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Objective: The present study investigated outcomes in patients with vasoplegia after cardiac surgery treated with angiotensin II plus standard-of-

care vasopressors. Vasoplegia is a common complication in cardiac surgery with cardiopulmonary bypass and is associated with significant mor-

bidity and mortality. Approximately 250,000 cardiac surgeries with cardiopulmonary bypass are performed in the United States annually, with

vasoplegia occurring in 20%to-27% of patients.

Design: Post-hoc analysis of the Angiotensin II for the Treatment of High-Output Shock (ATHOS-3) study.

Setting: Multicenter, multinational study.

Participants: Sixteen patients with vasoplegia after cardiac surgery with cardiopulmonary bypass were enrolled.

Interventions: Angiotensin II plus standard-of-care vasopressors (n = 9) compared with placebo plus standard-of-care vasopressors (n = 7).

Measurements and Main Results: The primary endpoint was mean arterial pressure response (mean arterial pressure �75 mmHg or an increase

from baseline of �10 mmHg at hour 3 without an increase in the dose of standard-of-care vasopressors). Vasopressor sparing and safety also

were assessed. Mean arterial pressure response was achieved in 8 (88.9%) patients in the angiotensin II group compared with 0 (0%) patients in

the placebo group (p = 0.0021). At hour 12, the median standard-of-care vasopressor dose had decreased from baseline by 76.5% in the angioten-

sin II group compared with an increase of 7.8% in the placebo group (p = 0.0013). No venous or arterial thrombotic events were reported.
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Conclusion: Patients with vasoplegia after cardiac surgery with cardiopulmonary bypass rapidly responded to angiotensin II, permitting signif-

icant vasopressor sparing.

� 2020 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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VASOPLEGIA is a type of distributive shock commonly

defined as hypotension or requirement for vasopressors to main-

tain mean arterial pressure (MAP), with reduced systemic vascu-

lar resistance and preserved or increased cardiac output.1

Approximately 250,000 cardiac surgeries with cardiopulmonary

bypass (CPB) are performed in the United States annually.2 Vas-

oplegia is a common complication in cardiac surgery with CPB,

occurring in 20%to-27% of patients.3,4 Vasoplegia may be asso-

ciated with significant morbidity and mortality as a result of organ

hypoperfusion.4,5 Patients with vasoplegia after cardiac surgery

with CPB demonstrate increases in the following: (1) incidence

of postoperative renal failure, (2) duration on ventilation, (3)

duration in the intensive care unit (ICU); and (4) mortality.4

Due to similar pathophysiologic mechanisms and limited spe-

cific treatment recommendations,6 blood pressure management in

vasoplegia tends to be similar to that in septic shock.7 As in septic

shock, norepinephrine is considered the first-line vasopressor ther-

apy for the treatment of vasoplegia. Vasopressin is a second-line

treatment option in septic shock and also has been investigated in

vasoplegia because endogenous vasopressin levels are depleted

during CPB.7 Additional options for the treatment of vasoplegia

include methylene blue, hydroxocobalamin, and high-dose vita-

min C, although the data are limited and equivocal.8-10

An alternative approach to the treatment of vasoplegia after car-

diac surgery with CPB is the targeting of the renin-angiotensin-

aldosterone system (RAAS) with exogenous angiotensin II. The

RAAS is relevant because angiotensin-converting enzyme (ACE)

inhibitor use is common in patients undergoing cardiac surgery

and ACE activity is disrupted during CPB, each of which can cre-

ate a relative deficiency of angiotensin II. Initial reports indicated

that exogenous angiotensin II is effective in correcting vasoplegia

after CPB in patients refractory to multiple vasopressors.11-13 In

December 2017, angiotensin II was approved by the US Food and

Drug Administration as a vasoconstrictor indicated to increase

blood pressure in adults with septic or other distributive shock on

the basis of the Angiotensin II for the Treatment of High-Output

Shock (ATHOS-3) study.14 To further examine the efficacy of

angiotensin II in the treatment of patients with vasoplegia after

cardiac surgery with CPB, the authors of the present study con-

ducted a post-hoc analysis of ATHOS-3, hypothesizing that

angiotensin II would increase blood pressure and reduce vasopres-

sor requirements in this subset of patients.

