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Abstract
This paper summarizes the pharmacologic properties of vasoactive medications used in the treatment of shock, including the
inotropes and vasopressors. The clinical application of these therapies is discussed and recent studies describing their use and
associated outcomes are also reported. Comprehension of hemodynamic principles and adrenergic and non-adrenergic receptor
mechanisms are salient to the appropriate therapeutic utility of vasoactive medications for shock. Vasoactive medications can be
classified based on their direct effects on vascular tone (vasoconstriction or vasodilation) and on the heart (presence or absence
of positive inotropic effects). This classification highlights key similarities and differences with respect to pharmacology and
hemodynamic effects. Vasopressors include pure vasoconstrictors (phenylephrine and vasopressin) and inoconstrictors (dopa-
mine, norepinephrine, and epinephrine). Each of these medications acts as vasopressors to increase mean arterial pressure by
augmenting vascular tone. Inotropes include inodilators (dobutamine and milrinone) and the aforementioned inoconstrictors.
These medications act as inotropes by enhancing cardiac output through enhanced contractility. The inodilators also reduce
afterload from systemic vasodilation. The relative hemodynamic effect of each agent varies depending on the dose administered,
but is particularly apparent with dopamine. Recent large-scale clinical trials have evaluated vasopressors and determined that
norepinephrine may be preferred as a first-line therapy for a broad range of shock states, most notably septic shock. Conse-
quently, careful selection of vasoactive medications based on desired pharmacologic effects that are matched to the patient’s
underlying pathophysiology of shock may optimize hemodynamics while reducing the potential for adverse effects.
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Shock represents a failure of the cardiovascular system to pro-

vide adequate tissue perfusion and oxygen delivery to maintain

normal cellular metabolism.1,2 Shock is a final common path-

way of numerous disease states, culminating in multiorgan dys-

function and death. Shock complicates one-third of intensive

care unit (ICU) admissions and is a strong risk factor for ICU

mortality, with progressive circulatory failure accounting for

approximately 20% of all ICU deaths and more than 40% of

deaths in patients with shock.3-5 Vasopressor-dependent shock

carries an average 28-day mortality of approximately 35% to

50%, regardless of etiology based on recent clinical studies.4-11

Inadequate tissue perfusion during shock results from systemic

hypotension and/or low cardiac output (CO), with microvascular

shunting and mitochondrial dysfunction occurring independent

of global perfusion in disease states such as sepsis; preshock

states may occur with tissue hypoperfusion, despite adequate

systemic hemodynamics.1

Hemodynamics in Shock

Hypotension occurs due to low systemic vascular resistance

(SVR, a proxy for arteriolar tone) and/or insufficient CO.

Patients may display inadequate CO with compensatory vaso-

constriction and elevated SVR (cold shock) or inadequate SVR

from pathologic vasodilation with compensatory elevated CO

(warm shock).1 Fluid resuscitation may convert a patient with

sepsis from cold shock to warm shock, with subsequent devel-

opment of myocardial dysfunction potentially reverting the
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patient back to cold shock. On examination, cold shock is char-

acterized by cool, clammy extremities from high SVR and

weak distal pulses with narrow pulse pressure from low stroke

volume (SV). Low CO in cold shock primarily results from low

SV due to inadequate preload (hypovolemic shock or obstruc-

tive shock) or impaired cardiac contractility (cardiogenic

shock); inappropriately slow heart rate (HR) occasionally con-

tributes. Warm (vasodilatory/distributive) shock is character-

ized by warm extremities from low SVR and palpable pulses

due to preserved pulse pressure with normal SV. Septic shock

is the most common etiology of warm shock and the most com-

mon cause of shock overall.1,5 Pharmacologic increases in

mean arterial pressure (MAP) are most often achieved via

increases in SVR, and increasing CO will increase MAP only

modestly when SVR is inadequate (warm shock). When low

CO is the cause of hypotension (cold shock), pharmacologic

increases in CO will be required to reverse hypotension. Phar-

macologic increases in CO are primarily achieved by increas-

ing SV and to a lesser extent by increasing HR because

impaired diastolic filling during tachycardia can limit SV pre-

venting further increases in CO.2,12,13

Adrenergic Receptors and Vasoactive Agents

Most vasoactive agents in clinical use exert their cardiovascu-

lar effects by interacting with adrenergic receptors (ARs) in the

heart and vessels (Table 1).13,14 Sympathetic activation restores

MAP by increasing CO, SVR, and venous return by diverting

blood from the venous and mesenteric circulation to the mus-

cles, heart, and brain during stress and exercise.14 Vascular

a1 ARs (A1Rs) increase SVR by constricting the mesenteric,

skin, and renal arterioles as well as the coronary arteries while

redistributing blood volume from the mesentery and peripheral

veins into the arterial circulation.13,14 Responsiveness of vascu-

lar A1R is decreased in sepsis and warm/vasodilatory shock

states, requiring higher vasopressor doses to maintain SVR

when compared to patients with cold shock (especially cardio-

genic shock).13 Vascular vasopressin 1a receptors (V1aRs)

mimic and augment the vasoconstrictive effects of A1R via

multiple mechanisms.13,15

Myocardial b1 ARs (B1Rs), and to a lesser extent b2 ARs

(B2Rs), increase HR (chronotropy) and cardiac contractility

(inotropy) to increase SV and CO at a given preload.13,14

Vascular B2Rs (and to a lesser extent B1Rs) oppose the vaso-

constrictive effects of A1R and reduce vascular tone, espe-

cially in skeletal muscle to facilitate muscle blood flow and

venous return during exercise.14 Hepatic B2R stimulation

increases glucose and lactate production to provide fuel for

muscle metabolism. Patients with chronic heart failure (HF)

