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Abstract outcome was major adverse kidney events within 30 days (MAKE30),
a composite of death, dialysis, or persistent renal dysfunction.
Rationale: Saline is the intravenous fluid most commonly
administered to critically ill adults, but it may be associated with acute
kidney injury and death. Whether use of balanced crystalloids rather

than saline affects patient outcomes remains unknown.

Measurements and Main Results: Patients assigned to saline

(n = 454) and balanced crystalloids (n = 520) were similar at baseline and
received similar volumes of crystalloid by 30 days (median [interquartile
range]: 1,424 ml [500-3,377] vs. 1,617 ml [500-3,628]; P = 0.40). Saline

Objectives: To pilot a cluster-randomized, multiple-crossover trial
using software tools within the electronic health record to compare
saline to balanced crystalloids.

Methods: This was a cluster-randomized, multiple-crossover trial
among 974 adults admitted to a tertiary medical intensive care unit
from February 3, 2015 to May 31, 2015. The intravenous crystalloid
used in the unit alternated monthly between saline (0.9% sodium
chloride) and balanced crystalloids (lactated Ringer’s solution or Plasma-
Lyte A). Enrollment, fluid delivery, and data collection were performed
using software tools within the electronic health record. The primary
outcome was the difference between study groups in the proportion
of isotonic crystalloid administered that was saline. The secondary

made up a larger proportion of the isotonic crystalloid given in the saline
group than in the balanced crystalloid group (91% vs. 21%; P < 0.001).
MAKE30 did not differ between groups (24.7% vs. 24.6%; P = 0.98).

Conclusions: An electronic health record-embedded, cluster-
randomized, multiple-crossover trial comparing saline with balanced
crystalloids can produce well-balanced study groups and separation
in crystalloid receipt.

Clinical trial registered with www.clinicaltrials.gov (NCT 02345486).
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At a Glance Commentary

Scientific Knowledge on the
Subject: Saline is the most commonly
administered intravenous crystalloid
globally. Previous studies of critically ill
adults have suggested an association
between saline receipt and risk of acute
kidney injury and death, but results
have been conflicting. Whether use of
balanced crystalloids rather than saline
improves patient outcomes requires
evaluation in a large, randomized
clinical trial.

What This Study Adds to the
Field: This 974-patient pilot study
found that a cluster-randomized,
multiple-crossover trial using software
tools within the electronic health
record to compare saline with balanced
crystalloids among critically ill adults
produced well-balanced study groups
and separation in crystalloid receipt,
but no overall difference in patient
outcomes.

Intravenous crystalloid administration is
ubiquitous in critical care, yet whether choice
of crystalloid affects patient outcomes remains
unknown (1). The most commonly used
crystalloid solution globally is 0.9% sodium
chloride (saline) (2), with more than

200 million liters administered each year

in the United States alone (1). However,

the high chloride content of saline has been
hypothesized to contribute to the
development of acute kidney injury (AKI) in
at-risk patients (3, 4). Alternatives to saline
include crystalloids with electrolyte
compositions that more closely approximate
that of plasma (balanced crystalloids), such as
lactated Ringer’s solution or Plasma-Lyte A.
Emerging data suggest that the use of
balanced crystalloids in critically ill adults
may decrease rates of AKI (3, 4), renal
replacement therapy (RRT) (3, 5),

and death (6, 7).

To definitively evaluate the effect of
balanced crystalloids versus saline on
patient-centered outcomes, a large,
randomized trial that carefully accounts for
differences in baseline risk of AKI (8),
volume of crystalloid received (7), and
underlying pathophysiology (9-12) among
patients in the intensive care unit (ICU)
is required. Such a trial faces numerous
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logistical challenges, including the need to
enroll thousands of patients, deliver the
assigned crystalloid in a time-sensitive
manner, and collect detailed data on the
exact amounts of crystalloid administered,
the physiological effects (e.g., serum
chloride), and outcomes. We hypothesized
that these challenges could be met by
assigning crystalloid selection (saline vs.
balanced crystalloids) at the ICU level and
using software tools built into the electronic
health record (EHR) to automatically enroll
patients, steer ordering providers to the
assigned crystalloid, and collect data.

To test this hypothesis, we performed a
4-month EHR-embedded (13, 14), cluster-
randomized, multiple-crossover trial that
compared balanced crystalloids with saline
among critically ill adults. Some of the
results of this study have been previously
reported in the form of an abstract (15).

Methods

Study Design and Oversight

The SALT (isotonic Solution
Administration Logistical Testing) study
was a prospective, open-label, cluster-
randomized, multiple-crossover trial that
compared the use of saline with balanced
crystalloids among adults admitted to a
tertiary medical ICU. The study protocol
(see online supplement) was approved by
the institutional review board at Vanderbilt
University with waiver of informed consent
(IRB#141349), and the trial was registered
online before initiation (NCT 02345486).

Patient Population

From February 3, 2015 to May 31, 2015, all
adults (age = 18 yr) admitted to the
medical ICU at Vanderbilt University were
automatically enrolled at the time of ICU
admission (Figure 1). Enrolled patients who
were discharged from the hospital were
eligible again if they were readmitted to the
medical ICU during the study period.

