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a b s t r a c t 

Cardiogenic shock (CS) is a life-threatening condition characterized by acute end-organ hypoperfusion due to 
inadequate cardiac output that can result in multiorgan failure, which may lead to death. The diminished cardiac 
output in CS leads to systemic hypoperfusion and maladaptive cycles of ischemia, inflammation, vasoconstriction, 
and volume overload. Obviously, the optimal management of CS needs to be readjusted in view of the predom- 
inant dysfunction, which may be guided by hemodynamic monitoring. Hemodynamic monitoring enables (1) 
characterization of the type of cardiac dysfunction and the degree of its severity, (2) very early detection of as- 
sociated vasoplegia, (3) detection and monitoring of organ dysfunction and tissue oxygenation, and (4) guidance 
of the introduction and optimization of inotropes and vasopressors as well as the timing of mechanical support. 
It is now well documented that early recognition, classification, and precise phenotyping via early hemody- 
namic monitoring (e.g., echocardiography, invasive arterial pressure, and the evaluation of organ dysfunction 
and parameters derived from central venous catheterization) improve patient outcomes. In more severe disease, 
advanced hemodynamic monitoring with pulmonary artery catheterization and the use of transpulmonary ther- 
modilution devices is useful to facilitate the right timing of the indication, weaning from mechanical cardiac 
support, and guidance on inotropic treatments, thus helping to reduce mortality. In this review, we detail the 
different parameters relevant to each monitoring approach and the way they can be used to support optimal 
management of these patients. 
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Two decades after the landmark Should We Emer-
ently Revascularize Occluded Arteries in Cardiogenic Shock
SHOCK) trial demonstrated improvements in acute myocardial
nfarction–cardiogenic shock (CS) survival, [ 1 ] CS remains char-
cterized by a short-term mortality rate of > 40%. [ 2 ] Recent anal-
ses of North American registries, however, suggest that out-
omes may be improved through early shock recognition and
he use of standardized treatment algorithms. [3 –5] 

Several definitions of CS have been proposed and are summa-
ized in Table 1 . Among them, a clinical definition proposed by
evy et al. [ 6 ] defines CS as a condition characterized by (1) a sys-
olic blood pressure (SBP) of < 90 mmHg, a mean arterial pres-
ure (MAP) of < 65 mmHg for 30 min, or the need for vasopressor
herapy; (2) the presence of pulmonary congestion or elevated
eft ventricular (LV) filling pressures; and (3) signs of impaired
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rgan perfusion (e.g., altered mental status, cold and clammy
kin, oliguria, or an increased serum lactate level). However, hy-
operfusion is not always associated with hypotension, as com-
ensatory vasoconstriction may maintain blood pressure within
he normal range. [ 7 ] By contrast, the presence of hypotension
ay not be required to define shock. [ 8 ] 

Hospital mortality risk stratification can be performed us-
ng the Society for Cardiovascular Angiography and Interven-
ion (SCAI) shock classification scheme, which can be broken
own as follows: stage A, at risk; stage B, beginning (presence of
ypotension/tachycardia without hypoperfusion); stage C, clas-
ic (hypoperfusion without deterioration); stage D, deteriorat-
ng (hypoperfusion with deterioration but no refractory shock);
nd stage E, extremis (hypoperfusion with deterioration and re-
ractory shock, which is defined by SBP < 80 mmHg or MAP
 50 mmHg under vasoactive drugs; > 2 vasoactive drugs or
 1 vasoactive drug in association with an intra-aortic balloon
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105 
ump; or an admission lactate level of > 10 mmol/L). [ 9 ] In this
coring system, SBP, MAP, heart rate, signs of hypoperfusion
e.g., urine output, increased creatinine level at admission, and
aximum lactate level), and the number of vasoactive drugs are
eterminants of the condition’s severity and underlie the impor-
ance of using monitoring tools to follow their evolution. 

The central pathophysiologic derangement in CS is dimin-
shed cardiac output, [ 2 ] which leads to systemic hypoperfusion
nd maladaptive cycles of ischemia, inflammation, vasoconstric-
ion, and volume overload, often culminating in multiorgan sys-
em failure and death. [2 , 10] 

This large hemodynamic variability is due to the diversity
f previously quoted pathogenic mechanisms, the type of ven-
ricle damage (right, left, or both), systemic inflammation and
ssociated vascular involvement, and the severity of the shock.
s a consequence, the optimal management of CS needs to
e readjusted in view of the characteristics, phase, and evolu-
ion of CS. Moreover, identifying different hemodynamic pro-
les according to the etiology could help to individualize treat-
ents; for example, research suggests that patients with CS sec-

ndary to acute myocardial infarction exhibit lower systemic
ascular resistance compared to those with acute decompensa-
ion of chronic heart failure and could be related to systemic
nflammation. [ 11 ] This should be considered when making the
hoice of catecholamines. 

