Effect of Balanced Crystalloids versus Saline on Urinary Biomarkers of Acute Kidney Injury in Critically Ill Adults
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Fluids
Intravenous fluid – For the SMART study, intravenous fluid was defined as the intravenous administration of any formulation of any volume at any rate of 0.9% sodium chloride, lactated Ringer’s, Plasma-Lyte A®; 0.45% sodium chloride, 0.225% sodium chloride, dextrose in water, 20% or 5% human albumin solution, gelatins, dextrans, or hydroxyethyl starches.  This included fluid given as a bolus, fluid given as maintenance infusions, fluid given as flushes, fluid given along with IV medications (e.g., “piggy-back”, “carrier”, “chaser”, or “driver” fluid), fluid given through pressure-bag systems, fluid given as a part of thermodilution of pulmonary artery catheters, and fluid given to maintain the patency of peripheral venous access.  This did not include medication diluents or oral fluids.

Isotonic crystalloid – For the SMART study, the term isotonic crystalloid was used to refer to any of 0.9% sodium chloride, lactated Ringer’s, or Plasma-Lyte A®.  Use of the term isotonic crystalloid was intended to distinguish these three fluids from colloid solutions and from significantly hypotonic (0.45% sodium chloride) or hypertonic (3% sodium chloride) crystalloid solutions, rather than to imply that the tonicities of 0.9% sodium chloride, lactated Ringer’s, or Plasma-Lyte A® are precisely comparable to extracellular fluid.

Saline – For the SMART study, 0.9% sodium chloride was referred to as saline.

Balanced crystalloid – For the SMART study, lactated Ringer’s or Plasma-Lyte A® were referred to as balanced crystalloids.  Both lactated Ringer’s solution and Plasma-Lyte A® contain less chloride than saline (Table S1), but other differences in composition lead some clinicians to prefer one over the other for particular patients.  Allowing clinicians to select either lactated Ringer’s solution or Plasma-Lyte A® when balanced crystalloids were assigned was intended to improve compliance and emulate how balanced crystalloids are used in practice (1).  


Renal Function
Baseline creatinine – The value for baseline creatinine was determined in a hierarchical approach (1-3). The lowest plasma creatinine between 12 months and 24 h prior to hospital admission was used when available. If no such creatinine value was available, the lowest plasma creatinine value between 24 h prior to hospital admission and the time of ICU admission was used.  If no creatinine value was available between 12 months prior to hospital admission and the time of ICU admission, a baseline creatinine value was estimated using a previously-described three-variable formula [creatinine = 0.74 − 0.2 (if female) + 0.08 (if African American) + 0.003 × age (in years)] (4).

Acute kidney injury, stage II or greater – Stage II or greater acute kidney injury was defined according to Kidney Disease Improving Global Outcomes (KDIGO) creatinine criteria (5).  AKI present at enrollment (prevalent AKI) was defined as a first plasma creatinine measurement after enrollment at least 200% of the baseline value OR both (1) greater than 4.0 mg/dL and (2) increased at least 0.3 mg/dL from baseline.  AKI developing after enrollment (incident AKI) was defined as: any creatinine value between enrollment and discharge or 30 days that was (1) increased at least 0.3 mg/dL from a preceding post-enrollment value AND (2) at least 200% of the baseline value, at least 200% of a preceding post-enrollment value, or at least 4.0 mg/dL; or urine output <0.5ml/k/h for at least 12 consecutive hours; or new receipt of RRT.

Chronic kidney disease stage III or greater – Chronic kidney disease stage III or greater was defined as a glomerular filtration rate less than 60 ml/min per 1.73 m2 as calculated by the Chronic Kidney Disease Epidemiology (CKD-EPI) Collaboration equation (6) using the patient’s baseline creatinine value.

Outcomes
Major Adverse Kidney Events within 30 days (MAKE30).  The MAKE30 composite outcome (2, 3, 7, 8) was considered to have occurred when patients met one or more of the following criteria in the 30 days after ICU admission and before hospital discharge: (1) in-hospital mortality, (2) receipt of new renal replacement therapy (RRT), or (3) persistent renal dysfunction.  Patients who had received RRT prior to ICU admission were ineligible to meet the new RRT or persistent renal dysfunction criteria but remained eligible to meet criteria for in-hospital mortality.

