion of intravenous fluids. Participants included adult and 
pediatric patients who received a living or deceased donor 
kidney transplant. The study was exempt from institutional 
review board approval.

Outcomes
The primary outcomes were (1) DGF, defined as any 

requirement for dialysis in the first 7 d posttransplant, and 
(2) hyperkalemia, defined as serum potassium ≥5.5 mmol/L 
during study follow-up. Secondary outcomes were blood 
pH and serum potassium concentration at the end of sur-
gery. Outcomes were prespecified, and the protocol for 
this systematic review was registered with PROSPERO 
(CRD42022379609), an international prospective register for 
systematic reviews.

Search Strategy
We used a sensitive search strategy to identify studies from 

MEDLINE, EMBASE, and CENTRAL databases (Table S1, 
SDC, http://links.lww.com/TXD/A684). The original review 

identified studies from the inception of these databases to 
November 26, 2015, and the current review search strat-
egy covered citations published from November 26, 2015, 
to November 28, 2022, inclusive. Two independent authors 
(S.S.W. and M.G.C.) screened citation titles, abstracts, 
and full-text articles to identify studies that met the inclu-
sion criteria. Any disagreements regarding study inclusion 
were resolved by discussion and referral to a third author if 
required.

Data Extraction
Two independent authors (S.S.W. and M.G.C.) extracted 

the data using standardized data extraction forms. Where 
there was >1 publication associated with a given study, reports 
were collated to provide the most complete data extraction. 
Data items collected included study setting and design char-
acteristics, participant and transplantation characteristics, 
type and delivery of intervention and control fluids, and out-
come data and safety data. Any disagreements regarding data 
extraction were resolved by discussion and referral to a third 
author if required.

Risk of Bias Assessment
The risk of bias was assessed using the Cochrane Risk-

of-Bias 2 (RoB2) tool for RCTs17 by 2 independent authors 
(S.S.W. and M.G.C.), with any disagreement resolved by 
discussion or by a third author. The RoB2 tool covers the 
following bias domains: (1) bias arising from the randomi-
zation process; (2) bias because of deviations from intended 
interventions; (3) bias because of missing outcome data; 
(4) bias in the measurement of the outcome; and (5) bias 
in the selection of the reported result. For item (2) above, 
the primary effect of interest was of assignment to interven-
tion and risk of bias was assessed on an intention-to-treat 
basis. The RoB2 tool reports the risk of bias as “low risk,” 
“high risk,” or “some concerns” for each domain above and 
assesses the risk of bias individually for each outcome. The 
tool was therefore applied to the primary outcomes, DGF 
and hyperkalemia.

Data Synthesis
Primary and secondary outcome data were pooled for all 

studies with available data using random-effects models and 
presented as forest plots. For dichotomous outcomes such 
as DGF and hyperkalemia, the pooled effect measure was 
expressed as a relative risk (RR) with 95% confidence inter-
vals (95% CIs). For continuous outcomes such as blood pH 
and serum potassium concentration, the pooled effect meas-
ure was expressed as a mean difference (MD) with 95% CIs.

Heterogeneity was assessed using a χ2 test on N – 1 degrees 
of freedom and the I2 test. Sources of heterogeneity were 
explored through prespecified subgroup analyses, includ-
ing deceased compared with living donor transplantation. 
Sensitivity analysis was used to assess the impact of individual 
studies on pooled statistics and explore fixed-effects versus 
random-effects modeling. Meta-analyses were performed 
using RevMan version 5.4 (The Cochrane Collaboration 
2020). Quality of evidence and pooled results were summa-
rized using the Grading of Recommendations Assessment, 
Development, and Evaluation (GRADE) framework for the 
primary outcomes and presented as a GRADE evidence pro-
file and summary of findings table.18

http://links.lww.com/TXD/A684
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RESULTS

Search Results
The search strategy identified 446 records, and 1 record 

was identified via personal communication.16 After screen-
ing, 21 records were retrieved for full-text review, and 4 new 
studies that met the inclusion criteria were identified. Together 
with the 6 studies identified in the previous version of this 
review, there were 10 studies9-14,16,19-21 and 1532 participants 
included in the current systematic review (Figure 1).