Indeed, hemodynamic monitoring may be of significant help
ecause it enables (1) characterization of the type of cardiac
ysfunction and the degree of its severity, (2) very early detec-
ion of associated vasoplegia, (3) detection and monitoring of
rgan dysfunction and tissue oxygenation, and (4) guidance of
he introduction and optimization of inotropes and vasopressors
s well as the timing of mechanical support. 

Recently, Tehrani et al. [ 3 ] examined whether a standard-
zed team-based approach could improve outcomes in CS and
hether a risk score can guide clinical decision-making. Their
lgorithm included invasive hemodynamic monitoring (IHM) in
ddition to a therapeutic protocol, and its use in their obser-
ational study led to a better outcome in patients with CS. [ 3 ] 

imilar results were reported in a study using data from a real-
orld contemporary database [ 12 ] including 394,635 patients

ubdivided into an IHM group (with measurement, monitor-
ng, or insertion of a monitoring device to check cardiac output
r pulmonary artery hemodynamic; n = 62,565) or a non-IHM
 n = 332,070) group. After propensity score matching, two well-
atched groups were compared (IHM group, n = 62,220; non-

HM group, n = 62,220), and it was determined that the IHM
roup had a lower in-hospital mortality rate (24.1% vs. 30.6%,
 < 0.01) and higher percentages of LV assist device use (4.4%
s. 1.3%, P < 0.01) and heart transplantation (1.3% vs. 0.7%,
 < 0.01), while there was no difference between the two groups
n terms of vascular complications, major bleeding, or the need
or renal replacement therapy. [ 12 ] 

Furthermore, expert recommendations concerning CS man-
gement and a conference consensus on monitoring during
hock emphasize the initiation of basic monitoring in the first
ours of shock, which should be completed by an advanced one
n more complicated and refractory shock. [6 , 8 , 13 , 14] The intensity
nd degree of invasiveness of the monitoring thus depend on the
everity and the degree of instability of the shock (e.g., stage A
at risk] vs. stage E [extremis]) as well as on comorbidities, the
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tiology of the CS, and the patient’s hemodynamic profile. The
elative experience of the clinician with the different techniques
s also a factor that should be taken into account when choosing
he most appropriate monitoring. In all cases, for the diagno-
is and management of shock, the use of a number of different
ariables rather than any one alone is recommended. [ 8 ] 

In this review, we discuss methods of hemodynamic mon-
toring during CS, the different parameters displayed by each
onitoring approach, and the way we can use them to support

he optimal management of patients. 

irst-Line Monitoring 

Initial evaluation and repeated clinical examinations are nec-
ssary for the evaluation of hypoperfusion signs (e.g., mottling,
old and sweaty extremities, dizziness, and mental confusion).
n addition, continuous monitoring of vital signs at the bedside,
ncluding pulse oximetry, blood pressure, respiratory rate, and
ardiac rhythm, needs to be very rapidly enacted in CS patients.
oreover, urine output monitoring and repeated electrocardio-

rams are also mandatory. However, clinical evaluations may be
nable to estimate cardiac output, which is an essential parame-
er in the management of CS patients. [ 15 ] The first-line monitor-
ng parameters and devices have been summarized in Figure 1
nd Table 2 . 

chocardiography 

Current guidelines recommend performing routine transtho-
acic echocardiography (TTE) or transesophageal echocardiog-
aphy (TEE) in the management of CS. [6 , 8] TTE is recommended
rst in nonventilated patients, but TEE should be used when
TE does not provide the required information. TEE has bet-
er echogenicity, sensitivity, and an improved view of deep
natomic structures (such as the aorta, patent foramen ovale,
alves, canulae, and localized hematomas). [ 16 ] 

First-line echography should be performed as soon as possi-
le to confirm the etiology of the shock and rule out other causes
e.g., obstructions such as cardiac tamponade or pulmonary em-
Figure 1. First-line monitoring. DAP: Diastolic arterial pressure; MAP: Mean arte

106 
olism or vasoplegic or hypovolemic causes), some of which re-
uire urgent treatment. [ 6 ] 

Echocardiography can help to identify the etiology of the CS,
uch as left or right systolic dysfunction (secondary to acute my-
cardial infarction, myocarditis, acute or chronic heart failure,
r rhythm or conduction disturbances), severe valvular disease
endocarditis, aortic dissection, or chordae or papillary muscle
upture), or LV outflow tract obstruction, which is crucial infor-
ation to know in order to correct the cause. [ 17 ] 

