The NEW ENGLAND JOURNAL of MEDICINE

ORIGINAL ARTICLE

Balanced Crystalloids versus Saline
in Critically Il Adults

Matthew W. Semler, M.D., Wesley H. Self, M.D., M.P.H.,
Jonathan P. Wanderer, M.D., Jesse M. Ehrenfeld, M.D., M.P.H.,
Li Wang, M.S., Daniel W. Byrne, M.S., Joanna L. Stollings, Pharm.D.,
Avinash B. Kumar, M.D., Christopher G. Hughes, M.D.,

Antonio Hernandez, M.D., Oscar D. Guillamondegui, M.D., M.P.H.,
Addison K. May, M.D., Liza Weavind, M.B., B.Ch., Jonathan D. Casey, M.D.,
Edward D. Siew, M.D., Andrew D. Shaw, M.B., Gordon R. Bernard, M.D.,
and Todd W. Rice, M.D., for the SMART Investigators
and the Pragmatic Critical Care Research Group*

ABSTRACT

BACKGROUND
Both balanced crystalloids and saline are used for intravenous fluid administration
in critically ill adults, but it is not known which results in better clinical outcomes.

METHODS

In a pragmatic, cluster-randomized, multiple-crossover trial conducted in five inten-
sive care units at an academic center, we assigned 15,802 adults to receive saline
(0.9% sodium chloride) or balanced crystalloids (lactated Ringer’s solution or
Plasma-Lyte A) according to the randomization of the unit to which they were
admitted. The primary outcome was a major adverse kidney event within 30 days
— a composite of death from any cause, new renal-replacement therapy, or persis-
tent renal dysfunction (defined as an elevation of the creatinine level to 2200% of
baseline) — all censored at hospital discharge or 30 days, whichever occurred first.

RESULTS

Among the 7942 patients in the balanced-crystalloids group, 1139 (14.3%) had a
major adverse kidney event, as compared with 1211 of 7860 patients (15.4%) in the
saline group (marginal odds ratio, 0.91; 95% confidence interval [CI], 0.84 to 0.99;
conditional odds ratio, 0.90; 95% CI, 0.82 to 0.99; P=0.04). In-hospital mortality
at 30 days was 10.3% in the balanced-crystalloids group and 11.1% in the saline
group (P=0.06). The incidence of new renal-replacement therapy was 2.5% and
2.9%, respectively (P=0.08), and the incidence of persistent renal dysfunction was
6.4% and 6.6%, respectively (P=0.60).

CONCLUSIONS
Among critically ill adults, the use of balanced crystalloids for intravenous fluid
administration resulted in a lower rate of the composite outcome of death from
any cause, new renal-replacement therapy, or persistent renal dysfunction than the
use of saline. (Funded by the Vanderbilt Institute for Clinical and Translational
Research and others; SMART-MED and SMART-SURG ClinicalTrials.gov numbers,
NCT02444988 and NCT02547779.)
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NTRAVENOUS CRYSTALLOID SOLUTIONS ARE

commonly administered in critical care, yet

the question of whether crystalloid compo-
sition affects patient outcomes remains unan-
swered.! Historically, 0.9% sodium chloride
(saline) has been the most commonly adminis-
tered intravenous fluid.>* Data suggest that intra-
venous saline may be associated with hyperchlo-
remic metabolic acidosis,* acute kidney injury,’
and death.®” Crystalloid solutions with electrolyte
compositions closer to that of plasma (balanced
crystalloids, such as lactated Ringer’s solution or
Plasma-Lyte A) represent an increasingly used
alternative to saline.® Several observational stud-
ies®>1” and a before-and-after trial® suggested that
the use of balanced crystalloids is associated
with lower rates of acute kidney injury, renal-
replacement therapy, and death. However, in two
pilot trials,™!? no significant difference in any
patient outcome was reported between those who
received balanced crystalloids and those who re-
ceived saline.

To determine the effect of isotonic crystalloid
composition on clinical outcomes in critically ill
adults, we conducted the Isotonic Solutions and
Major Adverse Renal Events Trial (SMART), which
compared the use of balanced crystalloids with the
use of saline in patients in medical (SMART-MED)
and nonmedical (SMART-SURG) intensive care
units (ICUs). We hypothesized that the use of
balanced crystalloids would result in a lower over-
all incidence of death, new renal-replacement
therapy, and persistent renal dysfunction than
saline.

