Hemodynamic monitoring in critically ill patients

How to choose?
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Various and intricate mechanisms responsible for

hemodynamic failure in critically ill patients

. vascular tone myocardial
hypovolemia : .
depression depression
presence of associated ARDS
(  vasopressors ) inotropes

> Important to assess the degree of each component
to select the most appropriate therapeutic option

> Important to assess the response to treatment



Available hemodynamic monitoring devices
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ﬂMA | Original Investigation | CARING FOR THE CRITICALLY ILL PATIENT \

Effect of a Resuscitation Strategy Targeting Peripheral
Perfusion Status vs Serum Lactate Levels on 28-Day Mortality
Among Patients With Septic Shock

The ANDROMEDA-SHOCK Randomized Clinical Trial

Glenn Hernandez, MD, PhD; Gustavo A. Ospina-Tascon, MD, PhD; Lucas Petri Damiani, MSc; Elisa Estenssoro, MD;
Arnaldo Dubin, MD, PhD; Javier Hurtado, MD; Gilberto Friedman, MD, PhD; Ricardo Castro, MD, MPH;

Leyla Alegria, RN, MSc; Jean-Louis Teboul, MD, PhD; Maurizio Cecconi, MD, FFICM; Giorgio Ferri, MD;

Manuel Jibaja, MD; Ronald Pairumani, MD; Paula Fernandez, MD; Diego Barahona, MD;

Vladimir Granda-Luna, MD, PhD; Alexandre Biasi Cavalcanti, MD, PhD; Jan Bakker, MD, PhD; for the
ANDROMEDA-SHOCK Investigators and the Latin America Intensive Care Network (LIVEN)

JAMA Published onlire February 17, EDTU




The diagnostic accuracy of clinical e

examination for estimating cardiac index

in critically ill patients: the Simple Intensive Care
Studies-|

Bart Hiemstra' ®, Geert Koster' ®, Renske Wiersema @, Yoran M. Hummel?, Pim van cer Harst?®

, Harold Snieder’®, Ruben J. Eck' @, Thomas Kaufmann*®, Tnomzs W. L. Scheeren*®, Anders Ferner°®,
Jorn Watterslev®’®, Anne Marie G. A. de Smet' ®, Frederik Keus', lwan C. C. van der Horst'® and SICS Study
Group'

Intensive Care Med (2019) 45:190-200

Skin perfusion: CRT and mottling
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measurements o
several cardiac
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Central venous catheter

CVP) ScvO, PcvCO,

4 )
» Helpful to diagnose RV dysfunction

» Helpful to target the optimal MAP
\_ y,




Low mean perfusion pressure is a risk
factor for progression of acute kidney
injury in critically ill patients — A
retrospective analysis

Marlies Ostermann' @®, Anna Hall” and Siobhan Crichton®

BMC Nephrology (2017) 18:151

/

Mean perfusion pressure (MPP = MAP-CVP) but not MAP

was an independent factor associated with AKI progression.

A value of MPP of 60 mmHg was found as a cutoff.




Central venous catheter

CVP) ScvO, PcvCO,

» Helpful to diagnose RV dysfunction
» Helpful to target the optimal MAP

» Not helpful to predict fluid responsiveness

\_
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Does the Central Venous Pressure Predict Fluid
Responsiveness? An Updated Meta-Analysis
and a Plea for Some Common Sense*

Paul E. Marik, MD, FCCM'; Rodrigo Cavallazzi, MD”
Crit Care Med 2013; 41:1774-81
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Central venous catheter




Vo,

SvO,= Sa0, -
CO .Hb .13.4

[ ScvO, is an acceptable reflection of SvO, J

[ ScvO, indicator of VO, / DO, balance }




Standard therapy in
emergency department
{(n=133)

CVP =8-12 mm Hg

SIRS criteria and systolic
blood pressure <90 mm Hg

or lactate =4 mmol/liter

Y

Assessment
and
consent

Randomization
(n=263)

Early goal-
directed therapy
(n=130)

Vital signs, laboratory
data, cardiac monitoring,
pulse oximetry, urinary

catheterization, arterial and
central venous catheterization

MAP =65 mm Hg

Urine output
=0.5 ml/kg/hr

| T S |

Standard
care

CVP =8-12 mm Hg

Did not
complete 6 hr
(n=14)

