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Reversal of Vasodilatory Shock: Current Perspectives
on Conventional, Rescue, and Emerging Vasoactive
Agents for the Treatment of Shock

Jonathan H. Chow, MD,* Ezeldeen Abuelkasem, MBBCh, MSc,t Susan Sankova, MD,*
Reney A. Henderson, MD,* Michael A. Mazzeffi, MD, MPH,* and Kenichi A. Tanaka, MD, MSc*

Understanding the different mechanisms of vasoconstrictors is crucial to their optimal application
to clinically diverse shock states. We present a comprehensive review of conventional, rescue, and
novel vasoactive agents including their pharmacology and evidence supporting their use in vasodi-
latory shock. The role of each drug in relation to the Surviving Sepsis Guidelines is discussed to
provide a context of how each one fits into the algorithm for treating vasodilatory shock. Rescue
agents can be utilized when conventional medications fail, although there are varying levels of
evidence on their clinical effectiveness. In addition, novel agents for the treatment of vasodilatory
shock have recently emerged such as ascorbic acid and angiotensin Il. Ascorbic acid has been
used with some success in vasoplegia and is currently undergoing a more rigorous evaluation of
its utility. is the newest available vasopressor for the treatment of vasodila-

tory shock. In addition to its properties, it has been shown to hold promis-
ingy-- in certain of critically ill patients. (Anesth Analg XXX;XXX:00-00)
GLOSSARY

AC = adenylyl cyclase; ACE = angiotensin-converting enzyme; ACE-l = ACE inhibitors; ADH = antidiuretic
hormone; ADRENAL = Adjunctive Glucocorticoid Therapy in Patients with Septic Shock; AKI = acute kid-
ney injury; Ang-1 = angiotensin I; Ang-2 = angiotensin Il; APACHE = Acute Physiology and Chronic Health
Evaluation; APROCCHSS = Hydrocortisone Plus Fludrocortisone for Adults with Septic Shock; ARB =
angjotensin receptor blocker; ARDS = acute respiratory distress syndrome; AT, = angjotensin-type 1
receptor; AT, = angjotensintype 2 receptor; ATHOS = Angiotensin Il for the Treatment of High-Output
Shock; ATP = adenosine triphosphate; cAMP = cyclic adenosine monophosphate; CBF = coronary blood
flow; eGMP = cyclic guanosine monophosphate; Cl = confidence interval; CM = calmodulin; CORTICUS
= Corticosteroid Therapy of Septic Shock; CPB = cardiopulmonary bypass; D1 = dopamine-type 1 recep-
tor; DAG = diacylglycerol; EGDT = early goal-directed therapy; Epi = epinephrine; FDA = Food and Drug
Administration; GC = guanylyl cyclase; GPCR = G-protein—coupled receptors; HPA = hypothalamic—pitu-
itary—adrenal; HR = hazard ratio; ICU = intensive care unit; IP = prostaglandin |, receptor; IP; = inositol
triphosphate; IQR = interquartile range; IV = intravenous; JAK2 = Janus kinase 2; L-DOPA = levodopa;
LOS = length of stay; M3 = muscarinic acetylcholine receptor; MAP = mean arterial pressure; MB =
methylene blue; MLC = myosin light chain; MLCK = myosin light-chain kinase; MLCP = myosin light-
chain phosphatase; N/A = not applicable; NE = norepinephrine; NEpi = norepinephrine; NOS = nitric
oxide synthase; OR = odds ratio; PIP, = Phosphatidylinositol 4,5-bisphosphate; PLC = phospholipase C;
RAA = renin—angiotensin-aldosterone; RCT = randomized control trial; ROS = reactive oxygen species;
RR = relative risk; RRT = renal replacement therapy; SOC = standard of care; SOFA = Sequential Organ
Failure Assessment; SVR = systemic vascular resistance; V,, = vasopressin-type 1a receptor; VANCS
= Vasopressin versus NE in Patients with Vasoplegic Shock after Cardiac Surgery; VANISH = The Effect
of Early Vasopressin versus Norepinephrine on Kidney Failure in Patients with Septic Shock; VASST =
Vasopressin Versus NE Infusion in Patients with Septic Shock; VICTAS = vitamin C, thiamine, and ste-
roids in sepsis; VS = vasoplegic syndrome; VV-ECMO = veno-veno extracorporeal membrane oxygenation

Each class of shock has a unique etiology and thus a dif-
ferent ftreatment. An important distinction is_that shock
is a jsyndrome graded into 4 classes, while hypotension

is a clinical sign| of class [lIl or IV shock.' Vasodilatory

gists and intensivists frequently encounter: distrib-

There are several classes of shock that anesthesiolo-
utive, cardiogenic, obstructive, and hypovolemic.
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shock is the most common form and represents @ of
allishock| in the intensive care unit &I’Q.z Sepsis accounts
for approximately 91% of [vasodilatory shock cases.? Other
forms of vasodilatory shock come in the form of burns,
pancreatitis, anaphylaxis, and spinal cord injuries. In
the operating room and labor and delivery suite, vaso-
dilation is also frequently encountered after induction of
general anesthesia and administration of neuraxial local
anesthetics, and, thus, knowledge regarding this class of
shock is highly relevant not just to intensivists, but also to
anesthesiologists.
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Because of its prevalence, the treatment of vasodilator

shock has largely relied on the
which are ﬂ After procurement of blood

cultures, establishment of source control, administration of
broad-spectrum antibiotics, and rapid administration of
crystalloids, the treatment of vasodilatory shock relies on
pharmacological interventions to maintain adequate mean
arterial pressure (MAP) >65 mm Hg.?