Methods

Study Design

ATHOS-3 was a multinational, randomized, double-blind

study in 321 adults with septic or other distributive shock who
remained hypotensive despite adequate volume resuscitation

over the previous 24 hours and administration of high-dose

vasopressors (>0.2 mg/kg/min of norepinephrine-equivalent

dose (NED)) and who had an MAP between 55 and 70 mmHg.

The primary endpoint was MAP response, defined as MAP

�75 mmHg or an increase from baseline of �10 mmHg at

hour 3, without an increase in the dose of standard-of-care vas-

opressors. ATHOS-3 was sponsored by La Jolla Pharmaceuti-

cal Company, San Diego, CA, and conducted under a Special

Protocol Agreement with the US Food and Drug Administra-

tion. ATHOS-3 was conducted in accordance with current

Good Clinical Practice guidelines, applicable local regulations,

and the ethical principles described in the Declaration of Hel-

sinki.
Patients

ATHOS-3 enrolled adult patients (ages �18 years) with sep-

tic and other distributive shock (defined as a cardiac index

>2.3 L/min/m2 or central venous oxygen saturation >70%

with central venous pressure>8 mmHg), despite adequate vol-

ume resuscitation, who displayed refractory hypotension

(receipt of >0.2 mg/kg/min of NED, including vasopressin,

for at least 6-to-48 hours before enrollment). The present anal-

ysis identified patients enrolled in ATHOS-3 who experienced

vasoplegia after cardiac surgery with CPB.
Treatment

After informed consent was obtained and study eligibility

was established, patients were randomly assigned to treatment

groups based on the following 2 stratification criteria: (1)

MAP at screening (<65 mmHg or �65 mmHg) and (2) base-

line Acute Physiology and Chronic Health Evaluation II score

(�30, 31-40, and �41). Patients were randomly assigned (1:1)

to receive either angiotensin II or placebo, both in addition to

standard-of-care vasopressors.

The starting dose of angiotensin II was 20 ng/kg/min and

could be titrated as frequently as every 5 minutes to a maxi-

mum of 200 ng/kg/min to achieve an MAP of �75 mmHg or

an increase from baseline of �10 mmHg at hour 3 without an

increase in the dose of standard-of-care vasopressors. From

hours 3-to-48, the dose of angiotensin II could be titrated as

low as 1.25 ng/kg/min or as high as 40 ng/kg/min to maintain

a MAP of 65-to-70 mmHg. Standard-of-care vasopressors

could be down-titrated. Angiotensin II was discontinued at

hour 48; however, if the NED requirement remained >0.10

mg/kg/min, the investigator could restart treatment. Standard-

http://creativecommons.org/licenses/by-nc-nd/4.0/


Table 1

Patient Demographics and Baseline Characteristics

Characteristic Ang II Placebo Total

(n = 9) (n = 7) (n = 16)

Age, n (%)

˚<65 y 5 (55.6) 2 (28.6) 7 (43.8)

˚�65 y 4 (44.4) 5 (71.4) 9 (56.3)

Sex, n (%)

˚Female 1 (11.1) 2 (28.6) 3 (18.8)

˚Male 8 (88.9) 5 (71.4) 13 (81.3)

Race, n (%)

˚White 9 (100.0) 6 (85.7) 15 (93.8)

˚Native Hawaiian

or Pacific

Islander

0 (0.0) 1 (14.3) 1 (6.3)

Baseline weight

(kg)

˚Median (IQR) 87.1 (80.0-93.9) 87.0 (70.3-98.5) 87.1 (75.2-95.6)

Baseline albumin

(g/dL)

˚Median (IQR) 3.0 (2.5-3.1) 2.8 (2.3-3.3) 2.8 (2.3-3.2)

Baseline MAP

(mmHg)

˚<65 mmHg 2 (22.2) 1 (14.3) 3 (18.8)

˚�65 mmHg 7 (77.8) 6 (85.7) 13 (81.3)

˚Median (IQR) 68.3 (65.0-69.0) 67.7 (65.3-67.7) 67.7 (65.2-68.5)