Continuous
ScvO, monitoring
and
early goal-directed
therapy for =6 hr

MAP =65 mm Hg

Urine output
=0.5 ml/kg/hr

Hospital

| admission

)

PE—

Vital signs and laboratory
data obtained every
12 hr for 72 hr

A

Follow-up

Did not
complete 6 hr
(n=13)

Scv0, =70% i

—3 8802 ?93%

Hematocrit =30%

- Cardiac index

—> VOq

Rivers et al. New Engl J Med 2001
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Surviving Sepsis Campaign:
International Guidelines for Management
of Sepsis and Septic Shock: 2016

Andrew Rhodes'”, Laura E. Evans?, Waleed Alhazzani®, Mitchell M. Levy®, Massimo Antonelli®, Ricard Ferrer®,

NO mention to cvO, anywnhere
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Trial of Early, Goal-Directed Resuscitation
for Septic Shock

Paul R. Mouncey, M.Sc., Tiffany M. Osborn, M.D., G. Sarah Power, M.Sc.,
David A. Harrison, Ph.D., M. Zia Sadique, Ph.D., Richard D. Grieve, Ph.D.,
Rahi Jahan, B.A., Sheila E. Harvey, Ph.D., Derek Bell, M.D., Julian F. Bion, M.D.,
Timothy J. Coats, M.D., Mervyn Singer, M.D., ). Duncan Young, D.M.,
and Kathryn M. Rowan, Ph.D., for the ProMISe Trial Investigators*

N Engl | Med 2015:372:1301-11

Goal-Directed Resuscitation for Patients
with Early Septic Shock

The ARISE Investigators and the ANZICS Clinical Trials Group*

A Randomized Trial of Protocol-Based Care
for Early Septic Shock

The ProCESS Investigators*

N Engl) Med 2014;370:1683-93

N Engl) Med 2014;371:1496-506

No improved survival with EGDT

= Protocol-based EGDT Protocol-based === Usual care
100 standard theraj
1.00-11‘\ — EGDT 2]
—— Usual care _ Usual care

_ T 0759

3 o075 2 EGDT 1

H a

@ s

o« 0.504 40

o

g 0.50- %

3 2 & 50

3 o £ o025 z
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No. at Risk No. at Risk 0. . . T . . .
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Goal‘Dire(fted ReSUSCita_tion for Patients THaiek Eaﬂy’fo(r}%ill;gérgitggkReSusmanon A Randomized Trial of Protocol-Based Care
with Early Septic Shock for Early Septic Shock

Paul R. Mouncey, M.Sc., Tiffany M. Osborn, M.D., G. Sarah Power, M.Sc.,
David A. Harrison, Ph.D., M. Zia Sadique, Ph.D., Richard D. Grieve, Ph.D.,
The ARISE Investigators and the ANZICS Clinical Trials Group* Rahi Jahan, B.A., Sheila E. Harvey, Ph.D., Derek Bell, M.D., Julian F. Bion, M.D.,
Timothy J. Coats, M.D., Mervyn Singer, M.D., ). Duncan Young, D.M.,

and Kathryn M. Rowan, Ph.D., for the ProMISe Trial Investigators*

The ProCESS Investigators™*

N Engl ] Med 2014;371:1496-506 N Engl) Med 2014;370:1683-93

N Engl | Med 2015:372:1301-11

e Mean ScvO, was already > 70% (the target) at inclusion time

> Pts received 2,500 mL fluids before inclusion

By dd3igne tHiaskest gaiasadohelldi bnytbenefit
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Consensus on circulatory shock

and hemodynamic monitoring. Task force
of the European Society of Intensive Care
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* |n patients with a central venous catheter, we suggest measurements

\_

of SevO, and v-aPCO, to help assess the underlying pattern and the

adequacy of cardiac output as well as to guide therapy

Level 2; QoE moderate (B)
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(SCVOQ is used as a surrogate of mixed venous blood oxy-

gen saturation (SvO,), which reflects in real time the bal-
ance between oxygen consumption and oxygen delivery.
Hence, a low ScvO, may indicate insufficient global oxy-
gen delivery in case of shock and incite one to increase it.




