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Assessing Toxicity of Intravenous Crystalloids
in Critically Ill Patients
John A. Kellum, MD; Andrew D. Shaw, MB, FRCA

Intravenous administration of a specific fluid may have very
different effects compared with enteral administration of
the same fluid. For example, pure water is well tolerated

when given orally, but is
highly injurious (leading to
hemolysis) when adminis-
tered intravenously. Intrave-

nous fluids are the most common intervention prescribed
for hospitalized patients and may be administered for mul-
tiple reasons, such as for rehydration (as an alternative to the
enteral route), as a vehicle or carrier for medication delivery,
and to produce direct physiologic effects on cardiac output
and electrolyte concentrations (as drugs). There are impor-
tant differences in the composition, volume, and rate of
administration of fluids for these different uses.

Over the last 25 years, the safety and efficacy of intrave-
nous fluids have been vigorously debated. First, the compo-
sition of lactated Ringer solution was changed from a
racemic mixture of lactate ions to pure L-lactate when high
concentrations of the D-isomer were found to be toxic,
including cardiac and neural toxicity.1 Next, the combina-
tion of several small studies examining the use of albumin
for fluid resuscitation suggested an association with
decreased survival.2 Even though a subsequent large trial
showed no overall mortality difference between albumin
vs saline for fluid resuscitation of patients in the intensive
care unit (ICU), there was evidence of toxicity in 1 pre-
defined subgroup.3 Subsequent analysis including detailed
follow-up provided additional evidence that a 4% albumin
solution was harmful for patients with increased intracra-
nial pressure, probably related to its hypotonicity and the
effect on intracranial pressure.4 More recently, the use of
hydroxyethyl starch was found to have an adverse effect on
survival among patients with sepsis, apparently related to
its effect on acute kidney injury (AKI).5 A subsequent larger
trial showed no significant difference between hydroxyethyl
starch vs saline administration and mortality, and also dem-
onstrated that hydroxyethyl starch was associated with a
reduction in AKI but a small increase in the use of dialysis.6

Importantly, trials showing harm used much larger volumes
of starch and studied higher-risk patients.7 As a result, most
experts now accept that hydroxyethyl starch is at least
mildly nephrotoxic, although disagreement exists as to
whether the solution still has a role in the management of
some patients.

Isotonic 0.9% sodium chloride (saline) solution is the
most commonly used intravenous fluid in much of the world,

and especially in North America.8 The toxic potential of
sodium chloride solutions was known at least as early as the
late 19th century and was described by Cushing9 among oth-
ers. Although the sodium concentration of isotonic saline is
only slightly higher than that of plasma, the higher than
physiologic chloride concentration can lead to hyperchlore-
mia and acidosis if isotonic saline is administered fast
enough, and in large enough volumes.10 Bolus administra-
tion of either isotonic saline or albumin in saline was found
to increase short-term mortality in children with sepsis in
Africa.11 Although the mechanism of this toxicity is unclear,
increased deaths appeared to be mainly related to late cardio-
vascular collapse—a known consequence of experimental
hyperchloremic metabolic acidosis in septic animals.12

Numerous observational studies13-15 and a sequential
period trial16 have suggested a signal of potential harm when
saline administration was compared with administration of
fluids with more physiologic chloride concentrations,
although the kinds of adverse outcomes have varied. Some
studies have shown increased AKI or dialysis,13,16 whereas
other reports have shown increased hospital mortality with-
out an effect on AKI.14 This heterogeneity of effect is impor-
tant because it demonstrates 2 essential aspects about
toxicity—that toxicity is dose dependent and that the mani-
festation of toxicity depends on the susceptibility of the
population exposed. A high “dose” of a low-toxicity sub-
stance will cause harm in a susceptible patient, whereas a
low dose of a highly toxic substance may be undetectable in a
low-risk patient. Put more simply, if there is a hazard with
saline administration, then healthier patients who receive
small doses will deal with the hazard better than sicker
patients who receive large doses.

In this issue of JAMA, Young and colleagues17 report the
0.9% Saline vs Plasma-Lyte 148 for ICU fluid Therapy
(SPLIT) trial, a multicenter study comparing 0.9% saline
with a buffered electrolyte solution for fluid therapy among
2278 patients who were receiving treatment in 4 ICUs in
New Zealand and required crystalloid fluid therapy. The
indications for fluid were not specified, but presumably
included both volume replacement as well as fluid resusci-
tation and other indications. The overall exposure to study
fluids was small (a median of only 2 L) during the ICU stay,
and most of the fluid administration occurred during the
first 24 hours. The population was (at most) moderate risk
(mean Acute Physiology and Chronic Health Evaluation
[APACHE] II score, 14) and predominantly included post-
operative patients. Overall, development of AKI within
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90 days of enrollment (the primary outcome) occurred in
only approximately 9%, and rates of renal replacement
therapy (RRT) and in-hospital mortality (key secondary out-
comes) were approximately 3% and 8%, respectively, with
no significant differences between the buffered crystalloid
group and the saline group (AKI, 9.6% for buffered crystal-
loid vs 9.2% for saline; RRT, 3.3% for buffered crystalloid vs
3.4% for saline; mortality, 7.6% for buffered crystalloid vs
8.6% for saline).

The study was well conducted with excellent adherence to
study protocol and near-complete follow-up, and the results
have high face validity. The authors conclude that fluid choice
did not alter the risk of AKI and that “further large randomized
clinical trials are needed to assess efficacy in higher-risk popu-
lations and to measure clinical outcomes such as mortality.”17

This trial has set the stage for future studies, which should be
guided both by the success of the trial in its protocol adherence
and pragmatic elegance as well as by its limitations.

