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12.1  Introduction

As has been stated in Chaps. 3 and 4, the diag-
nostic and prognostic values of filling pressures 
(central venous and pulmonary arterial occlu-
sion pressures) are limited by presenting only 
one part of the “static” parameters of preload [1, 
2]. Another part of preload, the volumetric vari-
ables, deals with quantification of volume of all 
the heart chambers, great vessels, and pulmonary 
vascular bed, as well as the extravascular com-
partment of the lungs [1, 3, 4]. Thus, the direct 
quantification of the volumetric parameters using 
transpulmonary thermodilution in parallel with 

assessment of fluid responsiveness has opened 
up new opportunities for the personalization of 
hemodynamic therapy in different categories of 
the critically ill [3, 5].

One of the key volumetric parameters is the 
global end-diastolic volume index (GEDVI), also 
referred as a current clinical “gold standard” of 
bedside invasive preload assessment (Chap. 13). 
The discrete evaluation of the end-diastolic vol-
umes of the right- and left-sided heart chambers, 
as well as the ejection fractions, is also techni-
cally possible, but highly invasive as it requires 
both systemic and pulmonary arterial catheters 
and is mainly limited to the clinical research 
activity for invasive cardiology and organ trans-
plantation [6–8]. The combination of the GEDVI 
and other variables can be helpful in assessment 
of heart contractility (“inotropism”). Therefore, a 
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range of derived parameters based on the meth-
odology of single transpulmonary thermodilution 
(Chap. 7) are of interest, including the global 
ejection fraction (GEF) and the cardiac function 
index (CFI).

The increased vascular permeability is a com-
plex and multifactorial pathophysiological phe-
nomenon that cannot currently be measured 
directly at the bedside [9, 10]. Indeed, all attempts 
to normalize the preload can be ineffective and 
even dangerous when the fluids leave the vascu-
lar bed and leak into the interstitial space. Thus, 
the interpretation of volumetric parameters and a 
safe clinical decision would be incomplete with-
out information about the severity of pulmonary 
edema and capillary leak [1]. The volumetric 
monitoring gives us a clinical clue to the indirect 
assessment of these processes by means of the 
extravascular lung water index (EVLWI) and the 
pulmonary vascular permeability index (PVPI; 
Chap. 14).

Unfortunately, in many complex clinical sce-
narios, attempts to increase the circulating blood 
volume with fluid therapy do not result in a steady 
increase in cardiac output and oxygen delivery 
as fluids readily extravasate [10, 11]. Thus, in 
these situations the hemodynamic stabilization 
can eventually be achieved only at the price of 
progressing tissue edema, worsening organ func-
tion, and developing complications (Fig.  12.1). 
As these complications are the key features of 
the distributive shock (Chap. 25), monitoring 
the GEDVI, EVLWI, and PVPI in the critically 
ill reflects the dynamic fluid balance between the 
intra- and extravascular compartments [12–14]. 

Considered together, the volumetric variables 
can characterize both the efficacy and safety of 
the preload optimization, the response of cardiac 
contractility and the contribution of the “fluid 
sink” of the vascular bed, making volumetric 
monitoring an attractive approach for the bedside 
personalization of hemodynamic status. The nor-
mal clinical values of the volumetric parameters 
are presented in Table 12.1.

Of note, the static volumetric and the dynamic 
fluid responsiveness parameters are not inter-
changeable and have different practical appli-
cations [15, 16]. Dynamic parameters are often 
evaluated together with functional tests to predict 
the short-term response of cardiac output to fluid 
load; however, the fluid responsiveness cannot 
guarantee that an instantly increased preload will 
be associated with steady, prolonged and, last but 
not least, physiologically beneficial, hemody-
namic changes (Chaps. 15–17).

The clinical area of application of volumet-
ric monitoring includes many critical care and 
perioperative scenarios. The most promising 
indications are different subsets of circulatory 
shock associated with cardiovascular comor-
bidities and respiratory failure, as well as the 
perioperative period of high-risk and compli-
cated interventions such as complex cardio-
thoracic surgery and organ transplantation 
(Table 12.2).

