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Abstract

Rationale: Administration of intravenous crystalloid solutions is a
fundamental therapy for sepsis, but the effect of crystalloid
composition on patient outcomes remains unknown.

Objectives: To compare the effect of balanced crystalloids versus

crystalloids group experienced 30-day in-hospital morality
compared with 255 patients (31.2%) in the saline group (adjusted
odds ratio [aOR], 0.74; 95% confidence interval [CI], 0.59-0.93;
P=0.01). Patients in the balanced group experienced a lower
incidence of major adverse kidney events within 30 days (35.4% vs.
40.1%; aOR, 0.78; 95% CI, 0.63-0.97) and a greater number of
vasopressor-free days (20 = 12 vs. 19 = 13; aOR, 1.25; 95% CI,

saline on 30-day in-hospital mortality among critically ill adults with

: 1.02-1.54) and renal replacement therapy—free days (20 = 12 vs.
sepsis.

19 = 13; aOR, 1.35; 95% CI, 1.08-1.69) compared with the saline
group.
Conclusions: Among patients with sepsis in a large randomized

trial, use of balanced crystalloids was associated with a lower 30-day
in-hospital mortality compared with use of saline.

Methods: Secondary analysis of patients from SMART (Isotonic
Solutions and Major Adverse Renal Events Trial) admitted to the
medical ICU with an International Classification of Diseases, 10th
Edition, Clinical Modification System code for sepsis, using
multivariable regression to control for potential confounders.

. . . Clinical trial registered with www.clinicaltrials.gov (NCT02444988).
Measurements and Main Results: Of 15,802 patients enrolled in

SMART, 1,641 patients were admitted to the medical ICU with a
diagnosis of sepsis. A total of 217 patients (26.3%) in the balanced
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At a Glance Commentary

Scientific Knowledge on the
Subject: Balanced crystalloids may
improve outcomes among all critically
ill patients compared with saline.

What This Study Adds to the Field:
In this study of critically ill adults with
sepsis or septic shock enrolled in a trial
comparing balanced crystalloids to
saline, 30-day in-hospital mortality was
lower with balanced crystalloids
compared with saline. These findings
suggest that balanced crystalloids may
be more effective resuscitation fluids
than saline for sepsis.

Sepsis is a common illness for which few
effective therapies exist (1-3). In addition to
prompt source control and antibiotic
administration, infusion of intravenous
crystalloid solutions is recommended for
critically ill adults presenting with sepsis or
septic shock (4).

Saline (0.9% sodium chloride) has
historically been the most common
intravenous crystalloid administered to
critically ill adults with sepsis (5, 6). The
supraphysiologic chloride concentration of
saline may cause hyperchloremia (7-10),
metabolic acidosis (7, 11-15), renal
vasoconstriction (7), hypotension (14),
and altered immune function (10, 16).
Preclinical research has also suggested that
sepsis resuscitation with high-chloride
intravenous fluids may lead to increased
inflammatory cytokines (16), hypotension
(17), impairment of microcirculation (18),
and increased mortality (14).

Compared with saline, balanced
crystalloids, such as lactated Ringer’s solution
and Plasma-Lyte A, contain an electrolyte
composition more similar to plasma.
Observational and before-and-after studies of
patients with sepsis have suggested that using
balanced crystalloids instead of saline may
reduce rates of acute kidney injury (AKI)
(19) and death (20). However, no large trials
have compared balanced crystalloids to
saline specifically among critically ill patients
with sepsis, and the 2016 Surviving Sepsis
Campaign Guidelines recommend using
either balanced crystalloids or saline for
sepsis resuscitation (4).

The recent SMART (Isotonic Solutions
and Major Adverse Renal Events Trial) trial
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compared balanced crystalloids to saline
among critically ill adults and found that
balanced crystalloids decreased the
incidence of the composite outcome of
death, new renal replacement therapy, or
persistent renal dysfunction (21). In a
prespecified subgroup analysis, the effect of
balanced crystalloids compared with saline
on the composite outcome appeared to be
greater among patients with sepsis (odds
ratio [OR], 0.80; 95% confidence interval
[CI], 0.67-0.94) than among patients
without sepsis (OR, 0.96; 95% CI,
0.86-1.07), although this difference did not
achieve statistical significance (P value for
the test of interaction = 0.06).