However, some important points merit discussion. First,
it is unclear how much physiologic separation may have oc-
curred between the 2 fluid administration groups. The au-
thors did not report serum chloride data, which may have al-
lowed an estimate of whether there was sufficient difference
between the groups to permit a plausible effect on clinical out-
comes. Second, the total exposure to these 2 fluids was mini-
mal, approximately 2 L during the entire ICU stay. It is un-
likely that this amount of fluid volume could have demonstrated
a plausible hazard, and not in the study population that was at
low risk for AKI or other adverse effects. Third, if the trial had
been designed to test the efficacy of fluids on renal function,
then the authors would have had to measure renal function or
injury in a more granular fashion, perhaps including biomark-
ers or imaging studies. Prior studies in animals18 or healthy
volunteers19 have shown important effects of fluids on the
kidney. If the investigators had used the techniques used by
Chowdhury et al,19 then they would most likely have demon-
strated similar changes in renal blood flow and function, but
these do not necessarily lead to an increase in moderate-
severe AKI, as measured by changes in serum creatinine. In the
healthy kidney, substantial functional reserve must be ex-
hausted before serum creatinine increases.

Another concern is whether the trial reported by Young et al
is an effectiveness trial. The effectiveness of fluids for treat-
ing or preventing AKI would require the presence of (or risk
for) fluid responsive AKI, and clinicians would need to under-
stand that they were using the fluid for this indication. In-
stead, the SPLIT trial enrolled patients who received fluid for
a variety of indications and the effectiveness for each indica-
tion was not assessed. Rather, adverse events were mea-
sured. Thus, the SPLIT trial, like the CHEST6 and SAFE trials,3

were actually toxicity studies, or at best were studies that ac-
cepted a broad assessment of effectiveness using mortality as
a surrogate outcome. The surrogacy of the mortality end point
is clear because few, if any, patients who are critically ill die
for lack of 2 L of crystalloid.

This fundamental premise that large pragmatic studies can
be used to assess the effectiveness of fluids on outcomes such
as AKI, requirement for dialysis, and mortality should be care-
fully considered when the intervention is not being used spe-
cifically for these purposes. Drugs such as 0.9% saline or other
electrolyte solutions might result in differences in these out-
comes, but it will be as a result of differences in toxicity, not
efficacy, and studies should be designed accordingly. In par-
ticular, such studies need to deliver a plausible dose of fluids
to a population at sufficient risk for adverse outcomes to un-
cover the hazard, if one exists. If there is a hazard with one or
another of these fluids, then it will be important to discover
and quantify that risk, however small, because of the sheer
enormity of the exposed population that receive intravenous
fluids. This hazard will not be unmasked by treating healthier
patients with small doses of fluids, but rather by treating sicker
patients with larger fluid volumes.

In the meantime, the results of the trial by Young et al pro-
vide reassurance that neither 0.9% saline nor a low-chloride
electrolyte solution appears to be particularly hazardous when
the total dose used in patients at low to moderate risk is about
2 L. This is an important contribution to the care of patients
in the ICU. However, the large body of “circumstantial” evi-
dence that points to a harm signal for saline—with scant, if any,
evidence of comparative benefit—should behoove intensiv-
ists and other clinicians to proceed with caution when order-
ing intravenous fluids.
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Effect of a Buffered Crystalloid Solution vs Saline on Acute
Kidney Injury Among Patients in the Intensive Care Unit
The SPLIT Randomized Clinical Trial
Paul Young, FCICM; Michael Bailey, PhD; Richard Beasley, DSc; Seton Henderson, FCICM; Diane Mackle, MN; Colin McArthur, FCICM;
Shay McGuinness, FANZCA; Jan Mehrtens, RN; John Myburgh, PhD; Alex Psirides, FCICM; Sumeet Reddy, MBChB; Rinaldo Bellomo, FCICM;
for the SPLIT Investigators and the ANZICS CTG

IMPORTANCE Saline (0.9% sodium chloride) is the most commonly administered intravenous
fluid; however, its use may be associated with acute kidney injury (AKI) and increased mortality.

OBJECTIVE To determine the effect of a buffered crystalloid compared with saline on renal
complications in patients admitted to the intensive care unit (ICU).

DESIGN AND SETTING Double-blind, cluster randomized, double-crossover trial conducted in 4
ICUs in New Zealand from April 2014 through October 2014. Three ICUs were general medical
and surgical ICUs; 1 ICU had a predominance of cardiothoracic and vascular surgical patients.

PARTICIPANTS All patients admitted to the ICU requiring crystalloid fluid therapy were eligible
for inclusion. Patients with established AKI requiring renal replacement therapy (RRT) were
excluded. All 2278 eligible patients were enrolled; 1152 of 1162 patients (99.1%) receiving
buffered crystalloid and 1110 of 1116 patients (99.5%) receiving saline were analyzed.

INTERVENTIONS Participating ICUs were assigned a masked study fluid, either saline or a
buffered crystalloid, for alternating 7-week treatment blocks. Two ICUs commenced using 1
fluid and the other 2 commenced using the alternative fluid. Two crossovers occurred so that
each ICU used each fluid twice over the 28 weeks of the study. The treating clinician
determined the rate and frequency of fluid administration.

MAIN OUTCOMES AND MEASURES The primary outcome was proportion of patients with AKI
(defined as a rise in serum creatinine level of at least 2-fold or a serum creatinine level of
!3.96 mg/dL with an increase of !0.5 mg/dL); main secondary outcomes were incidence of
RRT use and in-hospital mortality.

RESULTS In the buffered crystalloid group, 102 of 1067 patients (9.6%) developed AKI within
90 days after enrollment compared with 94 of 1025 patients (9.2%) in the saline group
(absolute difference, 0.4% [95% CI, −2.1% to 2.9%]; relative risk [RR], 1.04 [95% CI, 0.80 to
1.36]; P = .77). In the buffered crystalloid group, RRT was used in 38 of 1152 patients (3.3%)
compared with 38 of 1110 patients (3.4%) in the saline group (absolute difference, −0.1%
[95% CI, −1.6% to 1.4%]; RR, 0.96 [95% CI, 0.62 to 1.50]; P = .91). Overall, 87 of 1152 patients
(7.6%) in the buffered crystalloid group and 95 of 1110 patients (8.6%) in the saline group
died in the hospital (absolute difference, −1.0% [95% CI, −3.3% to 1.2%]; RR, 0.88 [95% CI,
0.67 to 1.17]; P = .40).

