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Abstract 

Background  High dose vasopressors portend poor outcome in vasodilatory shock. We aimed to evaluate the impact 
of baseline vasopressor dose on outcomes in patients treated with angiotensin II (AT II).

Methods  Exploratory post-hoc analysis of the Angiotensin II for the Treatment of High-Output Shock (ATHOS-3) trial 
data. The ATHOS-3 trial randomized 321 patients with vasodilatory shock, who remained hypotensive (mean arterial 
pressure of 55–70 mmHg) despite receiving standard of care vasopressor support at a norepinephrine-equivalent 
dose (NED) > 0.2 µg/kg/min, to receive AT II or placebo, both in addition to standard of care vasopressors. Patients 
were grouped into low (≤ 0.25 µg/kg/min; n = 104) or high (> 0.25 µg/kg/min; n = 217) NED at the time of study drug 
initiation. The primary outcome was the difference in 28-day survival between the AT II and placebo subgroups in 
those with a baseline NED ≤ 0.25 µg/kg/min at the time of study drug initiation.

Results  Of 321 patients, the median baseline NED in the low-NED subgroup was similar in the AT II (n = 56) and pla-
cebo (n = 48) groups (median of each arm 0.21 µg/kg/min, p = 0.45). In the high-NED subgroup, the median baseline 
NEDs were also similar (0.47 µg/kg/min AT II group, n = 107 vs. 0.45 µg/kg/min placebo group, n = 110, p = 0.75). After 
adjusting for severity of illness, those randomized to AT II in the low-NED subgroup were half as likely to die at 28-days 
compared to placebo (HR 0.509; 95% CI 0.274–0.945, p = 0.03). No differences in 28-day survival between AT II and pla-
cebo groups were found in the high-NED subgroup (HR 0.933; 95% CI 0.644–1.350, p = 0.71). Serious adverse events 
were less frequent in the low-NED AT II subgroup compared to the placebo low-NED subgroup, though differences 
were not statistically significant, and were comparable in the high-NED subgroups.

Conclusions  This exploratory post-hoc analysis of phase 3 clinical trial data suggests a potential benefit of AT II intro-
duction at lower doses of other vasopressor agents. These data may inform design of a prospective trial.

Trial registration: The ATHOS-3 trial was registered in the clinicaltrials.gov repository (no. NCT02338843). Registered 14 
January 2015.
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Introduction
Vasodilatory shock is the most common form of shock 
and can result in high rates of organ failure and death 
[1]. Even brief periods of hypotension are associated 
with risk of renal injury, myocardial injury, and death, an 
effect that is exacerbated by the duration and severity of 
hypotension [2, 3]. Patients with persistent hypotension 
despite fluid resuscitation are treated with catechola-
mines and vasopressin with the goal of achieving a mean 
arterial pressure (MAP) ≥ 65 mmHg [4]. However, these 
agents alone may be inadequate to attain hemodynamic 
goals [5], suggesting the need for additional agents with 
alternative mechanisms of action.

Angiotensin II (AT II) is an endogenous peptide hor-
mone and a component of the renin–angiotensin–aldos-
terone system (RAAS). This compound has a unique 
mechanism of action, distinct from those of catecho-
lamines and vasopressin [6]. The Angiotensin II for the 
Treatment of High Output Shock (ATHOS-3) trial ran-
domized patients requiring > 0.2  µg/kg/min of norepi-
nephrine-equivalent dose (NED) to either synthetic AT II 
or placebo and demonstrated a difference in the primary 
outcome of blood pressure response with a significantly 
higher proportion of patients meeting their hemody-
namic goals after receiving AT II compared to placebo 
[7]. Despite not being designed to detect a difference in 
mortality, several pre-specified and post-hoc analyses of 
the ATHOS-3 trial have reported improvements in sur-
vival in relevant subsets of patients [8–11].

Despite these observations, in the real-world setting, 
AT II has been initiated at much higher baseline vaso-
pressor doses (i.e., > 0.5  µg/kg/min) than doses used 
in the ATHOS-3 trial (> 0.2  µg/kg/min), often as ‘sal-
vage therapy’ leading to suboptimal outcomes [12–15]. 
Because of the poor prognosis associated with high-dose 
vasopressor support, along with the potential benefits of 
early multimodal use of combined vasopressors, we per-
formed an exploratory post-hoc analysis of the ATHOS-3 
trial data to investigate the impact of baseline vasopressor 
dose at the time of AT II initiation on patient outcomes. 
We hypothesized that initiation of AT II administration 
at lower vasopressor doses would be associated with 
improved hemodynamic response and 28-day survival 
compared with placebo.

Methods
Study design
The design of ATHOS-3 has been previously reported [7, 
16]. Briefly, this phase 3 trial was an international, double-
blind, randomized controlled trial of 321 patients with 
vasodilatory shock (defined as hypotension with a car-
diac index > 2.3 L/min/m2 or with central venous oxygen 
saturation > 70%, and central venous pressure > 8 mmHg) 

receiving vasopressor support. Patients were randomized 
to either treatment with AT II plus standard of care or 
placebo plus standard of care. The primary endpoint was 
ability to achieve a target MAP response, defined as MAP 
of ≥ 75 mmHg or an increase of at least 10 mmHg from 
baseline at hour 3, without an increase in the dose of 
background vasopressors. The trial was registered in the 
clinicaltrials.gov repository (no. NCT02338843) and con-
ducted in accordance with current Good Clinical Prac-
tice guidelines and the ethical principles described in the 
Declaration of Helsinki.

Patients
Patients enrolled in ATHOS-3 were ≥ 18 years of age with 
vasodilatory shock, MAP of 55–70 mmHg, despite ade-
quate volume resuscitation and receipt of vasopressors at 
a dose > 0.2  µg/kg/min NED for 6–48  h prior to enroll-
ment; background vasopressor use was not standardized 
and included catecholamines and vasopressin based on 
regional availability.