Included Studies
Characteristics of the included studies are presented in 

Table 1. All studies were RCTs comparing BES to saline. One 
multicenter RCT contributed 807 of the 1532 participants in 
the review.16 The remainder of the studies were relatively small 
single-center studies. Five studies were conducted in deceased 
donor kidney transplant recipients,14,16,19-21 4 were conducted 
in living donor kidney recipients,10-13 and 1 included both living 
and deceased donor kidney recipients.9 The type of BES studied 
consisted of Plasmalyte in 4 studies,13,16,19,21 LR in 3 studies,9,11,12 
both Plasmalyte and LR in 1 study,10 Elo-Mel Isoton in 1 study,14 

and 0.45% saline with 70 mL sodium bicarbonate in 1 study.20 
Six studies9-13,21 assigned study fluids during the intraoperative 
period only; 1 extended the period of study fluid assignment to 
immediate postanesthetic recovery,14 and 2 studies16,19 assigned 
study fluids perioperatively out to 48 h postoperatively. One 
study did not report the period during which study fluids were 
administered.20 Seven studies reported on DGF9,10,13,14,16,19,21 
and 4 reported on hyperkalemia.14,16,19,21 One study did not 
contribute data to either primary outcome.20 Follow-up varied 
between 3 d and 12 mo posttransplant (Table 1).

Risk of Bias Assessment
The risk of bias assessments for each study by bias domain 

are shown in Figure 2 and summarized in Figure 3. For the 
outcome of DGF, the overall risk of bias was assessed as low 
risk in 14% of studies, high risk in 14% of studies, and some 
concerns in 72% of studies (Figure 3A). For the outcome of 
hyperkalemia, the overall risk of bias was assessed as low risk 
in 50% of studies, high risk in 25% of studies, and some con-
cerns in 25% of studies (Figure 3B). One study that contrib-
uted to the majority of events for both primary outcomes had 
low risk of bias across all domains16 (Figure 2).

FIGURE 1.  PRISMA flow diagram. BES, balanced electrolyte solution; PRISMA, Preferred Reporting Items for Systematic Reviews and 
Meta-Analyses.
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FIGURE 2.  Risk of bias assessment by study and bias domains for outcomes (A) DGF and (B) hyperkalemia. DGF, delayed graft function; 
D1–5, domains 1–5.

FIGURE 3.  Summary of risk of bias assessment by outcomes (A) delayed graft function and (B) hyperkalemia.
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Pooled Analysis
A summary of the pooled analyses is presented in Table 2. 

Seven studies contributed data for 1306 participants for the 
outcome of DGF. On pooled analysis, the RR of DGF associ-
ated with BES compared with saline was 0.82 (95% CI, 0.71-
0.94; P = 0.005) with low heterogeneity (χ2 = 5.06, df = 6, 
P = 0.54, I2 = 0%; Figure 4A). This was driven by the 4 stud-
ies examining 1105 deceased donor kidney recipients (RR 
0.83; 95% CI, 0.71-0.96; P = 0.01; Figure 4B), whereas there 
was no significant difference in risk of DGF associated with 
BES when data from the 3 studies that examined 201 living 
donor kidney recipients was pooled (RR 0.79; 95% CI, 0.26-
2.41; P = 0.68; Figure 4C).

Four studies contributed data for 1055 participants for 
the outcome of hyperkalemia. Three of the studies were in 
deceased donor kidney recipients. There was no significant 
difference in risk of hyperkalemia associated with BES com-
pared with saline (RR 0.87; 95% CI, 0.59-1.27; P = 0.46), 
although moderate heterogeneity was noted (χ2 = 6.98; df = 3; 
P = 0.07; I2 = 57%; Figure 5A). There was no difference in risk 
of hyperkalemia associated with BES compared with saline in 
the deceased donor subgroup (RR 0.89; 95% CI, 0.66-1.20; 
P = 0.45; Figure 5B). Only 1 study reported on hyperkalemia 
in living donor kidney recipients9; therefore, pooled analysis 
was not possible in this subgroup.

The pooled mean blood pH in the BES group at the 
end of surgery was significantly higher compared with the 
saline group, with a MD in pH of 0.05 (95% CI, 0.03-0.08; 
P < 0.001). There was no significant difference in mean serum 
potassium at the end of surgery between groups (MD in serum 
potassium –0.15 mmol/L; 95% CI, –0.32 to 0.03 mmol/L; 
P = 0.10; Table 2).

