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Purpose of review

Hemodynamic investigations are required in patients with shock to identify the type of shock, to select the
most appropriate treatments and to assess the patient’s response to the selected therapy. We discuss how
to select the most appropriate hemodynamic monitoring techniques in patients with shock as well as the
future of hemodynamic monitoring.

Recent findings

Over the last decades, the hemodynamic monitoring techniques have evolved from intermittent toward
continuous and real-time measurements and from invasive toward less-invasive approaches. In patients with
shock, current guidelines recommend the echocardiography as the preferred modality for the initial
hemodynamic evaluation. In patients with shock nonresponsive to initial therapy and/or in the most
complex patients, it is recommended to monitor the cardiac output and to use advanced hemodynamic
monitoring techniques. They also provide other useful variables that are useful for managing the most
complex cases. Uncalibrated and noninvasive cardiac output monitors are not reliable enough in the
intensive care setting.

Summary

The use of echocardiography should be initially encouraged in patients with shock to identify the type of
shock and to select the most appropriate therapy. The use of more invasive hemodynamic monitoring
techniques should be discussed on an individualized basis.
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INTRODUCTION

Although crucial, the physical examination is often
not sufficient in patients with shock to enable clini-
cians to identify the main hemodynamic abnormal-
ities involved and to select the best therapies [1,2].
Thus, hemodynamic monitoring is recommended
to clearly and reliably determine the type of shock,
to select the most appropriate treatment and to
assess the patient’s response to therapies [3]. Over
the past decades, the hemodynamic monitoring
techniques have evolved from intermittent toward
continuous and real-time measurements, from inva-
sive toward less-invasive approaches [4,5

&&

] and also
differ in terms of number and nature of the provided
hemodynamic variables [6

&&

]. Invasive monitoring
of arterial blood pressure (ABP) is the first-line
hemodynamic monitoring used in most patients
with shock [3]. When further hemodynamic moni-
toring is needed, clinicians must use techniques that
provide measurements of the cardiac output (CO).
In addition to CO measurement, which is far from
being enough to adequately manage the most
t © 2018 Wolters Kluwe
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complex patients, the advanced hemodynamic
monitoring techniques provide other helpful hemo-
dynamic variables. In this article, we discuss the
relative place of the available hemodynamic moni-
toring techniques in patients with shock. We also
discuss the future of hemodynamic monitoring.
THE PLACE OF THE HEMODYNAMIC
MONITORING IN PATIENTS WITH SHOCK

The choice of the appropriate hemodynamic moni-
toring technique may differ depending on the phase
r Health, Inc. All rights reserved.
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KEY POINTS

� Over the last decades, hemodynamic monitoring
techniques have evolved toward less-invasiveness as
well as continuous and real-time measurements.

� Echocardiography is currently the first-line modality for
hemodynamic evaluation in patients with shock and
should be performed early to assess cardiac structure
and function.

� It is recommended to monitor cardiac output and to use
advanced hemodynamic monitoring only in patients
with shock nonresponsive to initial therapy and/or in
the most complex patients.

� The pulmonary artery catheter is recommended in
patients with refractory shock associated with a right
ventricular dysfunction. Transpulmonary thermodilution
devices are recommended in patients with severe shock
associated with acute respiratory distress syndrome.
Less invasive and noninvasive cardiac output monitors
are not reliable enough in the intensive care settings.

� The future of hemodynamic monitoring should be a
minimally invasive multimodal monitoring including
macrocirculation and microcirculation variables as well
as metabolic variables and resulting to a personalized
hemodynamic monitoring and management.

Cardiovascular system
of shock, the complexity of the hemodynamic status
and the response to initial therapy (Fig. 1). The main
strengths and weaknesses of the main available
hemodynamic monitoring techniques are summa-
rized in Table 1.
INITIAL EVALUATION OF SHOCK STATES

In patients with shock, it is recommended to first
perform a careful clinical examination [5

&&

]. Clinical
signs such as mottling and increased capillary refill
time are good markers of peripheral hypoperfusion
and, at the initial phase of shock, are good indicators
of low cardiac output. A low arterial pulse pressure
(PP) suggests that the stroke volume is low, and a
low diastolic arterial pressure (DAP) suggest that
the vascular tone is low, especially in cases of
tachycardia.