METHODS

TRIAL DESIGN AND OVERSIGHT

We conducted a pragmatic, unblinded, cluster-
randomized, multiple-crossover trial in which
the use of balanced crystalloids was compared
with saline for intravenous fluid administration
among critically ill adults admitted to five ICUs
at Vanderbilt University Medical Center between
June 1, 2015, and April 30, 2017. The trial was
approved by the institutional review board at
Vanderbilt University with a waiver of informed
consent (see the Supplementary Appendix, avail-
able with the full text of this article at NEJM.org),
was registered online before initiation, and was
overseen by an independent data and safety moni-
toring board. The protocol, available at NEJM.org,

and the statistical analysis plan were published
before the conclusion of enrollment.”® All au-
thors vouch for the accuracy and completeness
of the data and for the fidelity of the trial to the
protocol.

TRIAL SITES AND PATIENT POPULATION

All adults (18 years of age or older) who were
admitted to a participating ICU during the trial
period were enrolled at the time of ICU admis-
sion (site characteristics are described in the
Supplementary Appendix). Enrolled patients who
were discharged from the hospital were eligible
to participate again if they were readmitted to a
participating ICU. We assessed the effect of re-
peat hospitalizations in individual patients in
sensitivity analyses. Patients who were admitted
to a non-ICU ward from the emergency depart-
ment were enrolled in a separate trial (Saline
against Lactated Ringer’s or Plasma-Lyte in the
Emergency Department [SALT-ED]) in which
balanced crystalloids and saline were compared
among adults who were not critically ill. The
results of that trial are also reported in this issue
of the Journal.*

RANDOMIZATION

For each month of the trial, participating ICUs
were assigned to use either balanced crystalloids
or saline for any intravenous administration of
isotonic crystalloid. ICUs were randomly assigned
to use saline during even-numbered months and
balanced crystalloids during odd-numbered
months, or vice versa (Fig. S1 in the Supplemen-
tary Appendix). To allow coordination of crystal-
loid use between ICUs and the emergency de-
partment and operating rooms, the three ICUs
that admit the majority of patients from the
emergency department underwent randomization
together, as did the two ICUs that admit the
majority of patients from operating rooms."
Patients, clinicians, and investigators were aware
of group assignments.

TREATMENTS

Patients in the saline group received 0.9% sodium
chloride when intravenous isotonic crystalloid was
administered, whereas patients in the balanced-
crystalloids group received either lactated Ringer’s
solution or Plasma-Lyte A, according to the pref-
erence of the treating clinician (Table S1 in the
Supplementary Appendix). An electronic advisor
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within the electronic order-entry system informed
providers about the trial, asked about relative
contraindications to the assigned crystalloid,
and, if none were present, guided providers to
order the assigned crystalloid. Relative contra-
indications to the use of balanced crystalloids
included hyperkalemia and brain injury. The treat-
ing clinician determined the severity of hyperka-
lemia or brain injury at which saline rather than
balanced crystalloids would be used. The unas-
signed crystalloid was also available from the
pharmacy when clinicians believed it to be re-
quired for the safe treatment of any patient.

The trial was coordinated with the emergency
department and operating rooms so that when
feasible, patients being admitted to a participat-
ing ICU or receiving a surgical intervention dur-
ing ICU admission would receive the crystalloid
assigned to that ICU.” The need for access to an
intravenous crystalloid at all times precluded the
use of washout periods, and patients who re-
mained in the ICU from the end of one calendar
month to the start of another may have been
exposed to both types of crystalloid. The effect
of dual exposure was evaluated in prespecified
sensitivity analyses.

DATA COLLECTION

We used data collected in routine care and elec-
tronically extracted from electronic health rec-
ords.!*!® These data included information on
pre-enrollment renal function, demographic
characteristics, diagnoses, predicted risk of in-
hospital death, orders for intravenous fluids and
blood products, plasma electrolyte and creatinine
values, receipt of renal-replacement therapy, and
vital status at hospital discharge. Trial personnel
who were unaware of group assignment per-
formed manual chart reviews to confirm receipt
of renal-replacement therapy and identify indica-
tions for new renal-replacement therapy.