On sensitivity analysis examining the impact of individual 
studies in the deceased donor subgroup, the exclusion of the 
BEST-Fluids Trial16 reduced the magnitude of effect and sig-
nificance but did not alter the direction of effect for the out-
comes of DGF and hyperkalemia, demonstrating the impact 
of this study as the largest trial in the pooled analyses. There 

was no change in the magnitude or direction of effect on 
sensitivity analysis of the remaining deceased donor trials. 
Sensitivity analysis using fixed-effects instead of random-
effects modeling did not substantially impact results (data 
not shown).

The GRADE evidence profile and summary of findings are 
presented in Table 3. Although there was some concern for 
risk of bias in 314,19,21 of 4 studies in deceased donor kidney 
recipients, 73% of the data in this population came from 
1 well-conducted study with low risk of bias.16 The over-
all quality of evidence comparing BES to saline for the out-
comes of DGF and hyperkalemia was therefore ranked as 
high in deceased donor transplantation studies. The overall 
quality of evidence was very low in living donor transplanta-
tion studies.

DISCUSSION

This systematic review and meta-analysis provides an 
updated synthesis of the randomized controlled data compar-
ing BES to 0.9% saline as perioperative fluid during kidney 
transplantation for the outcomes of DGF and hyperkalemia. 
Ten studies and a total of 1532 participants were included in 
the review. In deceased donor transplantation, the use of BES 
was associated with a 17% relative reduction in the risk of 
DGF compared with saline with a P value of 0.01. No differ-
ence in DGF was detected between BES and saline groups in 
living donor transplantation, although only 201 participants 
were included in this subgroup. No difference in the risk of 
hyperkalemia between groups in either living or deceased 
donor transplantation was found. The quality of evidence was 
high in deceased donor transplantation and very low in living 
donor transplantation.

The findings of this systematic review demonstrate a ben-
efit associated with BES compared with saline for the out-
come of DGF. These results reflect the dominant role of the 
recently published BEST-Fluids Trial,16 which is the largest 
trial comparing BES to saline in kidney transplant recipients 

TABLE 2.

Summary of pooled analyses comparing balanced electrolyte solutions with 0.9% saline by outcome and subgroup

Outcome/subgroup Studies Participants Statistic Effect 95% CI P

Delayed graft function
�All kidney transplant recipients 7 1306 RR 0.82 0.71 to 0.94 0.005
�Deceased donor transplant recipients 4 1105 RR 0.83 0.71 to 0.96 0.01
�Living donor transplant recipients 3 201 RR 0.79 0.26 to 2.41 0.68

Hyperkalemia
�All kidney transplant recipients 4 1055 RR 0.87 0.59 to 1.27 0.46
�Deceased donor transplant recipients 3 1004 RR 0.89 0.66 to 1.20 0.45
�Liing donor transplant recipients 1 51 RR 0.09 0.01 to 1.62 0.10

Blood pH at end of surgery
�All kidney transplant recipients 9 1151 MD 0.05 0.03 to 0.08 <0.001
Deceased donor transplant recipients 4 898 MD 0.03 0.00 to 0.06 0.02
�Living donor transplant recipients 5 253 MD 0.07 0.05 to 0.08 <0.001

Serum potassium at end of surgery
�All kidney transplant recipients 9 1350 MD –0.15 –0.32 to 0.03 0.10
�Deceased donor transplant recipients 4 1101 MD –0.07 –0.33 to 0.18 0.58
�Living donor transplant recipients 5 267 MD –0.22 –0.46 to 0.01 0.07

CI, confidence interval; MD, mean difference; RR, relative risk.
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to date. Indeed, >50% of participants included in this updated 
meta-analysis were from this trial, and sensitivity analyses 
confirm its impact on the magnitude of effect and statistical 
significance, although not on the direction of effect. Although 
aspects of the trial design have been questioned in subse-
quent correspondence,22 the rigorous nature of the trial com-
pared with previous studies has been widely acknowledged.23 
Previous meta-analyses on this topic, including our original 
Cochrane Systematic Review,15 did not demonstrate a ben-
efit for BES on DGF because of the small sample sizes of the 
included studies, and the lack of reporting on this outcome.