In-hospital mortality – In-hospital mortality was defined as death from any cause prior to hospital discharge.  For calculation of secondary outcomes, in-hospital mortality was assessed 30 days after ICU admission (30-day in-hospital mortality).  

Receipt of new renal replacement therapy – Receipt of new RRT was defined as receipt of any modality of RRT between ICU admission and the first of hospital discharge or 30 days among patients not known to have received RRT prior to ICU admission.  The decision to initiate new RRT was made by treating clinicians.  The study did not specify criteria defining when new RRT should be provided.  At the study institution, the decision to initiate RRT for critically ill adults is made by a nephrology attending physician, in collaboration with the primary service caring for the patient.  Generally, this decision takes into account the patient’s pre-illness comorbidities, acute diagnoses, severity of illness, potential indications for RRT, risk for complications from initiation of RRT, trajectory of critical illness, and prior wishes regarding supportive therapy. 

Persistent renal dysfunction – Persistent renal dysfunction was defined as a final plasma creatinine value before hospital discharge (censored at 30 days after ICU admission) ≥ 200% of the baseline creatinine value (8).  
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	Urinary concentrations of both neutrophil gelatinase-associated lipocalin (NGAL), also referred to as lipocalin-2 or oncogene 24p3, and kidney injury molecule-1 (KIM-1), also referred to as hepatitis A virus cellular receptor 1 or T-cell immunoglobulin and mucin domain 1, have been demonstrated to rise rapidly in the urine of humans and rodents in response to renal tubular injury (9-12).  In a rat model of fluid-resuscitated sepsis, urine NGAL concentration in the urine was found to increase 3 hours after induction of sepsis and peak from 24 to 48 hours.  In the same study, urine KIM-1 concentration peaked at 6 hours and returned to baseline by 72 hours (12).
	The normal urine concentration of NGAL is ~20 ng/mL and prior work has suggested a cut-off value of >150 ng/ml as diagnostic of AKI (13).  In the setting of acute renal failure, human urinary NGAL levels have been found to increase 25-fold, with only slightly elevated urinary NGAL levels being found in patients with chronic renal failure (14).
KIM-1 is rarely detectable in the urine of individuals without acute or chronic renal disease (10, 11).  A study in humans found a one-unit increase in normalized KIM-1 to be strongly associated with a diagnosis of acute tubular necrosis, with a mean KIM-1 concentration (normalized to urine creatinine) of 2.92 ng/mg in patients diagnosed with ischemic acute tubular necrosis (15).
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	Using proportional odds modeling, we examined the interaction between crystalloid assignment and the following pre-specified baseline variables with respect to the primary outcome of day 2 urinary biomarker levels in the intention-to-treat population:
a. Prevalent AKI (yes, no)
b. Measured baseline creatinine (yes, no)
c. Sepsis or septic shock (yes, no)
d. APACHE score (>10, <10)
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For patients without a measured plasma creatinine between 12 months prior to hospital admission and enrollment, baseline creatinine value for the primary analysis was estimated using a previously-described three-variable formula [creatinine = 0.74 − 0.2 (if female) + 0.08 (if African American) + 0.003 × age (in years)]. (4)
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[bookmark: _Toc41558232]Table S1.  Composition of the study fluids.

	
	Sodium
	Potassium
	Calcium
	Magnesium
	Chloride
	Acetate
	Lactate
	Gluconate
	Osmolarity

	Plasma
	135–145
	4.5–5.0
	2.2–2.6
	0.8–1.0
	94–111
	
	1–2
	
	275–295

	0.9% saline
	154
	
	
	
	154
	
	
	
	308

	Lactated Ringer’s
	130
	4.0
	2.7
	
	109
	
	28
	
	273

	Plasma-Lyte A®
	140
	5.0
	
	3.0
	98
	27
	
	23
	294



All values are in mEq/L except calculated osmolarity, which is in mOsm/L.  0.9% saline is “Sodium Chloride Injection, USP”, lactated Ringer’s is “lactated Ringer’s Injection, USP”, and Plasma-Lyte A® is “Multiple Electrolyte Injection, Type 1, USP”, all from Baxter Healthcare Corporation in Deerfield, IL, USA.
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	Creatinine (mg/dl)
	KIM-1 (ng/ml)
	NGAL (ng/ml)