Treating hypotension is critical in preventing adverse out-
comes. et al* demonstrated that, in patients undergo-
ing hypotension for a period of
Iresulted in increased of postoperative
injury --ratlo [OR] =11.2; 95% confidence interval [CI],
1.06-1.31). Similarly, hypotension for

an increase in postoperative,
persistent hypotension for

bidity. Several pharmacological interventions are available to
rapidly treat hypotension due to vasodilation, all of which have
different mechanisms and distribution of target receptors.
Given the increasing number of vasoactive agents, an
updated review of their pharmacological properties should
help clinicians better implement a vasopressor strategy

according to the underlying condition. We aim to provide a
narrative review on vasopressor pharmacology and clinical
evidence for the most commonly used vasoconstrictors in
vasodilatory shock (Figure 1).

OF VASOCONSTRICTION AND
VASODILATION

cell membranes (Figure 2). i H
muscle through the inositol triphosphate !
signal transduction pathway.>® Vasopressin-type 1a an

ngiotensin-type 1 receptors are activated byﬁ
and ng—2),_eceptors are

activated by vasoconstrictors such as norepinephrine ,
Epinephrine activation
triggers a of events, leading to release of
which activates and

allows the contraction to begin S
are summarized in Fi; 3.
- -
e cyclic adenos-

The mechanisms o
signal transduction pathway

proteins are activated b
causing smooth muscle
ine monophosphate
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Figure 1._ Structures created with MarvinSketch (Chem xon, Ltd, Cambridge, MA).
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Reversal of Vasodilatory Shock

Vasopressin
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NEpi/Epi/Phenylephrine
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@, AT, Receptor
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MLC <

Smooth Muscle Relaxation

Figure 2 VESBRBEIEGH v e
signal transduction pathway. V,, an

mediated signal transduction pathway. .proteinsqsmooth muscle
AT, receptors are activated by vasopressin/terlipressin and angiotensin Il, respectively, while a, recep-

3 Smooth Muscle Contraction#

P
Rho Kinase

through the IP;

tors are activated by NE, Epi, and phenylephrine. Receptor activation triggers stimulation of PLC, which leads to the formation of IP; and DAG.
DAG remains in the cell membrane and stimulates the influx of Ca?* into the cell. IP; diffuses into the cell to act on an IPs-sensitive Ca?*
channel on the surface of the endoplasmic reticulum. The release of intracellular Ca?* stimulates the CM and JAK2 pathways. Ca?* binds to
CM and forms a Ca?*-CM complex that activates MLCK. With the addition of ATR MLCK phosphorylates MLC and causes vasoconstriction. In
the JAK2 pathway, JAK2 activates Rho kinase and prevents smooth muscle relaxation from occurring. JAK2 also leads to the release of ROS,
which further increases sensitivity to Ca®* and leads to additional stimulation of Rho kinase. Figure created with Motifolio Toolkit (Ellicott
City, MD). AT, indicates angiotensin-type 1 receptor; ATR adenosine triphosphate; CM, calmodulin; DAG, diacylglycerol; Epi, epinephrine; 1P,
inositol triphosphate; JAK2, Janus kinase 2; MLCK, myosin light-chain kinase; MLC, myosin light chain; MLCR myosin light chain phosphatase;
NE, norepinephrine; PIP,, Phosphatidylinositol 4,5-bisphosphate; PLC, phospholipase C; ROS, reactive oxygen species; V,,, vasopressin-type

1a receptor.

(Figure 3A). This

Vascular can also lead to
this is accomplished in a pathway
through the release of intracellular Ca?*, which upregulates
nitric oxide synthase and-production (Figure 3B).
NO rapidly diffuses across the cell membrane into a smooth
muscle cell where it leading to

INOREPINEPHRINE AS AN INITIAL AGENT

Pharmacology
NE is recommended as the first-line agent for the treatment
of vasodilatory shock.> NE is an endogenous
(Figure 1), and its potent vasoconstrictor effects
are mediated by agonism of (@, receptors on vascular smooth
muscle cells (Figure 2). By this same mechanism, a
NE can also increase
increase myocardial workload, cause cardiac

lead to severe hipertension.7 Systemic vasoconstriction can

resulting in organ dys-
function and metabolic

Clinical Studies
Although

510 NE is more likely to improve

XXX XXX @ Volume XXX ¢ Number XXX

hypotension with_ (relative risk [

95% CI, 0.26-0.69; P < .001) when compared to:
same study found that use of .-
ated with a- rate of in-hospital or 28-day
0.91; 95% CI, 0.83-0.99; P = .028)." In a randomized control trial

(RCT) comparing there was also_

, or the time to achieve tar-

RR] =0.43;

get MAP.* However, those receiving did develop

dia,_ and at a significantly

rate than patients who were randomly assigned to

NE has not only been used to treat septic shock, but it
also has been used extensively to treat vasoplegic syndrome
(VS) associated with liver transplantation and cardiopulmo-
nary bypass (CPB). In cardiac surgery, the Vasopressin versus