Echocardiography is also necessary for the evaluation of car-
iac output. [ 17 ] For patients who do not respond to the ini-
ial therapy, routine measurement of cardiac output is recom-
ended, and echography is the preferred modality for the mea-

urement of cardiac output over more invasive technologies. [ 8 ] 

Echocardiography can evaluate both the right and left filling
ressures, fluid responsiveness, and pulmonary artery pressure.
ost CS patients present with elevated LV pressures, but hypo-

olemia can also be present in some cases. The evaluation of
ight (inferior vena cava diameter and respiratory variations,
us hepatic vena) and left (mitral E/A and E/é) congestive signs
s important for tailoring therapeutics and determining whether
iuretics are needed. [18 , 19] 

Moreover, repeated echocardiography can detect mechanical
omplications in cases of acute myocardial infarction, such as
V or right ventricular (RV) free wall rupture, interventricular
ommunication, mitral chordae or papillary muscle rupture, or
omplications of mechanical cardiac assistance. In such cases,
chocardiography can also assist with controlling the cannula
nsertion and monitoring the recovery of heart function and the
iming of weaning. [17 , 20] 

Echocardiography is a useful tool for monitoring therapeutic
ffects on hemodynamics regardless of the type of shock (i.e.,
ot only in CS), with some studies demonstrating an interest
n the resolution of hemodynamic instability but no impact on
ortality. [21 –23] 

Recently, a retrospective analysis of patients in the cardiac
ntensive care unit with an admission diagnosis of CS and TTE
maging performed within 1 day of admission 

[ 23 ] suggested the
V outflow tract and velocity–time integral to be the best predic-
rial pressure; PPV: Pulse pressure variation; SAP: Systolic arterial pressure. 
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Table 2 

Monitoring devices used during CS. 

Devices Advantages Disadvantages 

First-line devices 
Echocardiography Noninvasive 

May be repeated with no supplementary risk 
Important information about the cause of CS 

Not continuous monitoring 
Requires training period 
May be operator-dependent 

Arterial catheter use Continuous blood pressure monitoring 
Derived parameters for testing fluid responsiveness 
Allows repeated blood sampling 

Insertion-related complications 
Hematoma 
Infections 

Central venous catheter use Safe catecholamines administration 
Measurement of important Hemodynamic parameters (CVP, ScVO 2 , and PcO 2 

gap) 

Insertion-related complications 
Hematoma 
Infections 

Advanced hemodynamic monitoring 
PAC use Measurement of cardiac output (semi-intermittent) 

Continuous measurement of CVP, ScVO 2 , and PAP 
Measurement of PcO 2 gap and PCWP 
Measurement of cardiac power output 
Early identification of patients with significant hemodynamic compromise 
requiring immediate MCS 

Insertion-related complications 
Heart block 
Pulmonary artery rupture 

Transpulmonary thermodilution devices Continuous monitoring of cardiac output (in addition to the intermittent 
technique) 
Measurement of: EVLW, GEF, and CFI 

Insertion-related complications 

Non-IHM 

NICOM Noninvasive Unreliable in the case of CS 

CFI: Cardiac function index; CS: Cardiogenic shock; CVP: Central venous pressure; EVLW: Extravascular lung water; GEF: Global ejection fraction; IHM: Invasive 
hemodynamic monitoring; MCS: Mechanical cardiac support; NICOM: Noninvasive cardiac output monitor; PAC: Pulmonary artery catheter; PAP: Pulmonary 
arterial pressure; PcO 2 gap: The veno-arterial difference in the partial pressure of carbon dioxide; PCWP: Pressure capillary wedge pressure; ScVO 2 : Central venous 
oxygen saturation. 
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ors of hospital mortality, even after multivariable adjustment
n association with LV ejection fraction. [ 24 ] 