To better understand the comparative
effectiveness of balanced crystalloids versus
saline for adult patients with sepsis and the
potential mechanisms by which fluid
composition might affect mortality, we
conducted a secondary analysis of the
SMART dataset. We hypothesized that use
of balanced crystalloids would result in a
lower incidence of 30-day in-hospital
mortality compared with saline among
patients with sepsis. Some of the results of
this study have previously been reported in
the form of an abstract (22).

Methods

Study Design and Oversight

We conducted a secondary analysis of data
from SMART (21), a pragmatic,
nonblinded, cluster-randomized, multiple-
crossover trial among critically ill adults
admitted to five ICUs at Vanderbilt
University Medical Center between June
2015 and April 2017. SMART was
approved by the institutional review board
at Vanderbilt University. Patients enrolled
in SMART were assigned to receive either
balanced crystalloids (the treating
clinician’s choice of lactated Ringer’s
solution or Plasma-Lyte A) or saline (0.9%
sodium chloride) for intravenous fluid
administration in the emergency
department, operating room, and ICU
according to fluid assignment for that
month (Table E1 and Figure El in the
online supplement). The subgroup of
interest for this secondary analysis was
patients admitted to the medical ICU with a
diagnosis of sepsis. The SMART protocol,
which identified patients with sepsis as an
a priori subgroup of interest, was published
before completion of enrollment (23).

Patient Population

SMART included all adult patients admitted
to five ICUs, including a medical ICU, a
trauma ICU, a neurologic ICU, a
cardiovascular ICU, and a surgical ICU.
Patients were identified as having a
diagnosis of sepsis if any of the prespecified
International Classification of Diseases, 10th
Edition, Clinical Modification System (ICD-
10-CM) codes for sepsis were present in the
first five billing codes for the hospitalization
(see SUPPLEMENTAL METHODS, STUDY
DErINITIONS, in the online supplement) (24,
25). The primary population for analysis in
the current study was patients from the
SMART dataset with a diagnosis of sepsis
admitted to the medical ICU. Restriction to
the medical ICU for the primary analysis
enriched the population for patients whose
management consisted primarily of fluid
resuscitation and antibiotic delivery rather
than operative intervention. Alternate
patient populations, including all patients
with a diagnosis of sepsis regardless of
admitting ICU and alternative definitions
of sepsis, were examined in sensitivity
analyses, as described in STATISTICAL
ANALYSIS.

Study Outcomes

The primary outcome for this analysis was
death from any cause before the earlier of
hospital discharge or 30 days after ICU
admission (30-day in-hospital mortality).
Mortality was selected as the primary
outcome to be consistent with the outcomes
of other large trials of interventions in sepsis
and because death is an objective outcome
that is important to clinicians and patients.
In-hospital mortality was selected because
the mechanistic effects of the intervention
were anticipated to occur early after
enrollment and because we did not have
access to postdischarge vital status.
Additional clinical outcomes included 60-
day in-hospital mortality and ICU-free days,
ventilator-free days, vasopressor-free days,
and renal replacement therapy-free days
during the 28 days after ICU admission
(assigning a value of 0 for patients who died
before 28 d). Additional renal outcomes
included the primary outcome for the
original trial (21): the proportion of
patients with a major adverse kidney event
within 30 days (MAKE30), defined as
death, new receipt of renal replacement
therapy, or persistent renal dysfunction at
the first of hospital discharge or 30 days
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(see SUPPLEMENTAL METHODS, STUDY
DErINITIONS, in the online supplement)
(26-30); new receipt of renal replacement
therapy; persistent renal dysfunction (final
inpatient creatinine concentration =200%
of baseline); and stage II or greater AKI by
Kidney Disease: Improving Global
Outcomescreatinine criteria (31).
Additional exploratory outcomes included
mean arterial pressure, vasopressor receipt
and dose (Table E2), and plasma lactate
concentration.

Statistical Analysis

To describe the detectable difference in the
primary outcome using the available sample
size we performed the following power
calculation: analysis of data from the 1,641
medical ICU patients with a diagnosis of
sepsis in the SMART dataset provided 80%
power at an a-level of 0.05 to detect an
unadjusted 6.0% absolute difference
between the balanced crystalloids and saline
groups in the primary outcome of 30-day
in-hospital mortality, assuming a 30.0%
incidence of 30-day in-hospital mortality in
the saline group based on prior data (9, 21).