Outcomes
In this post-hoc analysis, patients were grouped by the 
NED at study drug initiation into low (≤ 0.25 µg/kg/min) 
and high (> 0.25 µg/kg/min) subgroups. This cut-off was 
established on the basis of post-marketing observational 
studies demonstrating that 0.2–0.3  µg/kg/min NED is 
a common criterion in local hospital protocols for add-
ing AT II [13], with one study suggesting better hemo-
dynamic response to AT II below these thresholds [14]. 
Further, a study investigating the impact of NED on 
outcomes with vasopressin, reported that starting vaso-
pressin at a NED dose of 10 µg/min was associated with 
a significantly lower likelihood of in-hospital mortal-
ity compared to waiting until a NED of 25 µg/min [17]. 
Presuming clinical use of AT II as part of an early mul-
timodal approach along with NE (10  µg/min or 0.1  µg/
kg/min) and vasopressin (0.04 units/min), would yield a 
NED of 0.2  µg/kg/min at initiation. We set our thresh-
old slightly above this NED because of the ATHOS-3 
eligibility criterion that patients be on a minimum NED 
of 0.2  µg/kg/min. Utilizing a NED cut-off criterion of 
0.25  µg/kg/min resulted in an approximately 1:2 distri-
bution of low: high-NED cases deemed suitable for this 
exploratory analysis. Finally, we performed sensitivity 
analyses using NED thresholds of 0.2 and 0.3 µg/kg/min.

Within each subgroup, we compared the differences in 
28-day survival between patients receiving AT II or pla-
cebo. The primary outcome was the difference in 28-day 
survival between the AT II and placebo groups in those 
with a baseline NED ≤ 0.25 µg/kg/min at the time of study 
drug initiation. The secondary outcome was the differ-
ence in 28-day survival between the two groups in those 
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with a baseline NED > 0.25 µg/kg/min. Other exploratory 
outcomes included the proportion of patients achieving 
a MAP response at hour 3, the degree of change in back-
ground vasopressors at hour 3, survival at 7  days, and 
cumulative incidence of discontinuation of renal replace-
ment therapy (RRT) at 7  days. Safety was assessed and 
reported through 28 days.

Statistical methods
Categorical data were reported as counts with percent-
ages and analyzed with chi-square or Fisher exact test 
in univariate analysis, as appropriate. Continuous data 
were reported as medians with interquartile ranges and 
analyzed with Wilcoxon rank sum test in univariate 
analysis. Kaplan–Meier analyses were used to describe 
time-to-event variables including survival and cumula-
tive incidence of RRT discontinuation. The log-rank test 
was used to compare the AT II and placebo arms with 
strata defined by the randomization strata [16]. Cox pro-
portional hazards models were used to compare the AT 

II and placebo arms utilizing the same a priori defined 
methods as the ATHOS-3 clinical trial stratified by the 
randomization strata adjusted for MAP and APACHE 
II, with effects estimated by the hazard ratios (HR) [16]. 
A two sided α of 0.05 was used to test for differences in 
treatment outcomes without adjustment for multiplicity. 
Statistical analysis was performed with SAS version 9.4 
(Cary, NC: SAS Institute Inc.).

Results
Baseline demographics
Of the 321 patients, 104 were initiated on study drug 
with a low-NED (≤ 0.25 µg/kg/min) and 217 with a high-
NED (> 0.25 µg/kg/min) at baseline. The baseline demo-
graphics of AT II and placebo groups within the NED 
subgroups were well balanced, with the exception of sig-
nificantly more females in the high-NED AT II subgroup 
compared to the high-NED placebo subgroup (Table 1). 
Severity of illness based on APACHE II and SOFA scores 
was similar across subgroups with the exception of 

Table 1  Baseline demographics

Unless otherwise noted, all values are expressed as median (IQR)

ARDS, acute respiratory distress syndrome; AT II, angiotensin II; BMI, body mass index; MAP, mean arterial pressure; NED, norepinephrine-equivalent dose; RRT​, renal 
replacement therapy

*n’s for cardiac index were: 15, 24, 58, and 45 for each subgroup, respectively. For the remaining subjects, the measures of central venous oxygen saturation of greater 
than 70% coupled with central venous pressure of greater than 8 mmHg were used to confirm vasodilatory shock. There were no significant differences between 
subgroups in either of these latter measures
† The use of vasopressin was not standardized and was based on the regional availability. The mean dose across subgroups was 0.04 U/min

Low-NED (≤ 0.25 µg/kg/min) p-value High-NED (> 0.25 µg/kg/min) p-value

Placebo (n = 48) AT II (n = 56) Placebo (n = 110) AT II (n = 107)

Age (yrs) 65.0 (50–75) 63.0 (53–73) 0.91 65.0 (53–75) 63.0 (51–75) 0.78

Female sex, n (%) 21 (43.8) 21 (37.5) 0.55 34 (30.9) 50 (46.7) 0.02

BMI (kg/m2) 31.0 (25.5–37.6) 28.8 (23.9–35.4) 0.18 28.4 (23.6–34.2) 28.1 (24.2–32.9) 0.62

Hypertension, n (%) 29 (60.4) 37 (66.1) 0.68 58 (52.3) 61 (56.5) 0.59

Exposure to ACE inhibitors, n (%) 6 (12.5) 6 (10.7) 1.00 9 (8.2) 9 (8.4) 1.00

Exposure to ARBs, n (%) 5 (10.4) 5 (8.9) 1.00 6 (5.5) 6 (5.6) 1.00

APACHE II score 27.0 (20–34) 27.0 (20–33) 0.81 29.5 (24–34) 27.0 (23–33) 0.14

SOFA score 12 (10–13) 12 (10–14) 0.55 13 (11–15) 12 (10–13)  < 0.001

Cardiac index (L/min/m2)* 3.2 (2.7–4.3) 3.0 (2.5–3.8) 0.25 3.2 (2.6–3.9) 3.0 (2.6–3.8) 0.68

Lactate (mmol/L) 2.2 (1.2–3.6) 2.4 (1.5–3.3) 0.67 4.1 (2.2–8.2) 3.1 (2.1–5.6) 0.07

