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CHAPTER 4 

Hemodynamic Support in the Critically 
Ill Patient
Gianluca Villa, Zaccaria Ricci, and Stefano Romagnoli

OBJECTIVES
This chapter will:
1. Illustrate the general principles of pharmacologic and 

mechanical hemodynamic support.
2. Review the recent literature dealing with hemodynamic 

monitoring.
3. Provide some practical suggestions on bedside management 

of circulatory support.

Circulatory shock is a leading cause of tissue hypoperfusion 
and multiple organ dysfunction in critically ill patients 
admitted in intensive care units (ICUs)1 with an associated 
mortality rate up to 40%.2–6 Although circulatory shock 
commonly is classified into four main categories (i.e., 
hypovolemic, cardiogenic, obstructive, and distributive), 
their combination usually is observed in many clinical 
conditions (e.g., sepsis, right and left ventricular failure, 
hemorrhage).7 Because early intervention is crucial for 
successful treatment of shocked patients, early diagnosis 
and reliable utilization of available resources are paramount 
to prevent the worsening of organ function and to improve 
outcome.8,9 Essentially, appropriate cardiovascular support 
is required when circulatory shock occurs to limit cellular 

hypoxia by increasing the oxygen delivery (DO2) (e.g., with 
volume resuscitation, transfusion, vasoconstriction, or 
oxygenation). From a pathophysiologic point of view, the 
amount of oxygen actually available depends on “central” 
and “peripheral” factors. Cardiorespiratory function and 
hemoglobin concentration are central factors for the DO2 
determinants, whereas the microcirculation regulation and 
redistribution of cardiac output (CO) to tissues (depending 
on autonomic control of vascular tone and local microvas-
cular responses) constitute the peripheral side.10 The 
optimization of the different components involved in cellular 
oxygenation (blood flow, perfusion pressure, and arterial 
oxygen content) requires accurate monitoring and represents 
the target for pharmacologic and mechanical hemodynamic 
support therapies in critically ill patients with shock.8,9

HEMODYNAMIC MONITORING

Hemodynamic monitoring is a cornerstone in the care of 
critically ill patients with shock. It allows physicians to 
identify the pathophysiologic mechanisms sustaining shock, 
to target therapy delivery on the pathogenesis of the disease, 
and to evaluate the effects of treatments over time.11 Coupled 
with clinical evaluation, hemodynamic monitoring is helpful 
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diagnosis of hemodynamic instability and management of 
these patients.9,13

The hemodynamic monitoring systems have their own 
advantages and limitations,13 and selection of the most 
appropriate system depends on the individual patient, on 
the device, and on the local expertise available at each 
institution.19

PHARMACOLOGIC  
CARDIOVASCULAR SUPPORT

A personalized pharmacologic treatment with fluids and 
vasoactive/inotropic drugs, guided by appropriate monitor-
ing, is crucial in the management of hemodynamic instabil-
ity. Many drugs administered to critically ill patients have 
cardiac and vascular effects depending on the dose and on 
density and distribution of their target receptors.20 Among 
them, catecholamines are the most used and recommended 
in patients with shock.20 Table 4.1 summarizes the relative 
potency of the cardiac and peripheral vascular effects of 
several agents. This distinction is useful to define targets 
and end points of the treatment, although norepinephrine, 
well balanced in inotropic and vasoconstrictor effects, 
represents the most commonly administered drug in 
hypotensive critically ill patients.20

Avoiding and treating arterial hypotension are major targets 
in patients with hemodynamic instability.20 Vasopressors 
usually are recommended even before the diagnostic process 
is concluded,20–22 because arterial pressure usually is considered 
the main end point for vasopressor therapy. As a matter of 
fact, the achievement of the most effective tissue perfusion 
does not necessarily equal the restoration of “normal” arterial 
pressure,20 and it may be recommended to also titrate vasopres-
sor administration according to different clinical variables, 
including, among the others, CO, urine output, lactate con-
centrations, and mixed venous blood saturation.