NE in Patients with Vasoplegic Shock after
and major com-
plications occurred more
_ arm (32% vasopressin versus 49% NE, hazard
ratio [HR] for vasopressin, 0.55; 95% CI, 0.38-0.80; P = .0014).2
.use was also associated with a-rate of-
tion (82.1% NE versus 63.8% vasopressin, P =.0014), although
there was no difference in the rates of mesenteric ischemia

(1.3% NE versus 2.0% vasopressin, P = .68) or myocardial
infarction (11.3% NE versus 7.4% vasopressin, P = .25).12
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Epinephrine Dopamine Prostacyclin
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Figure 3.msignal transduction pathway. A, Smooth muscle cell. Activation of 8,, D1, and IP receptors by epi-
nephrine, dopamine, or prostacyclin leads to stimulation of AC. Increases in AC increase the inhibitory effect of CAMP on MLCK and leads to
smooth muscle relaxation. Conversely, a, receptors are activated by NE, which inhibits AC and decreases cAMR This decreases the inhibition
of MLCK and leads to smooth muscle contraction. B, Endothelial cell. Acetylcholine binds to M; receptors to trigger signaling through an IP5
transduction pathway, which leads to the intracellular release of Ca?*. Vascular shear forces also increase the release of intracellular Ca?*. The
resulting Ca?*-CM complex activates NOS. This leads to the production of NO which rapidly diffuses across the cell membrane into a smooth
muscle cell, where GC and cGMP are activated. Inhibition of MLCK causes vasodilation to occur. Methylene blue interacts at 2 points in this
pathway by inhibiting NOS and GC, thus causing the prevention of vasodilation. Figure created with Motifolio Toolkit. AC indicates adenylyl
cyclase; ATR adenosine triphosphate; cAMR cyclic adenosine monophosphate; cGMR cyclic guanosine monophosphate; CM, calmodulin; D1,
dopamine-type 1 receptor; DAG, diacylglycerol; GC, guanylyl cyclase; IR prostaglandin |, receptor; IP5, inositol triphosphate; M3, muscarinic ace-
tylcholine receptor; MLCK, myosin light-chain kinase; MLC, myosin light chain; MLCR myosin light chain phosphatase; NE, norepinephrine; NEpi,
norepinephrine; NOS, nitric oxide synthase; PIP,, Phosphatidylinositol 4,5-bisphosphate; PLC, phospholipase C.

Clinical Use Pharmacolo

The R cose of N ranges from OB RGDEERENE.

and no studies have been adequately powered to detect dosing
difference in the elderly population.® It is well established that

is an endogenous peptide hormone
synthesized in the and ﬁ from the
_- Initially used in the management of

diabetes insipidus and variceal hemorrhage, vasopressin
was approved as a vasoconstrictor for vasodilatory shock

occur from phosphorylation and

on vascular smooth muscle cells."* When this tachy- almost - Vas#o:ressin receptors belong
. . . ; and receptor agonism leads
phylaxis occurs, with mechanisms dis-
tinct from NE must be used for maintenance of blood pressure. pronounced
AS A SECOND-LINE AGENT
Unlike NE, which achieves vasoconstriction through agonism
of a, receptors, vasopressin increases vascular tone through
agonism ofiFigure 2). Thus, during states of rap- from endothelial cells.919.20
idly escalating NE doses and refractory shock, vasopressin is receptors by causes via cAMP-
able to provide a of vasoconstriction. mediated endothelial activation.?

4 www.anesthesia-analgesia.org ANESTHESIA & ANALGESIA
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Reversal of Vasodilatory Shock

receptors located in the*causes
roduction.”?!
effects in vascu-

system, possibly

increased

including the
through activation of

Synthetic Vasopressin Analogues
and selepressin are

with a chemical structure

analogues of

selective for the
which has a

receptor agonism and does not exhibit any

sine Vasoiressin is a

Clinical Studies
has been studied extensively in septic shock,
and, in 2008, the Vasopressin Versus NE Infusion in Patients

with Septic Shock -found.signiﬁcant-
ﬂbetween vasopressin and NE at 28 days (35.4%
vasopressin versus 30.3% NE, P = .26) or 90 days (43.9%

vasopressin versus 49.6% NE, P = .11).° There were also
significant in the rate of
(10.3% vasopressin versus 10.5% NE, P = 1.00). These data

suggest that vasopressin can be a- and-
ﬁalternative to NE in the treatment of septic shock.’
The Effect of versus *

on Kidney Failure in Patients with Septic Shock
- examined the rate o n septic shock and
found . significant in the number of kidney

failure—free days (57.0% vasopressin versus 59.2% NE; 95%

CI, -13.0% to 8.5%). Although the vasopressin group was
h enhanced urine out-

found to have
rate of renal replacement therapy

put, and
there was in 28-day

’

(30.9% vaso-
pressin versus 27.5% NE; absolute difference, 3.4%; 95% CI,

—5.40/0 to 12.30/0).26
In contrast, there has been a
tigating the use of

number of-inves—
Terlipressin
in

at 48 hours and was associ-

ated with
However,
ated with

medication during vasodilatory shock.?

