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Abstract

Rationale: Currently, no safe and effective pharmacologic interventions
exist for acute kidney injury (AKI). One reason may be that heterogeneity
exists within the AKI population, thereby hampering the identification
of specific pathophysiologic pathways and therapeutic targets.

Objective: The aim of this study was to identify and test whether AKI
subphenotypes have prognostic and therapeutic implications.

Methods: First, latent class analysis methodology was applied
independently in two critically ill populations (discovery [n = 794] and
replication [n = 425]) with AKI. Second, a parsimonious classification
model was developed to identify AKI subphenotypes. Third, the
classification model was applied to patients with AKI in VASST
(Vasopressin and Septic Shock Trial; # = 271), and differences in
treatment response were determined. In all three populations, AKI was
defined using serum creatinine and urine output.

Measurements and Main Results: A two-subphenotype latent
class analysis model had the best fit in both the discovery (P = 0.004)
and replication (P = 0.004) AKI groups. The risk of 7-day renal

nonrecovery and 28-day mortality was greater with AKI
subphenotype 2 (AKI-SP2) relative to AKI subphenotype 1 (AKI-
SP1). The AKI subphenotypes discriminated risk for poor clinical
outcomes better than the Kidney Disease: Improving Global
Outcomes stages of AKI. A three-variable model that included
markers of endothelial dysfunction and inflammation accurately
determined subphenotype membership (C-statistic 0.92). In VASST,
vasopressin compared with norepinephrine was associated with
improved 90-day mortality in AKI-SP1 (27% vs. 46%, respectively; P
=0.02), but no significant difference was observed in AKI-SP2 (45%
vs. 49%, respectively; P = 0.99) and the P value for interaction was
0.05.

Conclusions: This analysis identified two molecularly distinct

AKI subphenotypes with different clinical outcomes and

responses to vasopressin therapy. Identification of AKI subphenotypes
could improve risk prognostication and may be useful for predictive
enrichment in clinical trials.

Keywords: acute kidney injury; endothelial dysfunction; mortality;
subphenotypes
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At a Glance Commentary

Scientific Knowledge on the
Subject: Acute kidney injury (AKI),
as currently clinically defined, is
caused by a heterogeneous set of
pathophysiologic processes and is
associated with variable outcomes. It is
unknown whether this heterogeneity
can be parsed into clinical
subphenotypes with differing
underlying biology, risk for clinical
outcomes, and response to therapies.

What This Study Adds to the
Field: This study identified two novel
AKI subphenotypes independently in
two critically ill populations. To ease
future subphenotype identification, a
three-variable model was developed.
This model was applied to patients

in VASST (Vasopressin and Septic
Shock Trial), and the identified AKI
subphenotypes had a differential
response to the addition of vasopressin
relative to norepinephrine therapy.
Identification of AKI subphenotypes
could improve risk prognostication
and may be useful for predictive
enrichment, such that a patient’s AKI
subphenotype status could inform the

Vasopressor response.

Acute kidney injury (AKI) occurs
commonly in the ICU (1) and is associated
with increased morbidity and mortality (2,
3). Currently, no specific safe and effective
therapeutic interventions exist for AKI
other than supportive care and renal
replacement therapy (RRT) (4).

One reason for this may be that
heterogeneity exists within the AKI
patient population as currently defined,
thereby hampering the identification of
specific pathophysiologic pathways

and therapeutic targets. The Kidney
Disease: Improving Global Outcomes
(KDIGO) consensus group defines AKI as
an increase in serum creatinine (SCr) of
=0.3 mg/dl or >50% of baseline

within a 48-hour period (4).

This classification system has standardized
the identification of AKI. However,

this system is imprecise and

does not address the diversity of the
underlying pathophysiology and outcomes
of AKI (5).

864

In other heterogeneous clinical
syndromes, such as acute respiratory
distress syndrome (ARDS) and asthma,
identification of subphenotypes has led to an
improved understanding of pathogenesis
and the development of precision
medicine approaches (6-9). A
subphenotype is a class within a population
of individuals with a disease or syndrome
who share clinical and physiological
characteristics. We hypothesize that latent,
currently unknown subgroups exist within
the AKI phenotype that are biologically
distinct, have different risks for adverse
clinical outcomes, and respond differently
to therapeutics.

In this study, we used clinical variables
and circulating levels of biomarkers to
identify and replicate AKI subphenotypes
via a latent class analysis (LCA) approach in
two independent ICU populations. We
selected circulating biomarkers confined to
the endothelium or inflammation/apoptosis
pathways to include in the LCA
modeling. We examined the associations
between AKI subphenotypes and clinical
outcomes, and developed a parsimonious
classification model to facilitate the
identification of these subphenotypes early
after ICU admission. Next, we applied the
AKI subphenotype classification model to
patients in VASST (Vasopressin and Septic
Shock Trial), and determineed whether
these subphenotypes responded differently
to norepinephrine alone versus
norepinephrine and vasopressin (10). Some
of the results of this study have been
previously reported in the form of an
abstract (11).