Adrenergic and nonadrenergic molecules modulate 
vascular tone.7 Catecholamines with predominant vasopres-
sor effects mainly activate α-adrenergic receptors, whose 
expression differs within the cardiovascular system (e.g., 
minimal in capillaries and progressively increased toward 
arterioles and venules) and across regional vascular beds 
(e.g., between mesenteric and skeletal muscle bed).23 
Norepinephrine is the most used catecholamine during 
shock, followed by dopamine and epinephrine given alone 

to guide the administration of fluids, to titrate the dose of 
vasoactive drugs, and to potentially indicate, in a timely 
fashion, when to start a mechanical support.12 Preload, 
afterload, and contractility can be evaluated with a number 
of hemodynamic monitoring tools that differ in invasiveness, 
technology, advantages, and limitations.13

Preload is the major determinant of CO, and fluid loading 
is usually the first-line intervention in shocked patients. 
Nonetheless, only half of critically ill patients respond to 
fluids with an increase in CO (fluid responders; increase in 
CO by 15%), whereas in the other half, fluid administration 
is likely to be harmful.14 To avoid the negative effects of fluid 
administration in non–fluid responders, fluid responsiveness 
should be assessed before volume load.15–17 A consistent 
degree of uncertainty is related with use of clinical signs, 
such as tachycardia and hypotension, and static variables, 
such as central venous pressure and echocardiographic 
volumes and areas,13 which have been demonstrated to be 
reliable predictors of fluid responsiveness only in specific 
circumstances.18 On the other hand, ventilator-induced 
dynamic variables, such as stroke volume variation (SVV), 
pulse pressure variation (PPV), and plethysmography, have 
been demonstrated as much more accurate predictors of fluid 
responsiveness in routine clinical practice.14 Finally, although 
highly questioned in the last decade because of its invasive-
ness, the pulmonary artery catheter (PAC) may provide crucial 
information, such as pulmonary artery pressures, left-sided 
filling pressures, and mixed venous oxygen saturation in 
some specific clinical conditions.13 Moreover, the PAC still 
represents the clinical gold standard for CO estimation.13

Evolution in technology has introduced into the clinical 
practice easier, less invasive, and more rapid systems for 
CO estimation.19 Among them, pulse contour methods are 
minimally invasive systems that analyze the arterial pressure 
waveform from an indwelling arterial catheter and allow 
the estimation of the patient’s stroke volume (SV) and CO.13 
In addition, these devices also may deliver parameters of 
cardiac function, such as compliance, resistance, or imped-
ance of the cardiovascular tree.13 Controversy exists regarding 
the clinical reliability and accuracy of these systems.19 
Echocardiography currently is performed reliably at the 
bedside and may provide morphologic information and 
Doppler-based estimations of SV and CO, although not 
continuously.9 In combination with the available hemody-
namic monitoring tools (invasive, minimally invasive, and 
noninvasive), the echocardiographic assessment of cardiac 
function currently is considered central for the correct 

TABLE 4.1

Vasoactive and/or Inotropic/Chronotropic Effects of the Most Used Drugs

HEART RATE CONTRACTILITY VASOCONSTRICTION

Ca2+ sens. Levosimendan + +++ 0
PDEI Enoximone + +++ 0

Amrinone + +++ 0
Milrinone + +++ 0

Catecholamine β Dobutamine ++ ++++++ 0
Dopamine +/++ +/+++++ +++++
Epinephrine +++ ++++ ++++

α Norepinephrine + ++ +++
Phenylephrine 0 0 +++
Vasopressin 0 0 +++++
Terlipressin 0 0 +++++

The chronotropic, inotropic and vasoactive effects are proportionally expressed for the different agents in terms of no effect (0), weak (+) or  
strong effect (++/+++).
Ca2+ sens, calcium sensitizer; PDEI, inhibitors of phosphodiesterase type III.
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N-terminal of troponin C with high affinity and prolongs 
the interaction of myosin and actin filaments through 
inhibition of troponin I.23 Importantly, the levosimendan 
metabolite OR-1896 has similar calcium-sensitizing actions 
to the parent molecule, maintaining the inotropic effect of 
levosimendan for several days once the infusion is stopped.23 
The cardiovascular effects of levosimendan include increase 
in HR when high doses of loading and infusion are used, 
possibly via baroreceptor-mediated pathways. In vascular 
tissue, levosimendan acts as a vasodilator by decreasing 
the sensitivity of myofilaments to Ca2+ and activating K+ 
channels. This results in hyperpolarization, decreased Ca2+ 
entry, and vasodilatation.23