Baseline

APACHE II

˚�30 9 (100.0) 6 (85.7) 15 (93.8)

˚>30 0 (0.0) 1 (14.3) 1 (6.3)

˚Median (IQR) 14 (11-22) 21 (20-24) 20 (14-24)

Baseline NED

(mg/kg/min)

˚Median (IQR) 0.28 (0.20-0.47) 0.29 (0.23-0.40) 0.29 (0.21-0.43)

Vasopressin use

during 6 h

before

randomization,

n (%)

6 (66.7) 4 (57.1) 10 (62.5)

Baseline

angiotensin I

(pg/mL)

˚n 8 7 15

˚Median (IQR) 453 (201-813) 170 (88-1,000) 306 (95-995)

˚Range 40-1,040 58-1,370 40-1,370

Baseline

angiotensin II

(pg/mL)

˚n 8 7 15

˚Median (IQR) 182 (56-325) 174 (58-208) 182 (58-304)

˚Range 21-527 27-523 21-527

Baseline

angiotensin I:II

ratio

˚n 8 7 15

˚Median (IQR) 2.2 (1.0-4.5) 2.6 (0.5-3.2) 2.3 (0.6-3.3)

˚Range 0.6-30.6 0.5-5.7 0.5-30.6

Abbreviations: Ang II, angiotensin II; APACHE, Acute Physiology and

Chronic Health Evaluation; IQR, interquartile range; MAP, mean arterial

pressure; NED, norepinephrine-equivalent dose.
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of-care vasopressors were titrated according to institutional

protocols. The protocol-specified maximum duration of angio-

tensin II use was 7 days.

Endpoints

The primary endpoint was MAP response, defined as MAP

�75 mmHg or an increase from baseline of �10 mmHg at

hour 3 without an increase in standard-of-care vasopressors.

Secondary endpoints included change in NED, mortality to

day 28, and safety endpoints.

Statistical Methods

With a sample of 16 patients, this post-hoc analysis had power

of approximately 65% to detect a 50% absolute difference in

MAP response across treatment groups. The method for multiple

comparisons mirrored ATHOS-3, with a hierarchical testing pro-

cedure of MAP response, followed by change in NED and then

mortality. MAP response was compared across treatment groups

using the Cochran-Mantel-Haenszel test, with strata defined by

the randomization strata. Changes in NED were compared using a

2-sample t test. Mortality to day 28 was estimated by Kaplan-

Meier methods and compared by log-rank test. All statistical anal-

yses were performed using SAS (SAS, Cary, NC).

Results

Patients

Of the 321 patients randomized and treated in ATHOS-3, 16

(5.0%) patients with vasoplegia after cardiac surgery with

CPB (9 patients in the angiotensin II plus standard-of-care vas-

opressors group and 7 patients in the placebo plus standard-of-

care vasopressors group) were enrolled in the present study.

Patient baseline characteristics were well-balanced between

treatment groups (Table 1). Individual vasopressor type and

dose at baseline for patients in the present cohort are provided

in Table S1. Median baseline MAP was 68.3 mmHg in the

angiotensin II group and 67.7 mmHg in the placebo group.

The median NED at baseline was 0.28mg/kg/min in the angio-

tensin II group and 0.29 mg/kg/min in the placebo group.

Vasopressin within the 6 hours before randomization was

administered to 6 (66.7%) patients in the angiotensin II group

and 4 (57.1%) patients in the placebo group. Few patients had

prior exposure to ACE inhibitors (3/16 [18.8%]) or angiotensin

II receptor blockers (1/16 [6.3%]). Median circulating levels of

angiotensin I in the group as a whole were elevated (306 pg/

mL) relative to a previously reported group of healthy control

volunteers (42 pg/mL), as was the median ratio of angiotensin

I:angiotensin II (2.3 v 0.4 in healthy control volunteers).15

Efficacy Outcomes

MAP response at hour 3 was achieved in 8 (88.9%) patients

in the angiotensin II group compared with 0 (0%) patients in

the placebo group (p = 0.0021) (Fig 1 and Table 2). All
responders in the angiotensin II group achieved target MAP