Randomization and Allocation

The crystalloid used during the first month
of the study (saline or balanced crystalloids)
was selected by computer-generated simple
randomization. Thereafter, the crystalloid
assigned to the ICU alternated monthly for
the duration of the study, following a
cluster-randomized, cluster-crossover
design (16).

Study Treatments

Study protocol governed only the choice of
intravenous isotonic crystalloid: 0.9% sodium
chloride (saline group) versus the treating
clinician’s preference of lactated Ringer’s
solution or Plasma-Lyte A (balanced
crystalloid group). Composition of the study
crystalloids is given in Table E1 in the online
supplement. Decisions regarding frequency,
rate, total volume, and additive content of
the crystalloids were made by the treating
clinician. No restrictions were placed on
other fluids or therapies.

Delivery of the assigned crystalloid to
patients was achieved via interventions in
pharmacy supply and clinician order entry.
Each month, the dispensing cabinets within

[ 974 patients admitted to the study ICU J

|

|

l

454 assigned to saline
207 during February
247 during April

520 assigned to balanced crystalloid
257 during March
263 during May

—> 0 were excluded
A

—> 0 were excluded
A

454 were included in
intention-to-treat analysis

520 were included in
intention-to-treat analysis

Figure 1. Flow of participants through the trial. All 974 patients admitted to the medical intensive care
unit (ICU) during the 4-month study period were enrolled, assigned to a balanced crystalloid group,
followed through hospital discharge, and included in the intention-to-treat analysis. A total of

51 patients assigned to saline remained in the ICU through a crossover to balanced crystalloids, and
53 patients assigned to balanced crystalloids remained in the ICU through a crossover to saline.
Median days spent in the ICU after a crossover in crystalloid assignment were O (range, 0-0) overall
and 3.0 (range, 2.3-6.4) among the 104 patients who remained in the ICU through a crossover.

1363



the ICU were stocked with 1,000-ml bags of
the assigned crystalloid. In addition, any
order for intravenous crystalloid for a
patient located in the ICU triggered an
advisor application within the electronic
order entry system. The advisor application
informed providers about the study, asked
about relative contraindications to the
assigned crystalloid, and (if relative
contraindications were not present) guided
providers to order the assigned crystalloid.
Accepted relative contraindications for
patients assigned to balanced crystalloid
included (1) hyperkalemia and (2) brain
injury with a coexisting contraindication
to Plasma-Lyte A. The severity of
hyperkalemia and brain injury at which
saline was used in favor of balanced
crystalloids was determined by the treating
clinician. The nonassigned crystalloid could
also be provided by the pharmacy if a
formal statement was submitted that the
attending physician felt the nonassigned
crystalloid was required for the safe
treatment of a specific patient.

The type of fluid administered before
ICU admission, during procedures
performed outside the ICU, and after
discharge from the ICU was not controlled
by the study. Each day patients received the
crystalloid to which the ICU was currently
assigned. Because it was necessary that an
intravenous crystalloid be clinically available
at all times, there was no washout period,
and patients who remained in the ICU
through a crossover (i.e., from one calendar
month to another) were potentially exposed
to both types of crystalloid. Patients,
clinicians, and investigators were not
blinded to crystalloid assignment because
available laboratory values overtly reflected
the crystalloid being used, and previous
studies showed high levels of provider
awareness of crystalloid assignment despite
attempts at blinding (17).

Data Collection

This pragmatic trial used data collected as
part of routine clinical care and electronically
extracted from the EHR (18). These data
included: measures of prestudy renal
function; demographic characteristics,
admitting location and diagnosis, and
severity of illness at enrollment; receipt of
intravenous crystalloids, other fluids, and
blood products; serum electrolyte and
creatinine values; receipt of RRT, mechanical
ventilation, and vasopressors; and vital status
and serum creatinine at hospital discharge.
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A detailed description of how variables were
electronically collected and classified has
been published previously (18) and is
available in the online supplement. For all
patients who received new RRT, study
personnel performed manual chart review to
confirm the absence of previous RRT and to
identify indications for RRT present at the
time of RRT initiation.

Study Outcomes

As a pilot study (19), the primary outcome
was the proportion of intravenous isotonic
crystalloid administered in the ICU that was
saline. This was a continuous variable
calculated for each patient as the volume of
saline received divided by volume of saline
received plus volume of balanced crystalloids
received with a range from 0.0 (no saline
received) to 1.0 (only saline received). The
secondary outcome was the proportion of
patients meeting one or more criteria for
major adverse kidney events within the

30 days after enrollment (MAKE30):
in-hospital mortality, receipt of new RRT,
or persistent renal dysfunction defined as a
final inpatient serum creatinine value greater
than or equal to 200% of baseline (see
definitions of study variables in the online
supplement) (20, 21). Patients who had
received RRT before enrollment were
ineligible to meet criteria for new RRT or
persistent renal dysfunction, but could meet
the MAKE30 endpoint if they experienced
in-hospital mortality. Additional clinical
outcomes included ICU and in-hospital
mortality, ICU-free days, ventilator-free
days, vasopressor-free days, and RRT-free
days, all in the 28 days after enrollment.
Additional renal outcomes included the
incidence of stage II or greater AKI by
Kidney Disease Improving Global Outcomes
(KDIGO) creatinine criteria (22), highest
serum creatinine value, change from baseline
creatinine to highest creatinine, and
duration of new RRT as an inpatient.
Biochemical efficacy and safety outcomes
included the first, highest, and lowest serum
value for chloride, bicarbonate, and
potassium each day from enrollment until
hospital discharge or 30 days.