The primary analysis was an intention-
to-treat comparison of 30-day in-hospital
mortality between patients assigned to the
balanced crystalloids group versus the saline
group using a logistic regression model
accounting for prespecified baseline
covariates. We included the same set of
prespecified baseline covariates used in the
primary analysis of the original trial (21)
(age, sex, race, source of admission, receipt
of mechanical ventilation, and receipt of
vasopressors) except for diagnosis of sepsis
(because all patients in the current analysis
had a diagnosis of sepsis) and diagnosis of
traumatic brain injury (because no patients
in the current analysis had a diagnosis of
traumatic brain injury). Age was included
in the model with a nonlinear relationship
to the outcome using a restricted cubic
spline with three knots. A two-sided P value
less than 0.05 indicated statistical
significance.

To evaluate the consistency and
robustness of the findings of the primary
analysis, we performed several secondary
analyses (see SUPPLEMENTAL METHODs in the
online supplement).

1. We compared additional outcomes
(60-d in-hospital mortality; ICU-free,
ventilator-free, and renal replacement
therapy-free days; MAKE30; new

receipt of renal replacement therapy;
persistent renal dysfunction; stage II or
greater AKI; and creatinine values)
between the balanced crystalloids and
saline groups in the primary study
population using the same set of
prespecified baseline covariates in
logistic regression modeling for binary
outcomes and proportional odds
modeling for continuous outcomes.

. To evaluate alternative definitions of the

study population, we repeated the
primary analysis among all patients in
the SMART dataset with a diagnosis of
sepsis regardless of the ICU to which
they were admitted (which added
patients with sepsis in the surgical,
trauma, cardiac, and neurologic ICUs to
the patients in the primary analysis from
the medical ICU). We also repeated the
primary analysis excluding patients
transferred from an outside hospital.

. To evaluate alternative methods of

identifying patients with sepsis, we
repeated the primary analysis in five
additional cohorts. First, we examined
patients admitted to the medical ICU
with an ICD-10-CM diagnosis of sepsis
for whom physician manual chart
review confirmed that sepsis was the
primary reason for ICU admission (for
details of physician manual chart review
see SUPPLEMENTAL METHODS in the online
supplement). Second, we performed
physician manual chart review, blinded
to ICD-10-CM diagnoses and study
group assignment, for 1,000 randomly
selected patient records to identify
patients for whom sepsis was the
primary reason for ICU admission.
Among patients identified by physician
manual chart review to have sepsis as
the primary reason for ICU admission,
we compared balanced crystalloids to
saline. Third, we repeated the primary
analysis among all patients admitted
to the medical ICU with 1) any
microbiology cultures drawn within

24 hours of enrollment, 2) any blood
cultures drawn within 24 hours of
enrollment, or 3) any positive blood
cultures drawn within 24 hours of
enrollment.

. We repeated the primary analysis

with the additional covariate of the
Sequential Organ Failure Assessment
score at ICU admission, an established
prognostic tool for patients with sepsis
(32). We then repeated this analysis with
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additional covariates, including platelet
count at baseline and history of diabetes,
drug abuse, metastatic cancer, or AIDS.

5. We compared mean arterial pressure,
vasopressor receipt, and plasma lactate
concentration over the 5 days after ICU
admission using ordinary least squares
regression with correction for correlated
responses for the same patient using the
Huber-White method (33, 34).

6. We assessed whether baseline plasma
chloride concentration or bicarbonate
concentration modified the effect of
study group on 30-day in-hospital
mortality using a binary logistic model
testing for interaction.

Other between-group comparisons
(baseline variables, fluid receipt, serum
laboratory values, and indications for new
renal replacement therapy) were made with
the Mann-Whitney U test for continuous
variables and the Pearson’s chi-squared
test for categorical variables. Continuous
variables were presented as mean and SD, or
as median and interquartile range;
categorical variables were presented as
frequency and proportion. We did not adjust
for multiple comparisons because all
subgroups were specified a prori (23), sepsis
as a subgroup is supported by a strong
biological rationale (14, 16, 35), and
adjusting for multiple comparisons would
increase the risk of type II error. Between-
group differences in secondary and
exploratory outcomes are reported with the
use of point estimates and 95% Cls; however,
the widths of the Cls have not been adjusted
for multiplicity and should not be used to
infer definitive differences in treatment
effects between groups. All analyses were
performed using R version 3.3.0 software
(R Foundation for Statistical Computing).