Chest X-ray finding of ARDS, n (%) 13 (27.1) 11 (19.6) 0.48 38 (34.5) 29 (27.4) 0.30

MAP (mmHg) 67.3 (65.7–68.9) 67.5 (65.3–69.7) 0.94 65.7 (62.0–68.0) 65.7 (63.3–68.7) 0.28

NED (µg/kg/min) 0.21 (0.19–0.23) 0.21 (0.18–0.23) 0.45 0.45 (0.34–0.70) 0.47 (0.33–0.68) 0.75

Vasopressin use in the 6 h prior to 
randomization, n (%)†

30 (62.5) 34 (60.7) 1.00 81 (73.6) 79 (73.8) 1.00

Steroid use, n (%) 14 (29.2) 10 (17.9) 0.24 34 (30.9) 28 (26.2) 0.46

Receiving RRT, n (%) 9 (18.8) 17 (30.4) 0.26 54 (49.1) 31 (29.0) 0.003

Angiotensin I (pg/ml) 171.5 (64.0–446.0) 240.5 (55.8–558.0) 0.75 257.0 (77.9–828.0) 285.0 (87.4–869.0) 0.73

Angiotensin II (pg/ml) 80.5 (25.4–345.0) 72.1 (16.9–203.0) 0.41 64.9 (16.7–342.0) 116.0 (32.2–257.0) 0.33

Angiotensin I:II ratio 1.2 (0.7–2.9) 1.3 (0.8–7.4) 0.26 2.0 (1.1–5.8) 1.7 (1.0–4.8) 0.66

Renin (pg/ml) 65.6 (33.5–197.1) 138.8 (43.6–252.4) 0.23 285.8 (89.1–754.2) 153.0 (81.1–630.5) 0.20
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statistically higher SOFA score in the high-NED placebo 
subgroup. Dysregulation of the RAAS was evident at 
baseline in both the low-NED and high-NED subgroups, 
however, there were no significant differences in the lev-
els of any RAAS component between groups (Table  1). 
Further, significantly fewer patients were receiving RRT 
in the high-NED AT II subgroup.

Hemodynamics and vasopressor administration
In both the low-NED and high-NED subgroups, patients 
randomized to receive AT II had a significantly higher 
MAP response compared to placebo (low-NED sub-
group, 78.6% AT II vs. 25.0% placebo, p < 0.001; high-
NED subgroup, 65.4% AT II vs. 22.7% placebo, p < 0.001). 
Also compared to placebo, patients receiving AT II 
experienced a greater magnitude MAP increase from 
baseline to hour 3 (low-NED subgroup, 11  mmHg 
AT II vs. 2  mmHg placebo, p < 0.001; high-NED sub-
group, 11  mmHg AT II vs. 4  mmHg placebo, p < 0.001) 
(Table  2). The mean decrease in NED from baseline to 
hour 3 was significantly greater in patients receiving 

AT II in the low-NED subgroup compared to placebo 
(−  0.02 ± 0.06  µg/kg/min vs. −  0.01 ± 0.06  µg/kg/min; 
p = 0.01) and also in the high-NED subgroup compared 
to placebo (− 0.05 ± 0.12 µg/kg/min vs. 0.03 ± 0.31 µg/kg/
min; p = 0.01) (Table 2).

Survival
In the placebo group, 25/48 (52%) patients in the low-
NED subgroup and 60/110 (55%) patients in the high-
NED subgroup had died at 28 days. In the AT II group, 
20/56 (36%) patients in the low-NED subgroup and 
55/107 (51%) in the high-NED subgroup had died by 
day 28 (Table  3). Among all patients receiving AT II, 
those randomized at low-NED were more likely to sur-
vive compared to high-NED at both 7 days (87% vs. 63%, 
p = 0.001) and 28 days (64% vs. 49%; p = 0.03). However, 
within the placebo group, no differences in survival were 
seen amongst those randomized at low-NED compared 
to high-NED at either day 7 (71% vs. 63%, p = 0.56) or at 
day 28 (48% vs. 45%; p = 0.98).

Table 2  Hemodynamic, Vasopressor, and Exploratory Endpoint Data

Unless otherwise noted, all values are expressed as median (IQR)

AT II, angiotensin II; MAP, mean arterial pressure; NED, norepinephrine-equivalent dose; RRT​, renal replacement therapy; SD, standard deviation

Low-NED (≤ 0.25 µg/kg/min) HR (95% CI) p-value High-NED (> 0.25 µg/kg/min) HR (95% CI) p-value

Placebo (n = 48) AT II (n = 56) Placebo (n = 110) AT II (n = 107)

MAP response at 
hour 3, n (%)

12 (25.0) 44 (78.6)  < 0.001 25 (22.7) 70 (65.4)  < 0.001

MAP change from 
baseline to hour 3, 
mmHg

2 (− 1–8) 11 (7–16)  < 0.001 4 (− 1–10) 11 (5–16)  < 0.001

NED at hour 3, µg/
kg/min

0.21 (0.18–0.24) 0.19 (0.15–0.23) 0.01 0.46 (0.33–0.76) 0.42 (0.28–0.67) 0.20

NED change from 
baseline to 3 h, µg/
kg/min (mean ± SD)

− 0.01 ± 0.06 − 0.02 ± 0.06 0.01 0.03 ± 0.31 − 0.05 ± 0.12 0.01

7-d survival, % 71 (56–82) 87 (76–94) 0.38 (0.15, 0.94) 0.03 63 (53–71) 63 (53–71) 0.99 (0.63,1.53) 0.94

7-d cumulative 
incidence of discon-
tinuing RRT, %

33 (12–72) 59 (37–81) 1.99 (0.55–7.24) 0.29 11 (5–23) 29 (16–48) 2.97 (1.06–8.36) 0.03

Table 3  Primary and secondary outcomes

Values are expressed as median (IQR)