display reduced sensitivity to B1R stimulation from chronic

B1R downregulation.14

Vasoactive Agents and Shock

Vasopressors restore MAP by increasing SVR through arter-

iolar vasoconstriction (increased A1R/V1aR signaling).2,13

Table 1. Pharmacologic Effects of Vasopressors and Inotropes.a

Medication
Heart

Vasculature

b1 a1 b2

Dopamine (doses > 4 mg/kg/min) 0 to 3þ 0 to 3þ 0 to 2þ
Dobutamine 4þ þ 2þ
Epinephrine 4þ 2þ to 4þ þ to 3þ
Milrinoneb 4þ ‘‘like’’ 0 3þ ‘‘like’’
Norepinephrine 2þ 4þ þ
Phenylephrine 0 4þ 0
Vasopressinc 0 4þ ‘‘like’’ 0

aScale: 0 equals no agonist activity, 4þ equals very potent agonist.
bMilrinone does not bind to b or a receptors; it produces its hemodynamic
effects through phosphodiesterase-3 inhibition.
cVasopressin does not bind to b or a receptors; it produces its hemodynamic
effects through vasopressin (V1) receptor agonism.

Figure 1. Proposed classification of vasoactive agents.

Figure 2. Vascular response to vasoactive medications.
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Inotropes increase CO and SV through improved cardiac con-

tractility via augmented B1R/B2R signaling.2,13 b-Adrenergic

inotropes increase HR (positive chronotropic effect), which

can further augment CO, although worsening tachycardia may

limit further increases in CO in some patients.2,12,13 We pro-

pose a new classification of vasoactive drugs used in shock

based on their direct effects on vascular tone (vasoconstric-

tion or vasodilation) and their direct effects on the heart (pres-

ence or absence of positive inotropic effects; Figure 1). This

classification emphasizes the similarities and differences

among drugs used as vasopressors (vasoconstrictors and ino-

constrictors) and inotropes (inodilators and inoconstrictors;

Figure 2).

Vasodilators and vasoconstrictors lack primary cardiac

effects, although indirect cardiac effects occur due to sympa-

thetic reflexes (Figure 2). Vasodilators reduce SVR without

direct inotropic effects and vasoconstrictors increase SVR

without direct inotropic effects. Inodilators reduce SVR and sti-

mulate cardiac contractility, while inoconstrictors increase

SVR and stimulate cardiac contractility (Figure 2). Vasodila-

tors and inodilators tend to reduce cardiac filling pressures

by reducing SVR, while vasoconstrictors and inoconstrictors

tend to increase cardiac filling pressures by increasing SVR

(Table 2). Vasodilators, inodilators, and inoconstrictors all can

increase CO, although inodilators will tend to have the greatest

effects due to combined reduction in SVR and increased con-

tractility (Table 2). Vasoconstrictors and inoconstrictors are

vasopressors and will increase MAP, with a greater effect from

inoconstrictors due to the combined increases in both SVR and

CO (Table 2).

The understanding of these differences is critical to the

appropriate selection of vasoactive agents in various pathophy-

siologic states. The physiologic effects of each drug described

here are only theoretical, as there can be marked interindividual

variability in response to a given dose of a given drug based on

underlying cardiovascular reserve, primary underlying disease

pathophysiology, and intrinsic drug responsiveness. The com-

parative hemodynamic effects of vasoactive drugs seen in clin-

ical studies may be confounded by other drugs the patients are

receiving. Vasoactive drugs display a nonlinear dose response,

whereby the incremental clinical response achieved with dose

titration declines at higher doses.16

Goals of Resuscitation

When shock is not reversed promptly with fluid therapy to

restore adequate cardiac filling pressures, vasoactive agents

can increase MAP and/or CO to restore tissue perfusion

(Figure 3).1,2,13,17 Vasopressors (inoconstrictors and vaso-

constrictors) are titrated to achieve an adequate systemic

blood pressure (BP) that allows autoregulation of end-

organ perfusion, that is, a systolic BP �90 mm Hg and/or

a MAP �65 to 70 mm Hg (Table 3).1,2,17 Titrating vaso-

pressors to achieve MAP goals higher than 65 mm Hg does

not consistently improve measures of organ function.18 The

recent Sepsis and Mean Arterial Pressure (SEPSISPAM)

trial randomized 779 patients with vasopressor-dependent

septic shock to a MAP goal of 65 to 70 mm Hg versus

80 to 85 mm Hg, showing no significant difference in mor-

tality with a higher MAP goal (36.6% vs 34.0%, HR 1.07).11

Patients with chronic hypertension randomized to the higher

MAP goal had fewer renal adverse events attributed to

improved renal perfusion, at the expense of more cardiac

adverse events attributed to higher vasopressor doses.

Table 2. Hemodynamic Effects of Vasopressors and Inotropes.