Methods

Patient Population

To identify AKI subphenotypes, we
performed a secondary analysis of two
prospectively collected ICU data sets. The
discovery group consisted of 794 patients
enrolled at Harborview Medical Center
(Seattle, WA) who had been admitted to an
ICU with systemic inflammatory response
syndrome and suspected infection (12).
The replication group (n =425) was
assembled as part of a genome-wide
association study of risk for ARDS (Table
El in the online supplement). Sepsis was
the inciting renal insult for the majority of
patients in both groups. In VASST, patients
with septic shock who were receiving a

minimum of 5 pg of norepinephrine per
minute were randomized to receive either
low-dose vasopressin (0.01-0.03 U/min) or
norepinephrine (5-15 pg/min) in addition
to open-label vasopressors. A random
subset of patients from VASST (n =328)
had Ang-1 (angiopoietin-1), Ang-2, and
IL-8 measured at study enrollment and
received study drug infusion (13). In all
cohorts, patients requiring dialysis before
admission were excluded. Each cohort’s
local institutional review board approved
the study.

In the discovery and replication groups,
AKI was defined as an increase in SCr of
=0.3 mg/dl or 50% from the lowest SCr
value within 48 hours of study enrollment
or daily urine output of <0.5 ml/kg/h
within 48 hours of study enrollment.
Patients with AKI were then staged based
on SCr and urine output thresholds (14). In
VASST, because patients were randomized
early after study enrollment, a stepwise
method was used to determine AKI. In
patients without known chronic renal
disease, the baseline SCr was back
calculated using the Modification of Diet in
Renal Disease (MDRD) equation assuming
a baseline estimated glomerular filtration
rate of 75 ml/min/1.73 m? (15). In patients
with known chronic renal disease, the
lowest SCr before randomization was used
to the estimate the baseline SCr. In all
patients, urine output data obtained within
the 6 hours before randomization were also
used to define AKI.

Previous studies have shown that the
MDRD equation may overestimate the
incidence of AKI (16). In a sensitivity
analysis, we also defined AKI based on a
change in SCr or urine output over the first
48 hours of the study. The majority of
patients were classified with AKI using
either definition (78%), with the
definition using the MDRD equation
being more inclusive (n =261)
compared with the change in SCr over
48 hours (n =225).

The primary outcomes were mortality
after ICU admission (at 28 or 90 d). Because
all populations included critically ill subjects
with high rates of death, the secondary
outcome of 7-day renal nonrecovery
accounted for competing risk. The
composite outcome of 7-day renal
nonrecovery was defined as death, incident
dialysis, or lack of resolution of AKI (return
of SCr to within 0.3 mg/dl of baseline) by
Day 7 (17). In the replication group, the
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timing of incident dialysis was not
available.

Statistical Analysis

Baseline clinical data and biomarker
levels hypothesized to be involved in

the development of AKI were considered
as subphenotype-defining variables

in the LCA model (18, 19). Plasma
biomarkers involved in two pathways—
endothelial activation/dysfunction and
inflammation/apoptosis—were measured.
The list of clinical variables and molecular
markers were decided a priori based

on literature supporting their role in the
development in AKI (14, 19-22).

All molecular markers were collected
within 24 hours after AKI diagnosis
(Table E2).

We applied LCA to the discovery
and replication groups independently.
Subphenotype classification was conducted
without inclusion of clinical outcomes.
We used the Vuong-Lo-Mendell-Rubin
(VLMR) likelihood ratio test (tests whether
n class is a better model than n — 1 class) as
our primary test for model fit based on
prior reports (23). We also considered
additional criteria, including the
Bayesian Information Criteria (lower
values suggest model parsimony), the
entropy statistic (a measure of

class separation, with optimal values
greater than 0.8), class interpretability
(the extent to which additional classes
provided unique information), and class
prevalence (preferring classes with at
least 15% of the sample for improved
replicability) (24).

