
Critical Care Medicine	 www.ccmjournal.org	 949

1University of Tennessee College of Medicine, Chattanooga TN.
2Department of Critical Care Medicine, and Clinical and Translational Sci-
ence, Center for Critical Care Nephrology, CRISMA, University of Pitts-
burgh School of Medicine, Pittsburgh, PA.

3Intensive Care Unit, Royal Melbourne Hospital, University of Melbourne, 
Grattan St, Parkville, Victoria, VIC, Australia.

4King’s College London, Guy’s & St Thomas’ Hospital, London, UK.
5Emory University, Department of Medicine, Atlanta, GA.
6University of Minnesota Medical School; Department Chair of Critical 
Care Medicine, Regions Hospital, Saint Paul, MN.

7Division of Nephrology and Hypertension, Division of Pulmonary and 
Critical Care Medicine, Department of Medicine, Mayo Clinic, Roches-
ter, MN.

8Baylor University Medical Center, Dallas, TX.
9Adult Critical Care Unit, Department of Renal and Transplant Medicine, 
The Royal London Hospital, London, UK; William Harvey Research Insti-
tute, Barts and the London School of Medicine and Dentistry, Queen 
Mary University of London, Charterhouse Square, London, UK.

10Division of Nephrology, Hypertension, & Renal Transplantation, Depart-
ment of Medicine, University of Florida, Gainesville, FL.

11University of Texas Health Science Center at Houston, Houston, TX.
12Department of Anesthesiology, Intensive Care and Pain Medicine, Univer-

sity Hospital Münster, Münster, Germany.
13Department of Clinical & Experimental Medicine, Faculty of Health Sci-

ences, University of Surrey & Critical Care Unit, Royal Surrey County Hos-
pital, Guildford, UK.

14La Jolla Pharmaceutical Company.

15The University of Melbourne, Melbourne, VIC, Australia; Austin Hospital, 
Heidelberg, VIC, Australia; Department of Intensive Care, Royal Mel-
bourne Hospital, Melbourne, VIC, Australia; Australian and New Zealand 
Intensive Care Research Centre, Melbourne, VIC, Australia.

Supplemental digital content is available for this article. Direct URL cita-
tions appear in the printed text and are provided in the HTML and PDF 
versions of this article on the journal’s website (http://journals.lww.com/
ccmjournal).

A full list of the Angiotensin II for the Treatment of High-Output Shock 
3 (ATHOS-3) Investigators and study sites are listed in Supplemental 
Digital Content 1 (http://links.lww.com/CCM/D422).

Shannan Lynch, Jeff Jensen, Stew Kroll, Lakhmir Chawla, and George 
Tidmarsh are employees of La Jolla Pharmaceutical Company. The Angio-
tensin II for the Treatment of High-Output Shock 3 (ATHOS-3) trial was 
funded and supported by La Jolla Pharmaceutical Company. All other 
authors participated in the ATHOS-3 trial as investigators and work(ed) 
at institutions that were funded by La Jolla Pharmaceutical Company in 
support of the ATHOS-3 trial. Additionally, John R. Prowle has received 
consultancy fees and speaker honoraria from Nikkiso Europe GmbH and 
speaker honoraria from Baxter, Inc. Raghavan Murugan was awarded a 
research grant from La Jolla Pharmaceutical Company, and has received 
consulting fees from Beckman and Coulter, Inc and Bioporto, Inc. 
Kianoush Kashani has received a travel grant from La Jolla Pharmaceutical 
Company for the ATHOS-3 investigator meeting. Marlies Ostermann has 
received research funding and speaker honoraria from Fresenius Medi-
cal Care. Alexander Zarbock has received consulting fees from Astellas 
and Quark Pharmaceutical; speaker honoraria from Astute Medical, Bax-
ter, Frensenius, and Braun; and grant support from Astute Medical and 
Quark Pharmaceutical. James Tumlin has received research grant support 
from La Jolla Pharmaceutical Company. Kevin Finkel will be a member of 
the La Jolla Pharmaceutical Company Speakers Bureau in 2018. Law-
rence Busse has received consulting fees from La Jolla Pharmaceutical 
Company. Lui Forni has received research funding and honoraria from 
Fresenius, Baxter Gambro Renal, OrthoClinical Diagnostics, and La Jolla 
Pharmaceutical Company. Drs. Tumlin, Murugan, Deane, Ham, Szerlip, 
Prowle, Bihorac, Zarbock, and Bellomo’s institutions received funding 
from La Jolla Pharmaceuticals. Drs. Tumlin and Kroll disclosed off-label 
product use of angiotensin II for circulatory shock. Drs. Busse, Forni, and 
Kroll received funding from La Jolla Pharmaceutical Company. Dr. Szerlip’s 
institution also received funding from Baylor Research Institute. Dr. Finkel DOI: 10.1097/CCM.0000000000003092