	Day 0 (ED presentation)
	3.24
	5.54
	8.07

	Day 2 (36 ± 12 hours after hospital admission)
	2.04
	3.53
	6.74



Coefficient of variation presented as an average percentage.  ED is emergency department.
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	Balanced
	Saline

	Comorbidity, No. (%)*
	(n = 131)
	(n = 130)

	Congestive heart failure
	16 (12%)
	12 (9%)

	Cardiac arrhythmias
	18 (14%)
	21 (16%)

	Coronary artery disease
	31 (24%)
	24 (18%)

	Hypertension
	79 (60%)
	69 (53%)

	Diabetes
	52 (40%)
	49 (38%)

	Cerebrovascular accident
	12 (9%)
	15 (12%)

	Dementia
	7 (5%)
	6 (5%)

	Chronic respiratory failure
	40 (31%)
	39 (30%)

	Solid tumor
	24 (18%)
	32 (25%)

	Leukemia or lymphoma
	7 (5%)
	7 (5%)

	Cirrhosis
	19 (15%)
	9 (7%)

	Peptic ulcer disease
	9 (7%)
	10 (8%)

	Chronic kidney disease†
	18 (14%)
	14 (11%)

	Human immunodeficiency virus
	3 (2%)
	5 (4%)

	Immunosuppression
	30 (23%)
	35 (27%)



*The Elixhauser Comorbidity Index is a method for measuring patient comorbidity based on the International Classification of Diseases (ICD) diagnosis codes (ICD-9-CM and ICD-10) found in administrative data (16, 17). There were no significant differences in baseline comorbidities between the two study groups.
†Stage 3 or greater as determined by baseline creatinine and defined as a glomerular filtration rate less than 60 ml/min per 1.73 m2 as calculated by the Chronic Kidney Disease Epidemiology (CKD-EPI) Collaboration equation using the patient’s baseline creatinine value.
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	Balanced
	Saline

	Most recent value in 12 months prior to hospitalization*
	n
	(n = 131)
	(n = 130)

	    Plasma creatinine, mg/dL 
	178
	0.89 [0.74-1.20]
	0.90 [0.72-1.16]

	
	
	
	

	First value between hospitalization and ICU admission†
	
	
	

	    Plasma sodium, mmol/L
	261
	137 [134-140]
	137 [133-139]

	    Plasma potassium, mmol/L
	261
	4.1 [3.7-4.9]
	4.2 [3.7-4.7]

	    Plasma chloride, mmol/L
	261
	101 [98-106]
	102 [98-106]

	    Plasma bicarbonate, mmol/L
	261
	22 [18-25]
	22 [18-24]

	    Plasma blood urea nitrogen, mg/dL
	261
	22 [14-32]
	19 [12-29]

	    Plasma creatinine, mg/dL
	261
	1.1 [0.8-1.7]
	1.1 [0.8-17]

	
	
	
	

	Baseline creatinine‡ – mg/dL
	261
	0.77 [0.67-0.90]
	0.78 [0.65-0.90]

	    Among patients with a value in 12 months prior§ - median [IQR], mg/dL
	178
	0.79 [0.65-0.92]
	0.72 [0.60-0.95]


Data are presented as median [25th percentile – 75th percentile]
* Most recent value in 12 months prior to hospitalization is defined as the most recent value in the time period between one year prior to hospital admission and 24 hours prior to hospital admission
† First value between hospitalization and ICU admission is defined as first value obtained after presentation to the ED.
‡ Baseline creatinine for the study is defined as the lowest plasma creatinine measured in the 12 months prior to hospitalization if available, otherwise the lowest plasma creatinine measured between hospitalization and ICU admission; using the estimated creatinine only for patients without an available plasma creatinine between 12 months prior to hospitalization and the time of ICU admission.
§ Lowest creatinine in the 12 months prior to hospitalization is defined as the lowest available plasma creatinine between 12 months and 24 hours prior to hospital admission.
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	Balanced Crystalloid
	Saline
	

	
	(n = 131)
	(n = 130)
	P value

	0.9% sodium chloride, median [IQR]; mean ± SD, mL
	
	
	

	   In the 24 hours prior to ICU admission
	0 [0 – 0]; 307 ± 787
	1000 [0 – 2000]; 1372 ± 1654
	<0.001