The main limitation of both TTE and TEE is that neither is
 continuous monitoring tool (i.e., they can be used only in-
ermittently [or semi-continuously if using a miniaturized TEE
robe]). Other limitations of TTE include poor echogenicity in
ome patients (e.g., ventilated patients, obese patients, patients
ith dressings or chest tubes, or patients in a prone position),
hile those of TEE are its time-consuming and invasive nature
ith risks for tracheal, hypopharyngeal, esophageal, or gastric

njury. Absolute contraindications of TEE include esophageal
trictures, tumors, perforation, diverticulum, and active upper
astrointestinal bleeding. [ 25 ] 

rterial Catheterization 

Although the noninvasive application of cuff arm pressure
an reliably assess MAP most of the time, [ 26 ] severe hypoten-
ion and hypothermia affect the agreement between noninva-
ive and invasive MAP values. [ 27 ] Indeed, a study by Burstein et
l. [ 28 ] showed that a mean MAP of < 65 mmHg (attained with
 mix of invasive and noninvasive measurements) during the
rst 24 h in CS patients was associated with a higher mortality
ate. For patients who do not respond to the initial therapy, the
xperts reached a strong agreement on the need to place an arte-
ial catheter to monitor not only SBP and MAP but also diastolic
rterial pressure, which reflects the coronary artery perfusion
ressure during relaxation and dilatation of the ventricles. [7 , 8] 

urthermore, a low pulse pressure (PP) (calculated by systolic
rterial pressure − diastolic arterial pressure) can help to de-
ect a low stroke volume. Invasive arterial pressure measure-
ent allows for hemodynamic diagnosis, continuous monitor-

ng, titration of vasopressors and inotropes, and the prediction
107 
f fluid responsiveness in mechanically ventilated patients ( ΔPP
easurement). [ 29 ] 

Arterial catheterization also enables repeated samplings for
lood analysis and arterial lactate monitoring (see below); how-
ver, it can increase the number of unnecessary blood sam-
le collections and can be complicated by vascular lesions (oc-
lusion, ischemia, dissection, pseudoaneurysm, and hematoma)
nd local or bloodstream infections. [ 30 ] An ongoing clinical trial
s evaluating the effect of an indwelling arterial catheter on mor-
ality in the monitoring of acute circulatory failure. [ 30 ] 

rgan Dysfunction 

actate 

Lactate is a metabolite in two energy (adenosine
riphosphate)-producing processes: glycolysis and oxidative
hosphorylation. Lactate production is related not only to
naerobic metabolism in tissue hypoxia but also to aerobic
lucose metabolism in the case of 𝛽2 stimulation, [ 31 ] alkalosis,
iabetic ketoacidosis, mitochondrial dysfunction, thiamine
eficiency, or medication use. [ 32 ] Lactate elevation can also
e related to impaired clearance, mainly secondary to liver
ysfunction. [ 33 ] 

In patients suffering from CS, plasma hyperlactatemia mainly
ndicates the presence of increased endogenous production sec-
ndary to abnormal anaerobic metabolism, [ 34 ] with a usual cut-
ff value of 2 mmol/L. [ 12 ] This cut-off value is used for the defi-
ition of hypoperfusion in the SCAI CS classification scheme. [ 9 ] 

 maximal value higher than that recorded at admission is
ne of the items defining a deterioration in the classification,
hereas a value of ≥ 10 mmol/L at admission is a criterion to
iagnose refractory shock. [ 9 ] Initial lactate levels are commonly
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sed as a prognostic tool, as it has been shown that a correla-
ion exists between the initial lactate level and mortality in CS
econdary to acute myocardial infarction. [ 35 ] 

Elevated lactate levels may also indicate tissue hypoperfu-
ion despite adequate MAP. Close monitoring of plasma lactate
oncentrations may help clinicians to anticipate deterioration
nd adapt therapeutics. [ 36 ] Arterial lactate measurements at 8 h
with a cut-off value of > 3.1 mmol/L) showed a better prognos-
ic value compared to baseline or lactate clearance values. [ 37 ] 

lasma lactate should thus be assayed repeatedly to assess the
volution of shock during treatment every 2 h in the first 8 h
nd then every 8–12 h thereafter as recommended by recent
uidelines. [ 8 ] 

rgan function 

As emphasized by experts’ recommendations, the biologi-
al values of kidney and liver function, neurological status,
nd splanchnic perfusion should be repeatedly assessed. [ 8 ] Lab-
ratory testing should be performed at admission and 1–2
imes/day thereafter depending on the severity and evolution
f the patient’s clinical state. [38 , 39] 

Severe acute kidney injury (acute kidney injury stage 3),
hich is observed in about one-third of patients with CS, is asso-

iated with mortality [40 , 41] in one-third of patients with severe
S requiring short-term mechanical assistance and is a predictor
f long-term mortality. [ 42 ] 