OUTCOMES
The primary outcome was the proportion of pa-
tients who met one or more criteria for a major
adverse kidney event within 30 days®* — the
composite of death, new receipt of renal-replace-
ment therapy, or persistent renal dysfunction
(defined as a final inpatient creatinine value
>200% of the baseline value) — all censored at
hospital discharge or 30 days after enrollment,
whichever came first. The National Institute of

Diabetes and Digestive and Kidney Diseases work
group on clinical trials in acute kidney injury
recommends the use of a major adverse kidney
event within 30 days as a patient-centered out-
come for phase 3 trials.’®® We determined a
value for baseline creatinine level using a previ-
ously described hierarchical approach in which
creatinine values obtained during the year before
hospitalization were given priority over in-hospi-
tal measurements obtained before ICU admis-
sion. The baseline creatinine level was estimated
with a previously described three-variable formula
when no pre-enrollment measurements were
available (for details, see the Supplementary
Appendix).1®?! Patients who had received renal-
replacement therapy before enrollment were
ineligible to meet the criteria for new renal-
replacement therapy or persistent renal dysfunc-
tion but could qualify for the primary outcome
if they died in the hospital.

Secondary clinical outcomes included in-hos-
pital death before ICU discharge or at 30 days or
60 days, as well as ICU-free days, ventilator-free
days, vasopressor-free days, and days alive and
free of renal-replacement therapy during the 28
days after enrollment.’* Secondary renal out-
comes included new receipt of renal-replacement
therapy, persistent renal dysfunction, acute kid-
ney injury of stage 2 or higher as defined in the
Kidney Disease: Improving Global Outcomes
criteria for creatinine level,* the highest creati-
nine level during the hospital stay, the change
from baseline to the highest creatinine level, and
the final creatinine level before hospital dis-
charge.”

STATISTICAL ANALYSIS

Complete details regarding the sample-size jus-
tification have been reported previously.’* Ini-
tially, we planned to enroll 8000 patients during
60 unit-months (12 months in five ICUs) to de-
tect a 12% relative between-group difference!*'?
in the primary outcome of a major adverse kid-
ney event within 30 days, assuming a 22.0% in-
cidence of the outcome in the saline group on
the basis of the findings in a previous report."
We subsequently obtained observational data for
patients admitted to the ICUs involved in the
trial in the year before the trial began. These
data suggested that the incidence of the outcome
in the saline group would be approximately
15.0%. To retain adequate power to detect the
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targeted difference in relative risk, in collabora-
tion with the data and safety monitoring board,
the duration of the trial was increased to 82 unit-
months. Enrolling approximately 14,000 patients
during 82 unit-months would provide power of
90% at a type I error rate of 0.05 to detect a
relative difference of 12% (an absolute difference
of 1.9 percentage points) in the primary out-
come between groups.”® The data and safety
monitoring board conducted two interim analy-
ses; details are provided in the Supplementary
Appendix.

Analyses were conducted at the level of each
patient’s hospitalization in an intention-to-treat
fashion. Continuous variables are reported as
means and standard deviations or as medians
and interquartile ranges; categorical variables
are reported as frequencies and proportions.

The primary analysis compared the incidence
of the primary outcome in the balanced-crystal-
loids and saline groups with a generalized,
linear, mixed-effects model that included fixed
effects (group assignment, age, sex, race, source
of admission, mechanical-ventilation status, vaso-
pressor receipt, diagnosis of sepsis, and diagno-
sis of traumatic brain injury) and random effects
(ICU to which the patient was admitted) (for
details, see the Supplementary Appendix).?**
Both conditional (ICU-level) and marginal (popu-
lation-level) effects are reported.

Prespecified secondary analyses involved a
similar approach. First, we compared secondary
outcomes between trial groups. Second, we per-
formed subgroup analyses according to type of
ICU, source of admission, receipt of mechanical
ventilation, receipt of vasopressors, diagnosis of
sepsis or traumatic brain injury (for details, see
the Supplementary Appendix), baseline renal
function, predicted in-hospital mortality, and
total volume of isotonic crystalloid administered
through day 30. Third, we conducted sensitivity
analyses using alternative approaches to address-
ing the issue of missing data on baseline creati-
nine level (for details, see the Supplementary
Appendix). Fourth, we performed sensitivity
analyses according to the volume of crystalloid
administered, accounting for crossover and limit-
ing the analyses to each patient’s first ICU admis-
sion.”® Other between-group comparisons were
made with the Mann-Whitney rank-sum test for
continuous variables and the chi-square test for
categorical variables.