Outcomes in Patients with Vasodilatory Shock 
and Renal Replacement Therapy Treated with 
Intravenous Angiotensin II

James A. Tumlin, MD1; Raghavan Murugan, MD, MS, FRCP, FCCM2; Adam M. Deane, MD, PhD3;  

Marlies Ostermann, MD, PhD4; Laurence W. Busse, MD5; Kealy R. Ham, MD6; Kianoush Kashani, MD, MSc7;  

Harold M. Szerlip, MD8; John R. Prowle, MD, MA, MB, BChir, MSc, FFICM, FRCP9;  

Azra Bihorac, MD, MS, FCCM, FASN10; Kevin W. Finkel, MD, FACP, FASN, FCCM11;  

Alexander Zarbock, MD12; Lui G. Forni MD, MB, PhD13; Shannan J. Lynch, PhD14; Jeff Jensen, BS14;  

Stew Kroll, MA14; Lakhmir S. Chawla, MD14; George F. Tidmarsh, MD, PhD14; Rinaldo Bellomo, MD, 

MBBS, FRACP, FCICM, FAAHMS15; on behalf of the Angiotensin II for the Treatment of High-Output 

Shock 3 (ATHOS-3) Investigators

Copyright © 2018 The Author(s). Published by Wolters Kluwer Health, 
Inc. on behalf of the Society of Critical Care Medicine and Wolters 
Kluwer Health, Inc. This is an open-access article distributed under the 
terms of the Creative Commons Attribution-Non Commercial-No De-
rivatives License 4.0 (CCBY-NC-ND), where it is permissible to down-
load and share the work provided it is properly cited. The work cannot 
be changed in any way or used commercially without permission from 
the journal.

http://journals.lww.com/ccmjournal
http://journals.lww.com/ccmjournal
http://links.lww.com/CCM/D422
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Tumlin et al

950	 www.ccmjournal.org	 June 2018 • Volume 46 • Number 6

received funding from Alexion Pharmaceuticals (speakers bureau). Dr. 
Zarbock received funding from Baxter, Astute Medical, Fresenius, Braun, 
Astellas, and DFG. Dr. Forni also received funding from Ortho Clinical 
Diagnostics (honoraria). Drs. Lynch, Jensen, Kroll, Chawla, and Tidmarsh 
disclosed that they are employees of the trial sponsor (La Jolla Pharma-
ceutical Company). Dr. Tidmarsh disclosed work for hire. The remaining 
authors have disclosed that they do not have any potential conflicts of 
interest.

For information regarding this article, Email rinaldo.bellomo@austin.org.au

Objective: Acute kidney injury requiring renal replacement therapy 
in severe vasodilatory shock is associated with an unfavorable 
prognosis. Angiotensin II treatment may help these patients by 
potentially restoring renal function without decreasing intrarenal 
oxygenation. We analyzed the impact of angiotensin II on the out-
comes of acute kidney injury requiring renal replacement therapy.
Design: Post hoc analysis of the Angiotensin II for the Treatment of 
High-Output Shock 3 trial.
Setting: ICUs.
Patients: Patients with acute kidney injury treated with renal 
replacement therapy at initiation of angiotensin II or placebo (n = 
45 and n = 60, respectively).
Interventions: IV angiotensin II or placebo.
Measurements and Main Results: Primary end point: survival 
through day 28; secondary outcomes included renal recovery 
through day 7 and increase in mean arterial pressure from base-
line of ≥ 10 mm Hg or increase to ≥ 75 mm Hg at hour 3. Survival 
rates through day 28 were 53% (95% CI, 38%–67%) and 30% 
(95% CI, 19%–41%) in patients treated with angiotensin II and 
placebo (p = 0.012), respectively. By day 7, 38% (95% CI, 25%–
54%) of angiotensin II patients discontinued RRT versus 15% 
(95% CI, 8%–27%) placebo (p = 0.007). Mean arterial pressure 
response was achieved in 53% (95% CI, 38%–68%) and 22% 
(95% CI, 12%–34%) of patients treated with angiotensin II and 
placebo (p = 0.001), respectively.
Conclusions: In patients with acute kidney injury requiring renal 
replacement therapy at study drug initiation, 28-day survival and 
mean arterial pressure response were higher, and rate of renal 
replacement therapy liberation was greater in the angiotensin II 
group versus the placebo group. These findings suggest that 
patients with vasodilatory shock and acute kidney injury requiring 
renal replacement therapy may preferentially benefit from angio-
tensin II. (Crit Care Med 2018; 46:949–957)
Key Words: acute kidney injury; sepsis; vasodilatory shock, 
angiotensin II, renal replacement therapy, acute renal disease