_for Initiation of Vasopressin
When vasopressin is administered for vasodilatori shock, it
129

is recommended to be at a rate of
Doses-than 0.03 units-min~'have been associated

XXX XXX @ Volume XXX ¢ Number XXX

with and % There have not
been adequate studies examining modification of this dos-
opulation, and

1 have been associ-

ated with events, and 1 study demonstrated that
associated with
a in (OR = 5.1; 95% CI, 2.0-12.9;

P =.001).2 In an a priori defined subgroup analysis of the
VASST trial, patients randomly assigned to vasopressin
when the NE dose was <15 pg-min~' had improved 28- and
90-day survival compared with those randomly assigned to
vasopressin when NE dose exceeded 15 pg-min-.°

For these reasons, to take advantage of vasopressin’s cat-
echolamine-sparing properties while avoiding the adverse
effects of toxic NE doses,

However, there is a of high-quality
for this threshold, which is why such wide vari-
ability exists among institutions.

AS A
Eequently, NE and vasopressin may not be adequate in
managing the hemodynamics of vasodilatory shock. as
a gonist, can be used as an additional
to maintain acceptable blood pressures. It is a derivative
of tyrosine and an endogenous sympathomimetic cat-
echolamine produced in the -i (Figure 1).% Its
vasoconstrictor effect is mediated through stimulation of
receptors on smooth muscle cells, which are also
coupled to th rotein (Figure 2).5¢

AGENT

Effects of-
smooth muscle possesses a
receptors to|p, receptors,
for B, receptors than

Figure 3). Conversely,
, stimu-

receptors (Figure 2). Because of a higher densit
of aI receptors in the systemic vasculature, i and

34,35

Clinical Studies
The 2018 guidelines of the

or vasopressor
when escalating doses of NE and vasopressin are unable to
achieve normotension.® Although a between and

-found_in or time to resolution of

h incidence of

otension, there was a significantl
acidosis, and in patients
receivin which is why it is recommended as a
agent.'” However,
in septic shock because of previous trials that have

attributed with in-hospital and 28-day
mortality.!5¢

Epi mechanism of vasoconstriction targets the same o,
receptors as NE. When - is at a dose, as

www.anesthesia-analgesia.org 5

Copyright © 2019 International Anesthesia Research Society. Unauthorized reproduction of this article is prohibited.


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel



== NARRATIVE REVIEW ARTICLE

would be the case when utilizing a third-line agent, there
in administering a drug that
that are likely downregulated,
14 For this reason,
may not be an
the treatment of septic shock.
In other subsets of vasodilatory shock such as
- - is the medication of because it the
pathophysiologic derangements of anaphylaxis. Its vasocon-
strictor effect not only restores SVR and MAP but

cells, Epi
the of

This may also explain the efficacy of Epi in
treating hypotension associated withﬂ38
Phenylephrine is _ for the

man-
agement of septic shock. However, it still plays an
in the management of forms of
such as hypotension from induc-
tion aients, volatile anesthetics, and neuraxial medications.

the medications, phenyleph-
rine can be which makes it a
useful medication to rapidly control hypotension when a
central venous catheter is not present.

Pharmacology

Structurally, phenylephrine is - to - and
is an exogenous selectiv . It lacks the hydroxyl

group in position 4 (Figure 1) and is also missing the typi-
cal catechol (benzene-1,2-diol) structure and is thereforeﬁ
% It is renally excreted with a

of . receptors exist .

and the difference in their distribution accounts for the

i adrenergic receptors, while
dominantly contain 8;/and $, adrenergic receptors. Therefore,
ihenileihrine and can cause -

secondary to systemic vasoconstriction.

Clinical Studies

Phenylephrine has been studied under a wide variety of
conditions, including during general anesthesia, but there
is supporting its use in ¥ In a small

human study of 32 patients with septic shock, patients were
randomly assigned to either or to main-
tain MAP >65 mm Hg.*! There was between the

groups with respect to acidemia, gastric tonometry, and
creatinine. Another study of only 15 patients examined the
short-term effects of an 8-hour temporary switch from NE
to phenylephrine during septic shock and found that this
switch was associated with a significant increase in lactate

and a decrease in renal clearance and hepatosplanchnic blood
Fow. Eatgssale RCT s arlacing anc, or tis reason,

phenylephrine’s effects in septic shock are

6 www.anesthesia-analgesia.org

Phenylephrine is, however, routinely used in the periop-
erative setting for the short-term treatment of hypotension
associated with administration of anesthesia. h

has been observed with due to down-

regulation of a; receptors.® ranges from
as a while osing ranges from

There is evidence that age has an effect on the
dose response to phenylephrine. In a study evaluating hemo-
dynamic changes during phenylephrine infusion in 27 healthy
volunteers, those in the oup (mean, 69 years old) were
found to have a in blood pressure and
a smaller heart rate decrease than those in the younger group

(mean, 26 years old).* Age-related is thus an
important in titrating phenylephrine.

AS AN ALTERNATIVE IN HIGHLY
SELECTED POPULATIONS
There is or the use of when NE,

vasopressin, or Epi has failed to control shock. Dopamine
should i as an agent for shock in

highly selected populations with and

of developing Through agonism
of type receptors, dopamine ﬁi
through itsﬁand effects on stroke vol-

ume and heart rate, respectively.®

Pharmacolog

Dopamine is an that is

from the amino acid (Figure 1) and in
-- throughout the body. Dopamine iroduction

is particularly important in the
brain, and itsi causes
Dopamine has numerous
and all of which can influence systemic
ressure (Table 1). dopamine

and.) have been described,.of which are
Dopamine receptors are classified into 2 groups:
receptors (D1 and D5) and receptors (D2, D3, and

D4i.45 Stimulation of e receptors leads to

Conversely, stimulation of
and causes an
by decreasing cAMP. 44 At
dopamine primarily acts on

blood

type receptors, while at

-1, it redomjnateli acts on

dopamine’s

receptors to cause enhanced
lusitropy. At doses
main effect is on j@ receptors, which causes
through an adenylate cyclase-mediated pathway (Figure 3).