Practical Advice
“Classic” volumetric monitoring includes 
the global end-diastolic volume index, the 
extravascular lung water index, and the 
global ejection fraction/cardiac function 
index. These parameters characterize pre-
load, lung fluid balance, and heart contrac-
tility respectively.

Hypovolemia:
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Fig. 12.1 Incidence of complications: dangers of hypo-
volemia and overhydration
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Practical Advice

Personalized approach to “normal” values 
of the global end-diastolic volume index 
may be considered in some subsets of ICU 
patients, including “permissive hypovole-
mia” (GEDVI 500–650  mL/m2) for those 
with severe global permeability syndrome 
and “permissive hypervolemia” (GEDVI 
800–950 mL/m2) for those with severe sys-
tolic heart failure.

12.2  Transpulmonary 
Thermodilution 
and Volumetric Parameters

Transpulmonary thermodilution (TPTD) for 
volumetric hemodynamic assessment is currently 
recommended for advanced monitoring in severe 
shock [3, 5, 32] and can be achieved in several 
commercially available systems of complex 
hemodynamic monitoring [33, 34].

The invasive quantification of volumetric 
hemodynamic parameters, characterizing heart 
filling and vascular permeability, is based on the 
dilution of a thermal indicator, injected into the 
systemic circulation.

The methodology of TPTD is described in 
detail in Chap. 7. In brief, the thermal indi-
cator “keeps warm” (or loses the “negative 
heat”) depending on multiple intrinsic factors 
(blood flow velocity, time of heat exchange, 
and tissue heat capacity) when passing by and 
mixing with blood of the heart chambers, lim-
ited portions of the great vessels (vena cava 
and aorta), and the pulmonary vascular bed 
[33]. The process of this thermal exchange 
depends on both the physical volume of distri-
bution and the thermal capacity/conductivity 
of the pulmonary tissue, therefore allowing the 
quantification of the EVLWI. The physiology 
and mathematical background for the calcula-
tion of the volumetric parameters are depicted 
in Fig. 12.2.

Table 12.1 The normal values and ranges of hemody-
namic and volumetric variablesa

Variable Ranges
Flow
Cardiac output, L/min 5.0–7.0
Cardiac index, L/min/m2 3.0–5.0
Pulse contour cardiac index, L/min/m2 3.0–5.0

Cardiac preload
Global end-diastolic volume index, 
mL/m2

680–800

Intrathoracic blood volume index, 
mL/m2

850–1000

Central venous pressure, mmHg 5–7

Volume responsiveness
Stroke volume variation, % ≤10
Pulse pressure variation, % ≤10
Afterload
Systemic vascular resistance index, 
dyn × s × cm−5/m2

1700–2400

Cardiac contractility
Cardiac function index, L/min 4.5–6.5

Global ejection fraction, % 25–35
Index of left ventricular contractility 
(dPmax), mmHg/s

1200–2000

Cardiac power index, W/m2 0.5–0.7
Pulmonary edema
Extravascular lung water index, 
mL/kg PBW

3–7

Pulmonary vascular permeability 
index

1–3

PBW predicted body weight
aThe volumetric parameters discussed are presented in 
bold

Table 12.2 The areas for clinical application of volumet-
ric hemodynamic monitoring

Critical care settings Perioperative settings
•  Sepsis and septic shock 

[2, 17, 18]
•  Nonseptic distributive 

shock [11]
•  Pulmonary edema [17, 19]
•  Cardiogenic shock and 

severe heart failure [20]
•  Severe acute respiratory 

distress syndrome [17, 21]
• Severe burns [22]
•  Severe subarachnoid 

hemorrhage [23]
•  Severe necrotizing 

pancreatitis [24]
• Overhydration [11]

•  Complex cardiac 
surgery [25, 26]

•  Thoracic surgery 
(lung transplantation) 
[27, 28]

•  Complex 
neurosurgery [29]