Central venous catheter

CVP choZ
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ﬂoupling arterial and central venous blood sampling allows \
calculation of the venous-to-arterial carbon dioxide pres-
sure difference (PCO, gap), which could be a good indi-
cator of the adequacy of CO relative to the actual global
metabolic conditions and could be helpful in conditions
where oxygen extraction is altered while ScvO, is within
the normal range. In this particular case, an abnormally
high PCO, gap (>6 mmHg) could suggest that CO should
be elevated to improve tissue oxygenation




simplified

Fick equation




PcvCO, - PaCO, marker of "adequacy"” of venous blood
flow to clear the CO, produced in the peripheral tissues

N

* A normal APCO, suggests that elevation of CO
cannot be a priority in the therapeutic strategy

e A high APCO, suggests that elevation of CO
can be a good therapeutic option

N /
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ﬂoupling arterial and central venous blood sampling allows \
calculation of the venous-to-arterial carbon dioxide pres-
sure difference (PCO, gap), which could be a good indi-
cator of the adequacy of CO relative to the actual global
metabolic conditions and could be helpful in conditions
where oxygen extraction is altered while ScvO, is within
the normal range. In this particular case, an abnormally
high PCO, gap (>6 mmHg) could suggest that CO should
be elevated to improve tissue oxygenation |
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Central venous catheter [ Clinical assessment Lactate Echocardiography]




Arterial pressure (mmHg)

SAP

60 . DAP

SAP: reflection of LV afterload




Arterial pressure (mmHg)

SAP

60 . DAP




Arterial pressure (mmHg)

SAP

60 . DAP




Arterial pressure (mmHg)

60 .

SAP

DAP




Arterial pressure (mmHg)

SAP

60 . DAP

from SAP, MAP, DAP, PP




Arterial Pulse Pressure Variation with Mechanical Ventilation

I", Xavier Monnet', Denis Chemla®, and Frédéric Michard®

AN

Am J Respir Crit Care Med Vol 199, Iss 1, pp 22-31, Jan 1, 2019

PPmax — PPmin
PPV =

(PPmax + PPmin) / 2

PPmax
110 1

PPmin




Arterial Pulse Pressure Variation with Mechanical Ventilation

et’, Denis Chemla?, and Frédéric Michard®

AN

Am J Respir Crit Care Med Vol 199, Iss 1, pp 22-31, Jan 1, 2019

G’ke

volume

High PPV \

Preload responsiveness

Preload unresponsiveness

Low PPV

Cardiac preload



Relation between Respiratory Changes in Arterial
Pulse Pressure and Fluid Responsiveness in Septic
Patients with Acute Circulatory Failure

FREDERIC MICHARD, SANDRINE BOUSSAT, DENIS CHEMLA, NADIA ANGUEL, ALAIN MERCAT, YVES LECARPENTIER,
CHRISTIAN RICHARD, MICHAEL R. PINSKY, and JEAN-LOUIS TEBOUL

Am J Respir Crit Care Med 2000; 162:134-8

Sensitivity

1 - Specificity




Does pulse pressure variation predict fluid
responsiveness in critically ill patients? A

systematic review and meta-analysis

O Xiaobo Yang and Bin Du’
22 studies Critical Care 2014, 18:650

Threshold: 12%
AUC: 0.94

|
=7

Sensitivity
o
&
@

(O Observed Daa

Summary Operating Moint
@ SENS-0.83[0.81-0.92]
SPEC =D.80[0.84 0.07]

__ SROC Curve
AUC =094 [0.97 - 0.45]

— 4b% Conhdence Contour

v 95% Predicticn Contour
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Applicability of pulse pressure variation:
how many shades of grey?