Clinical Studies

dopamine has been shown to
by as much as and there appears to
increase in renal blood flow with doses
15051 Dopamine leads to
with approximately a 2-fold increase in the
range.”® Multiple mechanisms account for
enhanced natriuresis, including increased renal blood flow
and D1 receptor-mediated inhibition of the Na*H* antiport
in proximal tubular cells and the Na*K*-ATPase in both

ANESTHESIA & ANALGESIA

Copyright © 2019 International Anesthesia Research Society. Unauthorized reproduction of this article is prohibited.


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel



Reversal of Vasodilatory Shock

Table 1. and
Action Receptor
Chronotropy B:- and D1-type receptors

Inotropy and lusitropy
Coronary blood flow

B:- and D1-type receptors

D1-type receptors and increased CBF

Effects on Heart, Vasculature, and Kidneys

Drug

Epinephrine, dopamine
Epinephrine, dopamine
Dopamine

related to increased inotropy

Vasodilation
Vasoconstriction

Increased renal blood flow, naturesis,
diuresis

Reduced aldosterone secretion

Increased aldosterone secretion

Free water retention

B+, AT,-, D1-type receptors

D1-type receptors

AT, receptors
V,, AT, receptors

0ly-, Oy, V-, AT,-, D2-type receptors

D2-type receptors in adrenal gland

Epi (low dose), dopamine (low dose)
NE, phenylephrine, vasopressin, terlipressin, Ang-
2, Epi (high dose), dopamine (high dose)

Dopamine
Dopamine

Ang-2
Vasopressin, terlipressin, Ang-2

Lusitropy refers to the rate of myocardial relaxation.

Abbreviations: Ang-2, angiotensin 2; AT,, angiotensin-type 1 receptor; AT,, angiotensin-type 2 receptor; CBF, coronary blood flow; D1, dopamine-type 1 receptor;
Epi, epinephrine; NE, norepinephrine; V,, vasopressin-type 1 receptor; V,, vasopressin-type 2 receptor.

proximal tubular cells and the loop of Henle.* Despite this,
there is the - of .i dopa-
mine for in vasodilatory shock.?
Dopamine was compared as a first-line vasopressor

against NE in over 1600 patients with septic shock.? There
was ROGHiferEnGe T 2824y moRaliy] becween patients in
the 2 groups; however, patients receiving ﬂ had a
iincidence of Furthermore, in sub-

roup analysis, patients with who received
had _ A contemporary -
that included 6 RCTs and 5 observational studies

suggested that was with an

of compared to when used in patients with
(RR of NE, 0.89; 95% ClI, 0.81-0.98).5 In septic
shock, dopamine has been relegated as a tertiary drug and is
not used for the routine management of vasodilatory shock.
Because of its properties,

SHOCK AND
of patients with
of patients with
has been used for
shock for decades, and, not surprisingly, there has been much
interest in the use of to augment cardiac output
when vasodilatory shock is
Because it can cause and increase
dobutamine is another agent that
in vasodilatory shock.

that is typically used
5 It is most commonly found as

haveiadrener—
gic effects. The negative enantiomer (=) predominantly acts as

an with-[i1 and {3, receptor interaction.
Conversely, the positive enantiomer (+) predominately acts as

XXX XXX @ Volume XXX ¢ Number XXX

and.receptor agonists and an. receptor
cardiovascular system,

Clinical Studies
There are variations in the response to dobutamine in
atients with septic shock. have shown

this reason, dobutamine was frequently used in early goal—
directed therapy protocols to maximize oxygen

that, although
from baseline, it did result in any significant

i % Furthermore, when comparing
the use of alone in septic
shock, there was also 28-day mortality (RR,
0.86; 95% CI, 0.65-1.14; P = .31), time to successful hemody-
namic resuscitation (log-rank P = .67), and time to vasopres-
sor withdrawal (log rank P = .09) between the 2 groups.!

One retrospective study propensity matched 526 patients
receiving inotropes during septic shock and found that the use of
dobutamine, Epi, or multiple inotropes was associated with an
increase in 90-day mortality.”? However, this was a retrospective
study, and the conclusions must be critically evaluated as there
were significant differences in the baseline dose of NE between
the groups, as well as large differences in baseline Sequential
Organ Failure Assessment (SOFA) and Acute Physiology and
Chronic Health Evaluation (APACHE) II scores.

in Shock
role in septic shock remains - The
Surviving Sepsis Guidelines s

tipulate that dobutamine
be used in patients with -h- and

www.anesthesia-analgesia.org 7
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ressure reserve.” Although

and can cause
0364 Both increase the risk of developing cardiac
ischemia and dysrhythmias and are reasons for caution
when administering this drug during vasodilatory shock.