•  Liver transplantation 
[30, 31]
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12.3  Volumetric Parameters 
of Preload

12.3.1  Global End-Diastolic Volume 
Index

As has been stated already, the preload assess-
ment with central venous and pulmonary artery 
occlusion pressures is limited by changing myo-
cardial compliance, positive pressure mechani-
cal ventilation, and, in some cases, valvular 
disturbances. The dynamic parameters and func-
tional tests do predict instant heart response to 
the rapid increase in preload but cannot help us 
to assess the real-time kinetics of the fluid being 
administered. In addition, the use of functional 
parameters is restricted in overhydrated ICU 
patients and in the late phase of distributive 
shock. Therefore, according to the current phasic 
paradigm of shock management, the GEDVI can 
be one of the most promising variables for pre-
load quantification.

There are many reasons why the GEDVI is 
the most accurate preload marker. Of note, the 
GEDVI is the summarized value of the maximal 
volumes of all four heart chambers indexed to the 
calculated body surface area. Thus, the GEDVI is 
more accurate for preload assessment than cen-
tral venous pressure (CVP), pulmonary artery 
occlusion pressure, the right ventricular end- 
diastolic volume, and the left ventricular end- 
diastolic area [35, 36]. In contrast to CVP, the 
GEDVI accurately quantifies the preload in sep-
tic shock and severe ARDS [17, 37]. The accu-

Practical Advice
Among current volumetric parameters, 
the global end-diastolic volume index 
measured using single transpulmonary 
thermodilution represents a clinical “gold 
standard” for bedside preload assessment 
in the critically ill.

Single transpulmonary thermodilution

RAEDV RVEDV PTV LAEDV LVEDV ITTV = CO × MTt

PTV = CO × DSt

PBV = GEDV / 4

ITBV = GEDV × 1.25

Derived variable.
Direct calculation is impossible

Derived variable.
Direct calculation is impossible

RAEDV RVEDV PTV LAEDV LVEDV

RAEDV RVEDV PTV LAEDV LVEDV GEDV = ITTV – PTV

EVLW = ITTV – ITBV

RAEDV RVEDV PBV LAEDV LVEDV

RAEDV RVEDV PBV

EVLW

EVLW

LAEDV LVEDV

RAEDV RVEDV LAEDV LVEDV

Fig. 12.2 Physiological 
layout and calculation of 
the volumetric 
parameters using single 
transpulmonary 
thermodilution. EDV 
end-diastolic volume, 
RA right atrium, RV 
right ventricle, LA left 
atrium, LV left ventricle, 
MTt mean transit time of 
the thermal indicator, 
DSt down-slope time of 
the thermodilution 
curve, CO cardiac 
output, ITTV 
intrathoracic thermal 
volume, PTV pulmonary 
thermal volume, GEDV 
global end-diastolic 
volume, PBV pulmonary 
blood volume, ITBV 
intrathoracic blood 
volume, EVLW 
extravascular lung water
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racy of this parameter has also been confirmed 
in children and neonates [38, 39]. In many cases, 
the GEDVI has been used as a reference param-
eter for echocardiographic variables [36, 40]. 
This parameter is plausible during normovole-
mia, moderate hypovolemia, pulmonary hyper-
tension and inotropic support [41, 42]. Moreover, 
the GEDVI accurately characterizes preload 
in both controlled mechanical ventilation and 
spontaneous breathing. However, aortic aneu-
rism and prominent dilatation of the left atrium 
can result in a falsely increased GEDVI.  The 
plausibility of GEDVI interpretation can also be 
limited in severe heart failure [42, 43]. The inter-
play between the GEDVI and another important 
volumetric parameter, the EVLWI, during fluid 
resuscitation is of utmost clinical interest in many 
categories of ICU patients [44, 45]. The meth-
odology of measurement and the clinical appli-
cation of the GEDVI are discussed in detail in 
Chaps. 7 and 13 respectively.