It is also recommended at the initial phase of
shock to insert a central venous catheter and an
indwelling arterial catheter, as well as to perform
an echocardiography to assess the cardiac structure
and function as early as possible [3].

From the central venous catheter, important
hemodynamic variables such as the central venous
pressure (CVP), the central venous oxygen satura-
tion (ScvO2) and the central venous carbon dioxide
pressure (PcvCO2) can be obtained. Although CVP
 Copyright © 2018 Wolters Kluwer H
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has no value for predicting fluid responsiveness, its
knowledge is important to estimate the organ per-
fusion pressure, which is assumed to be reflected
better by the difference between mean arterial pres-
sure (MAP) and CVP rather than by the sole MAP,
especially in cases of profound hypotension and
high CVP. In addition, a high CVP might be a good
indicator of right ventricular dysfunction, which
needs to be confirmed by echocardiography. The
ScvO2 is an acceptable surrogate of mixed venous
blood oxygen saturation (SvO2), which reflects the
balance between oxygen consumption and oxygen
delivery. A low ScvO2 is an indicator of insufficient
oxygen delivery with regards to oxygen consump-
tion. In the case of shock, a low ScvO2 spurs clini-
cians either to increase oxygen delivery or to
decrease oxygen demand. If ScvO2 is in the normal
range, while the patient is in shock, it denotes
alteration of oxygen extraction. In this case, it is
ideal to obtain PcvCO2, which, in combination with
arterial carbon dioxide pressure (PaCO2) provides
the PCO2 gap value (PcvO2–PaCO2), a good indica-
tor of the adequacy of cardiac output with regards to
the global metabolic requirements. In the case of
low PCO2 gap (<6 mmHg), there is no expectation of
benefits through increase in cardiac output, whereas
in the case of higher PCO2 gap (>6 mmHg), increase
in CO should be considered.

The arterial catheter not only provides arterial
blood gases, but also allows an accurate measurement
of the ABP withall its components: systolicABP, DAP,
PP and MAP, which all have a physiological meaning
(see above). The arterial catheter also provides calcu-
lation of pulse pressure variation (PPV), which is a
predictor of fluid responsiveness in mechanically
ventilated under conditions of applicability [7

&

].
PPV has been constantly demonstrated to be reliable
duringventilationwitha tidal volume ofat least8 ml/
kg in patients without spontaneous breathing activ-
ity and cardiac arrhythmias [7

&

].
Echocardiography can provide important infor-

mation about cardiac function. However, it is more a
technique of hemodynamic evaluation than hemo-
dynamic monitoring. To overcome this limitation,
miniaturized transesophageal echocardiography
probes, which can be left inserted for a prolonged
time without relevant side effects have been devel-
oped and could be thus useful for hemodynamic
management of mechanically ventilated patients
with shock [8]. Nevertheless, this technique remains
very expansive and provides only a limited ultra-
sound assessment.

The main advantages of the echocardiography
are its noninvasiveness and its ability to assess both
cardiac structure and function [3]. From the mea-
surement of the velocity–time integral (VTI) of the
ealth, Inc. All rights reserved.
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Pa�ents with
shock

• Central venous catheter
• Arterial catheter
• Echocardiography

First-line hemodynamic
assessment

Responsive pa�ents
to ini�al therapy

Pa�ents with associated

• ARDS

• or RV dysfunc�on

Non-responsive pa�ents
to ini�al therapy

Pa�ents without associated

• ARDS

• or RV dysfunc�on

Advanced
Hemodynamic

Monitoring

No further
hemodynamic monitoring

• Intermi�ent CO measurements
• Semi-con�nuous CO monitoring
• PAP / PAOP
• Pulmonary vascular resistance

Pulmonary artery catheter *

• Intermi�ent CO measurements
• Con�nuous CO monitoring
• PPV / SVV
• GEDV, CFI
• EVLW , PVPI

Transpulmonary 
thermodilu�on systems

* Preferen�ally in pa�ents with RV dysfunc�on

FIGURE 1. Algorithmic approach to decide which hemodynamic monitoring to use in patients with shock. ARDS, acute
respiratory distress syndrome; CFI, cardiac function index; CO, cardiac output; EVLW, extravascular lung water; GEDV,
global end-diastolic volume; PAOP, pulmonary artery occlusion pressure; PAP, pulmonary artery pressure, PPV, pulse pressure
variation; PVPI, pulmonary vascular permeability index; RV, right ventricular; SVV, stroke volume variation.