Elevated liver enzymes are observed in > 50% of patients in
S and are associated with mortality (e.g., aspartate aminotrans-

erase is an independent predictor of 30-day mortality accord-
ng to the study by Jung et al. [ 43 ] ) It is noteworthy that mul-
iorgan failure (defined by the failure of ≥ 2 organs) is asso-
iated with mortality in CS patients. Accordingly, in a recent
tudy including data from 1959 patients with CS, the authors
sed machine learning to identify and validate three distinct
S phenotypes: noncongested, cardiorenal (characterized by a

ower glomerular filtration rate with renal involvement from
hock), and cardiometabolic (characterized by elevated lactate
igure 2. Parameters derived from central venous catheterization. CVP: Central v
ressure; RV: Right ventricular; ScVO 2 : Saturation of central venous oxygen saturatio

108 
nd alanine aminotransferase levels with multiorgan involve-
ent). This latest phenotype was associated with the highest

isk of developing stage D or E SCAI shock and the highest in-
ospital mortality rate. [ 44 ] 

Troponin monitoring is recommended at admission in all
ases, especially in the case of acute myocardial infarction–
S, [ 45 ] but not systematically in patients with other causes. [ 38 ] 

arameters Derived from Central Venous Catheter 

ampling 

In patients with CS, one of the main goals of treatment is to
ncrease the cardiac output. More specifically, the aim is to im-
rove oxygen delivery to the tissues and correct the mismatch
etween the oxygen demand and supply, which is the hallmark
f shock. [ 46 ] However, no absolute normal value of cardiac out-
ut or oxygen delivery has been defined, as their adequate val-
es basically depend on unique tissue oxygen requirements. In
ther words, the correct value of cardiac output is that which
nsures a flow of oxygen that meets the metabolic demand. [46 , 47] 

hus, any treatment aimed at changing the cardiac output must
e driven by the assessment of the ratio of oxygen demand and
upply, which may be based on central venous oxygen satura-
ion (ScvO 2 ) and/or the veno-arterial difference in CO 2 pressure
 “ΔPCO 2 ” or “the PCO 2 gap ”). In addition to these latter param-
ters, measurement and monitoring of central venous pressure
ay be very useful during CS ( Figure 2 ). 

entral venous pressure 

The insertion of a femoral vena cava catheter allows for mon-
toring of the central venous pressure, which reflects the right
trial pressure and RV preload 

[ 48 ] and can support an estimation
f the degree of congestion of extra-thoracic organs. Because of
easurement constraints and its limits as a marker of preload

nd preload dependency as a static parameter, its routine use
ith single point measurements is not recommended, [6 , 8] but

ontinuous monitoring can provide information on trends in
enous pressure; Hb: Hemoglobin; PCO 2 gap: Veno-arterial difference of CO 2 

n. 
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uid status [ 14 ] and can be useful to assess preload in a multi-
odal way. In addition, it can be helpful to distinguish organ

ailure related to congestion 

[ 45 ] rather than hypoperfusion, as
he right timing of using loop diuretics to improve organ func-
ion following the correction of perfusion is indeed sometimes
nclear in CS. 

A high central venous pressure ( > 12 mmHg) can help to di-
gnose RV failure in CS under left-sided mechanical assistance
nd is associated with higher in-hospital mortality rates. [ 49 ] 

entral venous oxygen saturation (ScVO 2 ) 

Mixed venous oxygen saturation (SvO 2 ) is assumed to reflect
he balance between arterial oxygen delivery (DO 2 ) and oxy-
en consumption (VO 2 ) provided that the arterial blood oxygen
aturation (SaO 2 ) is normal. Indeed, the modified Fick equation
tates that SvO 2 = SaO 2 − [VO 2 /(cardiac output × Hb × 1.34)],
ith Hb being the hemoglobin concentration. Inadequate sys-

emic oxygen delivery will result in an increase in tissue frac-
ional oxygen extraction and a decrease in venous oxygen satu-
ation. [50 , 51] Patients with low SvO 2 values can be either fluid-
esponsive in cases of hypovolemic shock or fluid-unresponsive
n cases of CS. Indeed, the absence of fluid responsiveness should
ncite consideration of other therapies (e.g., inotropes) that en-
ble a cardiac output increase with the ultimate goal of decreas-
ng tissue hypoxia. The measurement of SvO 2 from the pul-
onary artery has been advocated for as an indirect index of

issue oxygenation. [ 52 ] Over the last few decades, controversial
ata about the use of pulmonary artery catheters (PACs) have
een published, leading to their unpopularity. [53 –55] By contrast,
he insertion of an intra-thoracic central venous catheter is con-
idered standard care for the administration of inotropes and va-
opressors in critically ill patients. [8 , 45] Just like with SvO 2 , the
easurement of ScvO 2 has been advocated for in order to de-