Medication

Hemodynamic Effects

CO/CI SVR PCWP MAP HR

Dopamine (doses >4 mg/kg/min) " " " " ""
Dobutamine "" $ # $ # " # $ "
Epinephrine "" " " "" ""
Milrinone "" ## ## # $ "
Norepinephrine " # "" " "" "
Phenylephrine # " " " $ #
Vasopressin # " " " $ #

Abbreviations: CO, cardiac output; CI, cardiac index; SVR, systemic vascular resistance; PCWP, pulmonary capillary wedge pressure; MAP, mean arterial pressure;
HR, heart rate.

Figure 3. General approach to shock.
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After restoring cardiac filling pressures and MAP, increas-

ing CO with inotropes may improve systemic oxygen delivery

and tissue perfusion.2,13 Inotropes (inodilators or low-dose

inoconstrictors) can be titrated to achieve CO �5 L/min

and/or cardiac index (CI, the CO divided by body surface

area) �2.2 to 2.5 L/min/m2, but markers of end-organ tissue

perfusion and systemic oxygen delivery are preferred over

arbitrary CO/CI goals for titration of inotropic therapy

(Table 3).2 Resuscitative measures should restore adequate

end-organ perfusion, reflected by urine output >0.5 mL/kg/h

with normal or declining lactate and a near-normal venous

oxygen saturation.2,17

Inodilators

Inodilators increase SV and CO through direct stimulation of

myocardial contractility coupled with reduced afterload from

systemic vasodilation (reduced SVR), often with positive chron-

otropic effects contributing to increased CO (Table 2).19 Dobu-

tamine and milrinone are the inodilators most commonly used to

increase critically low CO and restore tissue oxygen delivery,

particularly in cardiogenic shock and low-output HF. All inodi-

lators carry a risk of hypotension from excessive vasodilation,

cardiac tachyarrhythmias from myocardial cellular calcium

overload, and myocardial ischemia from oxygen supply–

demand mismatch.19 Inotrope administration is associated with

increased mortality and adverse events in hospitalized patients,

emphasizing the importance of restricting inodilator therapy to

those patients whose CO is inadequate to maintain organ func-

tion.20-26 Despite these important caveats, patients with critically

low CO generally cannot be stabilized medically without

inotropic support, and inodilator therapy appears beneficial in

cardiogenic shock.27 In the absence of severe hypotension, an

inodilator is preferred over an inoconstrictor for increasing CO

due to more favorable effects on afterload, cardiac filling pres-

sures, and myocardial blood flow.28-32

Dobutamine

Dobutamine augments myocardial contractility via strong B1R

stimulation with mild to moderate B2R agonism and mild A1R

agonism, producing a strong dose-dependent increase in SV

and CO with moderate increases in HR and a variable effect

on MAP (Tables 1 and 2).2 Dobutamine modestly lowers the

SVR, except at high doses (>10-15 mg/kg/min) when dose-

dependent A1R agonism may become more prominent.33 The

net effects of dobutamine on MAP depend on the relative

changes in CO and SVR from baseline values, and uptitration

of dobutamine can have unpredictable effects on MAP. Dobu-

tamine may raise MAP when CO increases significantly and

SVR declines modestly, as in cardiogenic shock when the base-

line CO is very low and SVR is high.2 Dobutamine may pro-

duce hypotension when CO increases modestly and SVR

declines significantly, as in vasodilatory shock when baseline

CO is relatively high and SVR is low.

Dobutamine produces a dose-dependent increase in HR, with

low doses (up to 5 mg/kg/min) increasing SV via inotopic effects

without significant tachycardia, but doses >10 mg/kg/min pro-

duce worsening tachycardia with minimal further increases in

CO due to declining SV from decreased diastolic filling time

(Table 3).33 Comparison of dobutamine and dopamine in equal

doses up to 5 to 10 mg/kg/min has shown higher CO and greater

reduction in cardiac filling pressures by dobutamine and higher

MAP and SVR with dopamine, despite similar overall changes

in systemic hemodynamics.28-31,34,35 Combining dopamine and

dobutamine at 7.5 mg/kg/min improved hemodynamics more

than either agent at 15 mg/kg/min in cardiogenic shock, suggest-

ing a role for low-dose combination therapy in patients with

hypotension requiring inotropic support.34 After cardiac surgery,

dobutamine (5 mg/kg/min) increased HR and CO to a greater

extent than low-dose epinephrine (0.03 mg/kg/min).36 Dobuta-

mine may produce subadditive inotropic effects when combined

with epinephrine, perhaps due to competition at B1R mimicking

a partial agonist.37

Table 3. Dosing and Titration Parameters of Vasopressors and Inotropes.

Medication Initial Dose Typical Dose Range

Titration Increment (Every
5-15 Minutes to Achieve
Hemodynamic Goal)

Weaning Increment (Every 5-15
Minutes Based on
Patient Response)

Dobutamine 2.5-5 mg/kg/min 2.5-10 mg/kg/min 2.5-5 mg/kg/min; alternatively,
dose increases per CO/CI
or SVO2

2.5-5 mg/kg/min

Dopamine 2-10 mg/kg/min
5-10 mg/kg/min (inotropic)
> 10 mg/kg/min (vasopressor)

2-20 mg/kg/min 2-5 mg/kg/min 1 mg/kg/min

Epinephrine 0.02-0.05 mg/kg/min 0.005-0.2 mg/kg/min 0.02-0.05 mg/kg/min 0.02-0.05 mg/kg/min
Milrinone 0.25 mg/kg/min 0.25-0.75 mg/kg/min Dose increases per CO/CI or