AT II, angiotensin II; NED, norepinephrine-equivalent dose

Primary outcome, 28-day survival in the Low-NED (≤ 0.25 µg/kg/min) subgroup

Placebo (n = 48) AT II (n = 56) HR (95% CI) p-value

48% (33%–61%) 64% (50%–75%) 0.51 (0.27, 0.95) 0.03

Secondary outcome, 28-day survival in the High-NED (> 0.25 µg/kg/min) subgroup

Placebo (n = 110) AT II (n = 107) HR (95% CI) p-value

45% (36–54%) 49% (39–58%) 0.93 (0.64, 1.35) 0.71
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In the low-NED subgroups, those randomized to AT II 
were significantly more likely to survive at 28 days com-
pared to those randomized to placebo (HR 0.51; 95% CI 
0.27–0.95, p = 0.03, Fig. 1a, Table 3, Additional file 1: Fig. 
S1). The absolute increase in survival of 16% with AT II 
resulted in a number needed to treat of 7. In the high-
NED subgroups, no difference in 28-day survival between 
the AT II and placebo groups was found (HR 0.93; 95% CI 

0.64–1.35, p = 0.71, Fig. 1b, Table 3, Additional file 1: Fig. 
S1). At 7 days, receipt of AT II in the low-NED subgroup 
was associated with significantly increased survival com-
pared to placebo (HR 0.38; 95% CI 0.15–0.94, p = 0.03, 
Fig. 1a, Table 2). No difference in the rate of 7-day sur-
vival was again found in the high NED subgroup (Fig. 1b, 
Table 2). Additional file 1: Fig. S2 displays 28-day survival 
by baseline NED in all enrolled patients. Additional file 1: 

Fig. 1  Kaplan–Meier plots of 28-day survival in patients randomized at low-NED (a) and in the high-NED arms (b)
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Fig. S3 displays 28-day survival by baseline NED accord-
ing to treatment arm.

Renal recovery of patients on RRT​
Within the low-NED subgroup, renal recovery (defined 
as cumulative incidence of discontinuing RRT) at day 7 
in patients receiving RRT at randomization in the AT II 
group was 59% compared to 33% in the placebo group 
(HR 1.99; 95% CI: 0.55–7.24; p = 0.29) (Table  2). In the 
high-NED subgroup, significantly more patients in the 
AT II group achieved renal recovery by day 7 (29%) as 
compared to patients in the placebo group (11%) (HR 
2.97; 95% CI: 1.06–8.36; p = 0.03) (Table 2).

Safety
In the low-NED subgroup, treatment-emergent adverse 
events were reported in 11.3% fewer patients ran-
domized to AT II compared to placebo (p = 0.16), 
whereas in the high-NED cohort, these were only 1.1% 
lower in the AT II group (Table 4). Similarly, in the low-
NED subgroup, numerically fewer patients receiving 

AT II compared to placebo experienced serious adverse 
events (48.2% vs. 66.7%, respectively; p = 0.07), but 
not in the high-NED cohort (67.3% AT II vs. 67.3% 
placebo).

Sensitivity analysis
Sensitivity Analysis of the primary outcomes was per-
formed at a NED threshold of 0.2 µg/kg/min and 0.3 µg/
kg/min. At a threshold of 0.2 µg/kg/min, there were only 
27 patients in the low-NED AT II group and 18 patients 
in the low-NED placebo group. Overall, with a sample 
size this low, there was not enough power to detect a dif-
ference in 28-day survival between these two groups (HR 
0.55; 95% CI 0.19–1.55, p = 0.25). At a threshold of 0.3 µg/
kg/min, there were a total of 139 patients in the low-NED 
group, and 182 patients in the high-NED group. Within 
the low-NED group, 74 patients received AT II and 65 
patients received placebo. At this threshold, the differ-
ence in survival was not statistically significant (HR 0.62; 
95% CI 0.36–1.07, p = 0.08).

Table 4  Summary of safety events

AT II, angiotensin II; NED, norepinephrine-equivalent dose; SAE, serious adverse event; TEAE, treatment-emergent adverse event

*For each event category, patients were counted once even if they had multiple events within that category. Adverse events were coded according to the Medical 
Dictionary for Regulatory Activities

Low-NED (≤ 0.25 µg/kg/min) p-value High-NED (> 0.25 µg/kg/min) p-value

Placebo (n = 48) AT II (n = 56) Placebo (n = 110) AT II (n = 107)

TEAE

  Events 194 212 368 457

  Patients, n (%) 44 (91.7) 45 (80.4) 0.16 101 (91.8) 97 (90.7) 0.81

SAE

  Events 51 53 116 118

  Patients, n (%) 32 (66.7) 27 (48.2) 0.07 74 (67.3) 72 (67.3) 1.0

SAE with frequency ≥ 4% in any study group, n (%)*

Infections and infestations (any) 4 (8.3) 6 (10.7) 17 (15.5) 24 (22.4)

  Septic shock 1 (2.1) 1 (1.8) 9 (8.2) 17 (15.9)

Nervous system disorders (any) 3 (6.3) 0 (0) 6 (5.5) 7 (6.5)

Cardiac disorders (any) 10 (20.8) 10 (17.9) 22 (20.0) 17 (15.9)

  Atrial fibrillation 2 (4.2) 0 (0) 3 (2.7) 5 (4.7)

  Cardiac arrest 3 (6.3) 2 (3.6) 6 (5.5) 5 (4.7)

  Ventricular tachycardia 1 (2.1) 3 (5.4%) 2 (1.8) 2 (1.9)

Vascular disorders (any) 3 (6.3) 4 (7.1) 12 (10.9) 13 (12.1)

Respiratory, thoracic, and mediastinal disorders (any) 13 (27.1) 6 (10.7) 12 (10.9) 11 (10.3)

  Acute respiratory failure 5 (10.4) 0 (0) 0 (0) 3 (2.8)

  Respiratory failure 7 (14.6) 3 (5.4) 4 (3.6) 5 (4.7)

Gastrointestinal disorders (any) 3 (6.3) 1 (1.8) 5 (4.5) 2 (1.9)

Hepatobiliary disorders (any) 0 (0) 1 (1.8) 5 (4.5) 3 (2.8)

Renal and urinary disorders (any) 3 (6.3) 0 (0) 0 (0) 2 (1.9)