The following analytical steps were
completed: first, AKI subphenotypes were
tested for associations with clinical
outcomes, adjusting for Acute Physiology
and Chronic Health Evaluation (APACHE)
I1I scores and KDIGO stage within 48 hours
of study enrollment. Second, Least Absolute
Shrinkage and Selection Operator (LASSO)
(25) was used to develop a classification
model to identify subphenotype
membership. Third, a Youden index, which
maximizes sensitivity and specificity, was
identified in the discovery group and
carried forward to the replication group.
Fourth, the AKI classification model
was applied to VASST. Fifth, relative
risk regression was used to determine
risk for clinical outcomes in VASST
by AKI subphenotypes, adjusting for
APACHE I scores (measured in the
24 hours before randomization) and baseline
norepinephrine dose before randomization.
Additional details regarding the methods
used in this work can be found in the online
supplement.

Table 1. Clinical Characteristics of the Discovery and Replication Groups

Results

LCA: Identification of AKI
Subphenotypes in the Discovery and
Replication Groups

The clinical characteristics of patients

with AKI in the discovery (n=794) and
replication (n =425) groups are presented
in Table 1. In the LCA models, a similar
set of 29 different variables was used
(Figure 1). Table E3 provides a summary of
the model fits for two to four classes. In
both groups, the VLMR test indicated

that a two-class model was a significant
improvement over a one-class model
(discovery P =0.004; replication P =0.004).
The three- and four-class models did not
significantly increase the explanatory power
of class identification in either group. In the
two-class model, the average latent class
probabilities for class designation

ranged from 0.96 to 0.98 within both
groups, indicating very strong probabilities
for class assignment. We labeled the
two-class model AKI subphenotype 1
(AKI-SP1) and AKI subphenotype 2
(AKI-SP2).

To determine whether these
subphenotypes were specific to the AKI
population, LCA was completed in patients
without AKI from the discovery population
(n=459). The population without AKI had

Baseline demographics
Age, yr
Male
Race
White
Comorbidities
Diabetes mellitus
Cirrhosis
ICU events
Sepsis-3
Vasopressors
Laboratory values
Lowest sodium blcarbonate mEag/L
Lowest platelets, 10%/L
Maximum serum creatinine, mg/dl
Biomarker concentrations
Ang-2/Ang-1
sTNFR-1, pg/ml
IL-8, pg/ml
Primary outcome
28-d mortality

Discovery (n =794)

Replication (n =425)

VASST (n =256)

55+ 16 57+ 18 60+ 16
520 (65) 249 (59) 152 (59)
575 (77) 425 (100) 232 (91)
238 (30) 112 (27) 62 (26)
75 (9) 20 (5) 18 (7)
561 (71) 310 (73) 256 (100)
232 (29) 237 (56) 256 (100)
20+ 6 20=5 18+8
176 = 106 158 + 102 65 = 106
21+22 24+16 29+17
4 (1-15) 21 (6-77) 6 (2-11)
10,151 (5,926-17,079) 14,368 (8,504-23,731) —
14 (6-34) 23 (12-54) 48 (20-148)
111 (14) 93 (22) 87 (34)

Definition of abbreviations: Ang-2/Ang-1 = angiopoietin-2/angiopoietin-1; sTNFR-1 = soluble tumor necrosis factor receptor 1; VASST = Vasopressin and

Septic Shock Trial.

Continuous variables are expressed as mean = SD or median (25th-75th percentile). Categorical variables are expressed as n (%). All variables were

collected at the time of study enrollment.
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lower severity-of-illness scores, lower SCr
values (average 0.9 mg/dl), and lower
plasma biomarker concentrations than
the AKI population in the discovery
group (Table E4). Even though the

same set of variables was used in the
modeling, LCA did not identify a
multiclass model that provided a better
fit than a one-class model in this
population without AKI (Table E5). We
then addressed the possibility that
collinearity of variables was influencing
class separation. After exclusion of
collinear variables based on a
conservative Pearson’s pairwise correlation

866
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Figure 1. (A and B) Heat map of the standardized values of each variable by acute kidney injury (AKI) subphenotype for the discovery (A) and replication
(B) groups. The variables are sorted based on the degree of separation between AKI subphenotypes, from maximum values with AKI subphenotype 2
(AKI-SP2) at the top to maximum values for AKI-SP1 at the bottom. Variables were standardized by scaling all means to zero, with SD = 1. A variable of 1+
for the standardized variable signifies that the mean value for a given AKI subphenotype was an entire SD higher than the mean value for the population as
a whole in that group (discovery or replication).