SVO2

Can be discontinued without
weaning

Norepinephrine 0.01-0.04 mg/kg/min 0.04-1 mg/kg/min 0.02-0.04 mg/kg/min 0.02-0.04 mg/kg/min
Phenylephrine 0.1-0.3 mg/kg/min 0.1-1.5 mg/kg/min 0.2-0.4 mg/kg/min 0.2-0.4 mg/kg/min
Vasopressin 0.01-0.04 units/min 0.01-0.04 units/min Not generally titrated Can be discontinued without weaning

Abbreviations: CO, cardiac output; CI, cardiac index; SVO2, mixed venous oxygen saturation.
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Dobutamine is the preferred inotrope for acutely unstable

patients in cardiogenic shock because its short half-life (less

than 2 minutes) and quick onset allow prompt improvements

in CO and rapid titration.2 Dobutamine is recommended to

increase CO when restoration of intravascular volume and

MAP fails to normalize end-organ function in septic shock.17

Dobutamine is recommended for support of patients with acute

myocardial infarction (MI) having systolic BP <100 mm Hg

and hypoperfusion without overt shock and can be added to

norepinephrine to support patients with cardiogenic shock.38-40

Meta-analysis of dobutamine compared with placebo in

patients with severe HF unrelated to acute MI showed a strong

trend to increased mortality with dobutamine (odds ratio [OR]

1.47, P ¼ .06).26 Prolonged use of dobutamine can lead to

tachyphylaxis via B1R downregulation, requiring uptitration

to maintain clinical effect.19,41 b-Blockers (especially carvedi-

lol) significantly impair the response to dobutamine, requiring

high dobutamine doses for inotropic effects.42,43

Milrinone

Milrinone augments downstream B1R/B2R signaling by inhibit-

ing phosphodiesterase 3 (PDE3), mimicking B1R/B2R activation

(Table 1).13 Milrinone produces prominent pulmonary and sys-

temic vasodilation, significantly lowering both SVR and pulmon-

ary vascular resistance (PVR; Table 2).44 Patients with low CO

and high SVR typically maintain their MAP after administra-

tion of milrinone, although patients with relatively low SVR

or hypovolemia may become hypotensive, making milrinone

suboptimal for many patients with shock.2 Most clinical

studies of milrinone have used a starting and maintenance dose

of 0.5 mg/kg/min, but lower starting doses are preferred in clin-

ical practice (Table 3). The optional loading dose of 50 mg/kg

over 10 minutes often causes hypotension in unstable patients;

similar hemodynamic effects are seen after approximately 2 to

3 hours of maintenance infusion without a loading dose.2,45

The half-life of milrinone can increase from 2 to 3 hours up

to 4 to 6 hours in patients with renal failure, warranting dose

reduction for creatinine clearance <50 mL/min and caution in

more advanced renal insufficiency due to risk of drug accumu-

lation.19 In hemodynamically stable patients with decompen-

sated HF, milrinone 0.5 mg/kg/min increased rates of

hypotension and tachyarrhythmias without improving any clin-

ical outcome versus placebo, with increased mortality risk in

patients with ischemic cardiomyopathy.25,46 Milrinone retains

its inotropic activity and produces sustained hemodynamic

effects in patients with HF whose myocardial B1R are desen-

sitized, downregulated, or pharmacologically blocked.14,42,43

Combining milrinone with a direct B1R agonist may addi-

tively increase CO in patients with profoundly impaired car-

diac function, with an added risk of adverse events.24,47,48

Dobutamine Versus Milrinone

Dobutamine and milrinone produce similar improvements in CO

when titrated to full effect in patients with HF, although each

individual patient may respond better to one drug or the

other.41,49-51 Dobutamine produces greater stimulation of myo-

cardial contractility, while milrinone produces greater vasodila-

tion and reduction in cardiac filling pressures (Table 2).41,49,51,52

Milrinone reduces PVR more than dobutamine, making milri-

none preferable in patients with significant right ventricular dys-

function.53 Dobutamine is recommended for patients with

hypotension including acute cardiogenic shock and septic shock

with myocardial dysfunction as well as in patients with severe

renal failure when milrinone could accumulate.2,19,38-40 Milri-

none is preferred for patients with chronic HF, especially in the

presence of pulmonary hypertension, right ventricular failure, or

b-blocker therapy.2,19,42,43,53 Dobutamine produces more tachy-

cardia, arrhythmias, hypertension, and myocardial ischemia than

milrinone, while milrinone is more likely to cause hypoten-

sion.13,41,51,54 Hospitalized patients with HF awaiting heart

transplantation have similar outcomes and adverse events with

dobutamine or milrinone.55,56

Inoconstrictors

Inoconstrictors are highly effective vasopressors that directly

produce vasoconstriction and stimulate myocardial contractility

to increase both CO and SVR. The endogenous catecholamine

inoconstrictors (norepinephrine, epinephrine, and dopamine) all

display a marked dose–response effect with variable physiologic

effects across the dosing range and substantial interpatient varia-

bility in dose–response.2,13 At low doses, these drugs stimulate

myocardial B1R and increase myocardial contractility, particu-

larly dopamine and epinephrine (Table 2). At higher doses,

increasing amounts of A1R stimulation produce progressive

increases in SVR and MAP (Table 2). Low-dose dopamine and

epinephrine can be used for inotropic support and to therapeuti-

cally increase HR, while higher doses of all 3 drugs are used as

vasopressors.2,13,57 All inoconstrictors carry risk of tachycardia,

tachyarrhythmias, myocardial ischemia, and tissue ischemia.