NONPHARMACOLOGIC  
CARDIOVASCULAR SUPPORT

When pharmacologic vasoactive and inotropic therapy, even 
at maximal doses, is insufficient to prevent tissue hypoxia 
and organ damage, or patients are becoming refractory to 
ongoing drug administration because of prolonged illness, 
mechanical circulatory support (MCS) can be considered. 
Different tools are now available, and the selection of the 
most appropriate device depends on the supposed duration 
of the support, the nature of cardiocirculatory dysfunction, 
and the acuity of presentation. MCS encompasses a spectrum 
of devices aimed to partially or completely replace cardiac 
function temporarily or for long-term application. Temporary 
MCS refers to devices generally used for less than 30 days 
and includes the intraaortic balloon pump (IABP), the 
venous-arterial extracorporeal oxygenation (VA-ECMO), the 
Impella (Abiomed Inc., Danvers, MA) the TandemHeart, 
the CentriMag (CardiacAssist, Pittsburg, PA), the Thoratec 
(pVAD) (Thoratec Corporation, Pleasanton, CA), and the 
Abiomed BVS 5000 (Abiomed Inc., Danvers, MA). The 
long-term MCS, also known as a ventricular-assist device 
(VAD), is a system dedicated to patients with end-stage 
heart failure as a bridge to transplantation or as a destination 
therapy.

Temporary Mechanical Circulatory Support
The IABP is the most widely used and the most inexpensive 
form of cardiac mechanical support. It consists of an 8- to 
9-French (Fr) inflatable balloon catheter, typically placed 
through the femoral artery, in the descendent thoracic aorta 
distal to the left subclavian artery. It is connected to a 
console that delivers helium to inflate the balloon during 
the diastolic phase of the cardiac cycle (synchronized  
with the electrocardiogram or the arterial pressure wave-
form). The balloon inflation increases the diastolic pressure 
by obstructing the lumen of the descending aorta, with the 
main target of increasing the coronary blood flow. After 
the diastolic phase, the presystolic deflation reduces left 
ventricular afterload by means of a vacuum effect, thus 
reducing myocardial oxygen consumption. IABP, by increas-
ing mean arterial pressure, may improve global systemic 
perfusion especially in conditions of cardiogenic shock.26 
IABP is suggested strongly during mechanical complications 
of acute myocardial infarction as a bridge to definitive 
surgical management,27,28 and it has been used in many 
conditions of hemodynamic instability (e.g., acute severe 
mitral regurgitation or as prophylactic measure during and 
after percutaneous coronary intervention and coronary artery 

or in combination.3 Although several studies failed to 
demonstrate differences in mortality rate of patients treated 
with different vasopressors,7 the most recent guidelines on 
distributive (septic) and cardiogenic shock suggest using 
norepinephrine as first choice to reestablish an adequate 
perfusion pressure.21,22 Beyond catecholamines, other 
endogenous noncatecholaminergic hormones have been 
used largely in clinical practice. In particular, vasopressin 
(physiologically released in response to osmotic, chemo-
receptor, and baroreceptor stimuli) acts on vascular smooth 
muscle V1 and oxytocin receptors, causing vasoconstric-
tion.23,24 Terlipressin is a prodrug slowly degraded by liver 
and kidney peptidases to lysine vasopressin, conferring a 
significantly longer duration of action after intravenous 
(IV) bolus than vasopressin. Terlipressin has a greater 
selectivity for vascular V1 receptors. In septic shock, the 
administration of exogenous vasopressin (0.01–0.04 U⋅min-1) 
results in the reversal of vasodilatory shock, mainly because 
of reversal of a relative deficiency of the hormone seen in 
established sepsis.23 Furthermore, V1 and α1-adrenoceptor 
crosstalk, the amelioration of autonomic dysfunction, the 
increase of other endogenous vasoconstrictors, and a 
potential effect on nitric oxide and glucocorticoid production 
also may contribute to the improvement of catecholamines’ 
effects and the reversal of vasodilatation.23