Vasodilatory shock is the most common form of shock, 
characterized by peripheral vasodilation and preserved 
or increased cardiac output (1, 2). Conditions that are 

associated with inflammation such as sepsis, pancreatitis, and 
major surgery are common causes of vasodilatory shock, with 
sepsis being the most frequent pathology (3). Acute kidney 
injury (AKI), defined as an increase in serum creatinine or a 
decrease in urine output due to a decline in glomerular filtra-
tion rate (GFR) (4), often complicates the course of vasodilatory 

shock and is associated with unfavorable outcomes (5). Sepsis 
also accounts for approximately 50% of AKI cases in critically 
ill patients (6, 7). The transition from sepsis to vasodilatory 
shock and AKI in an acute setting can progress quickly; how-
ever, the mechanisms that mediate the pathogenesis of these 
interconnected organ dysfunctions are not fully understood. 
In addition, patients who survive AKI are at risk for long-term 
morbidity that appears to be related to the severity of AKI (8).

In patients with both vasodilatory shock and AKI treated 
with renal replacement therapy (RRT; together referred to as 
AKI-RRT), prognosis tends to be worse (5). Such patients have 
a mortality rate between approximately 40% and 55% (9, 10). 
During vasodilatory shock, the classic paradigm is that AKI 
is caused by decreased renal perfusion due to hypotension 
associated with vasodilation as well as decreased blood flow 
potentiated by vasoconstrictive drugs (vasopressors) (11–13). 
However, the physiology of renal circulation in sepsis is likely 
complex (14), and studies utilizing vasodilators, inotropes, and 
natriuretic peptides have failed to demonstrate improved out-
comes (5, 13, 15). Furthermore, recent evidence suggests that 
intrarenal vasodilatation and shunting may be important to 
the pathogenesis of AKI (16). Angiotensin II is known to have 
direct effects on intrarenal circulation, including vasoconstric-
tion of efferent arterioles of the nephron, thereby increasing 
glomerular perfusion pressure (17). Such effect may help pre-
serve or restore GFR in sepsis (18).

To assess angiotensin II treatment effect on survival and 
renal recovery, we conducted a post hoc analysis of data from 
the Angiotensin II for the Treatment of High-Output Shock 3 
(ATHOS-3) trial (19, 20).

MATERIAL AND METHODS

Trial Design
The protocol for the international, randomized, double-
blind, placebo-controlled ATHOS-3 trial has been previously 
described (19, 20) (Supplemental Digital Content 1, http://
links.lww.com/CCM/D422). The writing committee for the 
present post hoc analysis included several ATHOS-3 investiga-
tors and the sponsor, each of whom vouch for the accuracy 
and completeness of the data and analysis. The ATHOS-3 trial 
was approved by a research ethics board at each participating 
institution. Written informed consent was obtained from all 
patients or their legal surrogates.

Patients
A detailed description of the study eligibility in the parent trial 
is reported in Supplemental Digital Content 1 (http://links.lww.
com/CCM/D422). In brief, ATHOS-3 patients had vasodilatory 
shock (cardiac index > 2.3 L/min/m2, or central venous oxygen 
saturation > 70% coupled with central venous pressure > 8 mm 
Hg) and were on high doses of vasopressors (as > 0.2 µg/kg/min 
of norepinephrine-equivalent dose [Supplemental Table 1, Sup-
plemental Digital Content 1. http://links.lww.com/CCM/D422]). 
Exclusion criteria included, among others, 20% body surface area 
burns, acute occlusive coronary syndrome, and active bleeding. 
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No exclusion criteria in the parent study directly addressed renal 
function. We enrolled patients from sites in North America, Aus-
tralasia, and Europe (Supplemental Table 2, Supplemental Digi-
tal Content 1, http://links.lww.com/CCM/D422).

In the present post hoc analysis, we identified patients who 
were treated with RRT at the time of study drug initiation, and 
excluded those with a history of end-stage renal disease (ESRD).