Inoconstrictors are the first-line vasopressors for the majority

of patients with shock; norepinephrine is preferred for most

patients, while epinephrine and dopamine can be used when

an increase in CO and/or HR is required.1,2,13,17,58

Norepinephrine

Norepinephrine is a potent A1R agonist and mild–moderate

B1R agonist with minimal B2R activity (Table 1).13 The hemo-

dynamic effects of norepinephrine are dominated by A1R-

mediated vasoconstriction and increased SVR, while B1R

activation provides just enough inotropy to maintain CO

(Table 2).2,59,60 Increasing doses of norepinephrine may

increase CO in some patients due to B1R activation, augmenta-

tion of venous return, and improved fluid responsiveness.61-64

Norepinephrine may reduce CO like a pure vasoconstrictor in

patients with cardiac dysfunction due to the strong increase in

afterload, but many patients with cardiogenic shock can

maintain CO during norepinephrine therapy.60,61 As a vasopres-

sor, norepinephrine is slightly lower in potency than epinephrine,
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approximately 100-fold more potent than dopamine, and roughly

3 to 5 times more potent than phenylephrine for raising

MAP.5,7,8,59,65,66 Norepinephrine doses >0.5 to 1 mg/kg/min are

considered high (Table 3), but there is no defined maximum nor-

epinephrine dose for refractory shock.57,67 Norepinephrine may

produce reflex reductions in HR by increasing MAP, although

worsening tachycardia can occur at high doses due to B1R sti-

mulation. Norepinephrine is the first-line vasopressor for all

forms of shock with severe hypotension, including undifferen-

tiated shock, vasodilatory/septic shock, and cardiogenic shock

(Figure 3).1,2,17,40 Randomized controlled trials have not shown

clear superiority of any other vasopressor over norepinephrine

for clinical outcomes in patients with shock, with point estimates

for mortality generally favoring norepinephrine when compared

to other catecholamines.5-9,58,68 Prior guidelines recommend

dopamine for patients with acute myocardial infarction and car-

diogenic shock with systolic BP >70 mm Hg, with norepinephr-

ine recommended when systolic BP is <70 mm Hg.38 Based on

the results of the Sepsis Occurrence in Acutely Ill Patients II

(SOAP-II) trial, more recent guidelines recommend the combi-

nation of norepinephrine and dobutamine for cardiogenic shock

instead of dopamine.5,39,40

Epinephrine

Epinephrine is a potent agonist of A1R and B1R with stronger

B2R activity than norepinephrine (Table 1). Epinephrine is

approximately 100-fold more potent as an inotrope than dobu-

tamine or dopamine, and low epinephrine doses of 0.01 to 0.1

mg/kg/min (2-10 mg/min) are used to therapeutically increase

CO and/or HR via strong B1R and B2R stimulation (Table

2).31,57 After cardiac surgery, low-dose epinephrine (0.03-

0.04 mg/kg/min) effectively increased SV, CO, and MAP with

less tachycardia than dobutamine (5 mg/kg/min).36,37 Epinephr-

ine is most useful as an inotrope in patients who are hypoten-

sive and free from myocardial ischemia, especially after

cardiac surgery.2,31,32,36,37,69 In patients with septic shock and

MAP <70 mm Hg despite norepinephrine (0.1 mg/kg/min), add-

ing epinephrine (0.05-0.3 mg/kg/min) increased MAP, HR, and

CI more than adding dobutamine (3-20 mg/kg/min).69

Higher epinephrine doses (>0.1 mg/kg/min) produce increas-

ing A1R-mediated vasoconstriction leading to potent vasopres-

sor and inotropic effects similar to the combination of

norepinephrine plus dobutamine (Table 2).7,70 Epinephrine

increases CO when compared to norepinephrine or dopamine for

vasopressor support in septic shock.71 Epinephrine is a highly

effective vasopressor that is generally second line due to meta-

bolic effects and remains the preferred vasopressor for refractory

shock (Figure 3).2,7,8,17 Epinephrine doses >0.3 to 0.5 mg/kg/min

are considered high (Table 3), but there is no defined maximum

epinephrine dose for refractory shock (Table 3).57,67

Dopamine

Pharmacologic doses of dopamine activate dopaminergic

receptors and exert AR agonist effects via direct activation of

B1R and indirect increases in A1R signaling (Table 1).13 Dopa-

minergic receptors produce vasodilation in the mesenteric and

renal arterioles and inhibit renal tubular sodium reabsorption.

The clinical effects of dopamine are strongly dose dependent

with significant overlap between dose ranges (Tables 2 and 3).