CONCLUSIONS AND RELEVANCE Among patients receiving crystalloid fluid therapy in the ICU,
use of a buffered crystalloid compared with saline did not reduce the risk of AKI. Further large
randomized clinical trials are needed to assess efficacy in higher-risk populations and to
measure clinical outcomes such as mortality.

TRIAL REGISTRATION clinicaltrials.gov Identifier: ACTRN12613001370796

JAMA. doi:10.1001/jama.2015.12334
Published online October 7, 2015.
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T he administration of intravenous fluids to increase in-
travascular volume or maintain hydration is a fre-
quent intervention in the intensive care unit (ICU), al-

though the choice of fluid remains controversial.1 Globally,
0.9% sodium chloride (saline) is the most commonly used re-
suscitation fluid.2 However, despite its widespread use, emerg-
ing data provide uncertainty about the safety of saline in pa-
tients who are critically ill.3-7

Most concern has focused on the hypothesis that the high
chloride content of saline contributes to the development of
acute kidney injury (AKI).3,4,8 One alternative to saline is a buff-
ered crystalloid solution with an electrolyte composition that
more closely resembles that of plasma, such as the prototype
compound sodium lactate solutions or proprietary “buffered”
or “balanced” crystalloid solutions.

Observational data suggest that buffered crystalloids may
be associated with a decreased risk of AKI3,4,8 and of death com-
pared with saline.6,7 Although it is biologically plausible that
saline worsens renal function compared with buffered
crystalloids,9,10 the effects of buffered crystalloids have not
been evaluated in randomized trials in the broad range of pa-
tients in the ICU to whom they might be administered if used
in preference to saline.

We therefore designed and conducted a cluster random-
ized, double-crossover study to determine the comparative ef-
fectiveness of a buffered crystalloid and saline for crystalloid-
based fluid therapy in a heterogeneous population of patients
treated in the ICU. The aim of our study was primarily to de-
termine the effect of specific fluid type on the development
of AKI in this patient population.

Methods
Study Design and Oversight
The management committee designed the trial that was
endorsed by the Australian and New Zealand Intensive Care
Society Clinical Trials Group (ANZICS CTG). The study
protocol11 (trial protocol in Supplement 1) was approved by
the New Zealand Northern B Health and Disability Ethics
Committee (12-NTB-57). Because this study involved the
systematic evaluation of treatments that were used com-
monly in the study hospitals and randomization occurred at
the level of the participating ICU, a process of “opt-out con-
sent” was prospectively approved by the ethics committee.
Accordingly, patients or their next of kin were provided
information about the study and given the opportunity to
opt-out of the use of their data.

The 0.9% Saline vs Plasma-Lyte 148 (PL-148) for ICU fluid
Therapy (SPLIT) trial was a prospective, investigator-
initiated, multicenter, blinded, cluster-randomized, double-
crossover study conducted in 4 tertiary ICUs in New Zealand.11

Three study ICUs were adult or mixed (adult and pediatric) gen-
eral medical and surgical ICUs and 1 ICU had a predominance
of cardiothoracic and vascular surgical patients (eMethods in
Supplement 2).

A predefined statistical analysis plan was reported12 and
published before study recruitment had been completed.13 Sta-

tistical analyses were conducted at the Australian and
New Zealand Intensive Care Research Center.

Patients
All ICU patients receiving crystalloid fluid therapy as clini-
cally indicated were eligible to be included. Patients who were
on renal replacement therapy (RRT) for end-stage renal fail-
ure, were currently receiving RRT, or expected to require RRT
within 6 hours were excluded. Patients who were admitted to
the ICU solely for consideration of organ donation or for pal-
liative care were excluded, as were those who were previ-
ously enrolled in the study.

Study Randomization and Treatment
In New Zealand, there are 2 commercially available buffered
crystalloid solutions: compound sodium lactate (Hartmann so-
lution) and PL-148. We chose PL-148 as the comparator to sa-
line in this study because PL-148 was used more commonly
than Hartmann solution in the study centers before the trial
began. Additional considerations were that the sodium in
Hartmann solution contains calcium and was therefore in-
compatible with blood products preserved in citrate-based an-
ticoagulation solutions, and that Hartmann solution con-
tains more chloride than PL-148.14 The composition of the study
fluids is shown in eTable 1 in Supplement 2.

Participating ICUs were assigned to use blinded study
fluid (either saline or buffered crystalloid) for alternating
treatment blocks of 7 weeks, with the initial fluid deter-
mined by the study statistician using computer-generated
randomization. Two ICUs initially used 1 fluid and the other
2 initially used the alternative fluid. Two crossovers
occurred so that each ICU used each study fluid twice over
the 28 weeks of the study. Study fluids appropriate for each
study block were provided in 1000-mL bags labeled “fluid
A” or “fluid B.” The study fluids were macroscopically indis-
tinguishable. Investigators and clinicians were blind to
study fluid allocation for the duration of the study. Patients
who remained in the ICU through 1 or more crossover peri-
ods continued to use the fluid to which they were originally
assigned.

The treating clinician determined the rate and frequency
of fluid administration. If possible, crystalloid treatment dur-
ing investigations and procedures performed outside the ICU
was with the assigned study fluid. Open-label saline and
buffered crystalloid solution were available for use in situa-
tions in which there was a specific clinical indication for either
fluid. No restrictions were placed on the use of other fluids or
therapies (eMethods in Supplement 2). For the purpose of de-
termining the duration of follow-up, study enrollment (time
zero) was defined as the time when study fluid was first ad-
ministered.