Statistical Analysis

The aims of this pilot study were to (I) test
the logistics of the EHR-embedded, cluster-
randomized, multiple-crossover design, and
(2) examine the separation between study
groups in saline administration (19).

To observe the logistics of at least one

crossover from each crystalloid assignment
to the other while maintaining an equal
number of saline and balanced crystalloid
treatment blocks required a minimum
study duration of 4 months. With
approximately 250 ICU admissions per
month, we anticipated a total enrollment of
approximately 1,000 patients. Our goal
separation between groups was a 60%
absolute difference in the percentage of
isotonic crystalloid administered as saline
between the saline group and the balanced
crystalloid group. Enrollment of 1,000
patients would enable detection of a 60%
absolute difference between groups in the
percentage of isotonic crystalloid
administered as saline with a 95%
confidence interval of 58.5 to 61.5% (see the
online supplement for additional details).

All analyses were conducted at the level
of the individual patient in an intention-to-
treat fashion, unless otherwise specified.
Continuous variables were reported as
mean * SD or median and interquartile
range (IQR); categorical variables were
reported as frequencies and proportions.
Between-group comparisons were made
with the Mann-Whitney rank-sum test for
continuous variables, Fisher’s exact test, or
X* test for categorical variables, generalized
estimating equations for repeatedly
measured variables, and multivariable
regression for adjusted analyses and tests of
interaction. To facilitate interpretation of
the results, we present univariate
comparisons of baseline characteristics,
fluid receipt and laboratory values, and
clinical outcomes between the saline and
balanced crystalloid groups among all
patients enrolled (intention-to-treat) and all
patients who received at least 250 ml of
intravenous crystalloid in the first 72 hours
(modified intention-to-treat).

The primary analysis compared the
proportion of intravenously administered
isotonic crystalloid that was saline between
patients assigned to saline and balanced
crystalloids. The secondary analysis compared
the proportion of patients who experienced
MAKE30 in the saline and balanced
crystalloid groups, accounting for patients’
overall volume of isotonic crystalloid
received. For this analysis, we constructed a
logistic regression model with MAKE30 as
the outcome and independent variables of the
study group, total isotonic crystalloid received
between enrollment and 30 days, and the
interaction between the two (as a cross-
product term). Other analyses included
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(1) univariate comparison of additional
clinical and renal outcomes between study
groups, (2) effect modification by severity of
illness and prespecified subgroups (source of
admission, primary diagnosis, mechanical
ventilation, vasopressors, and baseline renal

Table 1. Patient Characteristics at Baseline

function), and (3) sensitivity analyses
excluding patients admitted in the week
before a crossover (washout) and excluding
patients who were transferred between ICUs
or remained in the ICU through a crossover
(per protocol).

Each patient’s baseline creatinine
was considered to be the lowest serum
creatinine value between 12 months and
24 hours before hospital admission, when
available. For patients without an available
serum creatinine value during this period,

Saline Balanced

Patient Characteristics (n=454) (n =520)
Age, median (IQR), yr 8 (46-70 57 (44-68)
Men, n (%) 246 (54.2) 268 (51.5)
White, n (%) 358 (78.9) 376 (72.3)
Weight, median (IQR), kg 77.6 (63.0-95.3) 77.1 (63.5-95.3)
Body mass index, median (IQR), kg/m? 26.4 (22.4-32.8) 26.7 (22.5-32.5)
Renal comorbidities, n (%)

Chronic kidney disease, stage lll or greater* 104 (22.9) 119 (22.9)

Previous renal replacement therapy receipt 4 (9.7) 42 (8.1)
Source of admission to ICU, n (%)

Emergency department 256 (56.4) 310 (59.6)

Transfer from another hospital 93 (20.5) 106 (20.4)

Hospital ward 80 (17.6) 79 (15.2)

Another ICU within the hospital 15 (3.3) 14 (2.7)

Operating room 6 (1.3) 4 (0.8)

Outpatient 4 (0.9) 7 (1.3
Admitting diagnosis, n (%)

Sepsis or septic shock 130 (28.6) 130 (25.0)

Respiratory failure 53 (11.7) 41 (7.9)

Gastrointestinal bleeding 25 (5.5) 19 3.7)

Liver failure 21 (4.6) 24 (4.6)

Ingestion 22 (4.8) 32 (6.2)

Malignancy 19 4.2) 27 (5.2)

Diabetic ketoacidosis 20 4.9 21 (4.0)

Pneumonia 14 (3.1) 16 (3.1)

Acute kidney injury 5(1.1) 18 (3.5)