Discovery Replication
AKI-SP1 AKI-SP2 AKI-SP1 AKI-SP2
Ang-2/Ang-1 Ang-2/Ang-1
sTNFR-1 sTNFR-1
Ang-2 Ang-2
sFas IL-8
sVCAM IL-6
IL-6 G-CSF
Serum Creatinine Vasopressors
Vasopressors Serum Creatinine
o |IL-8 o |sFas
) o
5 |G-CSF 5 |sVCAM
'g Sepsis 'g ARDS
¢>n Mechanical Ventilation 3 Cirrhosis
g Cirrhosis E Sepsis
g ARDS E Mechanical Ventilation
< [ Pneumonia < | Caucasian
@ [WBC @ [WBC
O |Diabetes Mellitus O | Urinary Tract Infection
£ |Body Mass Index £ [Male
E Caucasian E Pneumonia
Age Age
Male Hematocrit
Surgery Body Mass Index
Sodium Diabetes Mellitus
Urinary Tract Infection Urine Output
Urine Output Surgery
Hematocrit Sodium
Platelets Ang-1
Sodium Bicarbonate Platelets
Ang-1 Sodium Bicarbonate

threshold > 0.5, a two-class model

Heat Map Legend (standardized values)

characterized by worse renal

continued to best fit the data. Less than 2%  function, higher rates of sepsis, vasopressor

of patients changed class assignment

(Tables S6).

Clinical and Biological
Characteristics of AKI
Subphenotypes
In both groups, multiple clinical and
biological variables differentiated AKI-SP1 ~ sodium bicarbonate, IL-6, and IL-8) were

use, and ARDS (Table 2). AKI
subphenotypes did not differ by age, sex,
or body mass index, but markers of
endothelial activation (plasma Ang-1,
Ang-2, and platelet concentrations) and
inflammation (plasma sTNFR-1

[soluble tumor necrosis factor receptor 1],

from AKI-SP2. Figure 1 provides a heat markedly different between AKI-SP1 and

map of the variables included in the LCA  AKI-SP2. Overall, the characteristics of
modeling, sorted by the degree of

AKI-SP1 and AKI-SP2 were consistent

separation between the subphenotypes. between the discovery and replication

Compared with AKI-SP1, AKI-SP2 was groups.

American Journal of Respiratory and Critical Care Medicine Volume 199 Number 7 | April 1 2019



Table 2. Patient Characteristics and Outcomes Based on AKI Subphenotypes in the Discovery and Replication Populations

Discovery Replication
AKI-SP1 AKI-SP2 P Value AKI-SP1 AKI-SP2 P Value
Subjects 462 332 — 268 157 —
Age, yr 55+ 16 55+ 16 0.80 57 +18 57 +18 0.95
Male 296 (65) 224 (66) 0.62 164 (61) 104 (39) 0.15
Race
White 331 (76) 244 (78) 0.57 268 (100) 157 (100) —
Comorbidities
Diabetes mellitus 129 (28) 109 (32) 0.21 72 (27) 40 (26) 0.73
Cirrhosis 8 (2 67 (20) <0.01 6 (2) 14 (9) <0.01
Chronic kidney disease 31 (7) 70 (21) <0.01 — — —
ICU events*
APACHE Ill scores 47 = 21 72 +29 <0.01 74 =24 111+ 26 <0.01
SOFA Day 1 scores 3+23 7+3.0 <0.01 8+2 11+3 <0.01
Sepsis-3 257 (46) 304 (54) <0.01 178 (66) 132 (84) <0.01
Acute respiratory 43 (9) 74 (22) <0.01 107 (40) 103 (66) <0.01
distress
syndrome
Vasopressors 66 (14) 166 (49) <0.01 113 (42) 124 (79) <0.01
Mechanical ventilation 286 (63) 280 (83) <0.01 198 (74) 134 (85) <0.01
KDIGO class 2 + 3 84 (19) 121 (36) <0.01 48 (18) 45 (29) <0.01
24-h urine output, ml 1,555 (910-2,565) 1,225 (486-2,089) <0.01 1,680 (1,140-2,665) 1,199 (563-2,050) <0.01
ICU laboratory values*
Maximum white blood 14+7 16 =10 <0.01 16+ 8 17 £183 <0.01
cell count, 10%/L
Low hematocrit, % 30+6 31+6 0.77 30+6 31+6 0.77
Low sodium, mEg/L 137 =6 1355 <0.01 137 =6 1355 <0.01
Low albumin, g/d| 24+0.6 22=*07 <0.01 24+0.6 22+07 <0.01
Low platelets, 10%/L 184 =101 85+75 <0.01 184 =101 85+75 <0.01
Low sodium 22+5 17+5 <0.01 22+5 17+5 <0.01
bicarbonate,
mEg/L
Maximum serum 1.4+0.8 3.1+x29 <0.01 1914 3.1+17 <0.01
creatinine, mg/dl
Biomarker concentrations
Ang-2/Ang-1 ratio 1.4 (0.7-3.2) 18.1 (8.2-53.9) <0.01 9.4 (3.3-25.5) 87.1 (35.7-266.1) <0.01
sTNFR-1, pg/ml 6,798 (4,701-10,108) 18,772 (12,663-30,889) <0.01 10,581 (6,828-15,742) 25,815 16,084-36,211) <0.01
IL-8, pg/ml 10 (5-21) 22 (12-55) <0.01 16 (10-26) 60 (28-149) <0.01
Discovery Replication
AKI-SP1 AKI-SP2 RR (95% CI)t P Value AKI-SP1 AKI-SP2 RR (95% CI)T P Value
Clinical outcomes
7-d renal nonrecovery 16 (3) 78 (23) 4.4 (2.5-7.9) <0.001 66 (25) 72 (46) 1.6 (1.1-2.2) 0.006
28-d mortality 28 (6) 83 (25) 2.5 (1.6-4.1) <0.001 36 (13) 57 (36) 2.2 (1.3-3.5) 0.002