Frederic Michard"”, Denis Chemla® and Jean-Louis Teboul®

Critical Care (2015) 19:144

/ False False
positive negative

Low HR/RR ratio
{ Extreme bradycardia or
high frequency ventilation)

Irregular heart beats Q

Mechanical ventilation
with low tidal volume

Increased abdominal
Pressure {Pneumoperitoneum

Thorax open

Spontaneous breathing o

A O




|
Crit Care Med 2017; 45:415-421

/ APPV,, cut-off3.5 \
1.0 ’, S

4 ) |

Tidal volume challenge 08
PPV, .
. . ;7 oPPV
Transient (1 min) increase Z 06
in tidal volume g o4

from 6 to 8 mL/kg

04 0.6 0.8

1 - Specificity




Tidal volume challenge to predict fluid responsiveness in
the operating room

A prospective trial on neurosurgical patients undergoing

protective ventilation

Antonio Messina, Claudia Montagnini, Gianmaria Cammarota, Silvia De Rosa, Fabiana Giuliani,
Lara Muratore, Francesco Della Corte, Paolo Navalesi and Maurizio Cecconi

Eur J Anaesthesiol 2019; 36:1-9

Sensitivity %

- .
II....I..‘.I
"

APPV ... sttt

ssans
. .
asesssssssnans

ASVV

baseline PPV

APPV = increase in PPV during TVC
ASVV = increase in SVV during TVC

baseline SVV
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Central venous catheter [ Clinical assessment Lactate Echocardiography] Arterial catheter
l |

associated severe ARDS ?




Central Venous Catheter (cold bolus injection)

Thermodilution femoral arterial catheter




Transpulmonary thermodilution

—> Intermittent cardiac output

Pulse contour analysis

—> Continuous cardiac output




4 N

Transpulmonary thermodilution

systems are not just

CO monitoring systems

\ /




REVIEW

Transpulmonary thermodilution:
advantages and limits

Xavier Monnet'**" @ and Jean-Louis Teboul'?
Critical Care (2017) 21:147

a measure of global

cardiac preload




REVIEW

Transpulmonary thermodilution:
advantages and limits

Xavier Monnet'**" @ and Jean-Louis Teboul'?
Critical Care (2017) 21:147

markers of

global systolic function




REVIEW

Transpulmonary thermodilution:
advantages and limits

Xavier Monnet'**" @ and Jean-Louis Teboul'?
Critical Care (2017) 21:147

guantitative measure

of pulmonary edema




Ann. Intensive Care (2015) 5:38

Extravascular lung water in critical care:
recent advances and clinical applications

Mathieu Jozwiak'**", Jean-Louis Teboul"** and Xavier Monnet'%*

® Annals of Intensive Care

a SpringerOpen Journal

REVIEW Open Access

@ CrossMark

Study Number of Prognostic value
patients
General critically ill patients Sakka et al. [4] 373 Independent predictor of ICU
mortality
Severe sepsis or septic Martin et al. [3] 29 Higher EVLWI in ICU non-survivors
shock patients Chung et al. [75] 33 Independent predictor of in-
hospital survival
Chung et al. [76] 67 Independent factor for the devel-
opment of MODS
Chew et al. [73] 51 Higher EVLWI in ICU non-survivors
Mallat et al. [78] 55 Independent predictor of ICU
mortality
ARDS patients Philips [85] 59 Good predictor of ICU mortality

Craig et al. [45]
Brown et al. [37]

Jozwiak et al. [36]

44

59

Independent predictor of ICU
mortality

Independent predictor of ICU
mortality

Independent predictor of Day-28
mortality




REVIEW

Transpulmonary thermodilution:
advantages and limits

Xavier Monnet'**" @ and Jean-Louis Teboul'?
Critical Care (2017) 21:147

measure of

lung capillary leak




Intensive Care Med (2007) 33:448-453 ORIGINAL

Xavier i\ﬁ‘g’ﬂﬂft Assessing pulmonary permeability

David Osman by transpulmonary thermodilution allows
Olfa Hamzaoui = = pm .