A two-sided P value of less than 0.048 indi-
cated statistical significance for the primary out-
come after accounting for interim analyses. All
other analyses were considered to be hypothesis-
generating.’* With 14 secondary outcomes, the
likelihood of observing a P value of less than
0.05 for at least one secondary outcome by
chance alone was 51.2%. All analyses were per-
formed with the statistical software R, version
3.3.0, with a prespecified analysis code pub-
lished before the conclusion of enrollment.!®

RESULTS

BASELINE CHARACTERISTICS

In all, 15,802 patients from five ICUs were en-
rolled in the trial (Fig. S2 in the Supplementary
Appendix). The median age was 58 years, and
57.6% of patients were men. More than one third
of patients were receiving mechanical ventilation
and one quarter were receiving vasopressors at
enrollment. There were no significant differences
in baseline characteristics between the patients
assigned to receive balanced crystalloids (7942
patients) and those assigned to receive saline
(7860 patients) (Table 1, and Tables S2 and S3 in
the Supplementary Appendix).

FLUID THERAPY AND ELECTROLYTES

Because the fluid therapy provided in the emer-
gency department and operating room was coor-
dinated with that provided in the ICU to which
patients were being admitted, the majority of
pre-ICU fluid that patients received was consis-
tent with trial-group assignment (Table S4 in the
Supplementary Appendix). The median volume
of balanced crystalloids administered to patients
in the balanced-crystalloids group between ICU
admission and hospital discharge or 30 days
(whichever occurred first) was 1000 ml (inter-
quartile range, 0 to 3210), and the median vol-
ume of 0.9% sodium chloride administered to
patients in the saline group was 1020 ml (inter-
quartile range, 0 to 3500) (Fig. 1, and Tables S5
and S6 in the Supplementary Appendix). Only
426 patients (5.4%) in the balanced-crystalloids
group and 343 patients (4.4%) in the saline
group received any volume of unassigned crys-
talloid as a result of remaining in the ICU from
one calendar month to the next (Table S5 in the
Supplementary Appendix). There was no signifi-
cant between-group difference in the median
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Table 1. Participant Characteristics at Baseline.*

Balanced Crystalloids Saline

Characteristic (N=7942) (N=7860)
Age —yr

Median 58 58

Interquartile range 44-69 44-69
Male sex — no. (%) 4540 (57.2) 4557 (58.0)
White race — no. (%) 6384 (80.4) 6322 (80.4)
Weight — kg

Median 80 79

Interquartile range 69-96 68-95
Coexisting renal conditions — no. (%)

Chronic kidney disease of stage 3 or higherf 1388 (17.5) 1360 (17.3)

Previous receipt of renal-replacement therapy — no. (%) 384 (4.8) 402 (5.1)
Source of admission to ICU — no. (%)

Emergency department 3975 (50.1) 3997 (50.9)

Operating room 1732 (21.8) 1649 (21.0)

Transfer from another hospital 1038 (13.1) 1018 (13.0)

Hospital ward 788 (9.9) 780 (9.9)

Outpatient 363 (4.6) 359 (4.6)

Another ICU within hospital 46 (0.6) 57 (0.7)
Diagnosis on ICU admission — no. (%)

Sepsis or septic shock 1167 (14.7) 1169 (14.9)

Traumatic brain injury 698 (8.8) 665 (8.5)
Mechanical ventilation — no. (%) 2723 (34.3) 2731 (34.7)
Vasopressors — no. (%) 2094 (26.4) 2058 (26.2)
Mean predicted risk of in-hospital death — % (95% CI) 9.4 (9.0-9.9) 9.6 (9.2-10.0)
Baseline creatinine level — mg/dl||

Median 0.89 0.89

Interquartile range 0.74-1.10 0.74-1.10
Acute kidney injury of stage 2 or higher — no. (%)** 681 (8.6) 643 (8.2)

There were no significant differences in baseline characteristics between the two study groups (P values range from 0.12
to 0.94). To convert the values for creatinine to micromoles per liter, multiply by 88.4. ICU denotes intensive care unit.
Race was reported by patients or their surrogates and recorded in the electronic health record as a part of routine
clinical care.

Information on weight at enrollment was missing for 698 patients.

Chronic kidney disease of stage 3 or higher is defined as a glomerular filtration rate less than 60 ml per minute per
1.73 m?, as calculated with the equation developed by the Chronic Kidney Disease Epidemiology Collaboration? with
the patient’s baseline creatinine value.

Predicted risk of in-hospital death is an estimated probability of death before hospital discharge generated through
the Vizient database (formerly known as the University HealthSystem Consortium).? Information on the predicted
risk of in-hospital death was missing for 126 patients.