(MAP �75 mmHg or an increase from baseline of �10



Table 2

Outcomes of Interest

Characteristic Ang II Placebo p Value*

(n = 9) (n = 7)

MAP response at

h 3

˚n (%) 8 (88.9) 0 (0.0) 0.0021

NED at h 3

˚Median (IQR) 0.17 (0.12-0.33) 0.29 (0.24-0.42) 0.3018

Change in NED at

h 3 (mg/kg/min)

˚Median (IQR) �0.03 (�0.14 to

0.00)

0.00 (0.00-0.06) 0.0183

Percent change in

NED at h 3

˚Median (IQR) �21.1 (�39.1 to

0.0)

0.0 (0.0-8.9) 0.0219

NED at h 12

Median (IQR) 0.06 (0.03-0.14) 0.25 (0.21-0.44) 0.0849

Change in NED at

h 12 (mg/kg/

min)

˚Median (IQR) �0.18 (�0.20 to

�0.13)

0.02 (�0.08 to

0.04)

0.0032

Percent change in

NED at h 12
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mmHg) within the first hour of treatment initiation, with a

median MAP of 80.2 mmHg at hour 1 (Fig 2).

Details regarding the administration of angiotensin II are

presented in Table 3. The dose of angiotensin II was rapidly

down-titrated from the starting dose of 20 ng/kg/min to a

median of 5 ng/kg/min by 30 minutes, with 6 (66.7%) patients

receiving a dose of �5 ng/kg/min. The median dose of angio-

tensin II at hour 3 was 5 ng/kg/min.

Treatment with angiotensin II resulted in a significant vaso-

pressor-sparing effect (Fig 3, A and B). The response to angio-

tensin II was rapid and permitted reduction in the dose of

standard-of-care vasopressors. At hour 3, the median standard-

of-care vasopressor dose had decreased from baseline by 0.03

mg/kg/min (median percent change of �21.1%) in the angio-

tensin II group compared with no change in the placebo group

(change p = 0.0183; percent change p = 0.0219). At hour 12,

the median standard-of-care vasopressor dose had decreased

from baseline by 0.18 mg/kg/min (median percent change of

�76.5%) in the angiotensin II group compared with an

increase of 0.02 mg/kg/min (median percent change of 7.8%)

in the placebo group (change p = 0.0032; percent change

p = 0.0013). Mortality to day 28 did not differ between groups,

with 1 patient dying in each treatment group.
˚Median (IQR) �76.5 (�87.1 to

�37.5)

7.8 (�27.6 to

17.4)

0.0013

Abbreviations: Ang II, angiotensin II; APACHE, Acute Physiology and

Chronic Health Evaluation; IQR, interquartile range; MAP, mean arterial

pressure; NED, norepinephrine-equivalent dose.

* p value stratified by baseline mean arterial pressure and Acute Physiology

and Chronic Health Evaluation II score.
Safety

A summary of treatment-emergent adverse events (TEAEs)

is shown in Table 4. TEAEs, both serious and nonserious,

were reported in 5 (55.6%) patients in the angiotensin II group

compared with 7 (100%) patients in the placebo group. Of

these, 3 (33.3%) patients experienced TEAEs that were
a MAP of 75 mm Hg or higher or an increase in MAP from baseline of at least 10 mm Hg at Hour 3
without an increase in the dose of standard-of-care vasopressors

89%

0%
0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

Angiotensin II
(n=9)

Placebo
(n=7)

P-value=0.0021

Fig 1. Mean arterial pressure response.*A mean arterial pressure of 75 mmHg or more or an increase in mean arterial pressure from a baseline of at least 10 mmHg

at hour 3 without an increase in the dose of standard-of-care vasopressors.



Fig 2. Mean arterial pressure response over first 12 hours. MAP, mean arterial pressure.
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deemed serious by the study investigator in the angiotensin II

group compared with 5 (71.4%) patients in the placebo group.

Pleural effusion occurred in more than 1 patient (n = 2) in the

placebo group. There was 1 fatal adverse event in each treat-

ment group. One patient died on study day 2 because of cardio-

genic shock in the angiotensin II group. One patient died on

study day 3 because of worsening of multiorgan failure in the

placebo group. There were no instances of venous or arterial

thromboembolic events reported. Nine (100%) patients in the

angiotensin II treatment group were on anticoagulation com-

pared with 6 (85.7%) patients in the placebo group.

