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INTRODUCTION













• Central venous and pulmonary artery catheters (PAC) are 
invasive tools that have traditionally been used for 
hemodynamic monitoring in patients who present with shock. 

• However, these tools have drawbacks and inaccuracies. 

• Thus, several, less invasive, novel technologies are available or 
being investigated for use to assess parameters such as 
cardiac output, intravascular volume status, responsiveness to 
intravenous fluid administration, and tissue perfusion. 

• They can potentially be used in the emergency department, 
intensive care unit, and operating room when caring for 
patients with shock or hypovolemia.



GENERAL PRINCIPLES





• Central venous and pulmonary artery catheterization (PAC), 

the traditional tools used for hemodynamic monitoring of 

patients who present with shock, are invasive and frequently 

inaccurate. 



CVP and PAC monitoring suffer from 
the following inadequacies:

1. Inconsistent prediction of fluid responsiveness

2. Complications associated with invasiveness

3. Difficult data interpretation



Inconsistent prediction of fluid 
responsiveness

1. Both CVP and pulmonary alveolar occlusion pressure have been shown to 

have poor predictive value for predicting fluid responsiveness (arbitrarily 

defined as an increase of at least 15 percent in cardiac output [CO] in 

response to a 500 mL bolus fluid challenge, as measured by PAC). 

2. Furthermore, CVP is affected by a number of other physiologic 

derangements, including valvular regurgitation, right ventricular dysfunction, 

pulmonary hypertension, and variation in intrathoracic pressure with 

respiration.



Complications associated with 
invasiveness

1. CVCs and PACs require central venous access and have been 

associated with a number of complications, including arrhythmias, 

injury to vascular or cardiac structures, catheter-associated 

bloodstream infection, pneumothorax, and venous 

thromboembolism. 



Monnet et al. Ann. Intensive Care (2016) 6:111





Monnet, et al.  Prediction of fluid responsiveness: an update.  
Ann Intensive Care. 2016 Dec;6(1):111. Epub 2016 Nov 17.



Indications

• A plethora of techniques aimed at overcoming the deficiencies 
associated with standard hemodynamic monitoring tools have 
been developed, many of which use complex imaging technology 
and computer algorithms to estimate the following:

1. Fluid responsiveness and volume status 
(see 'Volume tolerance and fluid responsiveness' below)

2. Cardiac output 
(see 'Cardiac output' below)

3. Tissue perfusion 
(see 'Measurement of tissue oxygen saturation' below and 'Measurement of 
microcirculatory blood flow' below and 'Tissue perfusion' below)



• While no large randomized trials of resuscitation guided by 
noninvasive hemodynamic monitors have been conducted, a 
systematic review of 13 trials enrolling over 1600 subjects found 
that such practice was associated with reduced mortality, ICU 
length of stay, and duration of mechanical ventilation. 

• A sub-analysis of the ANDROMEDA-SHOCK trial suggests that 
assessment of fluid responsiveness was possible in 80 percent of 
patients. 

• Fluid responsive patients received lower fluid volumes, exhibited 
less positive fluid balances, and received more vasopressors, but 
had no difference in mortality or organ failure. 

• These findings will likely only increase the interest in use of these 
tools in critically ill patients.



Physiologic 
principles

• Upstream versus downstream monitors

• A greater understanding of tissue and cellular hypoxia as a cardinal 
feature of shock has led to the concept of "upstream" and 
"downstream" indicators of organ perfusion [11].



Physiologic principles: Upstream

• "Upstream" ("macro") markers assess flow and pressure in the heart, 
vena cava, pulmonary artery, and aorta and are the traditional variables 
that have been used to assess the hemodynamic status of critically ill 
patients. 

• The majority of existing hemodynamic monitors are upstream monitors. 



Physiologic principles: Downstream

• Shock with end-organ dysfunction occurs at the capillary and tissue 
levels [12]. 

• Tools have been developed that follow alterations in tissue oxygenation 
and microvascular blood flow. 

• These techniques are known as the "downstream" (or "micro") markers 
of resuscitation.







• 116 patients with VA ECMO (2010.9 – 2016.3)

• Mean MAP: significantly higher in survivors 

• (82 ± 5.6 vs. 78 ± 5.5 mm Hg, p = 0.0003). 

• There was a positive association between MAP and survival. 

• Higher MAP: not affect the probability of strokes or bleeding complications, 

• Higher MAP: a lower incidence of kidney injury (p = 0.007). 

ASAIO Journal 2019; 65:336–341. 

Thomas Jefferson University, Philadelphia, Pennsylvania





VOLUME TOLERANCE AND 
FLUID RESPONSIVENESS



Pulse contour analysis (fluid responsiveness)

1. Pulse pressure variation (PPV)

2. Stroke volume variation (SVV)

3. Oximetric waveform variation



Pulse pressure variation (PPV)

• Numerous studies have demonstrated that a PPV of at 
least 13 to 15 percent is strongly associated with 
volume responsiveness. 

• As an example, one systematic review of 29 studies 
reported a higher area under the receiver operating 
characteristic curve (AUROC) for PPV compared with 
CVP (0.94 versus 0.55) as an indicator of fluid 
responsiveness (sensitivity and specificity were 0.88 
each).





Copyrights apply



Conditions 
where 
pulse 
pressure 
and stroke 
volume 
variations 
are less 
reliable

Spontaneous breathing 

Cardiac arrhythmias

Low Vt/low lung compliance 

Open chest

Increased intra-abdominal pressure 

Very high respiratory rate (HR/RR < 3.6) 

Right heart failure*







Editor’s key points 

• Advances in non-invasive cardiac output technologies offer 
simpler perioperative monitoring, but their accuracy is 
questioned.