ect global tissue hypoxia. Furthermore, reduced SvO 2 or ScvO 2 

alues in addition to low blood pressure, low cardiac output,
nd normal or increased pulmonary capillary wedge pressure
PCWP) values despite inotropic/vasopressor support may be
elpful to identify patients who need left-sided mechanical car-
iac support (MCS). [ 56 ] In addition, during the management of
atients with MCS, SvO 2 , or ScvO 2 represents an additional in-
ex of the adequacy of total flow by which to discern the physi-
logical state of the patient. Indeed, while other tissue perfusion
arameters, such as lactate, necessitate a delay when obtaining
aboratory results or for their clearance, SvO 2 and ScvO 2 are
ore immediately available for guiding therapy. Accordingly,

xperts recommend (with strong agreement) that cardiac out-
ut as well as SvO 2 or ScvO 2 be continuously monitored in the
ase of shock refractory to empirical treatment. [ 8 ] 

he PCO 2 gap 

The difference between the mixed venous content and ar-
erial content of CO 2 reflects the balance between its produc-
ion by tissues and its elimination through the lungs. This veno-
rterial difference in CO 2 content can be estimated at the bed-
ide by calculating the veno-arterial difference in PCO 2 (venous
artial pressure of CO 2 [PvCO 2 ] − arterial partial pressure of
O 2 [PaCO 2 ]), and this is known as the PCO 2 gap or ∆PCO 2 . 
109 
According to the modified Fick equation,
PCO 2 = ( k × VCO 2 )/cardiac output, where VCO 2 is the
O 2 production and k is the factor in the relationship between
CO 2 and the CO 2 content that is influenced by the degree of
lood pH, hematocrit, and the arterial oxygen saturation. [57 –59] 

his relationship between ∆PCO 2 and cardiac output expresses
he fact that, if cardiac output is low, the CO 2 clearance de-
reases, CO 2 stagnates at the venous side, and PvCO 2 increases
elative to PaCO 2 at the venous level, leading to an increase
n the PCO 2 gap. In other words, for a given VCO 2 value, a
ecrease in cardiac output results in an increased PCO 2 gap and
ice versa. In clinical practice, a larger PCO 2 gap ( > 6 mmHg)
uggests that the cardiac output is not high enough with respect
o the patient’s global metabolic condition. As a consequence,
n the case of shock (e.g., increased blood lactate level), a large
CO 2 gap could prompt clinicians to increase the cardiac output
ith the aim of reducing tissue hypoperfusion. [ 60 ] Furthermore,

n a patient with a high initial ∆PCO 2 value, following the time
ourse of ∆PCO 2 can also be helpful in assessing the global
etabolic effects of a therapy aimed at increasing the cardiac

utput. 
An advantage of using the PCO 2 gap over ScvO 2 is that it

emains a valid marker of the adequacy of cardiac output rel-
tive to the metabolic condition, even if the microcirculation
s injured and the oxygen extraction is impaired (e.g., by an
schemic–reperfusion situation and high inflammation state dur-
ng CS). This could be due to the fact that CO 2 is about 20
imes more soluble than O 2 . 

[ 60 ] The microcirculatory impair-
ent, with large veno-arterial shunts, impedes the diffusion of
 2 between cells and red blood cells, while the diffusion of CO 2 

emains unaltered. [ 60 ] A confirmation comes from the study by
spina-Tascón et al., [ 61 ] who suggested that, in the early phases
f septic shock, ∆PCO 2 could indicate the adequacy of microvas-
ular blood flow, as increased Pv-aCO 2 values were associated
ith microcirculatory dysfunction in septic shock, even when
vO 2 was within the normal range. [ 61 ] 

In addition, it is noteworthy that previous studies found an
ncreased PCO 2 gap in the first hours under veno-arterial extra-
orporeal membrane oxygenation to be significantly associated
ith an increased risk of mortality. [62 , 63] Interest in the PCO 2 

ap focuses on its potential as a complementary tool to evalu-
te the adequacy of blood flow relative to the global metabolic
emand when other parameters, including SvO 2 or ScvO 2 and
actate level, are discordant [ 64 ] and in patients receiving MCS. 

dvanced Hemodynamic Monitoring 

Advanced hemodynamic monitoring is recommended for
atients nonresponsive to initial therapies or those with RV
ysfunction 

[ 6 ] ( Figure 3 and Table 2 ). 