Other 115 (25.3) 150 (28.8)
Mechanical ventilation, n (%) 155 (34.1) 174 (33.5)
Vasopressors, n (%) 111 (24.4) 114 (21.9)
UHC expected mortality, mean (95% Cl), %' 14.7 (12.7-16.7) 13.1 (11.4-14.9)
Serum creatinine, median (IQR), mg/dI

Lowest in 12 mo before hospitalization .78 (0.64-1.10) 0.76 (0.62-1.05)

n (%) of patients 271 (59.7) 324 (62.3)
Lowest between hospitalization and ICU admission .97 (0.76-1.51) 0.95 (0.75-1.61]
n (%) of patients 22 (26.9) 137 (26.3)
Estimated by three-variable formula* 91 (0.88-0.96) 0.91 (0.88-0.95)
n (%) of patients 1 (13.4) 59 (11.3)

Study baseline .86 (0. 69-1. 12) 0.83 (0.67-1.09)
Acute kidney injury, stage Il or greater® 87 (19.2) 96 (18.5)

Definition of abbreviations: Cl

= confidence interval; ICU =

intensive care unit; IQR =

interquartile range; UHC = University HealthSystem Consortium.

Data are presented as median (25th-75th percentile) or number (percentage). Comparison of the saline and balanced crystalloid groups using the

Mann-Whitney rank sum test for continuous variables and the Fisher’s exact test or x* test for categorical variables found no difference between groups in
any baseline characteristic except white race (P =0.02).
*Chronic kidney disease stage lll or greater is defined as a glomerular filtration rate <60 ml/min per 1.73 m? as calculated by the Chronic Kidney Disease
Epidemiology Collaboration equation (41) using the patient’s baseline creatinine value.
TUHC expected mortality is an estimated probability of death before hospital discharge generated for each patient based on age, sex, comorbidities,
admission source, race, and principal diagnosis (details at www.uhc.edu).

*Definitions for baseline serum creatinine are: “Lowest in 12 months before hospitalization” = lowest available serum creatinine between 12 months and
24 hours before hospital admission; “Between hospitalization and ICU admission” = lowest available serum creatinine between 24 hours before hospital
admission and ICU admission; “Estimated by three-variable formula” = creatinine value calculated using a previously described three-variable formula
(creatinine [mg/dl] =0.74 — 0.2 [if female] + 0.08 [if African American] + 0.003 X age [in years]) (23); and “Study baseline” = lowest in 12 months before
hospitalization if available, otherwise between hospitalization and ICU admission, using the estimated creatinine only for patients without an available
creatinine between 12 months before hospitalization and the time of ICU admission.

SAcute kidney injury, stage Il or greater is defined according to Kidney Disease Improving Global Outcomes creatinine criteria (22) as a first creatinine value
after enrollment at least 200% of the baseline value or both (7) >4.0 mg/dl and (2) increased at least 0.3 mg/dl from the baseline value.
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the lowest value between 24 hours before
hospital admission and enrollment was
used. Patients without a measured serum
creatinine value between 12 months before
hospital admission and enrollment had
baseline creatinine values estimated using a
previously described three-variable formula
(23). Multiple alternative approaches to
missing baseline creatinine data were
explored in sensitivity analyses, including
use of complete cases, multivariable single
imputation, and use of the first creatinine after
enrollment or the highest or lowest creatinine
during the study (see the online supplement).
All secondary analyses were considered
hypothesis-generating, and no statistical
corrections were made for multiple
comparisons. All analyses were performed
using R version 3.2.0 (R Foundation for
Statistical Computing, Vienna, Austria).

Results

Enroliment and Baseline
Characteristics

All 974 patients admitted to the medical
ICU during the study period were enrolled
(Figure 1). Patients assigned to receive
saline (n =454) were similar at baseline to

Before

!
500 —enroliment 4!

on day 0

Saline Arm
2000 4 _e— Balanced fluid
- & - 0.9% Saline

= 1500 A
2 H
s e
= + +
5 .
S 1000 4 ++
(0]
= !
E 1
S 1
S
=)
[$)

&W

01 2 3 456 7
Days after enroliment

those assigned to receive balanced
crystalloids (n=520) (Table 1 and see
Tables E2 and E3). Patients’ median age
was approximately 60 years, approximately
one-half were men, and most were admitted
from the emergency department. Sepsis and
respiratory failure were the most common
admitting diagnoses, with one-quarter of
patients receiving vasopressors and more
than one-third on mechanical ventilation.