Hemodynamic monitoring in critically ill patients Jozwiak et al.
flow in the left ventricular outflow tract, the mea-
surement of the right ventricular size, the search for
pericardial effusion and the search for respiratory
variations in vena cava diameter, intensivists can
 Copyright © 2018 Wolters Kluwe

Table 1. Summary of strengths and weaknesses of the main avai

Invasiveness
Reliability in
ICU patients

Ea
se

Pulmonary artery catheter þþþ þþþ
Transpulmonary thermodilution

systems
þþþ þþþ

Uncalibrated arterial
pulse contour analysis

þþ þ/�

Noninvasive arterial
pulse contour analysis

0 þ/� þ

Esophageal Doppler þ þþ
Bioreactance 0 þ/� þ

CO, cardiac ouptut.

1070-5295 Copyright � 2018 Wolters Kluwer Health, Inc. All rights rese
quickly confirm and/or refine the type of shock.
Moreover, the changes in CO induced by therapeu-
tic tests of fluid responsiveness or by fluid adminis-
tration can be reliably estimated by the changes in
r Health, Inc. All rights reserved.

lable hemodynamic monitoring devices

se of
t-up

Ability to monitor
real-time CO measurement

Ability to provide
other variables than CO

- - þþþ
þ þþþ þþþ

þþ þþþ þ

þþ þþþ þ

þ þþþ þþ
þþ þþþ -
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Cardiovascular system
VTI [9
&

], as the area of the left ventricular outflow
tract remains unchanged over a short time.

Nevertheless, echocardiography has limitations.
First, it is an operator-dependent technique. It
requires training before being skilled enough to deal
with complex cardiac diseases. However, the period
of training is limited for acquiring basic skills in
critical care transthoracic echocardiography [10].
Second, the precision of the technique must be
taken into account, especially when one assesses
the response of CO during dynamic tests of fluid
responsiveness [9

&

].
WHEN TO USE ADVANCED
HEMODYNAMIC MONITORING
TECHNOLOGIES?

After collecting all the information from clinical
examination, CVP, ABP and echocardiography, it
is possible in most cases to make a therapeutic
decision and select the most appropriate hemody-
namic therapy. If the response of the patient is
positive and shock is resolving, there is no need
to add any other monitoring device. If the response
is insufficient, it is recommended to obtain more
information by using an advanced hemodynamic
monitoring technique [3,5

&&

]. It is also recom-
mended to use advanced hemodynamic monitoring
earlier when acute respiratory distress syndrome
(ARDS) is associated with shock state because in this
situation, fluid management is trickier than in sit-
uations where there is no severe ARDS. The two
hemodynamic monitoring technologies, which
are considered advanced are the pulmonary artery
catheter (PAC) and the transpulmonary thermodi-
lution (TPD) systems.
Pulmonary artery catheter

The use of PAC has fallen out of favor for two
decades because of the difficulty to measure and
interpret the hemodynamic variables as well as
the absence of demonstration of benefit of its use
in critically ill patients [3,5

&&

,11,12]. Nevertheless, it
has been recently suggested that PAC might still
have a key role for the hemodynamic monitoring
of critically ill patients [13

&&

]. Currently, PAC is
recommended in patients with refractory shock
associated with right ventricular dysfunction
[3,5

&&

] and/or with ARDS [3,14
&&

]. Its advantage is
to measure the pulmonary artery pressure and to
provide an estimation of pulmonary vascular resis-
tance, which might be useful in these settings.