Treatment Assignment
In ATHOS-3, we randomized patients (1:1) to receive treat-
ment with either La Jolla Pharmaceutical Company’s formula-
tion of IV synthetic human angiotensin II (LJPC-501) or saline 
placebo administered by blinded study personnel at participat-
ing institutions. Randomization was stratified by mean arterial 
pressure (MAP) at screening (< 65 mm Hg or ≥ 65 mm Hg) and 
Acute Physiology and Chronic Health Evaluation II (APACHE 
II) score (≤ 30, 31 to 40, or ≥ 41). The form of human angio-
tensin II used in ATHOS-3 (LJPC-501) has an identical amino 
acid sequence to naturally occurring human angiotensin II.

Clinical Regimen
In the ATHOS-3 trial, infusions were initiated at a rate equiva-
lent to 20 ng/kg/min of angiotensin II and titrated to increase 
MAP to ≥ 75 mm Hg during the first 3 hours (Supplemental 
Table 3, Supplemental Digital Content 1, http://links.lww.com/
CCM/D422). During this titration, doses of standard-of-care 
vasopressors were held constant and could not be increased 
except for safety reasons. If vasopressor doses were increased, 
the patient was designated a nonresponder. The maximum rate 
of administration of angiotensin II or placebo allowed during 
the first 3 hours was equivalent to a dose of 200 ng/kg/min.

Between hours 3:15 and 48, investigators could titrate study 
infusions to a rate (mL/hour) equivalent to a dose of 1.25 to 
40 ng/kg/min in patients assigned to angiotensin II. During 
this period, investigators titrated the combination of angio-
tensin II or placebo and other vasopressors to maintain MAP 
between 65 and 75 mm Hg; the protocol included a nonbind-
ing titration scheme (Supplemental Table 4, Supplemental 
Digital Content 1, http://links.lww.com/CCM/D422).

At hour 48, investigators discontinued the study infusion 
per a protocol-defined tapering process. If the standard-of-
care vasopressor dose subsequently required a norepinephrine-
equivalent dose increase to > 0.1 µg/kg/min, or if the patient 
became unstable, study infusion could be resumed for up to 
7 days. However, once stopped for > 3 hours, study infusion 
could not be restarted. RRT discontinuation was at the discre-
tion of the investigator.

Assessments and End Points
In the present post hoc analysis, patients were assessed for the 
primary, patient-centered effectiveness outcome of survival 
through day 28; secondary, patient-centered effectiveness out-
comes of time to discontinuation of RRT, vasopressor(s), and 
ventilator through day 7; and secondary, physiologic efficacy 
end point of MAP response (defined as an increase from base-
line of ≥ 10 mm Hg or an increase to ≥ 75 mm Hg) at hour 3.

Statistical Analyses
The present post hoc analysis was not a priori although all analy-
sis end points and covariates were prespecified for the ATHOS-3 
trial. The present post hoc analysis was conducted to explore the 
potential treatment effects of angiotensin II that may otherwise 
go unnoticed in a heterogeneous population, in the subgroup 
of AKI-RRT patients receiving RRT at study drug initiation. We 
based the post hoc analyses on the modified intention-to-treat 
population that included all randomized patients who initiated 
treatment. We analyzed data using SAS software (version 9.4). 
We used descriptive statistics with 95% confidence intervals to 
summarize data by treatment group; differences between treat-
ment groups were analyzed by the Wilcoxon rank-sum test or 
analysis of variance for continuous or ordinal variables, and 
the χ2 or Fisher exact test for discrete variables. A 2-tailed alpha 
of 0.05 was used to test the hypothesis of treatment difference. 
No adjustments for multiple comparisons were included in the 
results. An independent statistician verified the appropriateness 
of the analyses and inferences made from the data.

We compared time-to-event data by log-rank test and 
characterized the data by Kaplan-Meier estimates. We esti-
mated hazard rates from the proportional hazards model. 
For RRT, vasopressor, and ventilator, the analyses were based 
on the cause-specific model censoring data at time of death. 
In addition, cumulative incidence estimates were performed 
accounting for death as a competing risk. For analyses of death, 
dates and times were included. For analyses of RRT, vasopres-
sor, and ventilator, dates were used because exact times were 
not reported; censored deaths occurring on the same day as 
an event were assumed to have occurred after an event. We 
included baseline factors that may have influenced end points 
in 3 multivariate logistic regression and proportional hazards 
models as sensitivity analyses. Covariates used for such models 
included dichotomized baseline: age ≥ 65 years, MAP < 65 mm 
Hg, APACHE II score > 30, albumin < 2.5 g/dL, angiotensin I/
II ratio < 1.63 (the median angiotensin I/II ratio in the parent 
trial), Model for End-stage Liver Disease (MELD) score ≥ 30, 
chest radiograph finding of acute respiratory distress syndrome, 
and norepinephrine-equivalent dose ≥ 0.5μg/kg/min. Model A 
was based on known factors that influence outcomes in patients 
with vasodilatory shock. Model B was based on covariates that 
were not well balanced between patients treated with angioten-
sin II and placebo. Model C was a combination of the variables 
from Model A or B that predicted outcomes placed together.