Definition of abbreviations: AKI-SP1/2 = acute kidney injury subphenotype 1/2; Ang-2/Ang-1 = angiopoietin-2/angiopoietin-1; APACHE Ill = Acute

Physiology and Chronic Health Evaluation Ill; Cl = confidence interval; KDIGO = Kidney Disease: Improving Global Outcomes; RR = relative risk; SOFA =
sequential organ failure assessment; sTNFR-1 = soluble tumor necrosis factor receptor 1.
*All ICU events and ICU laboratory values are the maximum or minimum value within 48 hours of study enrollment. Data are shown as mean =+ SD, n (%),

or median (interquartile range), as appropriate.

Relative risk estimates for AKI-SP2 compared with AKI-SP1 were adjusted for APACHE Il scores and KDIGO stage of AKI.

Association of AKI Subphenotypes
with Clinical Outcomes

The risk of 28-day mortality was greater
with AKI-SP2 relative to AKI-SP1, adjusting
for APACHE III scores and KDIGO stages
of AKI on study enrollment (discovery:
adjusted relative risk [aRR], 2.5 [95% CI,
1.6-4.1]; replication: aRR, 2.2 [95% CI,

1.3-3.5]) (Table 2). Similar results were
obtained after adjusting for sequential
organ failure assessment (SOFA) scores
and KDIGO stages of AKI (Table E9).
The adjusted risk of 7-day renal
nonrecovery was also significantly greater
with AKI-SP2 than with AKI-SP1
(discovery: aRR, 4.4 [2.5-7.9]; replication:

Bhatraju, Zelnick, Herting, et al.: Identification of Novel AKI Subphenotypes

aRR, 1.6 [1.1-2.2]) (Table 2). Furthermore,
the AKI subphenotypes better separated
risk for renal specific outcomes than the
KDIGO stage of AKI (Table E10).

Classification of AKI Subphenotypes
Next, LASSO regression was used to identify
a parsimonious set of variables that could
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Table 3. Classification Model Performance for AKI Subphenotype Membership in Both Groups

AKI Subphenotype Classification Model

Ang-2/Ang-1 + sTNFR-1, C-statistic (95% CI)*

Sensitivity

Specificity

Positive predictive value

Negative predictive value

Ang-2/Ang-1 + IL-8, C-statistic (95% CI)’

Sensitivity

Specificity

Positive predictive value

Negative predictive value

Discovery (Split 60/40)

Derivation

(n =476) (n=318)

0.98 (0.97-0.99)

Internal Validation

0.97 (0.96-0.99)

Replication: External Validation
(n =425)

0.93 (0.91-0.95)

0.90 0.90 0.86
0.95 0.95 0.83
0.92 0.94 0.75
0.93 0.92 0.91
0.95 (0.94-0.97) 0.95 (0.92-0.97) 0.92 (0.89-0.94)
0.88 0.90 0.88
0.87 0.84 0.76
0.82 0.82 0.68
0.92 0.91 0.91

Definition of abbreviations: AKl =acute kidney injury; Ang-2/Ang-1 = angiopoietin-2/angiopoietin-1; Cl = confidence interval; sSTNFR-1 = soluble tumor

necrosis factor receptor 1.

*Least Absolute Shrinkage and Selection Operator regression was used for classification model development. The “gold standard” for AKI subphenotype
was assignment by latent class analysis. Youden’s index threshold, which maximizes sensitivity and specificity, was chosen in the derivation group. This
threshold was then carried forward to the internal and external validation groups.