General disorders and administration site conditions (any) 7 (14.6) 11 (19.6) 18 (16.4) 16 (15.0)

  Multi-organ failure 6 (12.5) 10 (17.9) 17 (15.5) 15 (14.0)
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Discussion
This exploratory post-hoc analysis of the phase 3 
ATHOS-3 clinical trial was undertaken to determine 
whether there is a signal for benefit of intervening with 
AT II at lower doses of other vasopressor agents. While 
this analysis is only hypothesis-generating in nature, we 
found a narrow window of low background vasopres-
sor dose at which adding AT II may be associated with 
better hemodynamic response and increased survival 
in patients with vasodilatory shock. Specifically, more 
patients achieved the hemodynamic target with AT II 
when initiated at low-NED (≤ 0.25  µg/kg/min) com-
pared to high-NED (> 0.25 µg/kg/min). Further, amongst 
patients with low-NED at the time of study drug initia-
tion, those randomized to AT II were significantly more 
likely to survive at 7 and 28 days compared to those ran-
domized to placebo, and within the AT II arm, those 
randomized at low-NED were significantly more likely 
to survive compared to those randomized at high-NED. 
Importantly however, this analysis cannot establish the 
true beneficial window for intervention with AT II, but 
suggests that it may occur at lower NED, and may also be 
narrow.

Vasodilatory shock is considered a medical emergency 
that requires hypotension-correcting interventions [4]. 
Catecholamines and vasopressin have traditionally been 
the initial vasopressors administered in patients with 
persistent hypotension in spite of fluid therapy [4]. How-
ever, these agents alone may be inadequate to achieve 
and maintain hemodynamic goals [5]; indeed, vasopres-
sin achieves target hemodynamic goals in less than 50% 
of patients [18–20]. Escalation of vasopressor dosage in 
patients with persistent hypotension is thus common, 
and although dosing thresholds in outcomes research 
vary, exposure to high dosages of vasopressors has con-
sistently portended grave prognosis in observational 
studies [21]. For example, shock unresponsive to norep-
inephrine or NED of ≥ 1  µg/kg/min is associated with a 
mortality rate > 80% [22, 23]. One retrospective study of 
1610 patients with septic shock, reported that in-hospital 
mortality rose significantly for each 10 µg/min increase in 
NED at vasopressin addition (OR 1.21, 95% CI 1.09–1.34) 
[17]. In another observational study, 30-day mortality 
was greater amongst 270 patients when AT II was added 
at higher NED (HR 1.61, 95% CI 1.03–2.51, p = 0.037; per 
1 µg/kg/min) [13]. In those who do survive exposure to 
high-dose vasopressors, such high doses provide dimin-
ishing hemodynamic benefits, and instead, increased 
harm manifests as arrhythmias and end-organ ischemia 
[21]. Our study corroborates previously reported data 
and supports the idea that addition of a non-catechola-
mine vasopressor at lower NED may be associated with 
improved survival. Therefore, the NED may identify 

patients with poor prognosis, and may be an important 
determinant of outcomes in shock and provide valuable 
insight into the optimal management strategies.

While unable to demonstrate any causal relationship, 
our post-hoc analysis suggests that if started at a lower 
NED, AT II may be associated with increased survival 
compared with placebo. Importantly, this analysis dem-
onstrates that there may be a narrow range of NED at 
which intervention with AT II may be beneficial and 
above which may be futile. These results are similar to 
an observational study which found increased hemody-
namic benefit with addition of AT II at NED < 0.3 µg/kg/
min and even more pronounced benefit when the NED 
was lower (< 0.2 µg/kg/min) [14]. The present data, cou-
pled with the well-established high mortality rates of high 
vasopressor dosages, suggest that in vasodilatory shock, 
addition of AT II may be more likely to achieve a better 
outcome if done so when the cumulative catecholamine 
vasopressor dosages are lower. Recently-published pilot 
data suggested that ATII may even have a role as a pri-
mary vasopressor in certain patients with distributive 
shock [24]. Similar findings have been demonstrated with 
vasopressin, wherein the addition of vasopressin at higher 
NED was associated with increased odds of in-hospital 
death (20.7% increase with every 10  µg/min increase in 
norepinephrine) [17]. Further, in a prospectively defined 
stratum of patients in the VASST trial, patients with sep-
tic shock randomized to vasopressin while receiving nor-
epinephrine at a dose less than 15 µg/min were less likely 
to die at 90 days than patients receiving norepinephrine 
alone (35.8% vs. 46.1%; absolute risk reduction, − 10.4% 
[95% CI, − 20.3 to − 0.4%) [25].

Reasons for why the addition of AT II at lower NED 
may be associated with improved outcomes are likely 
multifactorial but may include NED sparing, RAAS-spe-
cific mechanisms, and potentially beneficial interaction 
between vasopressor agents with differing mechanisms 
of action. In the ATHOS-3 trial, the addition of AT II 
lowered the requirement for background vasopressors 
throughout the majority of the 48-h treatment period [7]. 
Further, a large observational study found that the cat-
echolamine sparing effect of AT II was greatest when it 
was started at lower NED [14]. Because of the potential 
toxicity associated with high catecholamine load [22, 23, 
26], these data suggest that NED sparing may contribute 
to the outcome differences observed in our study. This 
suggestion is further supported by the rates of serious 
adverse events in the current analysis, which, while not 
statistically significant, were nearly 20% lower in the low-
NED AT II subgroup than in all other subgroups.

Additionally, RAAS disruption and AT II deficiency 
have been described to occur in septic shock and vaso-
plegic syndrome following cardiac surgery and to be 
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significantly associated with adverse outcomes [10, 11, 
27–32]. Hormonal repletion with AT II in patients with 
RAAS disruption may significantly improve survival [10]. 
While there was evidence of derangement in the concen-
trations of each component of the RAAS in this analysis 
(compared to normal reference ranges), there were no 
significant differences between subgroups and no clear 
trends in relationship to NED. Therefore, while AT I:II 
excess and hyper-reninemia may be an influencing factor 
on outcome in distributive shock [10, 11], determinants 
of outcomes in patients treated with AT II are likely mul-
tifactorial and may also include the overall severity and 
progression of the shock state, and thereby the vasopres-
sor dose.