AGENTS

Few classes of drugs have been as_and highly
scrutinized as corticosteroids in septic shock. Recent stud-

ies have provided evidence for their use, and they are
frequently utilized as first-line rescue agents when vasodi-
latory shock is to fluid resuscitation and conven-
tional vasopressors.®©
Cortisol is the primary corticosteroid released by the
hypothalamic—pituitary—adrenal (HPA) axis. Corticotropin-
releasing hormone is released by the hypothalamus and stim-
ulates the pituitary to release corticotropin.®” This stimulates
the adrenal cortex to release cortisol, which has critical roles in
lucose metabolism and modulation of cytokines.®® In
corticosteroids play an i

mediation of of vascular

the

which is a

Clinical Studies. In 2002, Annane et al® studied the effect
of hydrocortisone and fludrocortisone in septic shock in
a large RCT of patients with adrenal insufficiency. They
found that patients receiving_SO mg every 6
hours and_SO ng every day for 7 days had a
significant reduction in 28-day mortality (53% corticosteroid
group versus 63% placebo; HR = 0.67; 95% CI, 0.47-0.95;
P = .02) and a significant reduction in vasopressor use at
day 28 (57% corticosteroid group versus 40% placebo; HR

= 1.91; 95% CI, 1.29-2.84; P = .001).* The Corticosteroid
Therapy of Septic Shock which utilized
hydrocortisone only, was able to this-

(28-day mortality 34.3% hydrocortisone versus 31.5%
lacebo, P = .51), although it found that
than placebo.®® The follow-up

Adjunctive Glucocorticoid Therapy in Patients with Septic
utilzed HydiocORASONS

Shock trlal also
(median duration of

and found
hydrocortisone 3 days mterquarhle range {IQR}, 2-5] versus
placebo 4 days [IQR, 2-9]; HR, 1.32; 95% CI, 1.23-1.41; P <

.001i, albeit with Mo significant 28- or 90-day
70

The most recent RCT, the

for Adults with Septic Shock
utilized both I ARGCOHASARE and

days and found that this intervention
of (14 days intervention group versus
12 days placebo, P = .003) andﬂat day
28 (17 days intervention group versus 15 days placebo, P <
.001).% Furthermore, the relative risk of was

with this intervention (RR = 0.88;95% CI, 0.78-0.99), and there
was also significantly_ at ICU discharge,
hospital discharge, and day 180, although this wasi

8 www.anesthesia-analgesia.org

statisticall at 33.7% vs 38.9%, P = .06).°
and

Some key between
which may explain the different reported mortality ben-
efits include quicker randomization from the onset of shock
(<24 hours APROCCHSS versus 20 + 90 hours ADRENAL),
faster administration of steroids (bolus dose versus continu-
ous infusion without loading dose, respectively), and higher
degree of shock at enrollment (mean, 0.7 pg-kg™'-min NE
versus 0.3 pg-kg!'min~! NE, respectively).®”

6 Although
steroids do i

result in an
troduodenal

gas-
% Because of the
many centers routinely use

as first-line
rescue therapy for vasodilatory shock to conven-
tona1 FaSOPIESRORS
Methylene blue -nediated _ of

by and guanylyl cyclase (Figure 3).772

Instead of raising blood pressure by causing smooth muscle
Because it utilizes a that is - from

it has generated interest as a
medication for refractory vasoplegia.”

Pharmacology. The first medical use of MB was for a
and it is also commonly used as an
and

vasoactive agent.”!7>7+7> The of action of MB is
from the effector It inhibits
NO-medlated stimulation of cGMP by

and guanylyl c clase (Figure 3).”"7> Thus, MB
smooth muscle

of directly
ically administered

and given at
and may be followed

humans can include

in patients with
7880 Due to its ability to inhibit
monoamine oxidase, MB carries the- for

- (confusion, hyperthermia, hypertonia, clonus,

Clinical Data. MB's unique mechanism of action and-
have likely contributed to its rapid adoption into
clinical practice for the treatment of shock. In 1992, the use of

MB to treat 2 patients with septic shock refractory to NE was
reported.?
hand only the 84MB was

also reported to have a positive effect on SVR for VS during
liver transplantation, although follow-up studies in this
population have not been able to replicate these results.®55¢

While appropriate doubt exists about its use as a first-line
vasopressor, there is

to high-dose vasopres-
sors.50 One RCT of 638 patients with VS

found MB to significantly (10.7% MB

ANESTHESIA & ANALGESIA
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Reversal of Vasodilatory Shock

versus 3.6% placebo, P = .02
has . been consistentl
spective analysis found
ure, and a trend toward
another study found that those receiving

(46.6% MB versus 14.8% non-
MB, P < .0001).”"* However, the MB-treated group did have
a higher rate of preoperative comorbidities, so at baseline, it
was more likely to experience major complications, regardless

of MB exposure. This same study found that when was
administered - in the i- these patients did
experience a significant morbidity (35.4% early versus 52.0%
late, P = .062) andd (10.4% early versus 28.6%
late, P = .018), suggesting that timing and early intervention
may play a critical role in ensuring maximal benefit of MB.*
MB appears to be a i to noradrenergic
vasopressors and vasopressin in profound vasodilatory
states. While s, it does

have a relatively in most patients mak-
ing it a reasonable choice for in vasodilatory shock.

although this
7691 A single-center retro-
rates of morbidi

Thiamine is another medication that can be used to -
patients with vasodilatory shock to conventional
vasopressors. Also referred to as vitamin B, it is a
nutrient that is an essential in the
of this cofactor

olism and eventual acid production.** Due
to the central role of thiamine in aerobic cellular respiration
and the of i
as a contributor to multiorgan dysfunction, there has
been an increased interest in the use of thiamine for meta-
bolic resuscitation and clearance of lactate.”>”

Clinical Data. In 1988, Cruickshank et al”” published a
retrospective analysis of 158 patients admitted to the ICU

who required parenteral nutrition support. They found
patient: had sigaifcanty higher thiamine

han nonsurvivors. Among patients with evidence of
was significantly higher than
those who were not thiamine deficient (72% mortality versus
'/0, respectively, P < .05).” This was one of the first studies
to demonstrate the role for thiamine supplementation in the
treatment of critically ill patients.