"The modified AKI classification model was developed substituting IL-8 for STNFR-1.

discriminate AKI subphenotypes. The “gold
standard” for AKI subphenotype was
assignment by LCA. The ratio of plasma
Ang-2/Ang-1 and sTNFR-1 concentrations
resulted in a classification model with a
high C-statistic, =0.93 (Table 3). The
inclusion of any additional variable to the
classification model did not significantly
improve the C-statistic (P=0.11). The
Youden’s index of the three-variable
classification model derived in the
discovery group accurately predicted AKI
subphenotypes in the replication group
(positive predictive value 0.72 and negative
predictive value 0.93). The classification
model was well calibrated (Figure E2). The
biomarkers included in the three-variable
classification model improved the
prediction of clinical outcomes, potentially
demonstrating the importance of
Ang-2/Ang-1 and sTNFR-1 in risk
prognostication in AKI (Tables E11 and
E12).

AKI subphenotypes classified by
the three-variable classification model
had similar risks of death and poor
renal outcomes compared with AKI
subphenotypes classified by LCA (Table
E13). A modified version of the classification
model was developed, replacing IL-8 with
STNFR-1, as sTNFR-1 was not available in
VASST. The modified classification model
discriminated AKI subphenotypes well
(C-statistic = 0.92 in the populations) and
was not significantly different from the
LASSO-developed model.

868

AKI Subphenotype Response to
Vasopressin
In VASST, a subset of 328 patients had IL-8,
Ang-1, and Ang-2 measured, and among
these patients, 271 had AKI (Table 1).
Characteristics and related outcomes
in the subset were representative of
VASST overall. The mean age was 60 years,
23% had diabetes mellitus, 12% had
chronic kidney disease, and the median
APACHE II score was 27. The adjusted
risk of 28-day or 90-day mortality did not
differ significantly by treatment group,
consistent with the original study results
(P=0.45 and P =0.14, respectively).
A three-variable classification model
(Ang-1, Ang-2, and IL-8) classified
113 patients as AKI-SP1 and 148 as
AKI-SP2 (Table 4). In AKI-SP1, early
addition of vasopressin compared with
norepinephrine alone was associated
with improved 90-day mortality (27%
vs. 46%, respectively; P =0.02), but
in AKI-SP2, vasopressin showed no
significant treatment difference (45%
vs. 49%, respectively; P =0.99) (Table 4).
A test for interaction between AKI
subphenotypes and vasopressin for
90-day mortality resulted in a P value
of 0.05. Vasopressin was also associated
with a differential risk of 28-day
mortality, although the test for
interaction did not achieve statistical
significance (P =0.11)

We performed a sensitivity analysis to
determine whether differences in severity of

illness might be driving the differential
response between AKI subphenotypes.
There was no interaction between APACHE
II score (as a continuous variable or

when dichotomized about the median)

and vasopressin for 90-day mortality
(P=0.75 and P =0.77, respectively). We also
tested whether expanding the window of
time for defining AKI to within 48 hours of
study enrollment would change our results.
We continued to find that vasopressin was
beneficial among patients classified

as AKI-SP1, but not in those classified as
AKI-SP2 (Table E14).

Discussion

Current classification systems for AKI rely
exclusively on SCr and urine output, and the
classes defined by these systems show
heterogeneity in biology (26), recovery
patterns (27), and subsequent

outcomes (28). In contrast, the application
of LCA to a panel of 29 clinical and
biomarker variables in two critically ill AKI
populations identified two novel AKI
subphenotypes with differing risks for
clinical outcomes. In addition, the
strength of association for poor renal
outcomes was greater with AKI
subphenotypes than the KDIGO stage of
AKI within 48 hours after ICU admission.
A parsimonious classification model that
included markers of endothelial
dysfunction (Ang-2/Ang-1) and
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Table 4. Clinical Characteristics Based on AKI Subphenotypes in VASST

AKI-SP1 AKI-SP2 P Value
Subjects 113 143
Baseline demographics
Age, yr 61+16 59+ 16 0.29
Male 72 (64) 80 (56) 0.21
Race
White 107 (95) 125 (87) 0.13
Comorbidities
Diabetes mellitus 27 (27) 35 (26) 0.92
Chronic kidney disease 5 (5) 21 (15) 0.01
ICU events*®
Baseline norepinephrine, png/min 9+13 14 £ 22 0.01
APACHE Il 25+7 307 <0.01
Low platelets, 10%/L 232 £130 133 =94 <0.01
Low bicarbonate, mEg/L 20+9 18+ 8 0.02
Urine output, ml/kg/h 1.3%£13 1.3x26 0.45
Laboratory values
Maximum serum creatinine, mg/dl 26*+1.9 32x1.5 <0.01
Biomarkers
Ang-2/Ang-1 2 (0.7-2.8) 10 (7-16) <0.01
IL-8, pg/ml 23 (13-47) 106 (49-345) <0.01
AKI-SP1 AKI-SP2
RR
Norepinephrine Vasopressin  RR (95% CI) P Value Norepinephrine Vasopressin 95% CN)t P Value