Finally, while we were unable in this post-hoc analysis 
to determine whether there is any interaction between 
vasopressor agents, there may be a potentiating effect 
of AT II and vasopressin. Such an interaction was sug-
gested in an observational study of AT II, in which 
pre-existing use of vasopressin at the time of AT II ini-
tiation was associated with a significantly higher rate of 
hemodynamic responsiveness to AT II (OR 6.05, 95% CI 
1.98–18.6; p = 0.002) [13]. However, 30-day mortality was 
not impacted by the use of vasopressin in that study (OR 
1.32, 95% CI 0.70–2.48; p = 0.39), though few patients 
(22/270, 8.1%) were not receiving vasopressin at the time 
of intervention with AT II. Future trials may investigate 
whether there is any potentiating effect of vasopressin 
and AT II, and whether intervening with both agents at 
low norepinephrine doses may be more beneficial than 
intervening with either alone.

The present analysis, although hypothesis-generating 
in scope, has potentially important clinical implications, 
as it adds to mounting evidence suggesting that the 
NED may be an important determinant of outcomes in 
shock and could be used to guide management strate-
gies. The current Surviving Sepsis Campaign guidelines 
do not provide specific recommendations regarding tim-
ing for initiation of non-catecholamine vasopressors in 
patients with persistent hypotension, but the guideline 
authors state that their typical approach is to start vaso-
pressin at a norepinephrine dose of 0.25–0.5 µg/kg/min 
[4]. Our analysis, together with a similar recent analysis 
with vasopressin [17], suggests instead that a multimodal 
strategy initiated at a lower norepinephrine dose may be 
warranted. The current analysis further suggests that an 
earlier multimodal therapeutic approach utilizing AT II 
may confer benefit [33], though future prospective trials 
are necessary to confirm this.

The current analysis has several strengths, including 
the use of data from a prospective randomized trial of 
patients with vasodilatory shock. Further, the analy-
sis addresses an important clinical question, the most 

appropriate scenario for intervention with AT II, which 
is not currently defined. Finally, the present findings 
are consistent with those from other analyses suggest-
ing that interventions with non-catecholamine agents 
at lower norepinephrine doses are associated with 
improved outcomes [14, 17].

We acknowledge several limitations. First, this is a 
post-hoc observational study of a phase 3 trial with a 
non-patient-centered primary outcome. Thus, no infer-
ences of causality of AT II on the patient-centered out-
comes reported herein can be drawn; the results should 
be considered exploratory, hypothesis-generating, and 
the interpretation of the results requires caution. Sec-
ond, the study design of ATHOS-3 resulted in only 
one third of patients being enrolled at NED ≤ 0.25  µg/
kg/min, limiting the generalizability of these data. Had 
the ATHOS-3 protocol allowed for earlier enrollment, 
additional analyses could have been conducted on this 
population of patients. However, the limited number of 
patients enrolled in ATHOS-3 below this threshold pre-
clude further analysis of thresholds below 0.25  µg/kg/
min. Further, the total number of patients in each sub-
group was small and so the findings are subject to type 
I error. Third, it is possible that low-NED and high-
NED do not correlate with early or late stage of disease. 
Disease trajectory may be such that low-NED may not 
necessarily be early in the shock state but could poten-
tially be a sign of patient improvement. Therefore, no 
conclusions regarding timing can be drawn from this 
analysis. Finally, even within the placebo group, prac-
tice may have been variable with regard to vasopressors 
[34], which may have influenced the results.

Conclusions
This exploratory post-hoc analysis of a phase 3 clini-
cal trial suggests that the introduction of AT II therapy 
at lower doses of vasopressor therapy may be associ-
ated with benefit. Prospective randomized trials of AT 
II infusion in lower NED patients may be both desir-
able and justified. While the data presented herein 
should be considered exploratory, hypothesis-generat-
ing, and should be interpreted with caution, they may 
inform selection of an appropriate threshold vasopres-
sor dose below which introduction of AT II could be 
investigated.

Abbreviations
AT II	� Angiotensin II
ATHOS-3	� Angiotensin II for the treatment of high-output shock
HR	� Hazard ratio
MAP	� Mean arterial pressure
NED	� Norepinephrine-equivalent dose
RAAS	� Renin–angiotensin–aldosterone system



Page 9 of 10Wieruszewski et al. Critical Care          (2023) 27:175 	

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s13054-​023-​04446-1.

Additional file 1: Fig. S1. Kaplan-Meier plots of 28-day survival in 
patients randomized at low-norepinephrine equivalent dose and high-
norepinephrine equivalent dose separated by treatment arms. Fig. S2. 
Day 28 survival by baseline norepinephrine equivalent dose in all enrolled 
patients. Fig. S3. Day 28 survival by baseline norepinephrine equivalent 
dose separated by treatment group. Blue: angiotensin II, red: placebo.

Acknowledgements
None.

Author contributions
Conception and design of the study: PMW, CRG, TH, JHC. Acquisition of data: 
All authors. Analysis and interpretation of data: All authors. Drafted or provided 
critical revisions: All authors. Provided final approval of manuscript: All authors. 
All authors read and approved the final manuscript.

Funding
The primary study and the present post-hoc analysis were supported by La 
Jolla Pharmaceutical Company. The work is the authors’ own and no payments 
were made to the authors for participating in or writing the paper.

Availability of data and materials
The data supporting the findings of this study are available from La Jolla Phar-
maceutical Company. However, restrictions apply to the availability of these 
data, which were used under license for the current study and so are not pub-
licly available. However, data are available from the authors upon reasonable 
request and with the permission of La Jolla Pharmaceutical Company.

Declarations

Ethics approval and consent to participate
ATHOS-3 was sponsored by La Jolla Pharmaceutical Company and conducted 
under full oversight of site-level or central institutional review boards and 
ethics committees, per regional requirement. Written informed consent was 
obtained from all patients or their legal surrogates prior to inclusion.