Christian Richard differentiation of hydrostatic

Jean-Louis Teboul

pulmonary edema from ALI/ARDS

mn 10

/

H U1 OO g 00 VO
SRoA
@

cut-off _ 3 S€=8%

@
g value Sp =100 %
3 = [ e
) %o
2 $ %oo + *
@

ALI/ARDS Hydrostatic

pulmonary edema



Extravascular Lung Water is an Independent
Prognostic Factor in Patients with Acute
Respiratory Distress Syndrome

Mathieu Jozwiak, MD; Serena Silva, MD; Romain Persichini, MD; Nadia Anguel, MD; David Osman, MD;
Christian Richard, MD; Jean-Louis Teboul, MD, PhD; Xavier Monnet, MD, PhD

Crit Care Med 2013:41:472-480

PVPI is an independent predictor of mortality in ARDS patients
/ Odds Ratio ( Cl 95%) pvh

Maximal blood lactate 1.27 (1.12-1.45) 0.0002

Mean PEEP 0.78 (0.67-0.91) 0.002

D, mortality

Minimal PaO, / FiO, 0.98 (0.97 - 0.99) 0.0009
54%

SAPS Il 1.03 (1.01-1.05) 0.008

PVPI_.., 1.07 (1.02-1.12 0.03

Mean fluid balance 1.0004 (1.0000 - 1.0007) 0.03




REVIEW

Transpulmonary thermodilution:
advantages and limits

2

Xavier Monnet'**" @ and Jean-Louis Teboul'?
Critical Care (2017) 21:147

Useful for performing diagnostic and therapeutic tests




REVIEW

Transpulmonary thermodilution:
advantages and limits

Xavier Monnet'**' @ and Jean-Louis Teboul'?
Critical Care (2017) 21:147

for guiding

fluid administration
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e/ What to do when PPV or SVV are not interpretable?

Useful for guiding fluid management

Fluid infusion benefit / risk ratio

e EVLW and PVPI for assessing lung tolerance to fluid infusion

e to start

e to continue fluid infusion

e to stop




- ~d (D 3y 34:659 2
Intensive Care Med (2008) 34:659-663 CLINICAL COMMENTARY

Xavier Monnet Passive Ieg raiSi“g

Jean-Louis Teboul

/ transfer of blood \

from the legs and abdominal

compartments

\_ ( ) /

L PLR mimics fluid challenge J

4 N
The hemodynamic response to PLR

can predict the hemodynamic response to volume infusion
\_ /




EDITORIAL

Passive leg raising: five rules, not a drop of fluid!

Xavier Monnet'" and Jean-Louis Teboul'?

Crit Care 2015, 19:18

e —

Re-assess CO in the semi-
recumbent position
; (should return to baseline)
(not with BP only)

v
\_/

0/\ Volume
< Use the bed adjustment > expansion

and avoid touching the patient
(pain, awakening)

v

Assess PLR effects by directly
< measuring CO >

< I
Check that the Use a real time >
trunkis at 45° measurement of CO

\/
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Xavier Monnet
Paul Marik
Jean-Louis Teboul

ORIGINAL

Passive leg raising for predicting
resnonsiveness: a svstematic rev

21
clinical
studies

/Sensitivity
1

0.9
0.8
0.7
0.6-
0.5
04
0.3-
0.2

0.14

(

\

Changes in CO
AUC: 0.95 + 0.01

Threshold: 10%

\

995 pts

ol
\O 0.2

04
1-specificity

0.6 0.8

4




Useful for guiding fluid management

Fluid infusion benefit / risk ratio

e PPV and SVV, if applicable

* Pulse contour CO response to PLR

—

_ prediction of fluid responsiveness

—

e EVLW and PVPI for assessing lung tolerance to fluid infusion

~

_/

e to start

e to continue fluid infusion

e to stop
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Central venous catheter [ Clinical assessment Lactate Echocardiography] Arterial catheter

associated severe ARDS ?

4

4 L 4 * Transpulmonary thermodilution systems

positive response insufficient respunse] of
to initial therapy toinitial therapy J @naw artery cath@

(especially in case of RV dysfunction)

! % 7

Continue with same hemodynamic monitoring

until shock resolution




+
Intermittent measurements of

@EDEDER

+

Intermittent calculation of
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Central venous catheter [ Clinical assessment Lactate Echocardiography] Arterial catheter

associated severe ARDS ?

4

4 L 4 * Transpulmonary thermodilution systems
positive response insufficient respunse] of
to initial therapy toinitial therapy J « Pulmonary artery catheter

(especially in case of RV dysfunction)

! % .