ulmonary artery catheterization 

PACs directly measure pulmonary and cardiac pressures and
xygen saturation (allowing for continuous monitoring of SvO 2 )
nd are used to calculate an array of hemodynamic parameters,
ncluding cardiac output and vascular resistances. It is the ref-
rence method used to calculate cardiac output. [ 8 ] Such mon-
toring facilitates triage and the management of patients pre-
enting with acute hemodynamic decompensation. Early recog-
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Figure 3. Advanced hemodynamic monitoring. CFI: Cardiac function index; GEF: Global ejection fraction; MPAP: Mean pulmonary arterial pressure; PCO 2 gap: 
Veno-arterial difference of CO 2 pressure; PCWP: Pulmonary capillary wedge pressure; SVO 2 : Venous oxygen saturation. 

n  

a  

s  

v  

p  

o  

c  

a  

i  

M  

c  

l  

o  

(  

p  

s  

c  

s  

a  

d  

c  

r
 

d  

h  

c  

t  

n  

a  

s  

P  

o  

n  

r  

m  

n  

i  

a  

h  

i  

n  

a  

w  

b  

u  

i
 

a  

c  

n  

h  

r  

v  

c  

e  

i  

t  

m
S  

d  

f  

i  

c  

b  

p

T

 

e  

f  

s  

a  

u  

l  
ition and triage of patients with CS using specific therapeutic
lgorithms are increasing, including identification of the shock
ubtype and an understanding of the expected impact of a de-
ice on parameters such as cardiac output, PCWP, right atrial
ressure, and mean pulmonary arterial pressure. [ 3 ] Knowledge
f these parameters allows the clinician to choose the device or
ombination of devices that best match the patient’s needs. PACs
lso enable measurement of the cardiac power output, which
s the product of simultaneously measured cardiac output and
AP values and reflects the cardiac pumping ability. Notably,

ardiac power output was associated with prognosis in an ancil-
ary study of the SHOCK trial. [ 65 ] It also allows the assessment
f RV dysfunction using the pulmonary artery pulsatility index
PAPI), which is calculated as the pulmonary artery PP (systolic
ressure − diastolic pressure) divided by the right atrial pres-
ure (PAPI = [PASP − PADP]/right atrial pressure) and reflects
omponents of the right heart system (i.e., the systemic venous
ystem, RV function, and pulmonary circulation). [ 66 ] Adopting
 standardized team-based approach with a score based on car-
iac power output and PAPI to guide clinical decision-making
ould improve patient outcomes, as we mentioned early in this
eview. [ 3 ] 

Additional benefits from the acquisition of complete PAC
ata include early identification of patients with significant
emodynamic compromise requiring immediate MCS, which
ould avoid irreversible end-organ dysfunction resulting from
reatment delays. Additionally, PAC data facilitate early recog-
ition of a biventricular shock state, which is often under-
ppreciated and may require consideration of biventricular
upport. [ 56 ] Finally, the continuous feedback obtained from
ACs facilitates the optimization of volume status, adjustments
f vasoactive medications in a more targeted fashion, and recog-
ition of when patients can be weaned from such devices. In this
egard, a recent study [ 67 ] including data from one of the largest
ulticenter registries reported that the use of complete hemody-
amic data obtained by timely placement of PACs prior to MCS
nitiation was associated with lower mortality in patients with
dvanced stages of CS. [ 67 ] Several recent observational studies
a  

110 
ave evaluated the effect of PAC use on short-term mortality
n CS, but they enrolled heterogeneous populations and were
ot randomized trials. A meta-analysis of these studies reported
 lower incidence of short-term mortality with PAC insertion,
hich should be confirmed by further research. As underlined
y the authors, no monitoring device can improve the outcome
nless associated with a standardized therapeutic protocol in an
ntegrated approach. [ 68 ] 

Recent guidelines [69 , 70] recommend invasive hemodynamic
ssessment, with measurement of ventricular filling pressure,
ardiac output, and systemic vascular resistance, for the diag-
osis of CS. In addition, PACs are recommended for continuous
emodynamic monitoring in the acute management of patients
eceiving therapy with MCS to guide its withdrawal and super-
ise the pharmacologic support of patients with myocardial re-
overy from CS. [69 , 70] Furthermore, in patients without recov-
ry of myocardial and end-organ function, hemodynamic mon-
toring is useful for assessing candidacy for and supporting the
ransition to advanced heart failure therapies, including durable
echanical circulatory support and heart transplantation. [42 , 43] 

imilar recommendations given by French experts [ 6 ] suggest un-
ertaking pulmonary artery catheterization in patients with re-
ractory CS and RV dysfunction. [ 6 ] It is noteworthy that PAC
nsertion may be associated with some complications, such as
atheter insertion site–related complications (up to 3.6%), heart
lock (0.3–3.8%), and pulmonary artery rupture ( < 1/1000
eople). [ 71 ] 

ranspulmonary thermodilution (TPTD) 