Results

Baseline Characteristics

Among 15,802 patients in SMART, 1,641
(10.4%) were admitted to the medical ICU
with a diagnosis of sepsis (Figure 1). The
median age was 60 years old, and 55.0%
were male. At ICU admission, 34.1% of
patients were receiving vasopressors and
40.0% were receiving mechanical
ventilation. Baseline characteristics were
similar between patients assigned to
balanced crystalloids (n =824) and saline
(n=2817) (Tables 1, E3, and E4).
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‘ 15,802 patients in the SMART dataset ’

4>{ 10,421 admitted to non-medical ICUs ’

‘ 5,381 patients admitted to the medical ICU ’

4>{ 3,740 patients without a diagnosis of sepsis

‘ 1,641 patients met inclusion criteria ’

824 patients assigned to balanced crystalloids
824 included in primary intention-to-treat analysis

817 patients assigned to saline
817 included in primary intention-to-treat analysis

Figure 1. Derivation of the study cohort. Among 15,802 patients in SMART (Isotonic Solutions and Major Adverse Renal Events Trial), 1,641 were
admitted to the medical ICU with a diagnosis of sepsis and were included in the primary analysis for the current study.

Fluid Therapy and Electrolytes
Because fluid therapy in the emergency
department was coordinated with the study
ICU for most of the trial, in the 24 hours
before ICU admission, patients in the
balanced crystalloids group received a mean
of 1,281 * 67 ml of balanced crystalloids
and 277 £ 29 ml of 0.9% sodium chloride,
whereas patients in the saline group
received a mean of 1,262 = 59 ml of 0.9%
sodium chloride and 266 * 32 ml of
balanced crystalloids (Table E5). Between
ICU admission and hospital discharge or
30 days, patients in the balanced crystalloids
group received a mean of 2,967 = 4,498 ml
of balanced crystalloids and 1,374 * 3,514
ml of 0.9% sodium chloride. Patients in the
saline group received a mean of
3,454 + 4,982 ml of 0.9% sodium chloride
and 629 = 2,348 ml of balanced crystalloids
(Table E6 and Figure E2). For patients in the
balanced crystalloids group, 91.0% of the
balanced crystalloid received was lactated
Ringer’s solution and 9.0% of the balanced
crystalloid received was Plasma-Lyte A.
There were no significant differences
between groups in receipt of nonisotonic
crystalloids, albumin, or blood products
(Table E7).

Patients in the balanced crystalloids
group experienced lower plasma chloride
concentrations and higher plasma
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bicarbonate concentrations than patients in
the saline group (Figure E3). Fewer patients
in the balanced crystalloids group had a
chloride concentration greater than 110
mmol/L (36.8% vs. 46.4%; P <<0.001) or a
bicarbonate concentration less than 20
mmol/L (60.8% vs. 69.3%; P < 0.001)
(Table E8).

Primary Outcome

A total of 217 patients (26.3%) in the
balanced crystalloids group died in the
hospital within 30 days of ICU admission
compared with 255 patients (31.2%) in the
saline group (adjusted OR [aOR], 0.74; 95%
CI, 0.59-0.93; P=0.01) (Tables 2 and E9).
The magnitude of the effect of balanced
crystalloids versus saline on 30-day in-
hospital mortality was similar in sensitivity
analyses 1) including all patients in SMART
with a diagnosis of sepsis regardless of
admitting ICU, 2) excluding patients
transferred from outside hospitals, 3)
including only patients with a primary
diagnosis of sepsis at medical ICU
admission by physician manual chart
review (with or without an ICD-10-CM
code for sepsis), 4) including only patients
with a microbiology culture drawn within
24 hours of ICU admission, 5) including
only patients with a blood culture drawn
within 24 hours of ICU admission, 6)

including only patients with a positive
blood culture drawn within 24 hours of
ICU admission, and 7) controlling for
additional covariates including baseline
Sequential Organ Failure Assessment score,
medical history, and platelet count (Table
E10). Neither baseline plasma chloride
(Figure 2A) nor bicarbonate concentration
(see Figure 2B) modified the effect of
assigned crystalloid on 30-day in-hospital
mortality.