A single-center retrospective study of patients in septic
shock propensity matched 123 patients who received thia-
mine supplementation within 24 hours of admission and 246
patients who did not.”® The most common dose was 500 mg
of intravenous (IV) thiamine, and it was administered for a
median of 3 days.

HR = 1.3; 95% CI, 1.002—
1.704) and (HR = 0.666; 95% CI,

0.490-0.905).” An RCT examining thiamine supplementa-
tion in septic shock found that thia-
mine fori resulted in significantly

(median, 2.1 mmol/L thiamine group versus 3.1 pla-
cebo, P =.03) and.-day 13% thiamine group ver-

sus 46% rlacebo, P =.047) in the of patients with

however,

XXX XXX @ Volurne XXX e Number XXX
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there was . in the time to

length of stay (LOS), hospital LOS, or
Current findings suggest that the

- to be ﬁgHowever, its margin,

benefits in those with thiamine deficiency, and the ﬁ

of this - in make thiamine

an attractive adjunct in the management of shock refractory
to conventional vasopressors.”

AGENTS TO TREAT VASODILATORY

SHOCK

Ascorbic acid, also referred to as- is an emerging
therapeutic option for the treatment of septic shock. Like
thiamine, ascorbic acid is an in biochemi-

Pharmacology. Synthesis of

rocess that involves the
(L-DOPA) by
tetrahydrobiopterin are required for this reaction to occur,
and is an ﬁ- in the generation of
these 2 molecules. After L-DOPA is generated, it is
to which is then

for the synthesis of. and

to being an essential cofactor,

to occur.'® In addition

mediators, and

Clinical Studies. A phase I RCT of patients with severe sepsis
found that was and significantly
- the rate of score (slope of

and
102 Another small RCT of septic shock patients
found that ascorbic acid the mean dose (7.4 vs 13.8
pg/min, P = .004) and duration of. 49.6 vs 71.6 hours,
P =.007), while also 28-day (14.3% vs
62.3%, P = .009) when compared to placebo.'”™ The largest
study to date was a retrospective before-after, propensity-
matched study of 94 consecutive patients in septic shock.!®
et al'® built on the previous reported benefits of
corticosteroids and thiamine and intervened by creating a
rotocol that consisted of a combination of

. They reported a significant improvement in 72-hour
SOFA score (4.8 treatment versus —0.9 control, P < .001),
duration of vasopressor use (18.3 vs 54.9 hours, P < .001),
procalcitonin clearance (86.4% vs 33.9%, P < .001), need for
RRT (10% vs 33%, P = .02), and hospitali o vs
4049, P <.001).10
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== NARRATIVE REVIEW ARTICLE

The retrospective, single-center nature of the study, the use
of nonconcurrent controls in the before-after design, and the
potential selection bias in the intervention arm all limit the gen-
eralizability of the results.!” However, Marik et al's'® study set
the stage for a large North American RCT, the vitamin C, thia-
mine, and steroids in sepsis which is currently

107 This multicenter, double-blind, placebo-controlled
RCT will provide the evidence that we need to critically evalu-
ate ascorbic acid’s role in the treatment of vasodilatory shock.

Ang-2 is considered to be a treatment for vasodila-
tory shock, but it has been as early as the -

and its use has been reported in patients with circulatory

shock, shock, and angiotensin-converting
enzyme inhibitor 108-110 Jts Food and Drug
Administration has reinvigorated

interest in the drug, particularly because it utilizes a path-
way distinct from traditional vasoconstrictive agents.!!!

Pharmacology. - is a - occurring hormone

in the renin-angiotensin-aldosterone

is produced by the- and is
during

angiotensin-type 2
is through

muscle cell membrane (Figure 1i. It causes

on smooth

of antidiuretic hormone
which

and stimulates
and in the
increases f 108

Pul y/Renal Vascul dothelial cell

Circulation

Angiotensin

Receptor Blocker “J"

Smooth Muscle Cell

primarily in the
e it
- ; Ang-2, angiotensin

10 www.anesthesia-analgesia.org

Clinical Data. In 1961, Del Greco and Johnson''® examined
Ang-2 use in 21 patients with shock. This case series reported
a return to normotension in 15 of 21 patients without any
adverse side effects from its administration. The Angiotensin
II for the Treatment of High-Output Shock was

the first modern-day clinical trial of Ang-2 and found that it
was efficacious 1. vasopressor | catecholamine sparing
agent (Table 2).1"?