Fluid Therapy
The volume of saline and balanced
crystalloids received by patients in each group
is displayed in Figure 2. Saline made up
91.2% of the isotonic crystalloid given in the
ICU to patients in the saline arm compared
with 21.2% in the balanced arm (mean
proportion of total isotonic crystalloid: 0.91
vs. 0.21; absolute difference 0.70; 95%
confidence interval, 0.66-0.74; P < 0.001).
Patients in the saline and balanced crystalloid
groups received a similar total volume of
intravenous crystalloid by 7 days (median
[IQR], 1,250 ml [390-3,000] vs. 1,320 ml
[435-3,139]; P=0.38) and 30 days (1,424 ml
[500-3,377] vs. 1,617 ml [500-3,628];
P = 0.40) (see Table E4 and Figure E1).
Among 854 orders for crystalloid
during months assigned to balanced

Balanced Arm
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Figure 2. Crystalloid receipt in the intensive care unit. For patients assigned to the saline group (left)
and balanced crystalloid group (right), the cumulative volume of intravenous 0.9% sodium chloride
(diamonds) and balanced crystalloid (circles) is displayed over time. Cumulative volume (mean and
95% confidence interval) includes fluids given in the intensive care unit as a bolus, as maintenance, or
to accompany medications. Day O is the day of study enrollment. Fluid received before the time of
enrollment on Day O includes fluid received between hospital admission and intensive care unit
admission but does not include fluid given before hospital admission by the emergency medical
system, emergency department, or transferring facility.
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crystalloids, 788 (92.2%) were for balanced
crystalloids. Saline was selected in 45 (5.3%)
cases for hyperkalemia, 5 (0.6%) cases for
brain injury and a contraindication to
Plasma-Lyte A, and 16 (1.9%) cases because
the attending physician felt saline was
required for the safe treatment of the patient
(see Table E5). In months assigned to
saline, 95.2% of orders were for saline,
whereas 4.8% were for balanced crystalloid
because the attending physician felt
balanced crystalloid was required for safe
treatment of the patient (see Table E5).
Receipt of nonstudy intravenous fluids
and blood products did not differ between
the saline and balanced crystalloid groups
(see Table E4).

Electrolytes

Serum electrolyte values are given in
Figure 3. The highest serum chloride
between enrollment and day 30 was greater
in the saline group than in the balanced
crystalloid group (median [IQR],

109 mmol/L [105-113] vs. 108 mmol/L
[104-112]; P=0.03). Serum potassium
values >5.0 mmol/L and <3.0 mmol/L
appeared to be slightly more common with
balanced crystalloids, but sodium and
bicarbonate levels did not differ between
groups (see Table E6 and Figures E2 and E3
in the online supplement).

Renal Function

Daily values for blood urea nitrogen and
serum creatinine were similar between
groups (Figure 3). There were no differences
in the highest serum creatinine value, change
from baseline to highest value, or final
creatinine value before discharge or 30 days
(Table 2). The incidence of stage II or
greater AKI by KDIGO creatinine criteria
did not differ between groups. Receipt of
new RRT was similar between saline and
balanced crystalloids (3.1% vs. 4.6%,

P = 0.22), with no difference in the
indications for RRT (see Table E7).

MAKE30 Outcome

In the saline group, 112 of 454 patients
(24.7%) experienced the MAKE30 outcome
compared with 128 of 520 patients (24.6%)
in the balanced crystalloid group (P =0.98)
(Table 2 and see Table E8). Results were
similar in (I) prespecified subgroups
(Figure 4); (2) modified intention-to-treat
analysis of patients who received at least
250 ml of isotonic crystalloid in the first
72 hours (see Table E9); (3) sensitivity
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Figure 3. Daily laboratory values by saline (red) and balanced crystalloid (blue) group. The first value each day is displayed as mean (95% confidence
interval) for each study group using locally weighted scatterplot smoothing. Values on Day O represent the first available laboratory measurement after
enrollment and may not precede the receipt of the assigned crystalloid. A P value for the difference between groups in the laboratory value overall (main
effect) and the difference between groups in the change in the laboratory value over time (interaction) were generated using generalized estimating

equations. The number of patients with laboratory values available declined from 882 on Day 1 to 311 on Day 7. Note that the highest and lowest serum
values each day are available in Figures E3 and E4 of the online supplement.

analyses that addressed missing baseline
serum creatinine values (n=120) using
imputations, extreme scenarios, or complete
cases; (4) analyses that excluded patients
admitted in the week before a crossover
(washout) or who remained in the ICU
through a crossover (per protocol); and (5)
multivariable regression analyses accounting
for prespecified covariates (see Table E10).

Outcomes by Volume of Crystalloid
Received

Although the proportion of patients who
experienced MAKE30 was similar between
groups overall, among patients who received
larger volumes of isotonic crystalloid, those
assigned to the saline group experienced a
higher incidence of MAKE30 (P value for
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interaction = 0.026) (Figure 4). Among
patients who received larger volumes of
isotonic crystalloid, there appeared to be
greater separation between arms in serum
chloride concentration and higher peak
serum creatinine, greater incidence of AKI,
and more frequent receipt of new RRT

for those patients assigned to saline

(see Figures E4-E8).

Discussion

Our findings demonstrate that a cluster-
randomized, multiple-crossover trial using
software tools within the EHR to compare
saline with balanced crystalloids among
critically ill adults can produce well-balanced

study groups and separation in crystalloid
receipt. Although we observed no difference
between groups in the overall incidence of
AKI or major adverse kidney events, among
patients exposed to larger volumes of isotonic
crystalloid, those assigned to saline
appeared to experience more major adverse
kidney events. These findings have
important implications for future studies of
crystalloid choice in critical illness and for
the application of bioinformatics in clinical
trials.