RESULTS

Patients
In the ATHOS-3 trial, we enrolled 321 patients to receive either 
angiotensin II or placebo; of these, 167 patients received RRT. 
In the present post hoc analysis, 105 patients with AKI (n = 45 
angiotensin II, n = 60 placebo) treated with RRT at study drug 
initiation were included. We excluded 12 patients who were 
previously diagnosed with ESRD. Patients with AKI who initi-
ated RRT after study drug initiation (n = 50) were excluded 
to ensure that the variable that defines the subgroup is not 
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affected by the treatment response of RRT. Sensitivity analy-
ses were performed on these 50 patients to evaluate outcomes 
on survival through day 28, RRT discontinuation, and MAP 
response. Outcomes are reported in Supplemental Figures 
1, 2, and 3 (Supplemental Digital Content 1, http://links.lww.
com/CCM/D422), respectively. Overall, there were no safety 
signals observed in either treatment group.

Table 1 summarizes the baseline characteristics (for the full 
results, refer to Supplemental Table 5, Supplemental Digital 
Content 1, http://links.lww.com/CCM/D422). Overall, patients 
in this analysis were severely ill as indicated by elevated base-
line norepinephrine-equivalent dose and high MELD score, 
which were higher in the placebo group. The angiotensin I/II 
ratio was also higher in the placebo group (Table 1).

Outcomes
At day 28, 24 (53%) and 18 (30%) AKI-RRT patients were 
alive in the angiotensin II and placebo groups, respectively 
(Table 2); survival through day 28 was significantly longer in 
the angiotensin II group than in the placebo group (unadjusted 
hazard ratio [HR], 0.52; 95% CI, 0.30–0.87; p = 0.012 [Fig. 1]). 
A multivariate analysis was performed to account for clinically 
relevant covariates of interest at baseline and confirmed the 

findings of the unadjusted comparison (adjusted HR, 0.44; 
95% CI, 0.24–0.80; p = 0.007) (Table 2).

Using cumulative incidence estimates to adjust for death 
as a competing risk, patients in the angiotensin II group were 
more likely to discontinue RRT within 7 days (adjusted HR, 
2.90; 95% CI, 1.29–6.52; p = 0.007) (Table 2; and Fig. 2). By day 
7, 38% (95% CI, 25%–54%) of patients who received angioten-
sin II discontinued RRT versus 15% (95% CI, 8%–27%) who 
received placebo. Multivariate analyses accounting for baseline 
covariates confirmed this difference (adjusted HR, 3.18; 95% 
CI, 1.31–7.75; p = 0.011) (Table 2).

At hour 3, patients in the angiotensin II group treated 
with RRT at study drug initiation achieved a significantly 
(p = 0.001) greater MAP response than the placebo group 
(Table 2; and Fig. 3). Several multivariate analyses were per-
formed to account for potential baseline imbalances and con-
firmed these findings (p < 0.001) (Table 2). MAP increased 
rapidly in the angiotensin II group (Supplemental Table 6, 
Supplemental Digital Content 1, http://links.lww.com/CCM/
D422), allowing the angiotensin II dose to be down-titrated 
from the original 20 ng/kg/min in 53% of patients at 30 min-
utes, as well as permitting decreased doses of concomitant 
vasopressors.