Consent for publication
Not applicable.

Competing interests
RB, KRH, and AMD, report no conflicts of interest. JHC, PMW, AKK, RGW, and 
DWB have previously served on a scientific advisory board for La Jolla Phar-
maceutical Company. JHC, LWB, AKK, and DWB have served on the Speaker’s 
Bureau for La Jolla Pharmaceutical Company. AZ and JHC have received 
consultant fees from La Jolla Pharmaceutical Company. AZ has received 
consultant fees from Paion. AKK received research grant funding from La Jolla 
Pharmaceutical Company for the ATHOS-3 study and through the Wake Forest 
Center for Hypertension and Vascular Research for RAAS in septic shock. MO’s 
institution received research funding from La Jolla Pharmaceutical Company. 
CRG and TH are employees of La Jolla Pharmaceutical Company. SK was an 
employee of La Jolla Pharmaceutical Company during the preparation of the 
manuscript.

Author details
1 Departments of Pharmacy and Anesthesiology, Mayo Clinic, Rochester, MN, 
USA. 2 Department of Critical Care, Melbourne Medical School, University 
of Melbourne, Parkville, Australia. 3 Australian and New Zealand Intensive Care 
Research Centre, School of Public Health and Preventive Medicine, Monash 
University, Melbourne, VIC, Australia. 4 Department of Medicine, Emory Univer-
sity, Atlanta, GA, USA. 5 Emory Critical Care Center, Emory Healthcare, Atlanta, 
GA, USA. 6 Department of Critical Care Medicine, Mayo Clinic Arizona, Phoenix, 
AZ, USA. 7 Department of Anesthesiology, Intensive Care and Pain Medicine, 
University Hospital Münster, University Münster, Munster, Germany. 8 Depart-
ment of Anesthesiology, Section on Critical Care Medicine, Wake Forest School 

of Medicine, Wake Forest Baptist Medical Center, Winston‑Salem, NC, USA. 
9 Perioperative Outcomes and Informatics Collaborative, Winston‑Salem, NC, 
USA. 10 Outcomes Research Consortium, Cleveland, OH, USA. 11 Department 
of Critical Care, King’s College London, Guy’s and St Thomas’ Hospital, West-
minster Bridge Road, London SE1 7EH, UK. 12 Division of Pulmonary and Critical 
Care Medicine, Department of Medicine, Feinberg School of Medicine, 
Northwestern University, Chicago, IL, USA. 13 Department of Anesthesiology 
and Critical Care Medicine, University of California Los Angeles, Los Angeles, 
CA, USA. 14 La Jolla Pharmaceutical Company, Waltham, MA, USA. 15 Depart-
ment of Anesthesiology and Critical Care Medicine, George Washington 
University School of Medicine and Health Sciences, 2700 M St. NW, 7Th Floor, 
Room 709, Washington, DC 20037, USA. 

Received: 1 November 2022   Accepted: 17 April 2023

References
	1.	 Vincent J-L, De Backer D. Circulatory shock. N Engl J Med. 2014;370:582–3.
	2.	 Maheshwari K, Nathanson BH, Munson SH, Khangulov V, Stevens M, 

Badani H, et al. The relationship between ICU hypotension and in-
hospital mortality and morbidity in septic patients. Intensive Care Med. 
2018;44:857–67.

	3.	 Vincent J-L, Nielsen ND, Shapiro NI, Gerbasi ME, Grossman A, Doroff R, 
et al. Mean arterial pressure and mortality in patients with distributive 
shock: a retrospective analysis of the MIMIC-III database. Ann Intensive 
Care. 2018;8:107.

	4.	 Evans L, Rhodes A, Alhazzani W, Antonelli M, Coopersmith CM, French 
C, et al. Surviving sepsis campaign: international guidelines for 
management of sepsis and septic shock 2021. Intensive Care Med. 
2021;47:1181–247.

	5.	 Jentzer JC, Vallabhajosyula S, Khanna AK, Chawla LS, Busse LW, 
Kashani KB. Management of refractory vasodilatory shock. Chest. 
2018;154:416–26.

	6.	 Chow JH, Abuelkasem E, Sankova S, Henderson RA, Mazzeffi MA, Tanaka 
KA. Reversal of vasodilatory shock: current perspectives on conventional, 
rescue, and emerging vasoactive agents for the treatment of shock. 
Anesth Analg. 2020;130:15–30.

	7.	 Khanna A, English SW, Wang XS, Ham K, Tumlin J, Szerlip H, et al. 
Angiotensin II for the treatment of vasodilatory shock. N Engl J Med. 
2017;377:419–30.

	8.	 Tumlin JA, Murugan R, Deane AM, Ostermann M, Busse LW, Ham KR, 
et al. Outcomes in patients with vasodilatory shock and renal replace-
ment therapy treated with intravenous angiotensin II. Crit Care Med. 
2018;46:949–57.

	9.	 Ham KR, Boldt DW, McCurdy MT, Busse LW, Favory R, Gong MN, et al. 
Sensitivity to angiotensin II dose in patients with vasodilatory shock: a 
prespecified analysis of the ATHOS-3 trial. Ann Intensive Care. 2019;9:63.

	10.	 Bellomo R, Forni LG, Busse LW, McCurdy MT, Ham KR, Boldt DW, et al. 
Renin and survival in patients given angiotensin ii for catecholamine-
resistant vasodilatory shock. A clinical trial. Am J Respir Crit Care Med. 
2020;202:1253–61.

	11.	 Bellomo R, Wunderink RG, Szerlip H, English SW, Busse LW, Deane AM, 
et al. Angiotensin I and angiotensin II concentrations and their ratio in 
catecholamine-resistant vasodilatory shock. Crit Care. 2020;24:43.

	12.	 Wong A, Alkazemi A, Eche IM, Petri CR, Sarge T, Cocchi MN. A retrospec-
tive review of angiotensin II use in adult patients with refractory distribu-
tive shock. J Intensive Care Med. 2020;35:1490–6.