Outcome Measures
The primary outcome was the proportion of patients with
AKI, defined as a degree of renal dysfunction of injury or
greater (based on the use of a 5-category scoring system to
evaluate risk, injury, failure, loss, and end-stage renal fail-
ure [RIFLE]) based solely on defined thresholds of serum

Research Original Investigation Buffered Crystalloid vs Saline and Acute Kidney Injury

E2 JAMA Published online October 7, 2015 (Reprinted) jama.com

Copyright 2015 American Medical Association. All rights reserved.

Downloaded From: https://jamanetwork.com/ by a Imperial College London User  on 10/07/2015

http://jama.jamanetwork.com/article.aspx?doi=10.1001/jama.2015.12334&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jama.2015.12334
http://jama.jamanetwork.com/article.aspx?doi=10.1001/jama.2015.12334&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jama.2015.12334
http://jama.jamanetwork.com/article.aspx?doi=10.1001/jama.2015.12334&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jama.2015.12334
http://jama.jamanetwork.com/article.aspx?doi=10.1001/jama.2015.12334&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jama.2015.12334
http://www.jama.com/?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jama.2015.12334


Copyright 2015 American Medical Association. All rights reserved.

creatinine.15 The RIFLE system is a validated consensus
definition that classifies patients as having different degrees
of AKI such that, in brief, a 50% increase in serum creati-
nine is labeled as “risk,” a doubling in serum creatinine is
labeled as “injury,” a trebling in serum creatinine is labeled
as “failure,” persistent failure is labeled as “loss,” and lack of
recovery and need for chronic dialysis is labeled as “end-
stage” AKI.15

Secondary outcomes within the 90-day follow-up period
were the difference between the serum creatinine measured
immediately before study enrollment and the peak serum cre-
atinine in the ICU (Δ creatinine); the cumulative incidence of
AKI as defined by RIFLE category; the cumulative incidence
of AKI solely on defined thresholds of serum creatinine (Kidney
Disease: Improved Global Outcomes [KDIGO] criteria)16; the
use of RRT in the ICU and the requirements for RRT after hos-
pital discharge; the indications for initiation of RRT in the ICU17;
the proportion of patients requiring, and the duration of, me-
chanical ventilation; the proportion of patients requiring ICU
readmission during their index hospital admission; the ICU and
hospital length of stay; and ICU and in-hospital all-cause mor-
tality and cause-specific mortality, censored at 90 days after
enrollment.

Both the primary outcome and the risk of in-hospital mor-
tality were examined in 5 predefined subgroup pairs. These
subgroups were based on Acute Physiology and Chronic Health
Evaluation (APACHE) III-j admission diagnoses18 and the cal-
culated APACHE II illness severity score (ranging from 0-71,
with higher scores indicating an increased risk of mortality)
in the 24 hours prior to first fluid administration.19 The sub-
groups were the presence or absence of each of the following:
an admission diagnosis of sepsis, an admission diagnosis of
trauma with or without a diagnosis of traumatic brain injury,
a cardiac surgical admission diagnosis, and a preenrollment
APACHE II score of 25 or higher.

Statistical Analysis
Because of its cluster randomized, double-crossover design,
this study was conducted for a specific period and had no fixed
sample size. The trial was partly performed to establish the fea-
sibility of using a cluster randomized, double-crossover de-
sign to investigate fluid therapy in the ICU and, as there are
no established statistical methodologies for prospectively de-
termining sample sizes for cluster randomized, double-
crossover studies with binary outcome variables, we did not
perform sample size calculations.

We conducted all analyses on an intention-to-treat basis
in accordance with the statistical analysis plan12,13 and did
not impute missing values unless stated. We compared
binary outcomes using relative risks (RRs) with 95% CIs and
χ2 tests. Continuous outcomes were compared using mixed
linear modeling with results reported as differences or
ratios with 95% CIs as appropriate. We compared survival
time and the proportion of patients requiring RRT from
enrollment to day 90 using log-rank tests and presented
these as Kaplan-Meier curves. The volumes of fluids admin-
istered were compared using Wilcoxon rank sum tests.
Causes of death were compared using a χ2 test or Fisher

exact test when numbers were small. As missing data for
the primary outcome exceeded 5%, we performed addi-
tional sensitivity analyses to account for extreme case sce-
narios in accordance with the statistical analysis plan. First,
all missing patients were assigned to have AKI and, second,
all missing patients were assigned to not have AKI.

For the predefined subgroups, we assessed the primary
outcome and in-hospital mortality using the same method
implemented in the main analysis and assessed the heteroge-
neity of treatment effects among subgroup pairs by fitting an
interaction between treatment and subgroup.

At the end of the study, all clinicians at each study center
were asked to provide their best guess as to whether fluid A
was saline or buffered crystalloid solution. The proportion of
clinicians who guessed correctly is presented along with the
95% CI for the proportion calculated by the modified Wald
method.

All analyses were performed using SAS (SAS Institute), ver-
sion 9.4. A 2-sided P value of .05 or less was considered sig-
nificant. No adjustment was made for multiple comparisons;
therefore, secondary outcomes should be interpreted as ex-
ploratory. Additional details of the statistical analyses are out-
lined in the eMethods in Supplement 2.

Results
Patients
From April 2014 through October 2014, all 2278 eligible pa-
tients were enrolled, with 1162 patients assigned to the buff-
ered crystalloid group and 1116 assigned to the saline group
(Figure 1). Of the enrolled patients, 1152 of 1162 patients (99.1%)
in the buffered crystalloid group and 1110 of 1116 patients
(99.5%) in the saline group were analyzed. The 2 groups of pa-
tients had similar baseline characteristics (Table 1; eTable 2 in
Supplement 2). The mean age of enrolled patients was around
60 years and approximately two-thirds were men. Most pa-
tients were admitted to the ICU following elective surgery, most
commonly cardiovascular surgery, and relatively few had co-
morbidities. The mean (SD) APACHE II illness severity scores
were 14.1 (6.9) for the buffered crystalloid group and 14.1 (6.7)
for the saline group.