TABLE 1. Summary of Baseline Demographic and Disease Characteristics

 Acute Kidney Injury + Renal Replacement Therapy at Study Drug Initiation

 Characteristic Placebo (n = 60) Angiotensin II (n = 45) All Patients (N = 105) p

Age, yr n = 60 n = 45 N = 105  

 Median (IQR) 62.0 (51.0–73.5) 62.0 (50.0–72.0) 62.0 (51.0–73.0) 0.9613

Baseline mean arterial pressure (mm Hg) n = 60 n = 45 N = 105  

Median (IQR) 65.7 (61.1–67.8) 65.7 (63.0–69.0) 65.7 (62.3–68.0) 0.1706

Baseline Acute Physiology and 
Chronic Health Evaluation II score

n = 60 n = 45 N = 105  

Median (IQR) 31.5 (27.0–38.0) 32.0 (24.0–37.0) 32.0 (26.0–38.0) 0.6176

Baseline albumin (g/dL) n = 60 n = 41 N = 101  

Median (IQR) 2.3 (1.8–2.8) 2.3 (2.0–2.7) 2.3 (1.9–2.8) 0.6523

Baseline angiotensin I/II ratio n = 50 n = 41 N = 91  

Median (IQR) 3.6 (1.1–10.2) 1.6 (0.8–4.2) 2.2 (1.0–7.4) 0.0253

Baseline Model for End-stage Liver 
Disease score

n = 60 n = 45 N = 105  

Median (IQR) 25.5 (23.0–30.0) 23.0 (19.0–28.0) 25.0 (22.0–29.0) 0.0095

Chest radiograph finding of acute  
respiratory distress syndrome, n (%)

n = 60 n = 44 N = 104  

Yes 27 (45.0%) 16 (36.4%) 43 (41.3%) 0.4242

Baseline norepinephrine equivalent 
dose (μg/kg/min)

n = 60 n = 45 N = 105  

Median (IQR) 0.46 (0.32–0.78) 0.36 (0.23–0.49) 0.42 (0.28–0.69) 0.0194

IQR = interquartile range.
Refer to Supplemental Table 5 (Supplemental Digital Content, Supplemental Digital Content 1, http://links.lww.com/CCM/D422) for complete baseline 
demographics and disease characteristics.
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Compared to baseline, the average norepinephrine-equivalent 
dose received between hours 0 and 3 was significantly (p = 0.020) 
lower in AKI-RRT patients in the angiotensin II group (–0.02 [0.06] 
μg/kg/min) than in the placebo group (0.02 [0.12] μg/kg/min)  
(Table  2; and Supplemental Table 7, Supplemental Digital 
Content 1, http://links.lww.com/CCM/D422).

Using cumulative incidence estimates to adjust for 
death as a competing risk, the proportion of patients 
who discontinued vasopressor(s) within 7 days did not 

significantly differ between groups (p = 0.113) (Table  2; 
and Supplemental Fig. 4, Supplemental Digital Content 1, 
http://links.lww.com/CCM/D422); however, there was 
a significant difference in the proportion of patients 
who discontinued ventilation within 7 days (p =  0.015) 
(Table  2; and Supplemental Fig. 5, Supplemental Digital 
Content  1, http://links.lww.com/CCM/D422). These find-
ings were dependent on the covariates included in the 
model (Table 2).

TABLE 2. Outcomes – Patients With Severe Acute Kidney Injury and Renal Replacement 
Therapy at Study Drug Initiation

 

Multivariate Analyses

Model Aa Model Bb Model Cc

Outcomes
Placebo  
n = 60

Angiotensin II  
n = 45

OR/HR  
(95% CI)/p

OR/HR  
(95% CI)/p

OR/HR  
(95% CI)/p

OR/HR  
(95% CI)/p

Alive at day 28,  
% (95% CI)

30 (19–41) 53 (38–67) HR, 0.52  
(0.30–0.87)d/ 

0.012e

HR, 0.44  
(0.24–0.80)/ 

0.007f

HR, 0.63  
(0.34–1.16)/ 

0.138f

HR, 0.59  
(0.34–1.01)/ 

0.053f

Day 7 alive and 
renal replacement 
therapy-free, %  
(95% CI)

15 (8–27) 38 (25–54) HR, 2.90  
(1.29–6.52)g/ 

0.007h

HR, 3.18  
(1.31–7.75)/ 

0.011f

HR, 2.77  
(1.11–6.90)/ 

0.028f

HR, 2.37  
(1.06–5.32)/ 

0.037f

Mean arterial pres-
sure response at 
hour 3, n (%)

13/60 (21.7) 24/45 (53.3) OR, 4.31  
(1.77–10.5)i/ 

0.001i

OR, 10.3  
(5.85–18.3)/ 

< 0.001j

OR, 9.99  
(5.59–17.9)/ 

< 0.001j

11.2  
(6.26–20.0)/ 

< 0.001j

Mean (sd) norepi-
nephrine equiva-
lent dose change 
from baseline to 
average between 
hours 0–3 (μg/
kg/min)

0.02 (0.12) -0.02 (0.06) p = 0.020k - - -

Day 7 alive and 
vasopressor- 
free, %  
(95% CI)

38.3 (27.4–51.8) 55.6 (41.8–70.3) HR, 1.58  
(0.89–2.78)g/ 

0.113h

HR, 1.45  
(0.78–2.69)/ 

0.239f

HR, 1.42  
(0.75–2.71)/ 

0.282f

HR, 1.17  
(0.66–2.08)/ 

0.587f

Day 7 alive and 
ventilator-free, % 
(95% CI)