12.3.2  Global Ejection Fraction

The GEF is another important volumetric vari-
able allowing an assessment of the heart perfor-
mance, particularly systolic function, in terms 
of its work (stroke volume) and preload. The 
calculation of the GEF using TPTD is based on 
the following formula: (4  ×  SV)/GEDV; thus, 
the normal value of GEF (25–35%; Table 12.1) 
differs from the echocardiographic ejection frac-
tion. Most frequently, the decrease in GEF can 
result from the dilatation of the heart chambers, 
leading to increased GEDV. This parameter is a 
valuable key to revealing heart failure, whereas 
isolated right heart failure, pulmonary hyper-
tension, and increased right heart afterload are 
known limitations decreasing the clinical plausi-
bility of its measurement [46, 47]. In the case of 
systolic heart failure, both the GEF and the CFI 
(see below) are declining [46]. Nakwan et al. has 
shown that both the CFI and the GEF obtained 
using transpulmonary thermodilution are associ-
ated with the left ventricle ejection fraction mea-
sured using echocardiography in septic shock 

[48], whereas the GEF correlates closely with the 
results of transesophageal echocardiography in 
acute myocardial ischemia [49]. However, when 
assessment of cardiac output is unaffected by dif-
ferences in ventricular size and outflow obstruc-
tion, the GEDVI, GEF, and CFI do not reflect the 
largely increased heart volumes and markedly 
impaired left ventricular function in dilated car-
diomyopathy [50].

12.3.3  Cardiac Function Index

The CFI is a ratio of the cardiac index and the 
intrathoracic blood volume index (Fig.  12.2) 
and independently characterizes heart con-
tractility under the current preload settings 
[51–53]. With normal values within the range 
4.6–6.5  min−1, this parameter is sensitive to 
the inotropic support and the position of the 
Frank–Starling curve [49]. It has also been pro-
posed that assessment of cardiac function by 
the CFI using the transpulmonary thermodilu-
tion technique is a plausible alternative to the 
pulmonary catheter, and a low CFI identifies 
cardiac dysfunction in both acute heart failure 
and sepsis [54].

12.4  Other Volumetric Parameters

12.4.1  Extravascular Lung Water 
Index

The extravascular lung water index is a volumet-
ric parameter quantifying pulmonary edema [3, 
12, 14]. This parameter and the use of EVLW as 
a target for therapy are described in more detail 
in Chaps. 7, 14, and 26.

The close interplay between cardiac output 
and volumetric parameters can be integrated 
into clinical decision trees for the management 
of critically ill patients; the example of such an 
algorithm is presented in Fig. 12.3. The typical 
changes in volumetric hemodynamic parameters 
in the common critical care scenarios are pre-
sented in Table 12.3.
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Cl (L/min/m2)

GEDVI (mL/m2)

GEDVI (mL/m2)

EVLWI (mL/kg)

EVLWI (mL/kg)

STRATEGY

GOALS:

SVV (%)

GEF (%)

CFI (l/min)

or

< 3.0 > 3.0

< 850 < 850> 850 > 850

< 10

< 10

< 10

< 10

< 10

< 10 < 10

< 10

< 10

< 10

< 10 < 10 < 10

< 10> 10

> 4.5

> 25 > 30 > 25 > 30

> 4.5> 5.5 > 5.5

> 10 < 10 > 10 < 10 > 10

V+
V+!

INOTR. INOTR.
INOTR.

V–
V+ V+! N V–

680–800 680–800 680–800 680–800 680–800 600–640 600–640

Fig. 12.3 A clinical decision tree for the personalization 
of hemodynamic management based on the volumetric 
parameters. CI cardiac index, GEDVI global end-diastolic 
volume index, EVLWI extravascular lung water index, 

SVV stroke volume variation, CFI cardiac function index, 
GEF global ejection fraction, V+ fluid bolus (volume 
load), V+! titrated fluid (volume with caution!), INOTR 
inotropes, V–dehydration, N normal state

Table 12.3 The changes in volumetric parameters in the selected critical care scenarios