Fluid Therapy
The buffered crystalloid and saline groups received similar vol-
umes of study fluid, (median [IQR], 2000 mL [1000-3500 mL]
for buffered crystalloid vs 2000 mL [1000-3250 mL] for sa-
line; P = .63) with most fluid administered in the first day in
the ICU (eFigure 1 and eFigure 2 in Supplement 2). The vol-
umes of study fluids, open-label saline and buffered crystal-
loid solution, nonstudy fluids, and blood products adminis-
tered are shown in eTables 3 to 5 in Supplement 2 along with
the proportion of patients who received each of these on each
study day. Fifty-five of 87 clinicians (63%) responded to the
survey to provide their best guess as to whether fluid A was
saline or buffered crystalloid solution. Of these, 36 clinicians
(66% [95% CI, 52%-77%]) correctly guessed that fluid A was
buffered crystalloid solution.
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Figure 1. Flow of Clusters and Participants Through the SPLIT Trial

4 ICUs assessed for eligibility

79 Patients excluded 
35 Receiving or expected to require

RRT within 6 hours
28 Usually on dialysis for end-stage

 renal failure
16 Admitted to ICU solely for palliative

care or to facilitate organ donation

49 Patients excluded 
28 Receiving or expected to require

RRT within 6 hours
19 Usually on dialysis for end-stage

 renal failure
2 Admitted to ICU solely for palliative

care or to facilitate organ donation

427 Patients did not require intravenous
crystalloid fluid

513 Patients did not require intravenous
crystalloid fluid

4 ICUs randomized

535 Patients allocated to buffered crystalloid
(mean, 267.5 patients; median, 267.5
[range, 220-315] per ICU)

489 Patients allocated to saline (mean, 244.5
patients; median, 244.5 [range, 193-296]
per ICU)

627 Patients allocated to buffered crystalloid
(mean, 313.5 patients; median, 313.5
[range, 212-415] per ICU)

627 Patients allocated to saline (mean, 313.5
patients; median, 313.5 [range, 226-401]
per ICU)

4 Patients did not receive study fluid
per protocol
3 Received both buffered crystalloid

and saline in error
1 Received buffered crystalloid instead

of saline in error

2 Patients did not receive study fluid
per protocol (received both buffered
crystalloid and saline in error)

1022 Patients completed the study
535 Buffered crystalloid group
487 Saline group

1240 Patients completed the study
617 Buffered crystalloid group
623 Saline group

2 Patients opted out (saline group) 14 Patients opted out
10 Buffered crystalloid group
4 Saline group

2 ICUs randomized to alternating 7-week
blocks of treatment (in order: buffered
crystalloid, saline, buffered crystalloid,
saline)

1616 Patients assessed for eligibility a

2 ICUs randomized to alternating 7-week
blocks of treatment (in order: saline,
buffered crystalloid, saline, buffered
crystalloid)

1730 Patients assessed for eligibility a

934 Patients included in the primary analysis
490 Buffered crystalloid group
444 Saline group

88 Patients missing primary outcome data b
68 No creatinine measured in ICU
23 Baseline creatinine missing

1158 Patients included in the primary analysis
577 Buffered crystalloid group
581 Saline group

82 Patients missing primary outcome data
68 No creatinine measured in ICU
14 Baseline creatinine missing

1067 Patients in the buffered crystalloid group
included in the primary analysis

1025 Patients in the saline group included
in the primary analysis

1103 Potentially eligible patients 1303 Potentially eligible patients

ICU indicates intensive care unit; RRT, renal replacement therapy; SPLIT, 0.9%
Saline vs Plasma-Lyte 148 for Intensive Care Unit Fluid Therapy.
a All patients admitted to 1 of the study ICUs during the 28 weeks of recruitment

were screened for study enrollment except for 2 patients who decided not to
participate in the study prior to ICU admission.

b Patients could have both types of missing data.
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Outcomes
Primary Outcome
In the buffered crystalloid group, 102 of 1067 patients (9.6%)
developed AKI within 90 days after enrollment compared with
94 of 1025 patients (9.2%) in the saline group (absolute dif-
ference, 0.4% [95% CI, −2.1% to 2.9%]; RR, 1.04 [95% CI, 0.80
to 1.36]; P = .77) (Table 2). Primary outcome data were miss-
ing for 170 of 2262 patients (7.5%). This was either because no
baseline serum creatinine was available in the medical rec-
ord or because the serum creatinine was not measured in the
ICU. The baseline serum creatinine was missing for 19 of 1152
patients (1.6%) in the buffered crystalloid group and 18 of 1110
patients (1.6%) in the saline group, and the peak serum cre-
atinine in the ICU was missing for 68 of 1152 patients (5.9%)
in the buffered crystalloid group and 68 of 1110 patients (6.1%)
in the saline group. Sensitivity analyses accounting for ex-
treme case scenarios for missing data did not meaningfully al-
ter the results (eTable 6 in Supplement 2).