PAC also provides other potentially useful
hemodynamic variables, such as right atrial pres-
sure, pulmonary artery occlusion pressure and SvO2,
 Copyright © 2018 Wolters Kluwer H
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which can be continuously monitored. It must be
stressed that PAC only provides either intermittent
or semi-continuous CO measurements and cannot
reliably track short-term changes in CO [3].
Transpulmonary thermodilution devices

The use of TPD is recommended in patients with
severe shock, especially in the case of ARDS [3]. This
technique measures CO in an intermittent way, but
TPD devices also provide a real-time measurement
of CO through pressure waveform analysis (PWA)
after initial calibration. The PWA also continuously
provides PPV and/or stroke volume variation (SVV),
two dynamic markers of preload responsiveness [7

&

].
Interestingly, the CO measurement is accurate and
precise, even in patients with high blood flow renal
replacement therapy or in patients under therapeu-
tic hypothermia [15

&&

]. The main limitation of this
technique is the potential drift with time of the
PWA, which requires frequent recalibration [3,16].

The mathematical analysis of the thermodilu-
tion curve provides other hemodynamic variables.
The global end-diastolic volume (GEDV) is a marker
of cardiac preload. The cardiac function index (CFI)
and the global ejection fraction (GEF) are markers of
cardiac systolic function. The extravascular lung
water (EVLW) is a quantitative measure of pulmo-
nary edema and the pulmonary vascular permeabil-
ity index (PVPI), a marker of the lung capillary leak.

Thus, such devices are particularly appropriate
for guiding fluid management of patients with con-
comitant acute circulatory and respiratory failures as
they help clinicians assess the benefit/risk ratio of
fluid administration. The benefit can be evaluated
by preload responsiveness indices that these devices
provide (PPV, SVV, PWA derived-CO response to
passive leg raising or end-expiratory occlusion test).
It must be stressed that the low tidal volume venti-
lation does not preclude the use of PPV in such
patients. Myatra et al. [17

&

] have recently described
that an increase in the absolute value of PPV at least
3.5% induced by a transient increase in tidal volume
from 6 to 8 ml/kg for 1 min could reliably predict
fluid responsiveness. The denominator of the bene-
fit/risk ratio can be evaluated by the values of EVLW
and PVPI, two independent predictors of mortality
in patients with ARDS [18,19], which can serve as
safety parameters during fluid administration
[15

&&

,19].
The recommendation of using advanced hemo-

dynamic monitoring should apply only to the sub-
group of patients with shock who do not respond to
the initial treatment and/or with an associated
ARDS [3,5

&&

]. A recent multicenter study including
1789 patients, confirms that, in Europe currently,
ealth, Inc. All rights reserved.
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Hemodynamic monitoring in critically ill patients Jozwiak et al.
advanced hemodynamic monitoring is far from
being overused [20]. In the global population of
patients, mechanical ventilation was used in 50%
of patients and catecholamines in 40% of patients
[20]. Overall, cardiac output monitoring (mainly
PAC and TPD) was used in only 12% of patients [20].
WHAT IS THE PLACE OF THE OTHER
CURRENTLY COMMERCIALIZED
HEMODYNAMIC MONITORING TOOLS?

Uncalibrated minimally or noninvasive
pressure waveform analysis devices

These devices also provide a continuous and real-
time CO measurement as well as, for most of them, a
continuous and automatic display of SVV and PPV.
Their reliability in critically ill patients is worse than
that of the calibrated devices, especially in cases of
sepsis, with changes in vascular tone [6

&&

]. This
explains why they are not recommended in the
ICU settings [3,5

&&

]. Nevertheless, in patients with
contraindication to TPD devices, invasive uncali-
brated PWA devices requiring a radial artery cathe-
ter could be used to assess the short-term CO
response to passive leg raising or fluid administra-
tion [21,22].
Esophageal Doppler

In addition to the CO measurement, this technique
provides other potentially useful hemodynamic
variables, in particular the mean acceleration and
the peak of velocity of the systolic aortic blood
flow, which can assess changes in cardiac systolic
function [23]. Finally, the aortic blood flow varia-
tions can reliably predict fluid responsiveness in
mechanically ventilated patients [24]. However,
the reliability of this technique is affected by the
movements of the Doppler probe into the esopha-
gus, such that the technique is considered more
suitable in the operating room than in the ICU
where patients are less-sedated [4]. Therefore, the
esophageal Doppler is predominantly reserved for
the perioperative setting, with a very limited place
in the ICU [3,5