Fluid resuscitation with intravenous
saline has been shown to cause
hyperchloremic metabolic acidosis (24, 25)
and might predispose to AKI via
chloride-mediated renal vasoconstriction
(26, 27). Observational studies among
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Table 2. Clinical Outcomes

Outcome n Saline (n =454) Balanced (n =520) P Value
Secondary outcome
Major adverse kidney event within 30 d, n (%)* 974 112 (24.7) 128 (24.6) 0.98
Additional clinical outcomes
In-hospital mortality, n (%)
Before ICU discharge 974 44 (9.7) 45 (8.7) 0.57
Before 30 d 974 68 (15.0) 72 (13.8) 0.62
Before 60 d 974 83 (18.3) 87 (16.7) 0.53
ICU-free days, median (IQR) 969 25.1 (22.1 t0 26.2) 25.2 (21.8 to 26.4) 0.58
Mean = SD 21.0=+9.3 21.1+91
Ventilator-free days, median (IQR) 974 28.0 (25.0 to 28.0) 28.0 (26.0 to 28.0) 0.85
Mean = SD 229+99 23.2+9.6
Vasopressor-free days, median (IQR) 974 28.0 (27.0 to 28.0) 28.0 (27.0 - 28.0) 0.78
Mean = SD 23.5+9.9 239+9.6
Renal replacement therapy-free days, median (IQR) 974 28.0 (28.0 to 28.0) 28.0 (28.0 to 28.0) 0.42
Mean = SD 23.7 +10.0 24.0+9.7
Additional renal outcomes
Serum creatinine, mg/dl
Highest before discharge or day 30, median (IQR), 950 1.19 (0.81 to 2.30) 1.19 (0.80 to 2.62) 0.51
mg/dI
Change from baseline to highest value, median 950 0.07 (—0.10 to 0.50) 0.07 (—0.10 to 0.50) 0.65
(IQR), mg/di
Final value before discharge or 30 d, median (IQR), 950 0.89 (0.69 to 1.54) 0.87 (0.70 to1.45) 0.90
mg/dl
Among survivors, median (IQR), mg/d| 808 0.85 (0.68 to 1.40) 0.82 (0.69 to 1.30) 0.48
Final creatinine >200% baseline, n (%) 974 59 (13.0) 76 (14.6) 0.47
Among survivors to hospital discharge 834 42 (10.9) 46 (10.3) 0.71
Among survivors to hospital discharge without 814 39 (10.2) 41 (9.5) 0.39
new RRT
Acute kidney injury, stage Il or greater, n (%)* 974 129 (28.4) 135 (26.0) 0.39
Developing after enrollment* 974 87 (19.2) 97 (18.7) 0.84
Receipt of new renal replacement therapy, n (%) 974 14 (3.1) 24 (4.6) 0.22
Duration of in-hospital receipt, median (IQR), 38 5.5 (3.0to0 8.2) 3.0 (0.5 to4.5) 0.04
Continued receipt after hospital discharge, n (%) 38 2 (0.4) 5(1.0) 0.68

Definition of abbreviations: |ICU = intensive care unit; IQR = interquartile range; RRT = renal replacement therapy.

Data are presented as median (25th—75th percentile) or number (percentage). ICU-free, ventilator-free, vasopressor-free, and renal replacement therapy
free days refer to days alive and free from the specified therapy in the first 28 days after enroliment.

*Major adverse kidney events within 30 days is the presence of any of the following before discharge from the hospital or 30 days after enrollment: death,
receipt of new renal replacement therapy, or a final serum creatinine value =200% of baseline.

TAcute kidney injury, stage Il or greater is defined according to Kidney Disease Improving Global Outcomes creatinine criteria (22) as any creatinine value
between enrollment and discharge or 30 days at least 200% of the baseline value or both (7) >4.0 mg/dl and (2) increased at least 0.3 mg/dl from the
baseline value. This includes both acute kidney injury present at the time of enrollment and developing after enroliment.

tStage Il or greater acute kidney injury developing after enroliment is defined as any creatinine value between enrollment and discharge or 30 days that is

(7) increased at least 0.3 mg/dl from a preceding postenrollment value and (2) at least 200% of the baseline value, at least 200% of a preceding

postenrollment value, or at least 4.0 mg/dl.

critically ill adults have suggested higher
rates of AKI (3, 4), RRT (3, 5), and death
(6, 7, 28) with use of saline compared with
balanced crystalloids. Inconsistency
across studies (29) and the limitations of
observational research have prompted
calls for prospective clinical trials (1).
Our findings in the SALT trial add to
those of previous observational studies (3, 6, 7)
and the only previous prospective trial,
the SPLIT (0.9% Saline versus Plasma-Lyte
148 [PL-148] for ICU fluid Therapy) trial
(17). SPLIT was a cluster-randomized,
double-crossover trial that enrolled nearly
all patients admitted to four ICUs. Both
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SALT and SPLIT were designed as pilot
studies to assist with the planning of
definitive trials (30). Both enrolled broad
populations of patients in the ICU,
delivered relatively small overall volumes
of intravenous crystalloid (median 1.5 L in
SALT vs. 2.0 L in SPLIT), and observed no
overall difference between saline and
balanced crystalloids in rates of AKI, RRT,
or death. Despite these similarities, the
studies differ in important ways.
Compared with the largely postoperative
population of SPLIT, patients in SALT
were admitted predominantly for