Secondary Outcomes
There was no significant difference in the probability of
requiring RRT between the buffered crystalloid group and

Table 1. Characteristics of the Patients at Baseline

Characteristic

No. (%)
Buffered
Crystalloid
(n = 1152)

Saline
(n = 1110)

Age, mean (SD), y 60.10 (16.79) 60.95 (16.25)

Men 739 (64) 746 (67)

Weight, mean (SD), kg 80.4 (20.1) 80.7 (20.0)

Ethnicity

New Zealand European 749 (65) 723 (65)

Maori 116 (10) 110 (10)

Pacific Island peoples 90 (8) 91 (8)

Other 197 (17) 186 (17)

Comorbidities

Chronic respiratory disease 27 (2) 30 (3)

Chronic cardiovascular disease 12 (1) 23 (2)

Leukemia/myeloma 9 (1) 7 (1)

Immunosuppression by disease 17 (1) 12 (1)

Immunosuppression by therapy 46 (4) 50 (5)

Hepatic failure 5 (<1) 7 (1)

Cirrhosis 8 (1) 12 (1)

Lymphoma 14 (1) 5 (<1)

AIDS 1 (<1) 1 (<1)

Metastatic cancer 25 (2) 31 (3)

Source of admission to ICU

Operating room 822 (71) 798 (72)

After elective surgery 650 (56) 642 (58)

After emergency surgery 172 (15) 156 (14)

Emergency department 168 (15) 148 (13)

Hospital floor 87 (8) 88 (8)

Another hospital
(excluding from another ICU)

43 (4) 47 (4)

Another ICU 32 (3) 29 (3)

Operative admission diagnosesa 822 (71) 798 (72)

Cardiovascular 560 (49) 548 (49)

Gastrointestinal 98 (9) 87 (8)

Gynecological 6 (1) 11 (1)

Neurological 38 (3) 35 (3)

Musculoskeletal / skin 18 (2) 13 (1)

Renal 17 (1) 23 (2)

Respiratory 48 (4) 59 (5)

Trauma 17 (1) 7 (1)

Other postoperative 20 (2) 15 (1)

Nonoperative admission diagnosesa 330 (29) 312 (28)

Respiratory 70 (6) 59 (5)

Cardiovascular 54 (5) 52 (5)

Neurological 47 (4) 50 (5)

Sepsis 41 (4) 43 (4)

Metabolic 40 (3) 23 (2)

Trauma 40 (3) 61 (5)

Gastrointestinal 18 (2) 12 (1)

Renal 4 (<1) 0

Musculoskeletal/skin 1 (<1) 3 (<1)

Hematological 0 1 (<1)

Other medical diseases 15 (1) 8 (1)

(continued)

Table 1. Characteristics of the Patients at Baseline (continued)

Characteristic

No. (%)
Buffered
Crystalloid
(n = 1152)

Saline
(n = 1110)

APACHE II score, mean (SD)b 14.1 (6.9) 14.1 (6.7)

Mechanical ventilation 768 (67) 731 (66)

Serum creatinine, mg/dL

Baseline (before illness), mean (SD) 0.98 (0.76) 0.99 (0.68)

No. of patients 1133 1092

Most recent, mean (SD) 1.18 (1.00) 1.15 (1.15)

No. of patients 847 820

Time from ICU admission to first fluid,
median (IQR), h

1.17 (0.22-3.80) 1.25 (0.17-3.50)

Buffered Crystalloid and Saline Administration in the 24 h Before Enrollment

Buffered crystalloid

Fluid volume, median (IQR), mL 1200 (0-3000) 1000 (0-3000)

Proportion of patients
who received fluid

726 (63) 675 (61)

Saline

Fluid volume, median (IQR), mL 0 (0-875) 0 (0-1000)

Proportion of patients
who received fluid

343 (30) 351 (32)

Subgroupsa

Sepsis 41 (4) 43 (4)

Trauma 40 (3) 61 (5)

Traumatic brain injury 25 (2) 32 (3)

Cardiac surgery 475 (41) 485 (44)

APACHE II score ≥25 95 (8) 87 (8)

Abbreviations: APACHE, Acute Physiology and Chronic Health Evaluation;
ICU, intensive care unit; IQR, interquartile range.
SI conversion factor: to convert creatinine to μmol/L, multiply by 88.4.
a Diagnostic subgroups and admission diagnoses are based on the APACHE III-j

admission diagnostic codes.
b Scores on the APACHE II range from 0 to 71, with higher scores indicating an

increased risk of death.
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the saline group 90 days after enrollment (P = .85) (Figure 2).
There was, however, a significant interaction between the
effect of treatment on AKI and study site (P = .05) (Figure 3).
There was no significant heterogeneity in the effect of treat-
ment on AKI or failure in any of the predefined subgroups

(Figure 3). RRT was used in 38 of 1152 patients (3.3%) receiv-
ing buffered crystalloid and 38 of 1110 patients (3.4%) receiv-
ing saline (absolute difference, −0.1% [95% CI, −1.6 to 1.4%];
RR, 0.96 [95% CI, 0.62 to 1.50]; P = .91) (Table 2). The indica-
tions for initiation of RRT were similar between the groups

Table 2. Outcomes for Patients in the Intensive Care Unit Receiving Buffered Crystalloid vs Saline Fluid Therapy

Variable

No./Total No. (%) Absolute Difference
(95% CI)

Relative Risk
(95% CI) P ValueBuffered Crystalloid Saline

Primary Outcome

Acute kidney injury or failurea 102/1067 (9.6) 94/1025 (9.2) 0.4 (−2.1 to 2.9) 1.04 (0.80 to 1.36) .77

Secondary Outcomes (Renal Outcomes)

RIFLEb

Risk 123/1067 (11.5) 107/1025 (10.4) 1.1 (−1.6 to 3.8) 1.10 (0.86 to 1.41) .44

Injury 46/1067 (4.3) 57/1025 (5.6) −1.2 (−3.1 to 0.6) 0.78 (0.53 to 1.13) .19

Failure 54/1067 (5.1) 36/1025 (3.5) 1.5 (−0.2 to 3.3) 1.44 (0.95 to 2.18) .09

Loss 2/1067 (0.2) 1/1025 (0.1) 0 1.92 (0.17 to 21.16) >.99

End-stage renal failure 0/1067 (0) 0/1025 (0)