Very low ‘‘renal’’ doses of dopamine (below 4 mg/kg/min)

activate dopamine receptors, leading to splanchnic and renal

vasodilation with direct natriuretic effects that increase urine

output with variable and transient effects on creatinine clear-

ance and renal blood flow (Table 3).35,72-77 Effects of dopa-

mine on creatinine clearance peak at dopamine doses of 4 to

7 mg/kg/min, mediated in part by increases in MAP and

CO.35,74-77 Renal effects of dopamine are blunted in acutely ill

patients, and studies have failed to show any clinical benefit of

‘‘renal-dose’’ dopamine for preventing renal failure.72-74 Low-

dose dopamine added to diuretic therapy in HF failed to

improve clinical outcomes or urine output.78,79

Moderate ‘‘inotropic’’ doses of dopamine (4-10 mg/kg/min)

activate B1R, producing inotropic and chronotropic effects that

increase MAP, HR, SV, and CO (Tables 2 and 3). Even ‘‘renal-

dose’’ dopamine (2-3 mg/kg/min) can display positive inotropic

and chronotropic effects.29,35,76,77 Effects of dopamine on CO usu-

ally peak at a dose of*4 to 6 mg/kg/min (up to 7.5-8 mg/kg/min),

with increases in SVR at higher doses limiting further increases

in CO and tachycardia often limiting dose titration.28-31,34,74,77

Dopamine doses >5 to 6 mg/kg/min can increase left ventricular

filling pressures and exacerbate pulmonary congestion by

increasing SVR without further increasing CO.28-31

High ‘‘vasopressor’’ doses of dopamine (>10 mg/kg/min)

increase A1R signaling to increase MAP by progressively

increasing SVR without further increasing CO (Tables 2 and

3). Up to 60% to 69% of patients with severe shock fail to

respond adequately to dopamine at the usual maximum dose

of 20 to 25 mg/kg/min, and switching to norepinephrine will

stabilize MAP in the majority of the cases.80,81 Dopamine

increases CO and HR to a greater extent than norepinephrine,

which in turn is more effective for increasing SVR and

MAP.59,81 Dopamine is no longer recommended for vasopres-

sor support in septic shock except in patients with relative bra-

dycardia who are at low tachyarrhythmia risk.17

Comparison of Inoconstrictors

Multiple studies suggest increased mortality and/or adverse

effects with dopamine as the first-line vasopressor.4-6,58 The

SOAP-II study randomized 1679 unselected patients with

shock to norepinephrine (0.05-0.2 mg/kg/min) or dopamine

(5-20 mg/kg/min), with open-label norepinephrine added as

needed to maintain MAP.5 There was a trend toward higher

mortality at 28 days in patients receiving dopamine (48.5%
vs 52.5%, OR 1.17, P¼ .10). Subgroup analysis showed signif-

icantly greater mortality (P ¼ .03) in patients with cardiogenic

shock receiving dopamine, with no apparent mortality differ-

ence in other subgroups. Dopamine increased the risk of

tachyarrhythmias (most commonly atrial fibrillation) by a fac-

tor of 2 (24.1% vs 12.4%, P < .001). Patel et al randomized 252
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patients with septic shock to norepinephrine (5-20 mg/min) or