10.7 (5.0–22.3) 30.2 (18.8–46.3) HR, 3.14  
(1.19–8.26)g/ 

0.015h

HR, 3.24  
(1.14–9.23)/ 

0.028f

HR, 1.92  
(0.68–5.43)/ 

0.221f

HR, 1.88  
(0.71–4.96)/ 

0.203f

HR = hazard ratio, OR = odds ratio.
a�Model A is a multivariate analysis of clinically relevant dichotomous covariates of interest at baseline (age ≥ 65 years, mean arterial pressure [MAP] < 65 mm 
Hg, Acute Physiology and Chronic Health Evaluation [APACHE] II score > 30, albumin < 2.5 g/dL, norepinephrine equivalent dose [NED] ≥ 0.5 μg/kg/min, and 
angiotensin [Ang] I/II ratio < 1.63).

b�Model B is a multivariate analysis of dichotomous covariates imbalanced at baseline (Model for End-stage Liver Disease [MELD] score ≥ 30, chest radiograph 
finding of acute respiratory distress syndrome [ARDS], NED ≥ 0.5 μg/kg/min, and Ang I/II ratio < 1.63).

c�Model C is a multivariate analysis of dichotomous covariates significant in Models A or B at baseline and were as follows for each outcome: MAP: albumin < 2.5 
g/dL, chest  radiograph finding of ARDS, and NED ≥ 0.5 μg/kg/min; 28-day survival: NED ≥ 0.5 μg/kg/min; time to vasopressor discontinuation: MELD score ≥ 
30; time to ventilator discontinuation: NED ≥ 0.5 μg/kg/min; time to renal replacement therapy discontinuation: none.

d�HR from Cox proportional hazard model of Ang II compared to placebo stratified by baseline MAP and APACHE II score.
e�Log-rank test of Ang II compared to placebo stratified by baseline MAP and APACHE II score.
f�Cox proportional hazard model with HR and p value of covariate.
g�HR from Cox proportional hazard model of Ang II compared to placebo.
h�Log-rank statistic.
i�Chi-square test from logistic regression model including Ang II treatment compared to placebo, and adjusted by baseline MAP, baseline APACHE II score, 
vasopressin use 6 hours prior to randomization, and average vasopressor NED over the 6 hours prior to randomization.
j�Logistic regression model with OR and p value of covariate.
k�Analysis of variance of Ang II compared to placebo stratified by baseline vasopressor dose.

http://links.lww.com/CCM/D422
http://links.lww.com/CCM/D422);
http://links.lww.com/CCM/D422
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DISCUSSION
In this post hoc analysis of patients with vasodilatory shock 
and AKI-RRT at study drug initiation, patients treated with 
angiotensin II were more likely to survive to 28 days, and they 
recovered renal function more rapidly as assessed by being 
alive and off RRT at day 7. Moreover, correction of hypoten-
sion was achieved in significantly more patients treated with 
angiotensin II.

This post hoc analysis illustrated a potential beneficial effect 
of angiotensin II in patients with AKI-RRT at study drug initi-
ation. This could be due in part to the fact that the kidneys may 
be particularly susceptible to the effects of perfusion pressure 
to maintain blood flow (21). In this regard, ATHOS-3 (19), the 
parent trial of this analysis, and previous clinical and case stud-
ies (8, 22–25) consistently demonstrated that synthetic angio-
tensin II can increase blood pressure in patients with shock. 
However, the salutary effect of angiotensin II may also be due 
to a mechanistic link beyond perfusion alone. One of the most 
damaging impacts of vasodilatory shock due to inflammation 
is endothelial cell injury, which leads to capillary leak, coagula-
tion defects, and reduced organ perfusion. The endothelial cell 
injury may also cause loss of an important membrane-bound 
endothelial enzyme, angiotensin-converting enzyme (ACE) 
(26). ACE capacity may be estimated by measuring the ratio of 
the precursor and product of ACE, angiotensin I, and angioten-
sin II, respectively. Healthy individuals have an angiotensin I/
II ratio of approximately 0.5, whereas patients in the ATHOS-3 

trial had a median angiotensin I/II ratio of 1.63 (19). These 
data suggest that ACE may be highly dysregulated in vasodila-
tory shock. Thus, angiotensin II infusion may compensate for 
such dysregulation.