KDIGO stagec

1 194/1067 (18.2) 194/1025 (18.9) −0.7 (−4.1 to 2.6) 0.96 (0.80 to 1.15) .69

2 43/1067 (4.0) 46/1025 (4.5) −0.5 (−2.2 to 1.3) 0.90 (0.60 to 1.4) .67

3 62/1067 (5.8) 58/1025 (5.7) 0.2 (−1.8 to 2.1) 1.03 (0.73 to 1.45) .93

RRT use and indications for RRT initiation

RRT use 38/1152 (3.3) 38/1110 (3.4) −0.1 (−1.6 to 1.4) 0.96 (0.62 to 1.50) .91

Oliguria 10/1152 (0.9) 11/1110 (1.0) −0.1 (−0.9 to 0.7) 0.88 (0.37 to 2.05) .83

Hyperkalemia with serum potassium
>6.5 mEq/L

4/1152 (0.3) 2/1110 (0.2) 0.2 (−0.3 to 0.6) 1.93 (0.35 to 10.50) .69

Acidemia with pH <7.20 13/1152 (1.1) 9/1110 (0.8) 0.3 (−0.5 to 1.1) 1.39 (0.60 to 3.24) .52

Serum urea nitrogen >70 mg/dL 5/1152 (0.4) 10/1110 (0.9) −0.5 (−1.1 to 0.2) 0.48 (0.17 to 1.41) .20

Serum creatinine >3.39 mg/dL 16/1152 (1.4) 13/1110 (1.2) 0.2 (−0.7 to 1.1) 1.19 (0.57 to 2.45) .71

Organ edema 6/1152 (0.5) 11/1110 (1.0) −0.5 (−1.2 to 0.2) 0.53 (0.20 to 1.42) .23

Other renal failure–related indication 3/1152 (0.3) 9/1110 (0.8) −0.6 (−1.2 to 0.1) 0.32 (0.09 to 1.18) .09

Other non–renal failure–related
indication

0/1152 (0) 2/1110 (0.2) −0.2 (−0.4 to 0.1) .24

Ongoing use after hospital discharge 0/1152 (0) 0/1110 (0)

Δ Creatinine, mean (95% CI), mg/dLd 0.21 (0.16 to 0.25) 0.18 (0.13 to 0.23) 0.03 (−0.04 to 0.10)e .42

Service utilization, geometric mean
(95% CI)

ICU, d 1.50 (1.41 to 1.60) 1.47 (1.39 to 1.57) 1.02 (0.94 to 1.11)f .58

Hospital, d 7.45 (7.05 to 7.87) 7.33 (6.94 to 7.76) 1.01 (0.94 to 1.10)f .72

Mechanical ventilation, h 15.32 (13.83 to 16.97) 14.24 (12.82 to 15.82) 1.05 (0.91 to 1.21)f .48

Use of mechanical ventilation 790/1152 (68.6) 751/1110 (67.7) 0.9 (−2.9 to 4.8) 1.01 (0.96 to 1.07) .65

ICU readmission required during index
hospital admission

80/1152 (6.9) 57/1110 (5.1) 1.8 (−0.2 to 3.8) 1.35 (0.97 to 1.88) .08

Mortality

Death in ICU 76/1152 (6.6) 80/1110 (7.2) −0.6 (−2.7 to 1.5) 0.92 (0.68 to 1.24) .62

Death in hospital 87/1152 (7.6) 95/1110 (8.6) −1.0 (−3.3 to 1.2) 0.88 (0.67 to 1.17) .40

Abbreviations: ICU, intensive care unit; KDIGO, Kidney Disease Improving
Global Outcomes; RIFLE, risk, injury, failure, loss, end-stage renal failure; RRT,
renal replacement therapy.
SI conversion factors: to convert creatinine to μmol/L, multiply by 88.4; urea
nitrogen to mmol/L, multiply by 0.357.
a Based on serum creatinine levels in accordance with RIFLE criteria.
b RIFLE categories: risk (1.5-1.9 times increase from baseline serum creatinine),

injury (2-2.9 times increase from baseline serum creatinine), failure (!3 times
increase from baseline serum creatinine or increase in serum creatinine to
!3.96 mg/dL with a rise of !0.5 mg/dL), loss (persistent loss of kidney
function for >4 wk), end-stage renal failure (dialysis-dependent for >3 mo).

c KDIGO stages: stage 1, 1.5 to 1.9 times increase from baseline serum creatinine
or 0.3 mg/dL or higher increase in serum creatinine; stage 2, 2 to 2.9 times
increase from baseline serum creatinine; stage 3, 3 times or higher increase or
increase in serum creatinine to 4 mg/dL or higher or start of RRT.

d Difference between the most recent preenrollment serum creatinine level and
the peak serum creatinine level measured in the ICU up until day 90.

e This value is the mean difference (95% CI).
f This value is the ratio of geometric means (95% CI).
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and there was no significant between-group difference in Δ
creatinine, daily serum creatinine to day 7 (Figure 4), or the
rates of AKI based on the RIFLE and KDIGO classifications
(Table 2). No patient in either group required RRT after hospi-
tal discharge.

There were no significant between-group differences in
service utilization (days in the ICU, days in the hospital, use
or duration of mechanical ventilation, and requirement for

ICU readmission) (Table 2). There were no significant
between-group differences in the rates of death in the ICU or
in the hospital or in the cause-specific mortality within the
90-day follow-up period (eTable 7 in Supplement 2). Overall,
87 of 1152 patients (7.6%) in the buffered crystalloid group
and 95 of 1110 patients (8.6%) in the saline group died in the
hospital (absolute difference, −1.0% [95% CI, −3.3% to 1.2%];
RR, 0.88 [95% CI, 0.67 to 1.17]; P = .40) (Table 2). There was

Figure 3. Risk of Acute Kidney Injury by Subgroup for Patients Admitted to the Intensive Care Unit Receiving Buffered Crystalloid vs
Saline Fluid Therapy
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Figure 2. Cumulative Incidence of Patients Requiring Renal Replacement Therapy Until Day 90
After Enrollment in the SPLIT Trial
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no significant difference in the probability of survival
between the buffered crystalloid group and the saline group
(eFigure 3 in Supplement 2). There was no significant
heterogeneity in the effect of treatment on in-hospital mor-
tality up to day 90 in any of the predefined subgroups (eFig-
ure 4 in Supplement 2). The main results were similar after
adjustment for baseline covariates and when nested within
individual sites (eTable 8 in Supplement 2).