sepsis or respiratory failure, and

experienced higher rates of AKI (27.1%
in SALT vs. 9.9% in SPLIT) and in-
hospital mortality (17.4% in SALT vs.
8.0% in SPLIT). The measures of the
physiological effects available in SALT
(e.g., daily chloride concentration)
permitted clearer characterization of the
proposed mechanistic pathway between
crystalloid administration and outcomes.
Perhaps the most intriguing addition of
SALT to the previous findings was that
the relationship between crystalloid
choice and development of major
adverse kidney events differed based

on the amount of crystalloid received,
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Total isotonic crystalloid through day 30 (mL) Predicted in—hospital mortality
P Value for
Saline Balanced Odds Ratio (95% CI) P Value Interaction
Source of admission 0.647
Emergency Department 51/256(19.9) 62/310(20) — 1.00(0.66-1.52) 0.982
Hospital ward 26/80(32.5)  25/79(31.6) — 0.96(0.49-1.87) 0.908
Transfer from another hospital ~ 30/93(32.3)  32/106(30.2) —— 0.91(0.50-1.66) 0.753
Other 5/25(20) 9/25(36) —r——=———— 2.25(0.63-8.06) 0.213
Primary diagnosis 0.045
Sepsis or septic shock 53/130(40.8)  36/130(27.7) — 0.56(0.33-0.94) 0.027
Respiratory failure 7/53(13.2) 13/41(31.7) ——e——— 3.05(1.09-8.56) 0.034
Diabetic ketoacidosis 4/20(20) 3/21(14.3) 0.67(0.13-3.44) 0.628
Gastrointestinal bleeding 3/25(12) 1/19(5.3) 0.41(0.04-4.26) 0.453
Liver failure 4/21(19) 9/24(37.5) 2.55(0.65-10.01) 0.180
Maligancy 6/19(31.6) 9/27(33.3) —_—t——— 1.08(0.31-3.80) 0.901
Other 34/185(18.4) 56/254(22) —T 1.26(0.78-2.02) 0.348
Receipt of mechanical ventilation 0.745
No 58/299(19.4)  65/346(18.8) — 0.96(0.65-1.42) 0.844
Yes 54/155(34.8)  63/174(36.2) —— 1.06(0.68-1.67) 0.796
Receipt of vasopressors 0.030
No 57/343(16.6)  84/406(20.7) T 1.31(0.90-1.90) 0.156
Yes 55/111(49.5)  44/114(38.6) — 0.64(0.38-1.09) 0.099
Categories of kidney function 0.687
Normal 34/256(13.3)  37/286(12.9) —e 0.97(0.59-1.60) 0.906
AKI 31/48(64.6) 36/55(65.5) —_— 1.04(0.46-2.34) 0.926
CKD 15/71(21.1) 28/92(30.4) ——— 1.63(0.79-3.36) 0.183
RRT 18/44(40.9) 17/42(40.5) —_— 0.98(0.42-2.32) 0.967
Overall 112/454(24.7) 128/520(24.6) —— 1.00(0.74-1.34) 0.984
0.1 0.3 1 5 10
Favors Balanced Favors Saline

Figure 4. Heterogeneity of treatment effect. The incidence of major adverse kidney events within 30 days (MAKE30) is compared between patients
assigned to the saline (red) and balanced crystalloid (blue) groups across the spectrum of exposure to the study crystalloids (upper left), baseline risk of
death (upper right), and prespecified subgroups (bottom). Colored vertical bars display a histogram of the proportion of patients in each group who
received a given volume of crystalloid (upper left) or possessed a given predicted in-hospital mortality (upper right). For each prespecified subgroup, the
lower panel displays the unadjusted number and percentage of patients in each study arm who experienced MAKESO0, the unadjusted odds ratio for
experiencing MAKE30 with 95% confidence interval (Cl), and the P values within the subgroup and for the test of interaction. Normal kidney function at
enrollment is defined as the absence of acute kidney injury (AKI), chronic kidney disease (CKD), or renal replacement therapy (RRT) before enrollment. AKI
refers to patients without CKD whose first creatinine after enrollment was at least 200% of the baseline value or both (7) >4.0 mg/dl and (2) increased
at least 0.3 mg/dl from the baseline value (22). CKD refers to patents with a glomerular filtration rate <60 ml/min per 1.73 m? as calculated by the
Chronic Kidney Disease Epidemiology Collaboration equation using the patient’s baseline creatinine value (41). RRT refers to patients who received any
form of RRT before enroliment.