	   Day 0 24-hour fluid receipt
	0 [0 – 0]; 67 ± 243
	0 [0 – 1009]; 710 ± 1097
	<0.001

	   Day 1 24-hour fluid receipt
	0 [0 – 0]; 58 ± 362
	120 [0 – 1000]; 644 ± 1030
	<0.001

	   Day 2 24-hour fluid receipt
	0 [0 – 0]; 27 ± 263
	0 [0 – 110]; 288 ± 735
	<0.001

	   Cumulative volume from ICU admission through day 2
	0 [0 – 0]; 153 ± 618
	1032 [0 – 2776]; 1641 ± 1973
	<0.001

	
	
	
	

	Balanced crystalloid, median [IQR]; mean ± SD, mL
	
	
	

	   In the 24 hours prior to ICU admission
	500 [0 – 2000]; 991 ± 1189
	0 [0 – 0]; 13 ± 98
	<0.001

	   Day 0 24-hour fluid receipt
	500 [0 – 1750]; 995 ± 1262
	0 [0 –0]; 67 ± 487
	<0.001

	   Day 1 24-hour fluid receipt
	30 [0 – 1000]; 550 ± 902
	0 [0 – 0]; 90 ± 541
	<0.001

	   Day 2 24-hour fluid receipt
	0 [0 – 85]; 367 ± 992
	0 [0 – 0]; 99 ± 571
	<0.001

	   Cumulative volume from ICU admission through day 2
	1070 [5 – 3124]; 1911 ± 2277
	0 [0 – 0]; 256 ± 1499
	<0.001

	
	
	
	

	Lactated Ringer’s, median [IQR]; mean ± SD, mL
	
	
	

	   In the 24 hours prior to ICU admission
	500 [0 – 1750]; 964 ± 1147
	0 [0 – 0]; 12 ± 98
	<0.001

	   Day 0 24-hour fluid receipt
	500 [0 – 1652]; 972 ± 1248
	0 [0 – 0]; 64 ± 486
	<0.001

	   Day 1 24-hour fluid receipt
	30 [0 – 1000]; 550 ± 902
	0 [0 – 0]; 81 ± 536
	<0.001

	   Day 2 24-hour fluid receipt
	0 [0 – 60]; 359 ± 991
	0 [0 – 0]; 87 ± 562
	<0.001

	   Cumulative volume from ICU admission through day 2
	1070 [0 – 3124]; 1881 ± 2258
	0 [0 – 0]; 232 ± 1490
	<0.001

	
	
	
	

	Plasma-Lyte A®, median [IQR]; mean ± SD, mL
	
	
	

	   In the 24 hours prior to ICU admission
	0 [0 – 0]; 27 ± 199
	0 [0 – 0]; 1 ± 13
	0.31

	   Day 0 24-hour fluid receipt
	0 [0 – 0]; 23 ± 195
	0 [0 – 0]; 4 ± 44
	0.56

	   Day 1 24-hour fluid receipt
	0 [0 – 0]; 0 ± 0
	0 [0 – 0]; 9 ± 81
	0.15

	   Day 2 24-hour fluid receipt
	0 [0 – 0]; 8 ± 87
	0 [0 – 0]; 12 ± 108
	0.56

	   Cumulative volume from ICU admission through day 2
	0 [0 – 0]; 31 ± 213
	0 [0 – 0]; 24 ± 191
	0.71


Fluid in the 24 hours prior to ICU admission includes fluid ordered in the emergency department but does not include fluid ordered prior to arrival to the study institution.  Cumulative volume of fluid ordered from ICU admission through day 2 includes fluid ordered both in the intensive care unit (ICU) and after transfer out of the ICU.  Balanced crystalloid includes lactated Ringer’s and Plasma-Lyte A®.  
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	Balanced Crystalloid
	Saline
	

	
	(n = 131)
	(n = 130)
	P value

	Hypotonic crystalloid, median [IQR]; mean ± SD, mL
	
	
	

	   In the 24 hours prior to ICU admission
	0 [0 – 0]; 11 ± 63
	0 [0 – 0]; 1 ± 7
	0.10