Additional Outcomes

A total of 292 patients (35.4%) in the
balanced crystalloids group experienced a
MAKE30, compared with 328 patients
(40.1%) in the saline group (aOR, 0.78; 95%
CI, 0.63-0.97) (see Table 2). New receipt of
renal replacement therapy occurred for 54
patients (7.4%) in the balanced crystalloids
group and 75 patients (10.3%) in the saline
group (aOR, 0.71; 95% CI, 0.48-1.04)
(Table E11). A total of 201 patients (27.4%)
in the balanced crystalloids group
developed stage II or greater AKI after ICU
admission compared with 231 (31.9%)
patients in the saline group (aOR, 0.79; 95%
CI, 0.63-1.00). Patients in the balanced
crystalloids group experienced more
ventilator-free days, more vasopressor-free
days, and more renal replacement
therapy-free days than patients in the
saline group (see Table 2).
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Table 1. Patient Characteristics at Baseline

Patient Characteristics* Balanced Crystalloids (n =824) Saline (n=817)
Age, yr 0 (48-69) 0 (47-69)
Men, n (%) 451 (54.7) 448 (54.8)
White, n (%) 617 (74.9) 618 (75.6)
Weight, kg' 8 (64-98) 7 (64-94)
Chronic comorbidities, n (%)*

Pulmonary 204 (24.8) 214 (26.2)

Chronic heart failure 200 (24.3) 184 (22.5)

Chronic liver disease 177 (21.5) 198 (24.2)

Diabetes 310 (37.6) 279 (34.1)

Drug abuse 38 (4.6) 8 (7.1)

Metastatic malignancy 78 (9.5) 2 (10.0)

AIDS 20 (2.4) 1(2.6)

Renal

Chronic kidney disease, stage Il or greaterS 169 (20.5) 157 (19.2)
Prior renal replacement therapy receipt 91 (11.0) 92 (11.3)
Source of admission to the ICU, n (%)

Emergency department 464 (56.3) 458 (56.1)

Transfer from another hospital 179 (21.7) 180 (22.0)

Hospital ward 154 (18.7) 159 (19.5)

Operating room 15 (1.8) 8 (1.0)

Another ICU within the hospital 9(1.1) 10 (1.2)

Outpatient 3(0.4) 2 (0.2)
Sepsis as primary diagnosis at ICU admission, n (%) 577 (70.0) 573 (70.1)

Suspected source of infection, n (%)

Pulmonary 189 (32.8) 164 (28.6)
Urinary 97 (16.8) 94 (16.4)
Intraabdominal 78 (13.5) 83 (14.5)
Skin and soft tissue 35 (6.1) 36 (6.3)
Bloodstream 22 (3.8) 28 (4.9)
Other 43 (7.4) 51 (8.9)
Multiple sources suspected 83 (14.4) 87 (15.2)
No confirmed source 30 (5.2) 30 (5.2)
Vasopressors, n (%) 289 (35.1) 270 (33.0)
Vasopressor dose norepinephrine equivalent, 0.11+0.27 0.11 +£0.30
pg/kg/min'
Mean arterial pressure, mm Hg 73 (62-87) 74 (63-88)
Mechanical ventilation, n (%) 324 (39.3) 333 (40.8)
SOFA score*™ 7 (5-10) 8 (5-11)
White blood cell count, 10%/ult" 13.9 (8.3-19.9) 12.7 (8.3-19.0)
Platelet count, 10%/ul U 189 (116-284) 189 (107-280)
Hb, g/dI™ 10.4 (8.7-12.2) 10.2 (8/7-12.3)
Baseline creatinine, mg/d** 0.88 (0.67-1.21) 0.87 (0.66-1.23)
Acute kidney injury, stage Il or greaterS$ 207 (25.1) 208 (25.4)

Definition of abbreviation: SOFA = Sequential Organ Failure Assessment.
*Continuous data are presented as median (25th percentile-75th percentile) or mean = SD. Categorical data are presented as number (1) and percentage
g%). The only significant difference in baseline characteristics between the two study groups was history of drug abuse (P=0.03).

Information on weight at ICU admission was missing for 22 patients (8 in the balanced crystalloids group and 14 in the saline group).
*Chronic comorbidities are defined by the Elixhauser Comorbidity Index, a method for measuring patient comorbidity based on the International
Classification of Diseases, 9th Edition, Clinical Modlfication System and the International Classification of Diseases, 10th Edition, Clinical Modification
System (ICD-10-CM) diagnosis codes, found in administrative data (40, 41).