&&

].
Bioreactance

Bioreactance-based systems derive CO from phase
shift in voltage over the cardiac cycle of an electrical
current crossing the thorax. Indeed, pulsatile
changes in intrathoracic blood volume induce
changes in the electrical conductivity of the thorax.
These systems use skin surface electrodes placed on
the patient’’s chest and neck that apply a low-
 Copyright © 2018 Wolters Kluwe
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amplitude, high-frequency electrical current, which
traverses the thorax. Compared with a recent study
[25], the reliability of the currently available bio-
reactance device has been greatly enhanced by the
reduction in the period over which it averages CO
[26]. Although the bioreactance-based system is
dedicated to the operating room setting, it might
be interesting to use in the prehospital phase or in
the emergency room, or in the ICU when no other
hemodynamic monitoring device is in place yet.
THE FUTURE OF HEMODYNAMIC
MONITORING

In the area of digital health, the devices of the future
should combine the following four characteristics:
to be noninvasive, to be ergonomic and easy to use,
to be wireless and wearable and to integrate smart
software and algorithms [27,28

&

].
First of all, it is necessary to improve the reli-

ability of the techniques to allow clinicians to non-
invasively monitor the ABP. Today, techniques such
as the volume clamp method or the radial artery
applanation tonometry, are not accurate enough to
be applicable in patients with shock [29]. This is
why, continuous measurements of CO derived from
the ABP waveform analysis obtained from these
methods, are not sufficiently reliable [30–32] and
cannot be currently recommended in critically ill
patients [5

&&

]. New-generation sensors able to pro-
vide wireless and noninvasive high-fidelity pressure
curves are emerging. From such ABP waveforms, it
might be conceivable in the future to noninvasively
and reliably monitor CO or assess the preload
responsiveness (PPV, SVV, PWA-derived CO
response to dynamic tests of fluid responsiveness).
Nevertheless, invasive arterial catheterization is
most often necessary for other reasons such as blood
gas sampling, thus totally noninvasive PWA-derived
CO monitoring should be reserved for the operating
room rather than the ICU.

The future hemodynamic monitoring should
also integrate the monitoring of regional perfusion
and microcirculation. Indeed, alterations in the
microcirculation as well as dissociation between
the macrocirculation and the microcirculation
occur in patients with shock, in those with septic
shock [33]. Therefore, monitoring the microcircula-
tion might be of interest to better understand the
mechanisms causing shock, to better select and
adjust systemic therapies and to ensure that
improvement of the macrocirculation really results
in improvement of the microcirculation, according
to the principle of hemodynamic coherence [34].
Currently, the only microcirculatory bed, which can
be investigated at the bedside, is the sublingual
r Health, Inc. All rights reserved.
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Cardiovascular system
microcirculation, thanks to dedicated hand-held
vital microscopes. In this regard, a consensus article
about the assessment of the sublingual microcircu-
lation in the critically ill patients has been recently
published [35

&&

]. Nevertheless, the microcirculation
analysis has currently two main limitations. First,
the alteration of the sublingual microcirculation
during shock may not be fully representative of
the alteration of the other territories. Second, ana-
lyzing the microcirculation is still cumbersome and
time-consuming [36]. Moreover, it is still not possi-
ble to obtain a complete assessment of the microcir-
culation in real-time, even if it has been shown that
there was a good agreement between real-time
visual assessment and off-line analysis [35

&&

].
Finally, the devices of the future should also

include metabolic monitoring, allowing blood gases
and electrolytes measurements without any blood
sample [27].

Thus, using a multimodal approach, the future
devices should not only reliably and less invasively
monitor hemodynamics, but also help clinicians to
offer the most appropriate therapy and to predict
the potential adverse events. This then may contrib-
ute to a personalized hemodynamic monitoring and
management approach [37].
CONCLUSION

Over the past years, hemodynamic monitoring tech-
niques have continuously evolved toward less inva-
siveness and real-time measurements of different
variables. In patients with shock, echocardiography
is currently the first-line evaluation modality,
whereas advanced hemodynamic monitoring is rec-
ommended for patients who do not respond to
initial therapy and/or for the most complex
patients. In the future, a minimally invasive multi-
modal monitoring approach integrating macrocir-
culatory, microcirculatory and metabolic variables
will probably allow a more personalized manage-
ment of critically ill patients with shock.
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