	   Day 0 24-hour fluid receipt
	0 [0 – 0]; 39 ± 180
	0 [0 – 0]; 75 ± 345
	0.93

	   Day 1 24-hour fluid receipt
	0 [0 – 0]; 55 ± 288
	0 [0 – 0]; 48 ± 234
	0.99

	   Day 2 24-hour fluid receipt
	0 [0 – 0]; 0 ± 0
	0 [0 – 0]; 13 ± 102
	0.08

	   Cumulative volume from ICU admission through day 2
	0 [0 – 0]; 94 ± 397
	0 [0 – 0]; 136 ± 525
	0.93



Hypotonic Crystalloid includes 0.45% sodium chloride, 0.225% sodium chloride, and dextrose in water. 
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	Balanced
	Saline
	

	Laboratory value
	(n = 131)
	(n = 130)
	P value

	Plasma sodium, mmol/L
	
	
	

	   Day 0 
	137 [134 – 140]
	137 [133 – 139]
	0.22

	   Day 1
	138 [135 – 140]
	137 [134 – 139]
	0.23

	   Day 2
	138 [136 – 140]
	137 [135 – 139]
	0.083

	   Day 3
	138 [135 – 140]
	138 [135 – 140]
	0.64

	
	
	
	

	Plasma potassium, mmol/L
	
	
	

	   Day 0
	4.1 [3.7 – 4.9]
	4.2 [3.7 – 4.7]
	0.85

	   Day 1
	4.0 [3.6 – 4.5]
	4.1 [3.7 – 4.5]
	0.44

	   Day 2
	3.8 [3.6 – 4.3]
	3.9 [3.5 – 4.3]
	0.78

	   Day 3
	3.8 [3.5 – 4.2]
	3.8 [3.4 – 4.1]
	0.81

	
	
	
	

	Plasma chloride, mmol/L
	
	
	

	   Day 0
	101 [98 – 106]
	102 [98 – 106]
	0.53

	   Day 1
	104 [101 – 108]
	107 [103 – 100]
	0.002

	   Day 2
	104 [100 – 107]
	107 [102 – 110]
	<0.001

	   Day 3
	103 [100 – 107]
	105 [102 – 108]
	0.01

	
	
	
	

	Plasma bicarbonate, mmol/L
	
	
	

	   Day 0
	22 [18 – 25]
	22 [18 – 24]
	0.73

	   Day 1
	23 [19 – 26]
	21 [18 – 23]
	<0.001

	   Day 2
	24 [21 – 26]
	22 [19 – 24]
	<0.001

	   Day 3
	24 [22 – 27]
	23 [ 20 – 26]
	0.026



Data are presented as median [25th percentile – 75th percentile]
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	Variable
	Odds Ratio
	95% CI
	P value

	Study Group (Balanced crystalloids : Saline)
	0.47
	0.30 – 0.72
	<0.001

	Age, years
	1.22
	0.89 – 1.66
	0.22

	Sex (Female : Male)
	2.15
	1.38 – 3.34
	<0.001

	Race (Non-White : White)
	1.18
	0.65 – 2.14
	0.59

	Mechanical Ventilation (Yes : No)
	0.85
	0.46 – 1.57
	0.60

	Vasopressor Receipt (Yes : No)
	1.44
	0.59 – 3.55
	0.43

	Sepsis or Septic Shock (Yes : No)
	3.33
	1.88 – 5.88
	<0.001



This table presents the results of an intention-to-treat comparison of the co-primary outcome of urinary NGAL level 36 ± 12 hours after hospital admission between the balanced crystalloid and saline groups using a proportional odds model with covariates for group assignment, age, sex, race, mechanical ventilation, vasopressor receipt, and diagnosis of sepsis.  In this analysis of a non-parametrically distributed continuous outcome using a proportional odds model, an odds ratio below 1.0 corresponds to a probability of lower NGAL concentration in the balanced crystalloid group compared with the saline group.
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	Variable
	Odds Ratio
	95% CI
	P value