Discussion

In the present post-hoc analysis of patients with vasoplegia

who were enrolled in ATHOS-3, angiotensin II safely led to a

resolution of vasoplegia. Blood pressure increased rapidly and
Table 3

Administration of Angiotensin II

Characteristic Ang II

(n = 9)

Starting dose (ng/kg/min)

˚Median (IQR) 20.0 (20.0-20.0)

Dose at 30 min (ng/kg/min)

˚Median (IQR) 5.0 (2.5-8.0)

Dose at h 3 (ng/kg/min)

˚Median (IQR) 5.0 (2.5-10.0)

Dose at h 12 (ng/kg/min)

˚Median (IQR) 5.0 (5.0-20.0)

Abbreviations: Ang II, angiotensin II; IQR, interquartile range.
was maintained. Rapid resolution of vasoplegia is important

because hypotension in the perioperative period is associated

with poor outcomes. In a study of 1,558 patients after cardiac

surgery with CPB, patients with vasoplegia compared with

those without experienced increased (1) incidence of postoper-

ative renal failure (16% compared with <1%), (2) duration on

ventilation (14 hours compared with 8 hours), (3) duration in

the ICU (4 days compared with 2 days), and (4) mortality (8%

compared with <1%).4 The rapid blood pressure response to

angiotensin II permitted a significant reduction in the dose of

standard-of-care vasopressors. At hour 12, the median stan-

dard-of-care vasopressor dose had decreased from baseline by

76.5% in the angiotensin II group compared with an increase

of 7.8% in the placebo group (p = 0.0013). Fewer patients

experienced adverse events in the angiotensin II group com-

pared with patients in the placebo group, which may be related

to this vasopressor-sparing effect.

These data suggested that exogenous angiotensin II is a via-

ble treatment option for vasoplegia after cardiac surgery with

CPB. This is important because high catecholamine doses may

be required for patients with profound vasoplegia and such

doses are associated with toxicity in patients who undergo car-

diac surgery with CPB.7 For example, according to a prospec-

tive observational study in 112 surgical ICU patients, the

extent and duration of catecholamine therapy were indepen-

dently associated with and may contribute to the pathogenesis

of adverse cardiac events.16 Noncatecholamine alternatives

therefore are needed in the management of these patients.

Vasopressin was demonstrated in the Vasopressin versus

Norepinephrine in Patients with Vasoplegic Shock After Car-

diac Surgery (VANCS) trial to be associated with less atrial



Fig 3. (A) Median change in norepinephrine-equivalent dose over the initial 12 hours of treatment. (B) Median percent change in norepinephrine-equivalent dose

over the initial 12 hours of treatment. NED, norepinephrine-equivalent dose.
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fibrillation and renal dysfunction compared with norepineph-

rine in patients with postoperative vasoplegia.17 However,

treatment options for patients refractory to catecholamines and

vasopressin were not clearly defined.
Fig 3. Con
Methylene blue and hydroxocobalamin have been investi-

gated for off-label use as alternative agents to treat vasoplegia,

based on their inhibitory effects on nitric oxide production and

activity. Improvement in MAP and reduction of vasopressor
tinued



Table 4

Treatment-Emergent Adverse Events

n (%) Ang II Placebo

(n = 9) (n = 7)

All TEAE 5 (55.6) 7 (100.0)

Grade 3/4 TEAE 3 (33.3) 5 (71.4)

TEAE 3 (33.3) 5 (71.4)

TEAE resulting in discontinuation of study Drug 1 (11.1) 1 (14.3)

˚Fatal outcome TEAE 1 (11.1) 1 (14.3)

Abbreviations: Ang II, angiotensin II; TESAE, treatment-emergent serious

adverse event.
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requirements have been reported for both agents.8,9 However,

retrospective analyses have suggested the potential for higher

rates of in-hospital morbidity and mortality for methylene

blue18 and heterogeneity in patient response to hydroxocobala-

min.19 Furthermore, methylene blue may cause serious or fatal

serotonergic syndrome when used in combination with seroto-

nergic drugs. It also can cause hemolytic anemia in patients

with glucose-6-phosphate dehydrogenase deficiency.20

High-dose vitamin C also has been studied as a potential

treatment option for vasoplegia due to its anti-inflammatory

effects and because it is a cofactor for catecholamine synthesis.