Continue with same hemodynamic monitoring

until shock resolution




Available hemodynamic monitoring devices

e PAC u g * Doppler methods

e Transpulmonary thermodilution monitors -> esophageal Doppler T4

... but in general more suitable

for the OR setting than for the ICU

TEIN == (_oninvasive J
. . . . = . & . .
noninvasive -> Nexfin/Clearsight | W& * Pulse wave transit time & non invasive




Fluid resuscitation during early sepsis:

a need for individualization

Mathieu JOZWIAK '.2, Olfa HAMZAOUI 3, Xavier MONNET 1.2, Jean-Louis TEBOUL 1.2 *
Minerva Anestesiologica 2018 August;84(8):987-92

/ Pt presenting with septic shock \

Decrease infusion rate if: Infuse around 10 mL/kg Increase infusion rate if:

. Worsening of tachypnea crystalloids . Fluid losses . Mottling, 22 CRT
. Fall in O, saturation within the first hour . Abdominal sepsis . Low PP




Fluid resuscitation during early sepsis:

a need for individualization

Mathieu JOZWIAK '.2, Olfa HAMZAOUI 3, Xavier MONNET 1.2, Jean-Louis TEBOUL 1.2 *

Minerva Anestesiologica 2018 August;84(8):987-92

Pt presenting with septic shock \

Decrease infusion rate if:

. Worsening of tachypnea
. Fall'in O, saturation

Infuse around 10 mL/kg Increase infusion rate if:
crystalloids . Fluid losses . Mottling, 2 CRT
within the first hour . Abdominal sepsis . Low PP
+

Norepinephrine
if DAP is low




1) Does shock persist? — clinical signs, lactate

2) If yes, try to optimize the macrocirculation

4/\>

Check if MAP adequate Check if DO, adequate to VO,

If MAP — CVP adequate

O\

yes

no
DAP




1) Does shock persist? — clinical signs, lactate

2) If yes, try to optimize the macrocirculation
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Less invasive hemodynamic monitoring
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in critically ill patients

/SCV02 is used as a surrogate of mixed venous blood oxyx

gen saturation (SvO,), which reflects in real time the bal-

oxygen delivery.

ance between oxygen consumption an
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preload unresponsiveness

Ventricular preload
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We suggest that dynamic over static variables be used
to predict fluid responsiveness, when available

/ Dynamic measures%

assessing whether a patient requires additional fluid have
been proposed in an effort to improve fluid management
and have demonstrated better diagnostic accuracy at pre-
dicting those patients who are likely to respond to a fluid
challenge by increasing stroke volume. These techniques
encompass passive leg raises, fluid challenges against
stroke volume measurements, or the variations in systolic
pressure, pulse pressure, or stroke volume to changes in
intrathoracic pressure induced by mechanical ventilation




Dynamic indices of preload responsiveness

the more the cardiac output (or stroke volume)

changes with MV,
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Ventricular preload
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Predicting volume responsiveness by using the end-expiratory
occlusion in mechanically ventilated intensive care unit patients
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Passive leg-raising and end-expiratory occlusion tests perform
better than pulse pressure variation in patients with low
respiratory system compliance

Xavier Monnet, MD, PhD; Alexandre Bleibtreu, MD; Alexis Ferre, MD; Martin Dres, MD; Rim Gharbi, MD;
Christian Richard, MD; Jean-Louis Teboul, MD, PhD

Crit Care Med 2012; 40:152-157
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The end-expiratory occlusion test: please,
let me hold your breath!

Francesco Gavelli'"**"®, Jean-Louis Teboul'? and Xavier Monnet'*?
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Less invasive hemodynamic monitoring
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acute circulatory failure
.I
AP, PPV

CVP, ScvO,

[Centralvenous catheter [Clinical assessment [Lactate] [Echocardiographv] [Arterial catheter]

] Pa0,, 5a0,

ﬂoupling arterial and central venous blood sampling allows
calculation of the venous-to-arterial carbon dioxide pres-
sure difference (PCO, gap), which could be a good indi-
cator of the adequacy of CO relative to the actual global
metabolic conditions and could be helpful in conditions
where oxygen extraction is altered while ScvO, is within
the normal range. In this particular case, an abnormally
high PCO, gap (>6 mmHg) could suggest that CO should

Qe elevated to improve tissue oxygenation. /
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