• This meta-analysis found modest agreement and inadequate 
percentage error for most technologies.

• Novel non-invasive cardiac output technologies are typically 
developed in relatively healthy populations; their internal 
algorithms may thus be inappropriate to major surgery or 
critical illness.

• Percentage error and trending are important variables in the 
evaluation of non-invasive cardiac output technologies.



TISSUE PERFUSION





Basics of Pressure-Volume Loop





Definition of Shock

• Shock is defined as a state of cellular and tissue hypoxia due 

to reduced oxygen delivery, increased oxygen consumption, 

inadequate oxygen utilization, or a combination of the three. 

• "Undifferentiated shock" refers to the situation where shock is 

recognized but the cause is unclear. 



Classifications of Shock

• Four types of shock are recognized. However, many patients have a 
combination of more than one of the forms of shock listed below (table 1):

1. Distributive shock: septic shock, SIRS (ex.pancreatitis), neurogenic shock, 
anaphylactic shock, toxin-related shock, and endocrine shock (ex. adrenal 
crisis).

2. Cardiogenic shock: cardiomyopathic (ex. AMI), arrhythmia (ex. sustained 
VT/Vf), mechanical abnormality (ex. acute valvular rupture).

3. Hypovolemic shock: hemorrhagic (ex. trauma) or non-hemorrhagic fluid 
losses (ex. diarrhea).

4. Obstructive shock: pulmonary vascular related (ex. pulmonary embolism) or 
due to a mechanical cause of reduced preload (ex. tension pneumothorax, 
pericardial tamponade).
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• In compensated shock, macro-circulatory measures such as 
arterial pressure and cardiac output (CO) may be normal in 
the face of markedly abnormal oxygen delivery and utilization. 

• Devices have been developed to measure indices of shock at 
the tissue level. 



Measurement of tissue oxygen saturation (StO2) 

• StO2 measurement using near-infrared spectroscopy (NIRS) has been proposed as a 

downstream hemodynamic monitoring tool to survey the micro-circulation and assess 

the balance of oxygen delivery and consumption at the tissue level.

• StO2 is measured transcutaneously using NIRS via a number of commercially available 

devices that measure tissue absorbance values in a defined range of wavelengths.

• StO2 with VOT has been shown to predict outcome and organ dysfunction in patients 

with sepsis and congestive heart failure in two small studies, and preliminary studies 

have demonstrated its usefulness in trauma patients.



Measurement of tissue oxygen saturation (StO2) 

• However, the value of StO2 value is limited because StO2 remains 

within normal range until shock is quite advanced. 

• The addition of a dynamic ischemic challenge such as the vascular 

occlusion test (VOT; application of a tourniquet or 

sphygmomanometer above systolic arterial pressure for brief, 

defined intervals) may improve the predictive ability of StO2 to 

identify tissue hypoperfusion.



Measurement of microcirculatory blood 
flow 
• There is considerable interest in shock-induced microcirculatory dysfunction, most 

notably in the case of sepsis.

• The sublingual mucosa is the preferred means to evaluate the microcirculation in 
critically ill patients because it shares embryological origin with the splanchnic 
circulation and can be easily accessed at the bedside.

• Imaging of the sublingual microvasculature is typically obtained using advanced 
microscopy techniques, such as sidestream dark field imaging, or by near-infrared 
spectroscopy (NIRS).

• Early studies demonstrated alterations in microvascular flow in patients with sepsis and 
cardiogenic shock. 

• Multiple subsequent studies have demonstrated that alterations in sublingual 
microcirculatory blood flow are associated with poor outcome among patients with 
septic shock.













• SaO2: arterial saturation
• SvO2: mixed venous saturation

• CaO2: arterial oxygen contents
• DaO2: oxygen delivery (supply)

DO2: CO / Hgb / SaO2



• DaO2: oxygen delivery (CO, Hgb, SaO2)

• CaO2: oxygen contents (Hgb bound oxygen + dissolved oxygen)

• VO2  : oxygen consumption in tissue (tissue metabolism)

• SvO2 : mixed venous oxygen saturation 

(not utilized oxygen, measured in pulmonary artery)

• DO2 / VO2 ratio = 4 ~ 5 (normal condition)

• SvO2 = DO2 – VO2 = 60 ~ 80 (%) (normal condition)





Increase SvO2 (DaO2↑, VO2↓)



Decrease SvO2 (DaO2↓, VO2↑)



• If DO2 is severely decreased, there is insufficient oxygen 
to meet metabolic demands, anaerobic metabolism 
occurs, and, finally, lactic acidosis and shock occur. 

• Since SvO2 reflects this ratio accurately, it is one of the 
most important considerations when monitoring and 
managing critically ill patients.

• VA ECMO can be an option for the treatment of various 
types of shock because it can increase CO2 and systemic 
blood flow and eventually increase DO2. 

• Hence, the goal of VA ECMO is as follows: to restore 
organ blood flow and adequate tissue oxygenation while 
awaiting recovery.





Microflow ↓

Organ failure

Tissue Perfusion

http://www.scielo.br/scielo.php?script=sci_arttext&pid=S0103-507X2017000200238&lng=en&nrm=iso&tlng=en
https://zalmanov.info/capillaries.html


• transudation of fluids in the perivascular region → tissue pressure↑

→ alters viscosity within the vessel lumen

⇒ microcirculatory alterations (in or around the organs)

Microcirculatory dysfunction



Evaluation of microcirculation







Microcirculatory image on VA-ECMO weaning trial 

successful weaning unsuccessful weaning 
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