Vitamin C infusion was reported to reduce vasopressor

requirements in 3 patients with refractory vasoplegia.21 How-

ever, there were no statistically significant differences in mean

time to resolution of vasoplegia, or the median NED in the first

2 days, between vitamin C and placebo in a recent prospective,

double-blind, randomized study in 50 patients with vasoplegia

after cardiac surgery with CPB.10

The present analysis is important in describing the potential

utility of angiotensin II as a noncatecholamine alternative for

patients with vasoplegia. The data herein are consistent with

recent reports that angiotensin II is effective in patients with

vasoplegia. MAP improvement and catecholamine-sparing

effects of angiotensin II in a case of profound vasoplegia after

a 4-vessel coronary artery bypass graft that was refractory to 5

agents, including methylene blue and hydroxocobalamin, has

been reported.11 Similar beneficial effects of angiotensin II for

resolving vasoplegia in 5 patients refractory to multiple agents

after combined heart and liver transplantation, heart transplan-

tation and tricuspid valve annuloplasty, aortic prosthesis and

bypass graft, and bilateral lung transplantation and implanta-

tion of both left and right ventricular assist devices also have

been observed.12,13 Importantly, in these reports, there was no

incidence of thromboembolic events. The same was true in the

present analysis, with no thromboembolic events occurring in

the angiotensin II group.

Angiotensin II may be effective in increasing blood pressure

in patients with vasoplegia due to a potential deficit in ACE

activity resulting in a reduced conversion of angiotensin I to

angiotensin II. ACE is present predominantly in the lung

capillaries, although it also is expressed in other organs, such

as the kidney, brain, heart, and skeletal muscle.22 During car-

diac surgery with CPB, the pulmonary vascular bed, and thus

the predominant site of ACE activity, is bypassed, resulting in
an accumulation of angiotensin I and a relative deficit of

angiotensin II. Excess angiotensin I is converted by endopepti-

dases directly to the vasodilatory molecule, angiotensin 1-7.

Excess levels of circulating angiotensin 1-7, together with

excess bradykinin, which increases vascular permeability, are

associated with increased hypotension.23 Consistent with this

hypothesis, prolonged CPB duration is an independent risk

factor for the occurrence of vasoplegia.24 In addition, an

inflammatory response has been reported when blood comes

into contact with the CPB circuitry that, together with inflam-

mation occurring within the pulmonary endothelium upon

reperfusion of the lungs when the patient is taken off CPB,25

would be presumed to diminish ACE activity and exacerbate

the relative deficit of angiotensin II. These RAAS-disruptive

events were demonstrated to be biologically plausible in the

present analysis, as evidenced by an increase in the ratio of

angiotensin I:II (ie, ACE substrate:ACE product), which indi-

cates a deficit in ACE activity.

The present analysis had important limitations. This was a

post-hoc analysis and was not pre-specified, and, therefore, the

results require cautious interpretation. In addition, the small

sample size in this group precluded a comprehensive analysis

of the safety of angiotensin II and its effect on outcomes.

These data did, however, agree with other reports of safety of

angiotensin II in patients with vasoplegia.
Conclusions

The present post-hoc analysis of patients with vasoplegia

enrolled in ATHOS-3 study demonstrated rapid blood pressure

response to treatment with angiotensin II. Angiotensin II enabled

a rapid down-titration of standard-of-care vasopressors. No instan-

ces of thrombosis were observed. Taken together with recent

reports of efficacy and safety of angiotensin II in patients with

vasoplegia, the data presented herein suggested that angiotensin II

may be an effective agent in the management of vasoplegia. Addi-

tional investigation into the use of angiotensin II may be war-

ranted in a randomized study to more adequately define its safety,

efficacy, and effect on outcomes in patients with vasoplegia after

cardiac surgery with CPB.
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