Condition Etiology Change in volumetric parameters
Severe 
hypovolemia 
(hemorrhagic 
shock)

Hemorrhage, severe burns, 
decreased preload in high 
intrapleural pressure, 
pneumothorax

Low GEDVI (usually <600 mL/m2), relatively low EVLWI 
(4–7 mL/kg), low CO, low CFI, low GEF. Increase in GEDVI leads 
to a rise in CO without the obvious risk of early EVLW 
accumulation

Overhydration Volume overload, acute 
kidney injury, lymphatic 
blockade (sepsis, PEEP), 
ARDS

Normal to increased GEDVI. Increased EVLWI (usually above 
10 mL/kg). No fluid responsiveness observed

Severe heart 
failure, 
cardiogenic 
shock

Structural changes leading 
to decreased myocardial 
contractility

Normal to increased GEDVI and “gray zone” EVLWI (7–10 mL/
kg). In severe pulmonary edema, the EVLWI readily decreases after 
diuretics or positive pressure ventilation. Markedly decreased CO 
(below 1.8–2.0 L/min), decreased GEF (below 20%) and CFI

V. V. Kuzkov
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12.5  Conclusion

Today, invasive volumetric monitoring is used 
in a variety of life-threatening critical care sce-
narios. The applicability and reproducibility of 
measurements for a wide range of hemodynami-
cally unstable conditions are the key advantages 
of this technique. The accuracy of volumetric 
parameters for the quantification of preload, 
myocardial contractility, and pulmonary edema 
has been proven by numerous experimental and 
clinical studies. Because in critical care medi-
cine volumetric monitoring co-exists with less-
invasive ultrasound methods, we believe that 
both approaches will progress side-by-side. 
However, in contrast to echocardiography, 
transpulmonary thermodilution is less operator 
dependent and gives an all-in-one hemodynamic 
“bundle,” facilitating a clinical decision. Thus, 
integration of personalized algorithms guided 
by volumetric parameters into the management 
of severe shock and acute respiratory distress 
syndrome would open up new horizons for the 
improvement of clinical outcomes and warrants 
further studies.

Keynotes

• The key target of volumetric monitoring 
is an accurate and versatile assessment 
of preload, heart function, and lung fluid 
balance.

• Volumetric monitoring can signifi-
cantly improve our understanding of 
the kinetics of fluids used for resusci-
tation in the most severely ill ICU 
patients.

• In clinical practice, volumetric monitor-
ing is interrelated with the real-time 
measurement of stroke volume and pre-
diction of fluid responsiveness.

• The optimization of preload under the 
tight control of extravascular lung 
water may improve the safety of the 
phase management of shock and facili-
tate the personalization of hemody-
namic therapy.

• Further studies are needed to investigate 
treatment protocols based on volumetric 
parameters.

Table 12.3 (continued)

Condition Etiology Change in volumetric parameters
Pulmonary 
edema/ARDS

Direct and indirect causes 
of ARDS (pneumonia, 
sepsis, shock, pancreatitis, 
etc.)

Increased EVLWI (usually above 10 mL/kg) and PVPI (usually 
above 2.5–3.0). Low-to normal GEDVI during the early phase. 
Despite fluid responsiveness, attempts to increase the GEDVI by 
giving fluids lead to a rise in the EVLWI, therefore posing the 
question of a “permissive” hypovolemia

Distributive 
shock

Mostly sepsis Increased EVLWI (sometimes even without ARDS criteria), 
normal-to- increased CO (hyperdynamic state), varying GEDVI 
(usually decreased during a capillary leak). Normal GEF and CFI do 
not exclude diastolic heart dysfunction

CO cardiac output, GEDVI global end-diastolic volume index, EVLWI extravascular lung water index, PVPI pulmonary 
vascular permeability index, CFI cardiac function index, GEF global ejection fraction, PEEP positive end- expiratory 
pressure, ARDS acute respiratory distress syndrome

12 Volumetric Parameters: A Physiological Background
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