For the purposes of the trial, the baseline creatinine level was defined as the lowest plasma creatinine level measured
in the 12 months preceding hospitalization, unless not available, in which case the lowest plasma creatinine level
measured between hospitalization and admission to the ICU was used. An estimated creatinine level was used for
patients for whom there was no level available from the 12 months before hospitalization to the time of admission to
the ICU. Baseline creatinine levels were estimated for a total of 863 patients (10.9%) in the balanced-crystalloids
group and 826 patients (10.5%) in the saline group (Table S3 in the Supplementary Appendix).

* Acute kidney injury of stage 2 or higher is defined according to the Kidney Disease: Improving Global Outcomes cre-

atinine criteria® as a first plasma creatinine value after enrollment of at least 200% of the baseline value or both a val-
ue greater than 4.0 mg per deciliter (350 ymol per liter) and an increase of at least 0.3 mg per deciliter (27 ymol per
liter) from the baseline value.
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Figure 1. Volume of Intravenous Isotonic Crystalloid Administered According to Group.
The cumulative volume of intravenous balanced crystalloids (solid line) and 0.9% sodium chloride (dotted line)
between admission to the intensive care unit (ICU) and hospital discharge is shown for patients in the balanced-
crystalloids group (Panel A) and the saline group (Panel B). I bars indicate 95% confidence intervals.

volume of nonisotonic intravenous fluid, blood
products, or medications administered (Table S7
in the Supplementary Appendix).

Fewer patients in the balanced-crystalloids
group than in the saline group had a measured
plasma chloride concentration greater than
110 mmol per liter (24.5% vs. 35.6%, P<0.001)
or a plasma bicarbonate concentration less than
20 mmol per liter (35.2% vs. 42.1%, P<0.001)
(Fig. 2, and Fig. S3 and Table S8 in the Supple-
mentary Appendix). Differences between groups
in chloride and bicarbonate concentration were
greater for patients who received larger volumes
of isotonic crystalloid (Figs. S4 and S5 in the
Supplementary Appendix).

PRIMARY OUTCOME

A total of 1139 patients (14.3%) in the balanced-
crystalloids group and 1211 patients (15.4%) in
the saline group had a major adverse kidney event
(marginal odds ratio, 0.91; 95% confidence inter-
val [CI], 0.84 to 0.99; conditional odds ratio,
0.90; 95% CI, 0.82 to 0.99; P=0.04) (Table 2, and
Table S9 and Fig. S6 in the Supplementary Ap-
pendix). The results were similar in six pre-
specified sensitivity analyses: one was restricted
to patients who received 500 ml or more of iso-
tonic crystalloid in the 72 hours after enrollment,

a second excluded patients admitted in the week
preceding a crossover in the fluid assigned to
the ICU, a third excluded patients who transferred
between ICUs or remained in the ICU through a
crossover, a fourth included only the first ICU
admission for each patient, a fifth addressed the
issue of missing values for baseline creatinine
levels, and a sixth used alternative modeling ap-
proaches (odds ratios between 0.87 and 0.93 for
all sensitivity analyses; see Table S10 in the Sup-
plementary Appendix). In prespecified subgroup
analyses, the difference in the rate of the pri-
mary outcome between the balanced-crystalloids
group and the saline group was greater among
patients who received larger volumes of isotonic
crystalloid and among patients with sepsis
(Fig. 3, and Fig. S7 in the Supplementary Ap-
pendix). Among patients with sepsis, 30-day in-
hospital mortality was 25.2% with balanced crys-
talloids and 29.4% with saline (adjusted odds
ratio, 0.80; 95% CI, 0.67 to 0.97; P=0.02).

SECONDARY OUTCOMES

A total of 818 patients (10.3%) in the balanced-
crystalloids group died before hospital discharge
and within 30 days of ICU admission as com-
pared with 875 patients (11.1%) in the saline
group (P=0.06) (Table 2, and Figs. S8 and S9 in
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Figure 2. Plasma Chloride and Bicarbonate Concentration According to Group.
The mean and 95% confidence interval (denoted by gray shading) for the first measurement of plasma chloride concentration (Panel A)
or bicarbonate concentration (Panel B) on the first 7 days since admission to the intensive care unit (ICU) are shown for patients in the
balanced-crystalloids group and in the saline group with locally weighted scatterplot smoothing. Plasma chloride and bicarbonate con-
centrations were similar between groups at presentation (Table S3 in the Supplementary Appendix), but because fluid therapy in the
emergency department and operating room was coordinated with the ICU to which patients were being admitted, plasma chloride
concentration differed between the balanced-crystalloids and saline groups at the time of ICU admission.