dopamine (5-20 mg/kg/min) with vasopressin then phenylephr-

ine added for nonresponders, showing similar 28-day mortality

(50% vs 43%, P ¼ .282) and significant more cardiac arrhyth-

mias with dopamine.6 Meta-analysis of randomized studies

comparing dopamine and norepinephrine in septic shock

identified a significant excess of short-term mortality with

dopamine (relative risk [RR] 1.12, P ¼ .035).58

Randomized studies have shown similar mortality with

epinephrine or norepinephrine in patients with shock.7,8,17

The Prospective, Multicenter, Randomized, Double-Blind

Study Comparing Safety and Efficacy of Norepinephrine

Plus Dobutamine Versus (Epinephrine Alone in Septic

Shock CATS) study randomized 330 patients with severe

septic shock to norepinephrine plus dobutamine or epinephr-

ine alone, showing similar rates of 90-day mortality (50% vs

52%, P ¼ .73) and adverse events, despite more lactic

acidosis with epinephrine.7 The randomized The Catechola-

mine Study (CAT) study compared epinephrine to norepi-

nephrine in 280 patients with shock, showing similar

hemodynamic efficacy and 90-day mortality (30.4% vs

34.3%, P ¼ .43) but a higher rate of drug withdrawal

with epinephrine due to lactic acidosis and tachycardia.8

Levy et al randomized 30 patients with cardiogenic shock

to norepinephrine plus dobutamine or epinephrine alone,

showing similar hemodynamic effects but more arrhythmias

with epinephrine.70

Vasoconstrictors

The pure vasoconstrictors phenylephrine and vasopressin are

second-line vasopressors for most shock states that increase

SVR via isolated vasoconstriction without inotropic effects

(Figure 3).2,17 Baroreflex-mediated sympathetic withdrawal

resulting in reductions in HR, SV, and CO limits the ability

of vasoconstrictors to increase MAP, potentially requiring ino-

tropic support to maintain CO (Table 2).65,82-86 Patients with

significant systolic dysfunction cannot maintain SV in the face

of increased afterload from systemic vasoconstriction, leading

to inadequate CO and/or elevated filling pressures with a poor

MAP response.2,61 Vasoconstrictors are reserved for vasodila-

tory shock states when SVR is severely low and CO is adequate

(warm shock; Figure 3). Vasoconstrictors display a limited

ability to raise MAP when SVR is high and/or CO is low

(cold shock) and may predispose to severe tissue ischemia via

further reductions in CO.15 Vasoconstrictors are useful when

inotropic stimulation is harmful, such as uncontrolled tachycar-

dia/tachyarrhythmias or left ventricular outflow tract obstruc-

tion.2,17 Both phenylephrine and vasopressin have longer

half-lives than catecholamines, taking longer to achieve steady

state effects and requiring more gradual titration.82 When a

vasoconstrictor is indicated, we typically prefer vasopressin

based on its more extensive clinical trial experience, although

phenylephrine is useful when short-term use or frequent dose

titration is anticipated.9,68,76,82,87

Phenylephrine

Phenylephrine is a pure A1R agonist without B1R/B2R

activity that increases arterial and venous tone (Table 1).82

Patients with warm (vasodilatory/distributive) shock and

normal baseline cardiac function usually maintain CO dur-

ing treatment with phenylephrine.65,66 Phenylephrine has a

duration of action up to 20 minutes, allowing bolus admin-

istration (0.1-0.5 mg every 5-15 minutes) for abrupt-onset

vasodilatory hypotension.82 Although phenylephrine doses

�5 mg/kg/min can be used, we try to limit maximum pheny-

lephrine doses to 1.5 to 2 mg/kg/min to avoid excessive

vasoconstriction and tissue ischemia (Table 3).65,66,83 Phe-

nylephrine is available in a lower concentration (20 mg/

mL) that can be infused via peripheral intravenous line for

stabilization prior to central venous access.

Cross-over studies comparing phenylephrine to norepi-

nephrine in septic shock with high CO show similar MAP

effects, despite a lower HR and CO and a higher PVR with

phenylephrine.65,66 In patients with septic shock resistant to

dopamine 25 mg/kg/min, addition of phenylephrine or nore-

pinephrine resulted in equivalent hemodynamic stabilization

with a lower HR in the phenylephrine group.83 Phenylephr-

ine is not recommended for septic shock except when nor-

epinephrine triggers serious arrhythmias and/or in the

setting of persistent hypotension with high CO.17

Vasopressin

Vasopressin produces similar hemodynamic effects as pheny-

lephrine, but V1aR activation may produce vasoconstriction

even during acidemia, when A1R agonism becomes less effec-

tive.15 Low, fixed vasopressin doses (0.03-0.04 U/min) can be

used to replete the relative vasopressin deficiency that can

develop in shock states with the goal of improving MAP and/

or reducing catecholamine requirements in patients with shock

(Table 3).2,9,15,17,68 Higher vasopressin doses (occasionally up

to 0.1 U/min) can be effective for increasing MAP but are typi-

cally reserved for salvage therapy in refractory vasodilatory

shock due to risk of mesenteric ischemia and should not be

used routinely.17,88-92 Vasopressin 0.01 U/min is roughly

equivalent to norepinephrine 5 mg/min for raising MAP, and

studies comparing vasopressin and norepinephrine show

similar effects on MAP, despite lower HR and CO with vaso-

pressin.2,9,84-86,91 Vasopressin may reduce PVR while increas-

ing SVR to favorably reduce the PVR to SVR ratio, especially

when combined with milrinone in postoperative cardiac sur-

gery patients; this effect may be advantageous in patients with

right ventricular failure.85,89,92-94

The effects of vasopressin on septic shock mortality remain

controversial, with most studies suggesting no mortality reduc-

tion by adding vasopressin to catecholamine therapy.9,17,68,87

The Vasopressin and Septic Shock Trial (VASST) randomized

778 patients with septic shock requiring vasopressors to

addition of vasopressin (0.01-0.03 U/min) or norepinephrine

(5-15 mg/min), essentially evaluating physiologic vasopressin
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repletion as a catecholamine-sparing vasopressor strategy.9

There was no significant difference in 90-day mortality

(43.9% vs 49.6%, RR 0.88, P ¼ .11) or major clinical adverse

events in patients receiving vasopressin. Vasopressin reduced

90-day mortality (35.8% vs 46.1%, RR 0.78, P ¼ .04) in

patients with milder shock (requiring <15 mg/min norepinephr-

ine at randomization) and in patients receiving stress-dose cor-

ticosteroids.9,95 Two meta-analyses comparing vasopressin to

catecholamines in vasodilatory or septic shock came to differ-

ent conclusions, with one showing no difference in short-term

mortality (RR ¼ 0.91, P ¼ .21) while the other showing a sig-

nificant reduction in mortality with vasopressin (RR 0.87, p ¼
0.05); the majority of the patients in both meta-analyses came

from VASST.68,87 Neither meta-analysis showed an increase in

serious adverse events with vasopressin, and supraventricular

arrhythmias have been found more commonly with norepi-

nephrine.17,68,87,90 Vasopressin is not considered a first-line

vasopressor but can be safely used as adjunctive therapy for

patients with persistently low SVR and/or tachyarrhythmias

during norepinephrine therapy, including septic shock and

postoperative vasoplegia syndrome after cardiopulmonary

bypass.17,88,90,92-94

Refractory Shock

Hypotension refractory to high doses of one or more vasopres-

sors (ie, norepinephrine or epinephrine at >0.5-1 mg/kg/min)

complicates 6% to 7% of cases with shock, with short-term

mortality up to 83% to 94% and few clinical studies to guide

management.67,91,96,97 Pathologic vasodilation characterizes

most cases of refractory shock, occurring via vascular hypore-

sponsiveness to catecholamines due to receptor desensitization,

inflammatory vasodilation, systemic acidemia, ionized hypo-

calcemia, and relative deficiency of vasopressin and corticos-

teroids.13,15,67 Exclusion of hypovolemia with an empiric

fluid challenge is a reasonable first step in the management

of refractory shock. Inotropic support using dobutamine or

low-dose epinephrine may substantially improve MAP in

patients with severely low CO. Patients not responding ade-

quately to initial therapy with dopamine or phenylephrine may

respond when these weaker vasopressors are changed to nore-

pinephrine.80,81 Our recommended clinical approach to refrac-

tory shock is shown in Figure 3, assuming patients are started

initially on norepinephrine.