	Study Group (Balanced crystalloids : Saline)
	1.25
	0.81 – 1.91
	0.31

	Age, years
	1.42
	1.04 – 1.94
	0.03

	Sex (Female : Male)
	0.89
	0.58 – 1.37
	0.60

	Race (Non-White : White)
	0.45
	0.25 – 0.81
	0.01

	Mechanical Ventilation (Yes : No)
	0.78
	0.42 – 1.45
	0.43

	Vasopressor Receipt (Yes : No)
	0.89
	0.37 – 2.13
	0.80

	Sepsis or Septic Shock (Yes : No)
	1.96
	1.12 – 3.33
	0.02



This table presents the results of an intention-to-treat comparison of the co-primary outcome of urinary KIM-1 level 36 ± 12 hours after hospital admission between the balanced crystalloid and saline groups using a proportional odds model with covariates for group assignment, age, sex, race, mechanical ventilation, vasopressor receipt, and diagnosis of sepsis.  In this analysis of a non-parametrically distributed continuous outcome using a proportional odds model, an odds ratio above 1.0 corresponds to a probability of higher KIM-1 concentration in the balanced crystalloid group compared with the saline group.
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	Variable
	Odds Ratio
	95% CI
	P value

	Study Group (Balanced crystalloids : Saline)
	0.90
	0.39 – 2.05
	0.80

	Age, years
	1.02
	0.99 – 1.04
	0.16

	Sex (Male : Female)
	1.13
	0.5 – 2.53
	0.78

	Race (Non-White : White)
	0.40
	0.15 – 1.06
	0.07

	Mechanical Ventilation (Yes : No)
	1.44
	0.42 – 4.95
	0.56

	Vasopressor Receipt (Yes : No)
	0.19
	0.04 – 0.81
	0.015

	Sepsis or Septic Shock (Yes : No)
	1.89
	0.54 – 6.58
	0.27



This table presents the results of an intention-to-treat comparison of the primary outcome of Major Adverse Kidney Events within 30 days (MAKE30) between the balanced crystalloid and saline groups using a logistic regression model with covariates of group assignment, age, sex, race, mechanical ventilation, vasopressor receipt, and diagnosis of sepsis. All components of the MAKE30 composite outcome were censored at the time of hospital discharge.
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	Balanced
(n=131)
	Saline
(n=130)
	P value

	Highest stage of incident AKI by KDIGO criteria, No (%)
	
	
	0.18

	    None
	33 (25)
	47 (37)
	

	    Stage I
	47 (36)
	33 (26)
	

	    Stage II
	28 (22)
	27 (21)
	

	    Stage III
	22 (17)
	21 (16)
	



In this post-hoc analysis, the highest stage of acute kidney injury (AKI) developing between enrollment and the first of hospital discharge or 30 days is compared between study groups.  Incident AKI is defined using Kidney Disease Improving Global Outcomes (KDIGO) creatinine criteria (5) or study day urine output as follows: 
· Stage I AKI is defined as a plasma creatinine value that is increased ≥ 0.3 mg/dL from a prior post-enrollment value and either 1.5-1.9 times greater than baseline or 1.5-1.9 times greater than the lowest prior on-study value; or urine output <0.5ml/kg/h for at least 6 consecutive hours; 
· Stage II AKI is defined as a creatinine value that is increased ≥ 0.3 mg/dL from a prior post-enrollment value and either 2.0-2.9 times greater than baseline or 2.0-2.9 times greater than the lowest prior post-enrollment value; or urine output <0.5ml/kg/h for at least 12 consecutive hours; and 
· Stage III AKI is defined as receipt of new RRT or a creatinine value that is increased ≥ 0.3 mg/dL from a prior post-enrollment value and either ≥ 3.0 times greater than baseline, ≥ 3.0 times greater than the lowest prior post-enrollment value, or ≥ 4.0 mg/dL; or urine output <0.3mg/kh/h for at least 24 hours or anuria for 12 or more hours; or new RRT.
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[bookmark: _Toc41558244]Figure S1.  Study group assignment during the trial.  
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The cohort for the current study included all patients co-enrolled in SMART and the Vanderbilt University Emergency Medicine Biomarkers Study who were admitted from the emergency department and remained in the medical intensive care unit at 36 hours after admission between February 15 2016 and July 15 2016.








[bookmark: _Toc41558245]Figure S2.  Flow of participants through the trial.  
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[bookmark: _Toc41558246]Figure S3.  Urinary biomarker levels at ED presentation and 36 hours.  
The median (horizontal bar), interquartile range (colored box), 95% confidence interval (dashed line) for urinary NGAL and KIM-1 concentration at time of emergency department presentation (Day 0, 111 patients) and 36 hours after hospital admission (Day 2, 261 patients) scaled to urinary creatinine concentration are displayed for patients in the balanced crystalloid group and saline group. 
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