Clinical outcomes

7-d renal 24 (46) 23(38)  0.80 (0.51-1.25) 0.32 44 (63)
nonrecovery

28-d mortality 16 (31) 11 (18) 053 (0.30- 0.94) 0.03 30 (43)

90-d mortality 24 (46) 16 27)  0.54 (0.32-0.92)  0.02 34 (49)

44 (56) 099 (0.76-1.30)  0.96
31 (40) 1.03(0.68-1.55) 0.88
35 (45) 099 (0.70-1.42)  0.99

Definition of abbreviations: AKI-SP1/2 = acute kidney injury subphenotype 1/2; Ang-2/Ang-1 = angiopoietin-2/angiopoietin-1; APACHE = Acute
Physiology and Chronic Health Evaluation; Cl = confidence interval; RR = relative risk; VASST = Vasopressin and Septic Shock Trial.

P value for interaction = 0.11 for 28-d mortality and 0.05 for 90-d mortality.
*All ICU events and ICU laboratory values are the maximum or minimum value within 48 hours of study enrollment. Data are shown as mean * SD, n (%),

or median (interquartile range), as appropriate.

TRelative risk estimates for vasopressin compared with norepinephrine were adjusted for APACHE Il scores.

inflammation (sTNFR-1 or IL-8)
accurately identified AKI subphenotypes,
highlighting the importance of these
biological processes. Additionally, AKI
subphenotypes showed a differential
response to vasopressin therapy with
AKI-SP1 or the less “severe” form of AKI,
showing a benefit with vasopressin therapy.
In accordance with precision medicine
concepts, the identification of AKI
subphenotypes linked to underlying
biological processes may begin to parse the
heterogeneity in the AKI phenotype and
identify treatment-responsive AKI
subtypes.

In clinical AKI, it has been particularly
problematic to identify clinical subgroups
with biologically distinct signatures. For
example, clinicians have historically
separated AKI into prerenal and acute
tubular necrosis. However, multiple studies

have shown poor reliability of biomarkers or
urine studies in differentiating these two
groups (29, 30). In contrast, we have
identified a three-variable classification
model that accurately identifies AKI
subphenotypes. This molecular
classification model could allow the
identification of patients most likely to
benefit from drugs targeting pathways of
endothelial dysfunction or inflammation
in clinical trials. Finally, this simple
model could be useful as a decision support
tool to inform triaging and management
decisions early in the course of critical
illness.

Although LASSO regression identified
a simplified three-variable model to identify
AKI subphenotypes, future work is
necessary to evaluate the biological role of
these plasma biomarkers (Ang-2/Ang-1 and
STNFR-1) in the development of AKI
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subphenotypes. However, multiple prior
reports have implicated biomarkers of
endothelial function and inflammation in
the pathophysiology of AKI (31-33). Ang-1
and Ang-2 are vascular endothelial growth
factors that both bind to the endothelial
tyrosine kinase receptor Tie-2 but have
context-dependent activities (33). Ang-1 is
an agonist for Tie-2 and plays a protective
role by stabilizing the endothelium

and preventing microcirculatory

capillary leakage, a hallmark of AKI

(34). In contrast, Ang-2 typically

acts an antagonist to the Tie-2 receptor
and promotes endothelial dysfunction

(35) and inflammation (18).

Animal studies have shown that
administration of recombinant Ang-1

(36, 37) or activation of Tie-2 (38)
decreases endothelial leak and protects
against AKL In the kidney, sSTNFR-1
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is expressed in the glomerular endothelium
and plays a causative role in the
development of endothelial cell
dysfunction, inflammation, and AKI (39).
Taken together, these findings provide
biological plausibility that markers of
endothelial dysfunction and inflammation
are linked to the development of specific
AKI subphenotypes.

In critical illness, vasopressors play an
essential role in cardiovascular management
and organ perfusion. In the kidneys,
vasopressin binds to AVP-1 receptors of
glomerular efferent arterioles, leads to
arteriolar vasoconstriction, and in turn
increases glomerular filtration (40). In
contrast, norepinephrine binds to a-1
receptors of glomerular afferent arterioles
and decreases glomerular perfusion
pressure and filtration. Previous small
studies have shown that vasopressin
therapy spares alternative catecholamine
use, and compared with norepinephrine is
associated with significantly increased urine
output and creatinine clearance (41). Thus,
our findings build on this foundation of
knowledge and encourage the development
of bedside assays to identify AKI
subphenotypes and test our findings in
future clinical trials.