Semler, Wanderer, Ehrenfeld, et al.: Balanced Crystalloids versus Saline in the Medical ICU 1369



suggesting a “dose-response”
relationship. Among patients who
received small volumes of crystalloid, the
incidence of MAKE30 was similar
between groups. In contrast, among
patients exposed to larger volumes of
crystalloid, the incidence of MAKE30 was
significantly higher in the saline arm.
Although mechanistically plausible, this
finding relies on a relatively small number
of patients using a variable that emerged
after randomization and should be
considered hypothesis-generating. Future
studies might benefit from restricting
enrollment to patients predicted to
receive large volumes of crystalloid in
the ICU (although such prediction
might prove challenging) or carefully
accounting for heterogeneity in
crystalloid exposure during study design
and analysis (31).

The present study had important
limitations. It was designed as a pilot study
and was not powered to detect small, but
potentially meaningful, differences in
patient outcomes. Enrollment from a single
medical ICU limits generalizability. The
study population was extremely broad, and
specific subgroups of patients whose
underlying physiology might alter their
response to intravenous crystalloids might
have been inadequately represented.
Although the impact of crystalloid
composition on laboratory values
precluded blinding (17), the study
endpoints were objective, and the co-
interventions received were similar
between groups. Based on the
hypothesized mechanism of chloride-
mediated AKI (26, 27), we evaluated
lactated Ringer’s solution or Plasma-Lyte
A together as a single balanced crystalloids
group, despite differences between these
solutions in electrolyte concentration,
buffers, and osmolality. Importantly,
treating clinicians in the study ICU chose
lactated Ringer’s for more than 90% of the
balanced crystalloid administered (see
Table E4), limiting the conclusions that
could be drawn from our study about
Plasma-Lyte A.

The most important potential
concern was whether the difference in
exposure to saline and balanced
crystalloids between groups was large
enough to influence outcomes. Including
all ICU patients in the intention-to-treat
analysis protected against selection bias
in a design where group assignment
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preceded enrollment, but resulted in (I)
inclusion of some patients who never
received any intravenous crystalloid,

and (2) relatively small volumes of
administered crystalloid overall.
However, similar average fluid volumes
in the CHEST (Crystalloid versus
Hydroxyethyl Starch) Trial were
sufficient to demonstrate a difference
between groups in the incidence of AKI
requiring RRT, albeit in a considerably
larger study population (32). Similarly,
the differences between groups in

serum chloride concentration and
hyperchloremia in our trial, although
small overall, were comparable to those
associated with increased rates of AKI
and RRT in previous observational
studies (3, 33). Moreover, the difference
between groups in serum chloride
concentration was greatest among
patients who received large volumes of
crystalloids—in whom rates of RRT and
MAKE30 also appeared to be higher in
the saline group than the balanced
crystalloid group (see Figures E4-E8).
Contamination (exposure to the
nonassigned crystalloid) was a related
concern. This study did not collect or
attempt to control fluid given in the
emergency department or operating
room before ICU admission, and future
trials should address these important
sources of fluid exposure. The multiple-
crossover design without a washout
period guaranteed that some patients
would be exposed to both types of
crystalloid. However, because most
intravenous fluid was given shortly after
ICU admission, the volume of
nonassigned fluid administered as a result
of the study structure was relatively small
(<125 ml per patient; see Table E4), and
sensitivity analysis that excluded patients
who experienced a crossover did not
change the findings in a statistically
significant manner. Despite enrolling a
population with high rates of relative
contraindications to the study
crystalloids (e.g., 30% incidence of
hyperkalemia), almost 95% of provider
orders were for the assigned crystalloid,
and the separation between groups in the
type of crystalloid received (70%)
exceeded our target separation (60%).
Despite relatively low overall volumes of
intravenous fluid and some exposure to
the nonassigned crystalloid, the
separation between groups appeared to

be sufficient to suggest a difference in
RRT and MAKE30 among patients who
received large volumes of crystalloid—a
key finding for the planning of a
definitive trial.

Despite these limitations, our study
also had important strengths. Group
assignment was random. Large size
provided outstanding preliminary data on
which to base a definitive trial. Enrolling all
patients admitted to the study ICU
precluded selection bias and improved
generalizability. Enrollment immediately
upon ICU admission, earlier than many
trials of fluid management in critical
illness, captured a peak period of fluid
administration and risk for AKI
development. Our study used MAKE30, a
patient-centered outcome recommended
for phase III trials by the National Institute
of Diabetes and Digestive and Kidney
Diseases workgroup on Clinical Trials
in AKI (18, 20, 34). Finally, although
previous studies have examined
informatics-based interventions (35-37)
or leveraged the EHR to facilitate aspects
of trial conduct (37-39), to our knowledge,
this is the first large, critical care clinical
trial to be conducted entirely within the
EHR. By successfully enrolling nearly
1,000 critically ill adults, accurately
delivering the assigned intervention in a
time-sensitive manner, and collecting
detailed data on patient characteristics,
fluid receipt, laboratory values, and clinical
outcomes, SALT demonstrated that the
EHR-embedded clinical trial (13, 14, 40)
is a powerful new tool for generating
evidence to guide clinical practice in
critical care.

In summary, an EHR-embedded,
cluster-randomized, multiple-crossover trial
comparing saline and balanced crystalloids
among critically ill adults can achieve well-
balanced study groups and separation in
crystalloid receipt. Larger trials examining
patient-centered outcomes are warranted.
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