the Supplementary Appendix). A total of 189 pa-
tients (2.5%) in the balanced-crystalloids group
and 220 patients (2.9%) in the saline group re-
ceived new renal-replacement therapy (P=0.08)
(Table S11 in the Supplementary Appendix). The
highest stage of acute kidney injury and the in-
cidence of persistent renal dysfunction did not
differ significantly between groups (Table 2, and
Table S12 in the Supplementary Appendix).

DISCUSSION

Although both saline and balanced crystalloids
have been administered to patients in clinical
practice for decades,® few trials have addressed
the effects of crystalloid composition on clinical
outcomes.! In preclinical models, the high chlo-
ride content of saline has been reported to cause
hyperchloremia,” acidosis,”” inflammation,? renal
vasoconstriction,” acute kidney injury,*® hypo-
tension,® and death.® Studies involving healthy
volunteers suggest saline may decrease renal
perfusion through chloride-mediated renal vaso-
constriction.*®* Observational studies involving
critically ill adults have shown higher rates of

acute kidney injury,> renal-replacement ther-
apy,>!® and death®”** with saline than with bal-
anced crystalloids, although results have been
inconsistent.* Although underpowered for clini-
cal outcomes, two recent pilot trials involving
critically ill adults showed an absolute difference
of 1 percentage point in mortality in favor of
balanced crystalloids.'

In the current trial, the use of balanced crys-
talloids rather than saline resulted in an abso-
lute difference of 1.1 percentage points in favor
of balanced crystalloids in the primary outcome.
This finding is consistent with the results of the
SALT-ED trial conducted concurrently in non-
critically ill adults.”* Although the effect size
achieved in the current trial was modest in terms
of percentages, if our data on the use of bal-
anced crystalloids were applied to the care of
the more than 5 million patients admitted to ICUs
each year, the reduction in death, new renal-
replacement therapy, or persistent renal dysfunc-
tion could be substantial.’” Our results suggest
that the use of balanced crystalloids rather than
saline might prevent 1 patient among every 94
patients admitted to an ICU from the need for
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Table 2. Clinical Outcomes.*

Outcome

Primary outcome

Major adverse kidney event within 30 days — no. (%)

Components of primary outcome
In-hospital death before 30 days — no. (%)

Receipt of new renal-replacement therapy
— no./total no. (%)§

Among survivors

Final creatinine level =200% of baseline
— no./total no. (%)§

Among survivors

Among survivors without new renal-replacement
therapy

Secondary outcomes

In-hospital death — no. (%)
Before ICU discharge
Before 60 days

ICU-free days9|
Median
Interquartile range
Mean

Ventilator-free daysq
Median
Interquartile range
Mean

Vasopressor-free daysq
Median
Interquartile range
Mean

Renal-replacement therapy—free days9
Median
Interquartile range
Mean

Secondary renal outcomesf

Stage 2 or higher AKI developing after enrollment
— no./total no. (%) |

Creatinine — mg/dl**
Highest before discharge or day 30
Median
Interquartile range
Change from baseline to highest value
Median

Interquartile range

Balanced Crystalloids

(N=7942)

1139 (14.3)

818 (10.3)
189/7558 (2.5)

106/6787 (1.6)
487/7558 (6.4)

259/6787 (3.8)
215/6681 (3.2)

528 (6.6)
928 (11.7)

25.3
22.1t026.6
21.8+8.3

28.0
26.0to0 28.0
24.2+8.6

28.0
27.0to0 28.0
24.7+8.5

28.0
28.0t0 28.0

25.0+8.6

807/7558 (10.7)

0.99
0.78 to 1.53

0.04
-0.08 to 0.31

Saline
(N=7860)

1211 (15.4)

875 (11.1)
220/7458 (2.9)

117/6657 (1.8)
49474538 (6.6)

273/6657 (4.1)
219/6540 (3.3)

572 (7.3)
975 (12.4)

25.3
22.2t0 26.6
21.7+8.6

28.0
26.0to0 28.0
23.9+8.9

28.0
27.0to0 28.0
24.4+8.8

28.0
28.0t0 28.0

24.8+8.9

858/7458 (11.5)