The reduction in risk of DGF associated with BES was lim-
ited to the deceased donor transplant subgroup and was not 

seen in the living donor subgroup, a result that is not unex-
pected. The risk of DGF is lower in living donor transplan-
tation24 because of the absence of predonation AKI in the 
donor, shorter cold ischemic times, and better donor charac-
teristics in general, leading to less ischemia-reperfusion injury. 
Although this does not preclude the potential for the benefit 
of BES in living donor transplantation, trials in this popula-
tion would need substantially larger sample sizes to be ade-
quately powered. Only 201 participants were included in the 
current pooled analysis of living donor transplantation, which 
is underpowered to detect a potential effect.

No significant difference in the risk of hyperkalemia 
between interventions was identified in this analysis. This is 

FIGURE 4.  Forest plots of BES versus 0.9% saline for delayed graft function in kidney transplantation by (A) all transplant recipients, (B) 
deceased donor transplant recipients, and (C) living donor transplant recipients. BES, balanced electrolyte solution; CI, confidence interval; M-H, 
Mantel-Haenszel; saline, 0.9% saline.
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consistent with data from studies in critically ill patients com-
paring BES to saline.25-27 Several factors may contribute to this 
finding. First, although the hyperchloremic metabolic acidosis 
induced by saline may result in hyperkalemia, the difference 
in the incidence of DGF between BES and saline means that 
more participants who receive saline would have had dialysis 
treatment, which effectively and rapidly removes extracel-
lular potassium. Second, from a physiological perspective, 
although the potassium in BES might affect serum potassium 
in the early postoperative phase, the acid-base changes asso-
ciated with saline may play a more important role in driv-
ing hyperkalemia and offset any effects of administering a 
potassium-containing fluid, resulting in no net difference in 
this complication between groups. Third, from a study design 
perspective, there was substantial variation in the definition of 
hyperkalemia between studies, including in the timing of test-
ing, the serum potassium concentration threshold used, and 
whether clinically apparent hyperkalemia requiring treatment 
was noted. This variation in definition may reduce the likeli-
hood of detection of an effect, and it indeed may account for 
some of the moderate heterogeneity seen in the pooled analy-
sis for this outcome. Other sources of heterogeneity include 
donor type, type of BES used, and duration of study fluid 
administration.

This meta-analysis has several strengths. The protocol 
for this review was registered with PROSPERO, an inter-
national prospective register of systematic reviews, and we 
adhered to current Preferred Reporting Items for Systematic 
Reviews and Meta-Analyses guidelines on reporting of sys-
tematic reviews.28 We used a sensitive search strategy and 

have included the totality of the available randomized con-
trolled data addressing this question. Nevertheless, system-
atic reviews are retrospective analyses subject to the risk of 
bias in included studies. We addressed this by performing 
risk of bias assessments of individual studies and summariz-
ing the quality of evidence using the GRADE framework. 
Although the quality of evidence was high for the deceased 
donor transplant subgroup, it remains very low in the living 
donor subgroup, largely because of the small number and 
sample size of included studies. Results of pooled analyses 
in this group should be interpreted with caution. The pri-
mary pooled analysis in this study was heavily influenced by 
the results of 1 large, well-conducted multicenter RCT per-
formed in Australia and New Zealand.16 Although this study 
has broad generalizability,29 further studies addressing this 
issue in other geographical locations where patient character-
istics and transplantation practices differ substantially may 
be warranted.

Clinical Implications and Future Directions for 
Research

This review provides further evidence to support the use 
of BES over saline as perioperative fluid for deceased donor 
kidney transplantation to reduce the risk of DGF. Given the 
significant morbidity and healthcare costs associated with 
DGF, this change in practice has the potential to impact 
patient-centered outcomes and resource management, an 
increasingly important consideration in the current eco-
nomic climate. Cost-utility analyses may further strengthen 
this case.

FIGURE 5.  Forest plots of BES versus 0.9% saline for hyperkalemia in kidney transplantation by (A) all transplant recipients and (B) deceased 
donor transplant recipients. BES, balanced electrolyte solution; CI, confidence interval; M-H, Mantel-Haenszel; saline, 0.9% saline.
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CONCLUSIONS

BES reduce the risk of DGF in deceased donor transplant 
recipients compared with 0.9% saline without increasing the 
risk of hyperkalemia. There is insufficient evidence for recipi-
ents of living donor kidney transplants, and the benefit of BES 
in this subgroup remains uncertain.
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