Epinephrine is the first-line vasopressor to add in patients

with (septic) shock refractory to high-dose norepinephrine,

especially when the HR and/or CO are inadequate.2,17,67 Vaso-

pressin can be added to catecholamines when HR is excessively

high and/or SVR remains low with an adequate CO (warm

shock), especially in the presence of significant acidemia that

limits catecholamine response.2,15,67,88-90 In refractory vasodi-

latory shock, vasopressin at 4 U/h (0.067 U/min) was superior

to 2 U/h (0.033 U/min) for improving MAP and reducing cate-

cholamine requirements without increasing major clinical

adverse effects.88-90 There was no difference in 28-day mortal-

ity in VASST patients with higher baseline norepinephrine

requirements receiving vasopressin (44.0% vs 42.5%, RR

1.04, P ¼ .76), arguing against a mortality benefit of vasopres-

sin in refractory shock.9 In our experience, dopamine is usually

ineffective when patients fail to respond to high-dose norepi-

nephrine and/or epinephrine. Phenylephrine may be added

when other vasopressors fail to restore MAP in refractory vaso-

dilatory shock, but its effects are usually modest.17 Empiric

hydrocortisone can be added in refractory shock based on its

ability to reverse shock and reduce catecholamine require-

ments, despite lack of consistent mortality reduction in large-

scale studies of septic shock.17,90,97,98

Adverse Effects

Vasopressors and inotropes can produce serious adverse effects

and should be used for the shortest duration of time, at the low-

est adequate dose, and only when necessary to maintain vital

organ function.13,99 Excessive A1R/V1aR stimulation pro-

duces severe vasoconstriction in the skin, mesenteric, renal,

and coronary vessels leading to tissue ischemia, especially with

low CO and/or hypovolemia (cold shock).2,13,15 Clinical trials

have not shown consistent differences in tissue or myocardial

ischemia between vasopressor agents, despite the suggestion

of increased adverse events with vasopressin doses >0.04

U/min.5,7-9,58,68,87,91 Epinephrine may impair splanchnic perfu-

sion when compared to dopamine or norepinephrine (with or

without dobutamine) at a given MAP and CO, and some studies

suggest impaired mesenteric organ perfusion with vasopressin

or phenylephrine compared to norepinephrine.15,65,71 Exces-

sive A1R-mediated renal vasoconstriction may predispose to

acute kidney injury, and changing from norepinephrine to phe-

nylephrine in established shock may have adverse effects on

renal function.65 Vasopressin may improve urine output and/

or creatinine clearance when compared to norepinephrine and

adding vasopressin appeared to reduce the risk of renal dys-

function in VASST, perhaps mediated by lower norepinephrine

doses.15,84,91,100

Excessive cardiac B1R/B2R stimulation (including PDE3

inhibition) produces tachycardia and myocardial cellular cal-

cium overload, predisposing to atrial and ventricular arrhyth-

mias.13,99 Risk of tachycardia and tachyarrhythmias during

inotropic therapy is lowest with milrinone, intermediate

with dobutamine or epinephrine, and generally highest with

dopamine (Table 2).13,41,51,54 Norepinephrine carries a lower

tachyarrhythmia risk than either dopamine or epinephrine

when used for vasopressor support (Table 2).5,6,8,70,71 Pheny-

lephrine and vasopressin reduce HR and do not cause tachyar-

rhythmias but may provoke myocardial ischemia via coronary

vasoconstriction.2,65,83-86,91 All B1R agonists increase myocar-

dial oxygen demand, but dobutamine may improve coronary

blood flow when compared to epinephrine or dopamine;

milrinone increases myocardial oxygen demand less than direct

B1R agonists.13,32,54,99 Vasodilatory effects of milrinone and to

a lesser extent dobutamine and low-dose dopamine can exacer-

bate hypotension, especially in patients with hypovolemia or

low SVR.2 Activation of B1R modestly impairs insulin
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sensitivity and produces hyperglycemia; B2R activation magni-

fies this effect and increases serum lactate levels as is prominent

with epinephrine.7,8,13,99 Pharmacologic doses of the endogen-

ous catecholamines may have potentially harmful effects on

immune function and pituitary hormone secretion; these effects

appear to be greatest with dopamine and least with norepinephr-

ine.13,17,99 Vasopressin may reduce harmful excess cytokine

levels to a greater extent than norepinephrine in septic shock.101

Conclusion

Vasopressor and inotropic drug support can be lifesaving in

shock states when the cardiovascular system fails to maintain

adequate organ perfusion for survival. Careful vasoactive drug

selection matching the pharmacological effects to the underly-

ing pathophysiology may optimize hemodynamics and reduce

adverse effects. Division of vasoactive drugs into vasodilators,

inodilators, inoconstrictors, and vasoconstrictors facilitates

understanding of their hemodynamic and adverse effects. Ino-

dilators and inoconstrictors act as inotropes to increase CO via

enhanced contractility, while vasoconstrictors and inoconstric-

tors act as vasopressors to increase MAP via enhanced vascular

tone. Recent large-scale clinical trials have established norepi-

nephrine as the first-line vasopressor drug for a broad range of

shock states. Further research should explore strategies for the

management of refractory shock and further comparisons of

commonly used vasoactive agents in larger populations using

clinically relevant end points.
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