Our findings are potentially consistent
with the results of the VANISH (Effect of
Early Vasopressin versus Norepinephrine
on Kidney Failure in Patients with Septic
Shock) study (42). Although this trial did
not show a benefit in mortality, the CIs
for the risk estimates were quite wide,
suggesting heterogeneity in treatment
responses within the studied population.
In addition, the secondary outcome of
incident dialysis was significantly better
in the vasopressin group than in the
norepinephrine group (25% for vasopressin
vs. 35% for norepinephrine). Thus,
reanalysis of VASST may have identified a
subpopulation that responds to vasopressin
therapy, and this treatment signal may have
been previously hidden due to clinical
heterogeneity in the AKI population.

It is important to note that the early
addition of vasopressin did not affect the
risk of 7-day renal nonrecovery in the AKI
subphenotypes, whereas the risk of 28- and
90-day mortality differed significantly
between the two groups. Potential
explanations for this discrepancy in results
could include competing risks, i.e., the
subjects could have experienced one or
more events (death or discharge) that
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competed with the outcome of interest,
renal recovery. Alternatively, in a
population of patients with septic shock and
AKI, 7 days may be too proximal a time
point for renal recovery. Future studies with
long-term outpatient assessments of kidney
function in survivors of AKI may identify a
difference in renal recovery between AKI
subphenotypes.

Our study has several strengths. First,
LCA identified AKI subphenotypes with
similar characteristics in two independent
ICU populations, and the association of
these AKI subphenotypes with renal and
other outcomes persisted even after
adjusting for measures of ICU severity of
illness (APACHE III or SOFA scores).
Second, the only variables used in our LCA
models were ascertained very early in the
course of critical illness and AKI. Thus, the
AKI subphenotypes we have identified are
reflective of the state of patients at a time
when critical prognostic and therapeutic
decisions are being made. Third, to improve
the clinical utility of our findings, we
developed a simplified three-variable
classification model that accurately
identified AKI subphenotypes. The three-
variable classification model would allow
the prospective identification of AKI
subphenotypes during clinical care. Fourth,
AKI subphenotypes responded differently to
vasopressor therapy in patients with septic
shock. Future studies will need to clarify
whether prognostic enrichment for the AKI
subphenotypes in clinical trials will
overcome the noise within the
heterogeneous AKI phenotype and
potentially aid in the identification of novel
treatments for AKL

This study has several important
limitations. First, urinary biomarkers of
tubular injury or cell cycle arrest were not
used in the LCA modeling. Urine was not
collected in any of the AKI populations.
However, the use of circulating biomarkers
of endothelial function and inflammation
may allow the identification of novel AKI
subphenotypes that are not specifically
defined by the presence or absence of kidney
epithelial injury. Future research to
characterize the urinary biomarker profile of
AKI subphenotypes is warranted, and we
advocate the collection of urine biosamples
in all future critical-illness cohort studies.
Second, we do not know the extent to which
changes in renal clearance influence
biomarker levels, and thus we cannot
exclude the possibility that a portion of the

associations observed between biomarker
levels and renal outcomes is due to the
biomarker acting as a surrogate for SCr.
Previous studies have shown that plasma
and urinary levels of Ang-2 are both
increased in chronic kidney disease (43, 44),
and neither plasma TNF-o, the natural
ligand for TNFR-1, nor Ang-2 are cleared
by dialysis, suggesting that decreased
glomerular filtration is unlikely to be the
sole explanation for differences in
biomarker levels (45). Third, in the analyses
in VASST, we used the MDRD equation to
identify patients with AKI who did not
have chronic renal disease. Although
previous studies have shown that this
criterion may be overly sensitive (16), the
median SCr before randomization in
VASST was greater than 2 mg/dl,
suggesting that we identified an AKI
population with moderate to severe renal
injury. As a sensitivity analysis, we also
adjudicated AKI in VASST 48 hours

after randomization, and found similar
response between vasopressin and AKI
subphenotypes. Thus, we have taken a
rigorous approach to identify patients with
AKI using multiple different definitions.
Fourth, the differences in outcomes
between the AKI subphenotypes may be
related to severity of illness. However, all
analyses adjusted for severity of illness
(APACHE or SOFA) and the differences in
vasopressin response in VASST were not
seen if APACHE II was used to stratify
patients. In addition, the group that
responded to vasopressin therapy was AKI-
SP1, not the population with more severe
illness, i.e., AKI-SP2.

Conclusions

We have defined two distinct AKI
subphenotypes that exhibit differences with
regard to risk for adverse clinical outcomes,
underlying pathophysiology, and response
to vasopressin therapy. In the future, AKI
subphenotypes may allow for improved
biological characterization of AKI in the
critically ill, and may facilitate prognostic
and predictive enrichment for enrollment in
clinical trials.
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