0.99
0.78 to 1.52

0.04
-0.08 to 0.32

Adjusted Odds Ratio

(95% CI)f

0.90 (0.82 to 0.99)

0.90 (0.80 to 1.01)
0.84 (0.68 to 1.02)

0.96 (0.84 to 1.11)

0.89 (0.78 to 1.02)
0.92 (0.83 to 1.02)

1.00 (0.89 to 1.13)

1.06 (0.97 to 1.16)

1.05 (0.97 to 1.14)

1.11 (1.02 to 1.20)

0.91 (0.82 to 1.01)

1.01 (0.97 to 1.05)

0.98 (0.94 to 1.02)

P Valuey

0.04

0.06
0.08

0.60

0.08
0.13
0.94

0.22

0.26

0.01

0.09

0.58

0.35
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Table 2. (Continued.)
Balanced Crystalloids Saline Adjusted Odds Ratio
Outcome (N=7942) (N=7860) (95% CI) P Valuey
Final value before discharge or 30 days 1.02 (0.97 to 1.06) 0.51
Median 0.83 0.83
Interquartile range 0.70to 1.11 0.70to 1.11

*%

Plus—minus values are means +SD. To convert the values for creatinine to micromoles per liter, multiply by 88.4. ICU denotes intensive
care unit.

Categorical outcomes were compared with a generalized, linear, mixed-effects model, with adjustment for the ICU to which the patient
was admitted as a random effect and prespecified covariates as fixed effects.” Continuous outcomes were compared between groups with
a proportional-odds model, with adjustment for the same variables.

A major adverse kidney event within 30 days is the composite of death, receipt of new renal-replacement therapy, or final creatinine level
that was at least 200% of the baseline level, with all events censored at hospital discharge or at 30 days after admission to the ICU, which-
ever occurred first. The effect of study group on major adverse kidney events within 30 days is the conditional effect. The marginal effect
yielded an odds ratio of 0.91 and a 95% confidence interval of 0.84 to 0.99.

Data on receipt of new renal-replacement therapy, final creatinine level that was at least 200% of the baseline level, and secondary renal
outcomes are provided for the 15,016 patients not known to have received renal-replacement therapy before ICU admission.

ICU-free, ventilator-free, vasopressor-free, and renal-replacement-therapy—free days refer to the number of days on which a patient was
alive and free from the specified therapy in the first 28 days after enrollment. Odds ratios of higher than 1.0 indicate a better outcome
(i-e., more days alive and free from the specified therapy) with balanced crystalloids than with saline.

The development of acute kidney injury (AKI) of stage 2 or higher after enrollment was defined in accordance with the Kidney Disease:
Improving Global Outcomes plasma creatinine criteria®? as any creatinine level between enrollment and discharge or 30 days that in-
creased by at least 0.3 mg per deciliter (27 ymol per liter) from a preceding post-enrollment value and was at least 200% of the baseline
value, at least 200% of a preceding post-enrollment value, or at least 4.0 mg per deciliter (350 pmol per liter) or as new receipt of renal-re-
placement therapy.

Among patients who had not received previous renal-replacement therapy, the plasma creatinine level was measured a mean of 8.0 times
between enrollment and the first of discharge or 30 days in each group; the plasma creatinine level was not measured between enrollment
and the first of discharge or 30 days for 418 of 7558 patients (5.5%) in the balanced-crystalloids group and 443 of 7458 patients (5.9%) in

the saline group.

new renal-replacement therapy, from persistent
renal dysfunction, or from death. Moreover, the
difference in outcomes between balanced crys-
talloids and saline appeared to be greater for
patients with sepsis and patients who received
larger volumes of isotonic crystalloid.

The appropriate composition of a fluid may
depend on the indication for its use and the
condition of the individual patient. Concern that
the relative hypotonicity of balanced crystalloids
could increase intracranial pressure in patients
with brain injury led us to systematically present
clinicians with the option of administering 0.9%
sodium chloride to patients with brain injury,
regardless of trial group. Thus, our results can-
not be used to provide guidance as to whether
balanced crystalloids should be used in patients
with traumatic brain injury.

Our trial has several strengths. The large
sample size provided statistical power to detect
small differences in patient outcomes. As was
the case in each of the previous trials that com-
pared balanced crystalloids with saline in critical-
ly ill adults,>*'? group assignment in our trial

N ENGLJ MED 378;9
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occurred at the level of the ICU. This trial design
allowed delivery of the assigned crystalloid early
in each patient’s critical illness. Enrolling all
adults admitted to participating ICUs and allow-
ing clinical providers to deliver the assigned
crystalloid during clinical care minimized selec-
tion bias and improved generalizability.