S$Chronic kidney disease stage Ill or greater is defined as a glomerular filtration rate less than 60 mi/min per 1.73 m? as calculated by the Chronic Kidney
Disease Epidemiology Collaboration Equation (42) using the patient’s baseline creatinine value.
llof 1,641 patients admitted to the medical ICU with a diagnosis of sepsis by ICD-10-CM criteria, physician manual chart review determined that the
primary diagnosis at the time of ICU admission was sepsis for 1,150 patients (70.1%), 577 in the balanced crystalloids group and 573 in the saline group.
For these patients, the suspected source of infection was determined.
asopressor dose represents the first value, in norepinephrine equivalents (Table E2), among patients receiving vasopressors on the day of ICU admission.
**The SOFA score, also known as the Sepsis-related Organ Failure Assessment score (32), was calculated using data collected from the day of ICU
admission. Baseline SOFA was missing for 5 patients (3 patients in balanced crystalloids group and 2 patients in saline group).
TBaseline white blood cell count was missing for 7 (0.8%) patients in the balanced crystalloids group and 8 (1.0%) in the saline group. Baseline platelet
count was missing for 1 (0.1%) patients in the balanced crystalloids group and 4 (0.5%) in the saline group. Baseline Hb was missing for 3 (0.4%) patients
in the balanced crystalloids group and 5 (0.6%) in the saline group.
*+Baseline creatinine for the study was defined as the lowest plasma creatinine measured in the 12 months before hospitalization if available; otherwise, as
the lowest plasma creatinine measured between hospitalization and ICU admission, using an estimated creatinine only for patients without an available
plasma creatinine between 12 months before hospitalization and the time of ICU admission. The baseline creatinine was estimated for 107 (13.0%)
patlents in the balanced crystalloids group and 110 (13.5%) in the saline group.

88 Acute kidney injury stage Il or greater is defined according to Kidney Disease: Improving Global Outcomes creatinine criteria (43) as a first measured
plasma creatinine value after ICU admission at least 200% of the baseline value or both 7) greater than 4.0 mg/dl and 2) increased at least 0.3 mg/dl from
the baseline value.
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Table 2. Clinical Outcomes

Balanced
Outcome* n Crystalloids (n =824) Saline (n=817) Adjusted OR (95% CI)T
Primary outcome
30-d in-hospital mortality, n (%) 1,641 217 (26.3) 255 (31.2) 0.74 (0.59 to 0.93)
Additional clinical outcomes
60-d in-hospital mortality, n (%) 1,641 241 (29.2) 269 (32.9) 0.80 (0.64 to 1.01)
ICU-free days*, median (IQR) 1,641 23 (0 to 26) 23 (0 to 26) 1.15 (0.97 to 1.38)
Mean = SD — 17 =11 16 =12 —
Ventilator-free days*, median (QR) 1,641 27 (0 to 28) 26 (0 to 28) 1.37 (1.12 to 1.68)
Mean *= SD — 19+12 18 +13 —
Vasopressor-free days*, median 1,641 27 (0 to 28) 27 (0 to 28) 1.25 (1.02 to 1.54)
(IQR)
Mean = SD — 2012 19+13 —
Renal replacement therapy—free 1,641 28 (0 to 28) 28 (0 to 28) 1.35 (1.08 to 1.69)
days*, median (IQR)
Mean *= SD — 2012 19+13 —
Additional renal outcomes$
Major adverse kidney event 1,641 292 (35.4) 328 (40.1) 0.78 (0.63 to 0.97)
within 30 d, n (%)
Receipt of new renal 1,458 54 (7.4) 75 (10.3) 0.71 (0.48 to 1.04)
replacement therapy, n (%)$
Final creatinine =200% of 1,458 164 (22.4) 162 (22.3) 0.99 (0.76 to 1.28)
baseline, n (%)
Stage |l or greater AKI 1,458 201 (27.4) 231 (31.9) 0.79 (0.63 to 1.00)
developing after ICU
admission, n (%)"
Creatinine**, mg/d| 1,458

Highest before discharge or — 1.58 (0.87 to 3.00) 1.59 (0.93 to 2.97) 0.95 (0.79 to 1.13)
30d

Change from baseline to —
highest value

Final value before discharge or —

30d

0.18 (—0.07 to 1.13) 0.23 (~0.07 to 1.20) 0.99 (0.82 to 1.18)

0.94 (0.69 to 1.77) 0.95 (0.71 to 1.80) 0.97 (0.81 to 1.16)

Definition of abbreviations: AK|=acute kidney injury; Cl=confidence interval; IQR = interquartile range; OR = odds ratio.

*Continuous data are presented as median (25th percentile to 75th percentile) or mean + SD.