Inotropic therapy is administered when myocardial 
contractility is impaired20 in condition of cardiogenic 
shock (e.g., myocardial infarction) or combined forms of 
distributive-cardiogenic shock (e.g., sepsis).25 Inotropes can 
be divided into catecholaminergic and noncatecholaminergic 
agents. Norepinephrine, showing a well-balanced α1-β1 
effect, and epinephrine, predominant inotropic β1 affinity, 
belong to the first category (catecholamines): β-receptors 
stimulation results in significant chronotropic and inotropic 
activity eventually causing CO, heart rate (HR), mean arterial 
pressure, and coronary blood flow to increase.23 Although 
less pronounced than β-adrenoceptor, cardiac dopaminer-
gic receptors mostly show inotropic effects; accordingly, 
dopamine is considered a predominant inotropic agent. 
Furthermore, beyond this effect, medium doses of dopamine 
(5–15 mcg⋅kg⋅min-1) are associated with β-adrenoceptor 
stimulation, leading to a further increase in CO and HR.23 
Finally, dobutamine is a synthetic catecholamine with 
β-adrenoceptor effects (with a 3 : 1 ratio to β1 and β2 adreno-
ceptors) and a mild α1-adrenoceptor affinity at higher doses.23 
According to its pharmacologic characteristics, dobutamine 
is used widely in the short-term treatment of severe heart 
failure and cardiogenic shock.22,23 Principal side effects of 
catecholamines include increase of myocardial oxygen con-
sumption and arrhythmias. Inotropic noncatecholaminergic 
drugs include the inhibitors of phosphodiesterase type 3 
(PDEI) and the calcium sensitizer levosimendan. Amrinone, 
milrinone, and enoximone are PDEI, which enhance cyclic 
adenosine monophosphate (cAMP) and protein kinase A 
(PKA) levels through non–receptor-dependent mechanisms 
and increase inotropy, chronotropy, and lusitropy while 
decreasing preload and afterload.23 These agents are potent 
pulmonary vasodilators and are considered particularly 
useful in the treatment of acute severe right heart failure 
and pulmonary hypertension.23 Finally, levosimendan is 
a calcium sensitizer, and it is the only inotrope that does 
not increase the intracellular myocardial cAMP levels 
at clinically recommended doses.23 In particular, unlike 
other inotropes, levosimendan does not exert its action 
through potentially harmful increases in intracellular Ca2+. 
This may explain why this agent does not impair diastolic 
relaxation and cardiac rhythm and it is considered to opti-
mize myocardial energetics.23 Levosimendan binds to the 
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indications for long-term VAD implantation can be con-
sidered: (1) bridge-to-transplantation for patients actively 
listed at the time of VAD implantation because of limited 
donor availability; (2) bridge to candidacy: VAD implanted 
to clarify or improve an aspect of patients’ candidacy  
before transplantation (e.g., pulmonary hypertension,  
weight loss, improvement in organ function); (3) bridge to 
recovery: it is an uncommon strategy in which short-term 
(<30 days) MCS usually are implanted; (4) destination 
therapy for patients not considered candidates for cardiac 
transplantation.

CONCLUSION

Shock frequently is observed in the ICU and is characterized 
by a high mortality rate. An appropriate hemodynamic 
monitoring is quintessential to identify the pathophysiologic 
mechanisms sustaining shock and to guide treatments. 
Pharmacologic treatments may be personalized to the specific 
patient’s needs. Nevertheless, norepinephrine represents 
the most recommended drug for hypotensive patients sug-
gested in recent guidelines.21,22 When pharmacologic therapy 
is insufficient to restore a sufficient hemodynamic status 
that prevents further tissue hypoxia and organ damage, 
mechanical circulatory support may be considered for 
shocked patients.

Key Points

1. A timely diagnosis and an appropriate treatment 
are crucial to prevent the worsening of organ 
function and improving outcome in patients with 
shock.

2. Hemodynamic monitoring allows the identification 
of pathophysiologic mechanisms sustaining shock, 
the delivery of pathogenesis-targeted therapy, and 
the evaluation of treatment during time.

3. The optimal monitoring system depends on the 
individual patient, on device, and on local expertise 
available at the institution.

4. A personalized pharmacologic treatment with fluids 
and vasoactive/inotropic drugs, guided by monitor-
ing and pathophysiology, is crucial in the manage-
ment of hemodynamic instability.

5. Norepinephrine, well balanced in inotropic and 
vasoconstrictor effects, represents the most recom-
mended drug in hypotensive patients.

6. When the standard drug therapy is insufficient to 
prevent tissue hypoxia and organ damage, mechani-
cal circulatory support can be considered.
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artery. With the Impella the blood is pumped from the 
left ventricle into the ascending aorta at a rate of 2.5 to 
5.0 L/min. The Impella RP has been manufactured recently 
for right-sided support by drawing blood from the inferior 
vena cava and pumping it into the pulmonary artery.37,42 
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Long-Term Mechanical Circulatory Support
Impressive advances in technology have changed the 
landscape of how end-stage heart failure is treated. Novel 
devices can be implanted for long-term ventricular assistance 
into the thorax, generally powered by a small external battery 
connected to the device via a tunneled driveline. Different 
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