During the last decade, TPTD technique–based devices have
merged as an interesting monitoring approach that differs
rom the use of PACs. Indeed, this system allows for the as-
essment of cardiac output [ 72 ] in two different ways. First is
 thermodilution technique that measures cardiac output by
sing the Stewart–Hamilton principle. Here, a cold saline bo-
us is injected in the right central vein, and the blood temper-
ture is measured in the femoral artery. Second is the pulse
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ontour analysis of the arterial curve sampled through the
rterial catheter, which allows real-time monitoring of car-
iac output and is calibrated by TPTD each time thermod-
lution is performed, which makes this technique very pre-
ise. TPTD devices also allow the assessment of other pa-
ameters, particularly two indices of cardiac systolic function,
hich are the cardiac function index (CFI) and the global ejec-

ion fraction. Both appear to be correlated with the LV systolic
jection fraction measured with echocardiography in patients
ith circulatory failure. [73 –75] The use of TPTD systems is a sim-
le and easily reproducible technique that provides a consis-
ent estimation of LV ejection fraction; however, they do not
eplace echocardiography. The physician should take a low CFI
o be an alert of a possible impairment of LV systolic function,
nd echocardiography must be performed to exclude RV impair-
ent. Once LV dysfunction is confirmed, CFI allows for consis-

ent monitoring of LV function under inotropic treatment. Ac-
ordingly, the study by Perny et al. [ 75 ] demonstrated that CFI
s significantly correlated with LV ejection fraction in CS, pro-
ided that the patient does not present with severe isolated RV
ysfunction. [ 75 ] Indeed, the use of such techniques is suggested
y experts [ 8 ] when CS is refractory to initial treatment in the
bsence of mechanical assistance and predominant RV dysfunc-
ion. 

TPTD also provides continuous measurement of ScvO 2 . The
ombination of TPTD and pulse contour analysis makes it an
lternative to using PACs, especially in complex situations like
emodynamic instability or acute respiratory distress syndrome.
onversely, devices using pulse contour analysis without cali-
ration should not be used in this setting because of low perfor-
ance in the case of low cardiac output. [ 45 ] 

Drawbacks to TPTD include that cardiac output is not a con-
inuous measure and requires an association with a measure by
ulse contour analysis, which necessitates regular recalibration;
lobal end-diastolic volume does not distinguish between the LV
nd RV; and global ejection fraction overestimates LV systolic
unction in the case of ventricular dilation. [ 76 ] 

oninvasive Hemodynamic Monitoring 

As we have mentioned, the use of IHM is indicated in se-
ected patients in whom a clinical evaluation does not pro-
ide sufficient data to determine optimal medical theray. [69 , 70] 

or these reasons, the measurement of cardiac output using
oninvasive or minimally invasive devices has gained popu-
arity. The bioreactance technique is one example of such an
ption, but in a study [ 77 ] that enrolled 50 patients suffering
rom CS, the correlation coefficient for cardiac output mea-
ured by the bioreactance technique using a noninvasive car-
iac output monitor was poor compared to those obtained with
he indirect Fick and thermodilution methods. [ 77 ] The authors
oncluded that noninvasive cardiac output monitoring technol-
gy is not a reliable method of measuring cardiac output in
atients with decompensated heart failure and CS. [ 77 ] There
re some potential reasons that explain the unreliability of
uch a technique in CS patients. First, bioreactance technol-
gy is reliant on the diffusion of oscillating electrical cur-
ents through the thoracic cavity and, hence, is likely to be
ffected by the pulmonary and interstitial edema frequently
resent in patients with CS. Second, elevated right- and left-
111 
ided preloads in patients with CS are also likely to af-
ect the intrathoracic impedance and, hence, alter the cur-
ent phase shifts used to estimate stroke volume and, sub-
equently, cardiac output. Third, the low flow state in CS
ay also contribute to the erroneous assessment of cardiac

utput with the bioreactance technique. Finally, it should be
oted that such technology continues to offer an unreliable mea-
urement of cardiac output in patients with advanced heart fail-
re (Table 2) . 

onclusions 

CS is a life-threatening condition characterized by acute end-
rgan hypoperfusion due to inadequate cardiac output that re-
ults in multiorgan failure and even death in a nonnegligible
roportion of cases. Hemodynamic monitoring allows for early
ecognition, classification, and precise phenotyping of CS cases,
eading to a targeted management scheme that contributes to
etter patient outcomes. In addition, IHM using an algorithmic
pproach for managing CS with the rapid deployment of MCS
s nowadays the preferred approach, as it is associated with a
eduction in mortality. 
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