"The adjusted OR is for the balanced crystalloids group compared with the saline group. Categorical outcomes are compared between study groups
using a logistic regression model accounting for covariates (age, sex, race, source of admission, use of mechanical ventilation, and use of vasopressors).
Continuous outcomes are compared between groups using a proportional odds model adjusting for the same variables.

*|CU-free, ventilator-free, vasopressor-free, and renal replacement therapy—free days refer to the number of days alive and free from the specified therapy
in the first 28 days after ICU admission. ORs greater than 1.0 indicate a better outcome (i.e., more days alive and free from the specified therapy) with
balanced crystalloids compared with saline.

S$Receipt of new renal replacement therapy and additional renal outcomes based on creatinine measurements are among the 1,458 patients (733 in the
balanced crystalloid group and 725 in the saline group) not known to have received renal replacement therapy before ICU admission.

lIMajor adverse kidney events within 30 days is the composite of death, receipt of new renal replacement therapy, or final creatinine greater than or equal
to 200% baseline, all censored at the first of hospital discharge or 30 days after ICU admission.

fStage Il or greater AKI developing after ICU admission is defined using the Kidney Disease: Improving Global Outcomes creatinine criteria (31) as any
creatinine value between ICU admission and discharge or 30 days that is 7) increased at least 0.3 mg/dl from a preceding postenroliment value and 2) at
least 200% of the baseline value, at least 200% of a preceding postenroliment value, or at least 4.0 mg/dl; or new receipt of renal replacement therapy.
**Among patients who had not received prior renal replacement therapy, plasma creatinine was measured a mean of 8.0 times between ICU admission
and the first of discharge or 30 days in each group; plasma creatinine was not measured between ICU admission and the first of discharge or 30 days for 8
patients (1.0%) in the balanced crystalloid group and 9 patients (1.1%) in the saline group.

vasopressors than patients in the saline
group in the days following ICU admission
(Figure 3A). Despite similar plasma lactate

Hemodynamics
Mean arterial pressure in the first 5 days
after ICU admission did not differ

Discussion

This secondary analysis of a large clinical

significantly between the balanced
crystalloids and saline groups (Figure E4).
Despite similar doses of vasopressors at
ICU admission, patients in the balanced
crystalloids group received lower doses of
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levels at ICU admission, patients in the
balanced crystalloids group experienced
lower plasma lactate concentrations in the
days following ICU admission than patients
in the saline group (see Figure 3B).

trial found that, compared with use of saline,
use of balanced crystalloids was associated
with a lower rate of 30-day in-hospital

mortality for critically ill adults with sepsis. Use
of balanced crystalloids was associated with a
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Figure 2. Relationship between baseline chloride and bicarbonate concentration, study groups, and 30-day in-hospital mortality. The mean and 95%
confidence interval (denoted by gray shading) for the probability of 30-day in-hospital mortality is displayed for patients in the balanced crystalloids group
(blue) and in the saline group (red) relative to (A) baseline plasma chloride concentration and (B) baseline bicarbonate concentration, with locally weighted
scatterplot smoothing. Although 30-day in-hospital mortality overall was lower in the balanced crystalloids group than the saline group, neither baseline
chloride nor baseline bicarbonate concentration modified the effect of study group on in-hospital mortality.

greater number of vasopressor-free days and
renal replacement therapy-free days, though
the mechanism remains unclear.

The results of this subgroup analysis are
consistent with the overall results of SMART
(21). SMART found that, among all
critically ill adults, use of balanced
crystalloids rather than saline decreased the
incidence of a MAKE30 (OR, 0.90; 95% CI,
0.82-0.99). This effect appeared to be
potentially greater among patients with
sepsis (OR, 0.80; 95% CI, 0.67-0.94) than
among patients without sepsis (OR, 0.96;
95% ClI, 0.86-1.07; P value for the test of
interaction = 0.06). The current study adds
to the overall SMART results by finding
that, among patients with sepsis, crystalloid
composition appeared to affect not only the
composite outcome of a MAKE30 but also
in-hospital mortality, vasopressor-free days,
renal replacement therapy-free days, and
other clinical outcomes. The difference in
30-day in-hospital mortality (15.7% relative
risk reduction and 4.9% absolute risk
reduction) observed with the use of
balanced crystalloids compared with saline
was consistent in numerous sensitivity
analyses and was similar to the findings of
two large, retrospective cohort studies
among patients with sepsis, which reported
relative risk reductions of in-hospital
mortality with balanced crystalloids of
14.0% (20) and 14.1% (35), respectively.