There was 1 reported serious adverse event that was judged
by a site principal investigator to be potentially related to study
treatment. This serious adverse event occurred in a patient who
was admitted to the ICU following a renal transplant and as-
signed to the buffered crystalloid group. This patient devel-
oped lactic acidosis and progressive multiorgan failure culmi-
nating in circulatory collapse and death. No specific cause of
death was identified at autopsy.

Discussion
In this cluster randomized, double-crossover trial, there was
no significant difference in the primary outcome of inci-
dence of AKI or failure within 90 days after enrollment in a het-
erogenous population of ICU patients who received a buff-
ered crystalloid or saline for crystalloid fluid therapy. There
was no significant difference in the key secondary outcome,
use of RRT, between treatment groups; no patients in either
treatment group required RRT after hospital discharge. There
was no significant difference in in-hospital mortality be-
tween treatment groups.

Our results are consistent with a retrospective study of non-
surgical patients with sepsis in which there was no signifi-
cant association between use of balanced vs unbalanced crys-
talloids and acute renal failure.6 In contrast, our results were
at variance to a previous observational cohort study in which
removing chloride-rich fluids from a single ICU was associ-
ated with a reduction in the incidence of AKI and reduced re-
quirements for RRT.3 However, in this study there were dif-

ferences in albumin use in the phases before and after
treatment and 1 of the fluids, of which its use was discontin-
ued, was a synthetic gelatin-based colloid. The use of gela-
tins has previously been associated with an increased risk of
AKI in patients with sepsis.20 A retrospective study of pa-
tients undergoing major abdominal surgery that used multi-
variate logical regression and a propensity score reported that
saline was associated with a significant reduction in major post-
operative complications compared with buffered crystalloid
solutions.5 Although this study did not demonstrate a signifi-
cant increase in the risk of renal complications, saline use was
associated with an increased risk of requiring dialysis com-
pared with buffered crystalloid solutions.5

Compared with previous observational studies, our trial
design incorporated a number of features that reduce the risk
of bias. We published our statistical analysis plan before com-
pleting recruitment to mitigate analysis bias.12,13 Study fluids
were labeled only as fluid A and fluid B to mitigate ascertain-
ment bias. Despite blinding, however, by the end of the
study, two-thirds of clinicians were able to correctly guess
the assigned treatment. Saline use is associated with the
development of hyperchloremia and metabolic acidosis,10

and the occurrence of these phenomena may have led clini-
cians to correctly deduce which fluid was which over the
course of a block of treatment. Although this may potentially
have led to ascertainment bias, we did not detect any major
differences in co-interventions between treatment groups.
Furthermore, because our primary end point was derived
from serum creatinine measurements, it is not subject to
observer bias. Although allocation of patients to fluid A or
fluid B within a particular treatment block was not con-
cealed, the risk of selection bias was negligible because
99.3% of all eligible patients were included in the study and
analyzed. Our study was conducted in 4 New Zealand centers
potentially reducing the external validity of our study find-
ings. However, one notable feature of our trial is that all
patients admitted to the ICU who received crystalloid fluid
therapy were eligible for study participation except for those

Figure 4. Daily Serum Creatinine for the Buffered Crystalloid vs Saline Groupsa
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with established renal failure and those patients admitted to
the ICU for palliative care. Our findings were consistent with
a treatment effect that lies between a relative decrease of
20% and a relative increase of 36% in AKI arising from use of
a buffered crystalloid for crystalloid fluid therapy instead of
saline. Although we demonstrated a significant interaction
between study treatment and study center, we are not aware
of any variations in care or differences in patient population
between sites that are likely to have accounted for this and
consider it as most likely a chance finding.

The most important limitation of our study is that we did
not perform sample size calculations. An additional limita-
tion is that more than 90% of patients were exposed to intra-
venous fluids before enrollment and the majority of preen-
rollment fluid was buffered crystalloid. Although the CIs
around the point estimate of treatment effect in relation to
the risk of AKI did not encompass the large treatment effect
suggested by previous observational studies, the CIs were
wide and the possibility of a clinically significant effect on
AKI was not excluded by this exploratory study. Moreover,
because we studied a heterogeneous population with an
overall low incidence of AKI, our findings do not preclude the
possibility of significant beneficial or harmful renal effects
from using buffered crystalloids in higher-risk groups.
Although the volumes of fluids administered to patients were
small, they were similar to those administered in the Crystal-
loid vs Hydroxyethyl Starch Trial (CHEST),21 which demon-
strated, in a population with similar baseline serum creati-

nine levels to ours, that the use of hydroxyethyl starch for
fluid resuscitation in patients who were critically ill signifi-
cantly increased RRT use compared with saline.

Our study did not exclude the possibility of a clinically
important increase or decrease in the risk of in-hospital mor-
tality with the use of buffered crystalloid solutions compared
with saline. We studied a heterogeneous population of
patients who were critically ill with a low overall mortality.
However, our data were consistent with a treatment effect
that lies between a relative decrease of 33% and a relative
increase of 17% in in-hospital mortality arising from the use
of a buffered crystalloid instead of saline. The observed point
estimate of a 12% RR reduction in in-hospital mortality,
which did not differ significantly in 5 predefined subgroup
pairs, provides new information that will inform the design
of a pivotal randomized clinical trial designed to definitively
establish the relative safety and efficacy of a buffered crystal-
loid solution and saline in ICU patients requiring intravenous
fluid therapy.

Conclusions
Among patients receiving crystalloid fluid therapy in the ICU,
use of a buffered crystalloid compared with saline did not re-
duce the risk of AKI. Further large randomized clinical trials
are needed to assess efficacy in higher-risk populations and
to measure clinical outcomes such as mortality.
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