The finding that exogenous angiotensin II was associated 
with improved outcomes, particularly renal outcomes, is plau-
sible. Preclinical data in vasodilatory shock models endorse the 
notion that an IV infusion of angiotensin II can restore GFR 
and increase urine output without decreasing intrarenal oxy-
genation (16, 18, 27, 28). In contrast, the use of catecholamines 
is associated with an unfavorable microcirculatory oxygenation 
profile (29). Unlike catecholamines, angiotensin II preferentially 
vasoconstricts efferent arterioles (16, 18, 27), which increases 
glomerular capillary pressure and augments GFR (14). The 
effects from angiotensin II have the potential to mitigate the 
microcirculatory defects from intrarenal factors such as endo-
thelial injury, microvascular thrombosis, and inflammation 
that can cause AKI (30). Preclinical studies have demonstrated 
that septic shock creates a form of AKI that is responsive to 
angiotensin II infusion (16, 18, 27, 31). This phenotype of sep-
sis-associated AKI appears to create efferent vasodilation at the 
level of the glomerulus that results in decreased GFR, reduced 
creatinine clearance, and increased sodium resorption despite 
an increase in renal blood flow. The administration of exog-
enous angiotensin II restored GFR and increased urine output.

In addition, multiple studies of sepsis have implicated both 
ACE polymorphisms and other genetic variations related to 
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Figure 1. Survival probability through day 28. Patients in the angiotensin II group were more likely to survive to day 28 than those in the placebo group 
(p = 0.012).
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the renin-angiotensin-aldosterone system (RAAS) that appear 
to impact both survival and AKI (32–34). In a prospective 
6-month observational study in critically ill patients (n = 180) 
(35), patients with AKI had significantly higher mortality rates 
in the ICU and hospital overall compared with those without 
AKI. Moreover, a specific ACE II genotype frequency was sig-
nificantly higher in patients with AKI than in those without 
AKI. Furthermore, septic patients with less effective ACE activ-
ity, as measured by elevated angiotensin I/II ratios, were more 
likely to die than those with more intact ACE activity (36). 
Drug-induced alterations in the renin-angiotensin system 
from ACE inhibitors and angiotensin receptor blockers (which, 
contrary to angiotensin II, causes efferent arteriolar dilatation) 
that are used to treat chronic kidney disease have been shown 
to increase the risk of AKI in patients with septic shock (37). 
This further substantiates the role angiotensin II may have in 
treating patients at risk for AKI due to sepsis. Additional evi-
dence suggests that modulation of vascular tone by the renin-
angiotensin-aldosterone axis may be important to optimizing 
renal vascular function in this setting (38).

Importantly, there are no proven therapies available for the 
treatment of severe AKI. The potential capacity for angiotensin II to 
increase survival and improve time to RRT liberation are novel (39).

This study had multiple strengths. The parent ATHOS-3 
trial, on which the data for this current post hoc analysis rely, 
was a placebo-controlled, double-blind randomized study 

with patient-centered, clinically relevant outcomes. In addi-
tion, there is a mechanistic rationale for the observed effect, 
supported by preclinical and clinical studies that have previ-
ously investigated the role of RAAS in AKI. In addition, the 
hypothesis that angiotensin I/II ratio is a key risk measure of 
AKI that could be ameliorated with exogenous angiotensin II 
was published prior to the completion of the ATHOS-3 clini-
cal trial (40). Lastly, the results of our analysis were consistent 
when adjusted for clinically relevant covariates, adding cre-
dence to our conclusions.

This study had several limitations, including all the inherent 
limitations of a post hoc analysis. Follow-up was limited to 7 
days for most outcomes as opposed to the full 30 days, and sur-
vival was limited to 28 days. We could not test whether angio-
tensin II increased survival at the expense of creating more 
patients with ESRD. Thus, any findings need to be considered 
only as hypothesis generating. Moreover, volume status was not 
analyzed in this post hoc analysis, and the absence of a premor-
bid serum creatinine precludes an AKI staging assessment and 
precludes any analysis of the impact of preexisting chronic kid-
ney disease; however, all patients in the analysis were similar 
in that their renal function was sufficiently reduced to require 
RRT. Finally, we excluded from analysis any patients with ESRD 
as well as any patients who were treated with RRT after the ini-
tiation of the study drug, both of which are common scenarios. 
As such, this may limit the generalizability of our results.
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CONCLUSIONS
In this post hoc analysis, restricted to patients with AKI-RRT at 
study drug initiation, unadjusted survival was improved with 
angiotensin II compared with placebo. Covariate-adjusted 
survival was also improved in some models but not others. In 
addition, patients were more likely to be alive and liberated 
from RRT by day 7 with angiotensin II in both unadjusted and 
adjusted analyses.
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