In the 344 patients in
vasodilatory shock were randomly assigned to either stan-

dard vasopressors (eg, NE, vasopressin, Epi, phenyleph-

rine) plus placebo or standard vasopressors plus Ang-2.""7
Those in the achieved theﬁat a sig-
nificantly than those in the control group (69.9%
Ang-2 versus 23.4% control; OR = 7.95; 95% CI, 4.76-13.3;
P < .001; Table 2). Furthermore, those patients randomly
assigned to i had a greater change in background
NE-equivalent dose than those receiving placebo plus stan-
dard vasopressors (—0.03 ng kg™! min™ Ang-2 versus 0.03
control, P < .001). The to detect a
association was in

all-cause at 28 days (46% mortality Ang-2 ver-
sus 54% control; HR = 0.78; 95% CI, 0.57-1.07; P = .12).
There have been several prespecified

8-120 The first found that critically ill
who receivegﬁ

compared to
patients receiving standard vasopressors alone (51.8% Ang-2
versus 70.8% control; HR = 0.62; 95% CI, 0.39-0.98; P = .037;

Table 2).""° The second found that the subset of patients with

RRI not only had improved survival with

(563% Ang-2 versus 30% control; HR = 0.52; 95% (I,
0.30-0.87; P = .012) but also had rates of

from by day 7 (38% Ang-2 versus 15% control; adjusted

HR = 2.90; 95% CI, 1.29-6.52; P = .007).!*° These findings are

because, with the exception of NE over

receptors on smooth muscle

. ACE indicates angiotensin-
; ARB, angiotensin receptor blocker;

ANESTHESIA & ANALGESIA
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Reversal of Vasodilatory Shock

Table 2. Summary of

Reference Design Population Dose Range Outcome P Value
Del Greco et al''® Case Series Distributive, 0.23-100 pg Return to normotension in 15/21 patients N/A
(n=21) cardiogenic shock mint
Chawla et al**? RCT (n = 20) Distributive 15-20 ng kgt No difference in mean hour 1 NE dose. (7.4 £ 12.4 pg .06
shock min—t min-t Ang-2 versus 27.6 + 29.3 ug min=* control)
No difference in mean hour 2 NE dose (7.3 £ 11.9 pg min* .06
Ang-2 versus 28.6 + 30.2 pg min~* control)
Khanna et al*'”  RCT (n = 344) Distributive 20-40 ng kg™t Achieved target MAP by hour 1 (69.9% Ang-2 versus 23.4% <.001
shock min—t SOC; OR = 7.95; 95% Cl, 4.76-13.3)
Decreased background NE-equivalent dose (—0.03 Ang-2 <.001

Wunderink
et alt'®

Post hoc analysis Distributive
(n=141) shock

Szerlip et al't® Post hoc analysis Distributive shock,

Not reported

Not reported

versus 0.03 SOC)

No difference in 28-day all-cause mortality (46% versus 12
54%; HR = 0.78; 95% Cl, 0.57-1.07)

Increased 28-day mortality with Ang-2 depletion (HR = 1.78; .002
95% Cl, 1.25-2.53)

Increased 28-day mortality with Ang-2 depletion and .019
treatment with SOC vasopressors (HR = 1.77; 95% ClI,
1.10-2.85)

Attenuation in mortality with Ang-2 depletion and treatment .047
with Ang-2 (HR = 0.64; 95% Cl, 0.41-1.00)
Decreased 28-day mortality in subset with APACHE-Il score  .037

(n = 225) subset with >30 (51.8% Ang-2 versus 70.8% SOC; HR = 0.62; 95%
APACHE-II score >30 Cl, 0.39-0.98)
Tumlin et al*?° Post hoc analysis Distributive shock, 15-20 ng kgt Improved 28-day survival in subset with AKI requiring .012
(n = 105) subset with AKI min—t RRT (53% Ang-2 versus 30% SOC; HR = 0.52; 95% Cl,
requiring RRT 0.30-0.87)
Increased rate of liberation from RRT by day 7 (38% .007
Ang-2 versus 15% SOC; adjusted HR = 2.90; 95% Cl,
1.29-6.52)

Abbreviations: AKI, acute kidney injury; Ang-2, angiotensin Il; APACHE, Acute Physiology and Chronic Health Evaluation; Cl, confidence interval; HR, hazard ratio;
MAR mean arterial pressure; N/A, not applicable; NE, norepinephrine; OR, odds ratio; RCT, randomized control trial; RRT, renal replacement therapy; SOC, standard

of care.

11,26,121

as measured b
were found to have‘

higher ratio of
o5 the e of Ang

Those with high ratios and randomly assigned to
standard vasopressors also had higher mortality than those
randomly assigned to the Ang-2 arm. Administration of An;

thelial cells (Figure 4)."® Patients with

such as those with _

respiratory distress syndrome i i

cal i of - in the pulmonary circulation, as in the

case with veno-veno extracorporeal membrane oxygenation
, may- the most fromﬂ and

. Whether they may also benefit from Ang-2

administration remains to be seen.

done in the

established at the toxic doses of vasopressors that are com-
monly used in distributive shock, and a multimodal form of

XXX XXX @ Volume XXX ¢ Number XXX

thera several_may be the most
method to maintain MAP in vasodilatory shock.

CONCLUSIONS

Anesthesiologists and intensivists have a broad array of
vasoconstrictors to utilize when treating patients in vasodi-
latory shock. These medications

nervous system

and selepressin).
and guanylate cyclase pathway, while
acid target potential deficiencies in
critically important pathways.

The vasoconstrictive response can be affected by the
underlying vasodilatory stimuli, and combination thera

acid represent the

additions to our armamentarium for treating vasodilatory
shock. They are promising new additions to the lineup of
therapies that we have in our toolkit, and more studies are
necessary to elucidate exactly which populations may ben-
efit the most from these drugs. While promising, additional
high-quality studies are needed to properly evaluate their
role in the treatment algorithm for vasodilatory shock. §&
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