	13.	 Wieruszewski PM, Wittwer ED, Kashani KB, Brown DR, Butler SO, Clark AM, 
et al. Angiotensin II infusion for shock: a multicenter study of postmarket-
ing use. Chest. 2021;159:596–605.

	14.	 Smith SE, Newsome AS, Guo Y, Hecht J, McCurdy MT, Mazzeffi MA, et al. 
A multicenter observational cohort study of angiotensin II in shock. J 
Intensive Care Med. 2022;37:75–82.

	15.	 Quan M, Cho N, Bushell T, Mak J, Nguyen N, Litwak J, et al. Effectiveness of 
angiotensin II for catecholamine refractory septic or distributive shock on 
mortality: a propensity score weighted analysis of real-world experience 
in the medical ICU. Crit Care Explor. 2022;4:e0623.

	16.	 Chawla LS, Russell JA, Bagshaw SM, Shaw AD, Goldstein SL, Fink MP, 
et al. Angiotensin II for the treatment of high-output shock 3 (ATHOS-3): 

https://doi.org/10.1186/s13054-023-04446-1
https://doi.org/10.1186/s13054-023-04446-1


Page 10 of 10Wieruszewski et al. Critical Care          (2023) 27:175 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

protocol for a phase III, double-blind, randomised controlled trial. Crit 
Care Resusc. 2017;19:43–9.

	17.	 Sacha GL, Lam SW, Wang L, Duggal A, Reddy AJ, Bauer SR. Associa-
tion of catecholamine dose, lactate, and shock duration at vasopressin 
initiation with mortality in patients with septic shock. Crit Care Med. 
2022;50:614–23.

	18.	 Sacha GL, Lam SW, Duggal A, Torbic H, Bass SN, Welch SC, et al. Predictors 
of response to fixed-dose vasopressin in adult patients with septic shock. 
Ann Intensive Care. 2018;8:35.

	19.	 Jakowenko ND, Murata J, Kopp BJ, Erstad BL. Influence of timing and 
catecholamine requirements on vasopressin responsiveness in critically ill 
patients with septic shock. J Intensive Care Med. 2022;37:1512–9.

	20.	 Scheibner A, Betthauser KD, Bewley AF, Juang P, Lizza B, Micek S, et al. 
Machine learning to predict vasopressin responsiveness in patients with 
septic shock. Pharmacotherapy. 2022;42:460–71.

	21.	 Wieruszewski PM, Khanna AK. Vasopressor choice and timing in vasodila-
tory shock. Crit Care. 2022;26:76.

	22.	 Martin C, Medam S, Antonini F, Alingrin J, Haddam M, Hammad E, et al. 
Norepinephrine: not too much. Too Long Shock. 2015;44:305–9.

	23.	 Brown SM, Lanspa MJ, Jones JP, Kuttler KG, Li Y, Carlson R, et al. 
Survival after shock requiring high-dose vasopressor therapy. Chest. 
2013;143:664–71.

	24.	 See EJ, Clapham C, Liu J, Khasin M, Liskaser G, Chan JW, et al. A pilot study 
of Angiotensin II as primary vasopressor in critically ill adults with vasodi-
latory hypotension. The acute renal effects of angiotensin II management 
in shock (ARAMIS) study. Shock [Internet]. 2023 [cited 2023 Apr 3];Publish 
Ahead of Print. https://​doi.​org/​10.​1097/​SHK.​00000​00000​002109

	25.	 Russell JA, Walley KR, Singer J, Gordon AC, Hébert PC, Cooper DJ, et al. 
Vasopressin versus norepinephrine infusion in patients with septic shock. 
N Engl J Med. 2008;358:877–87.

	26.	 Wieruszewski ED, Jones GM, Samarin MJ, Kimmons LA. Predictors of 
dysrhythmias with norepinephrine use in septic shock. J Crit Care. 
2021;61:133–7.

	27.	 Gleeson PJ, Crippa IA, Mongkolpun W, Cavicchi FZ, Van Meerhaeghe T, 
Brimioulle S, et al. Renin as a marker of tissue-perfusion and prognosis in 
critically ill patients. Crit Care Med. 2019;47:152–8.

	28.	 Jeyaraju M, McCurdy MT, Levine AR, Devarajan P, Mazzeffi MA, Mullins 
KE, et al. Renin kinetics are superior to lactate kinetics for predicting 
in-hospital mortality in hypotensive critically ill patients. Crit Care Med. 
2022;50:50–60.

	29.	 Küllmar M, Saadat-Gilani K, Weiss R, Massoth C, Lagan A, Cortés MN, 
et al. Kinetic changes of plasma renin concentrations predict acute 
kidney injury in cardiac surgery patients. Am J Respir Crit Care Med. 
2021;203:1119–26.

	30.	 Flannery AH, Ortiz-Soriano V, Li X, Gianella FG, Toto RD, Moe OW, et al. 
Serum renin and major adverse kidney events in critically ill patients: a 
multicenter prospective study. Crit Care. 2021;25:294.

	31.	 Meersch M, Weiss R, Massoth C, Küllmar M, Saadat-Gilani K, Busen M, et al. 
The association between angiotensin II and renin kinetics in patients after 
cardiac surgery. Anesth Analg. 2022;134:1002–9.

	32.	 Chow JH, Wittwer ED, Wieruszewski PM, Khanna AK. Evaluating the evi-
dence for angiotensin II for the treatment of vasoplegia in critically ill car-
diothoracic surgery patients. J Thorac Cardiovasc Surg. 2022;163:1407–14.

	33.	 Ammar MA, Ammar AA, Wieruszewski PM, Bissell BD, Long TM, Albert L, 
et al. Timing of vasoactive agents and corticosteroid initiation in septic 
shock. Ann Intensive Care. 2022;12:47.

	34.	 Abril MK, Khanna AK, Kroll S, McNamara C, Handisides D, Busse LW. 
Regional differences in the treatment of refractory vasodilatory shock 
using angiotensin II in high output shock (ATHOS-3) data. J Crit Care. 
2019;50:188–94.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1097/SHK.0000000000002109