The 2016 Surviving Sepsis Campaign
Guidelines recommend using either balanced
crystalloids or saline for resuscitation of
patients with sepsis (weak recommendation,
low quality of evidence) (4). The guidelines
also suggest monitoring plasma chloride
concentration and other laboratory values to
guide crystalloid choice. The current study
directly compared balanced crystalloids to
saline among patients with sepsis, observed a
significant reduction in in-hospital mortality
with balanced crystalloids, and found that
baseline chloride and bicarbonate
concentration did not modify the effect of
study group on clinical outcomes, suggesting
that plasma chloride monitoring may have
limitations as a tool for choosing between
intravenous crystalloid solutions.

The mechanism by which balanced
crystalloids may result in better clinical
outcomes than saline remains incompletely
understood. One proposed mechanistic
pathway is that saline induces hyperchloremia,
which causes renal vasoconstriction and
inflammation, AKI, renal replacement
therapy, and death (36). However, in our
study, baseline serum chloride concentration
did not modify the effect of study group
assignment on probability of in-hospital
mortality. In addition, the effect of study
group assignment on 30-day in-hospital
mortality was larger than the effects on
plasma creatinine and AKI.

Brown, Wang, Coston, et al.: Balanced Crystalloids in Sepsis

Based on observed point estimates, the
current study found that patients with sepsis
assigned to balanced crystalloids rather than
saline appeared to receive lower doses of
vasopressors and experience lower plasma
lactate concentrations after ICU admission.
Two prior randomized trials among adults
undergoing surgery have reported lower
vasopressor requirements among patients
assigned to receive balanced crystalloids
compared with saline (37, 38). If these
effects were confirmed in future studies of
critically ill patients, additional research
focusing on whether these effects are due to
saline-associated acidosis on vasculature
(14, 18) or release of inflammatory
mediators (10, 16) could be undertaken.

The current study has several strengths.
First, the crystalloid solution to which
patients were assigned was determined by
the original trial randomization, generating
similar groups at baseline and minimizing
indication bias. Second, patients with a
diagnosis of sepsis were a prespecified
subgroup of interest in the design of the
original trial. Third, 30-day in-hospital
mortality is an objective outcome relevant to
clinicians and patients. Fourth, available
data from more than 1,600 patients allowed
greater statistical power to evaluate for a
difference in in-hospital mortality than in
any prior trial examining choice of
crystalloid among patients with sepsis.
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Figure 3. Vasopressor dose and plasma lactate concentration according to study group. The mean and 95% confidence interval (denoted by gray
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measured plasma lactate concentration for those with a measured value for the balanced crystalloids group (blue) and the saline group (red) for the first
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day is displayed for each group.

Our study also has important
limitations. First, all patients were enrolled
from a single academic center. Second, fluid
group assignment was not blinded. Third,
our primary analysis employed ICD-10
codes as a surrogate for prospective clinical
assessment of sepsis. ICD-10 codes are not
available at baseline and organ dysfunction
arising after treatment allocation may
influence ICD-10 code assignment.
However, I) agreement between this ICD-
10-based approach and physician manual
review is similar to the interrater reliability
of two-physician manual chart review (39),
2) using ICD-10 codes identified a similar
number of patients in each group with
sepsis, and 3) our results were similar in
sensitivity analyses using multiple other

methods of identifying patients with
sepsis that did not rely on ICD-10 codes.
Fourth, ventilator-free, vasopressor-free,
and renal replacement therapy-free days
are sensitive to differences in in-hospital
mortality between groups due to
competing risk. Fifth, we observed a
very large reduction in mortality with the
use of balanced crystalloids instead of
saline, particularly given the relatively
small volumes of fluids that patients
received on average, and our study is a
secondary analysis of a clinical trial from
a single site; therefore, our results are at
risk of type I error. Sixth, many
comparisons were made when looking at
secondary and exploratory outcomes
without adjustment; therefore, we did not

present P values for these outcomes and
they should be considered hypothesis-
generating.

In conclusion, in this secondary
analysis of 1,641 critically ill adults with
sepsis from a large pragmatic trial, the use of
balanced crystalloids was associated with a
lower incidence of 30-day in-hospital
mortality than saline. These results should
be viewed as hypothesis-generating. Future
research should examine the effect of
crystalloid composition on mortality in
sepsis and explore mechanisms linking
crystalloid composition to clinical
outcomes.

Author disclosures are available with the text
of this article at www.atsjournals.org.
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