The trial also has several limitations. Conduct
at a single academic center limits generalizabil-
ity. Treating clinicians were aware of the compo-
sition of the assigned crystalloid and of the
group-assignment sequence of their ICU. The
outcomes of death and creatinine level are objec-
tive, but a clinician’s decision to initiate renal-
replacement therapy may be susceptible to treat-
ment bias. Censoring data collection at hospital
discharge may underestimate the true incidence
of death at 30 days and may overestimate the
true incidence of persistent renal dysfunction
at 30 days.’® On the basis of the hypothesized
mechanism of chloride-induced organ injury or
acidosis,”*® we evaluated lactated Ringer’s solu-
tion and Plasma-Lyte A together, and this trial
does not inform the choice between the two.
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Balanced P Value for
Subgroup Crystalloids Saline Odds Ratio (95% Cl) P Value Interaction
no. of events/total no. (%)

Unit 0.27

Medical 615/2735 (22.5) 659/2646 (24.9) — 0.87 (0.77-0.99)  0.04

Cardiac 202/1470 (13.7) 1901501 (12.7) ——————  110(0:89-136) 038

Neurologic 116/1440 (8.1)  141/1377 (10.2) —_—— 0.77 (0.59-0.99)  0.04

Trauma 131/1640 (8.0)  142/1688 (8.4) —_— 0.95 (0.74-1.21)  0.66

Surgical 75/657 (11.4)  79/648 (12.2) : 0.93 (0.66-1.30)  0.66
Sepsis E 0.06

No 7446775 (11.0) 756/6691 (11.3) — 0.96 (0.86-1.07)  0.47

Yes 395/1167 (33.8) 455/1169 (38.9) — 0.80 (0.67-0.94)  0.01
Traumatic brain injury H 0.24

No 1034/7244 (14.3) 1118/7195 (15.5) —— 0.89 (0.81-0.98)  0.01

Yes 105/698 (15.0)  93/665 (14.0) — e« 109(081-147) 058
Categories of kidney function E 0.19

Normal 476/5596 (8.5)  514/5561 (9.2) —— 0.91 (0.80-1.04) 0.16

Acute kidney injury 315/574 (54.9) 316/537 (58.8) —0—5— 0.85 (0.67-1.08) 0.18

Chronic kidney disease 301/1388 (21.7) 307/1360 (22.6) —_—— 0.95 (0.79-1.13) 0.55

Previous renal-replacement 47/384 (12.2) 74/402 (18.4) —e——————— E 0.61 (0.41-0.91) 0.01

therapy 0
Overall 1139/7942 (14.3) 1211/7860 (15.4) . —— 0.91 (0.83-0.99) 0.04
0!5 0!6 Of7 1!0 1{2 115
Balanced Crystalloids Saline
Better Better

Figure 3. Subgroup Analysis of Rates for the Composite Outcome of Death, New Receipt of Renal-Replacement Therapy, or Persistent
Renal Dysfunction.
The odds ratio and 95% confidence interval are shown overall and according to subgroup for the percentage of patients in the balanced-
crystalloids group and the saline group who met the criteria for the composite outcome of death from any cause, new renal-replacement
therapy, or persistent renal dysfunction. Normal kidney function refers to patients who had no acute kidney injury, chronic kidney disease,
or renal-replacement therapy before enrollment. Acute kidney injury refers to patients without chronic kidney disease whose first creati-
nine level after enrollment was at least 200% of the baseline value or was both greater than 4.0 mg per deciliter (350 ymol per liter) and
had increased at least 0.3 mg per deciliter (27 ymol per liter) from the value at baseline.?? Chronic kidney disease refers to patients with
a glomerular filtration rate less than 60 ml per minute per 1.73 m? as calculated according to the Chronic Kidney Disease Epidemiology
Collaboration equation with the value for the patient’s baseline creatinine level. Previous renal-replacement therapy refers to patients
known to have received any form of renal-replacement therapy before enrollment.

In conclusion, in this trial involving critically
ill adults, intravenous administration of balanced
crystalloids rather than saline had a favorable
effect on the composite outcome of death, new
renal-replacement therapy, or persistent renal
dysfunction.
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