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The benefit of any hemodynamic monitoring technique is to provide reliable
and reproducible information on the cardiocirculatory status of a patient in
shock. The collected values will enable the intensivist to understand the
hemodynamic conditions of the patient and to make more informed treatment
decisions to optimize the hemodynamic status and improve the prognosis of
the patient. Hemodynamic monitoring is required to assess systemic and
regional tissue perfusion as the correction of circulatory instability and tissue
hypoperfusion is essential to prevent the occurrence of multiple organ failure.
Resuscitation is characterized by a very close temporal relationship between
monitoring, decision-making, and treatment. Indeed, making prompt, appro-
priate management and diagnostic and therapeutic decisions in cases of
hemodynamic instability reduces mortality of critically ill patients [1].

To make treatment decisions, the intensivist has an arsenal of monitoring
devices. However, before using a device, it is imperative that the intensivist
has sound knowledge of the pathophysiology of shock states to identify the
parameters that he/she wants to monitor. Therefore, knowing the different
hemodynamic monitoring parameters is important [2]. For instance, it is now
established and accepted by clinicians that fluid responsiveness is determined
by monitoring dynamic indices, not static indices [3]. In addition, it is becom-
ing increasingly common for mechanically ventilated critically ill patients to
not be curarized. This condition requires clinicians to adapt their practice and
to use other tactics to help assess the volume status of their patients. This is
particularly true with the passive leg raising maneuver [4]. However, the issue
at hand is the overall choice of monitoring technique. In the 1970s, the only
advanced hemodynamic monitoring option was the pulmonary artery cathe-
ter. The use of the pulmonary artery catheter (PAC) has been challenged in
recent years, and there has been debate regarding its impact on patient sur-
vival. Conflicting results have been published [5], though the widely varying
conclusions are due to patient selection, incomplete information, and differ-
ences in specific treatment protocols (or lack thereof) [6]. In light of this and
by following the developments in the industry, clinicians are now in favor of
using less-invasive monitoring techniques. During the past few years, differ-
ent techniques have been made commercially available. These devices are
diverse in concept, design, and functionality but have more or less been
shown to be reliable in clinical practice. Moreover, relative to the PAC, these
devices are more easily handled, which could lead to their adoption and early
application for use in large populations of at-risk patients or in patients with
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hemodynamic instability. However, for everyday use in clinical practice, the
diversity of minimally invasive hemodynamic monitoring requires knowledge
of a number of different techniques, their operating concepts, their settings,
and their respective clinical validity.

In the first part of the present book, we present the hemodynamic
monitoring parameters available to the clinician and their pathophysiological
importance. For instance, blood pressure is the basic parameter, but measur-
ing the arterial tone is sometime also necessary [7]. Additionally, measuring
the intravascular pressure [8], the cardiac output, and their derived parame-
ters is essential to determine and manage a balance between oxygen supply
and consumption [9]. In this regard, we review techniques for cardiac output
measurements based on pulmonary thermodilution [10], transpulmonary
thermodilution [11, 12], echocardiography [13, 14], and Doppler techniques
[15]. We discuss the techniques based on calibrated and non-calibrated pulse
contour analysis [16] and their limitations. Finally, we discuss the dynamic
indices of fluid responsiveness and their clinical applications and issues
[17-22].

Geneva, Switzerland Raphael Giraud
Karim Bendjelid
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The management of a critically ill patient in shock requires the monitoring of
physiological parameters of the cardiovascular system. The goal is to detect
physiological anomalies and to provide the clinician with information to
make diagnoses and define treatment strategies. However, if the use of moni-
toring techniques is not evaluated or validated, the type of monitoring used
and the high degree of invasiveness of such techniques may present issues.

Acute circulatory failure is a common condition in intensive care and is
clinically significant, affecting the prognosis of patients. Cardiogenic shock
is related principally to myocardial infarction, with a 30-50 % mortality rate.
The mortality rate of septic shock patients is 20-40 %, and the management
of these patients requires the use of hemodynamic monitoring. Clinicians
must be alerted by a low cardiac output, which is difficult to detect based
solely on clinical arguments. Data from the literature showing that clinicians
were unable to identify more than 50 % of states of shock based only on clini-
cal observations [1]. Moreover, the persistence of low CO can lead to multi-
ple organ failure.

From a physiological point of view, cardiovascular monitoring can be
divided into two categories: monitoring of the macrocirculation and of the
microcirculation.

For each monitoring technique, knowledge of the method, measurement
technique, and their characteristics is essential. As is the case for all assays,
each technique should have an associated accuracy, which corresponds to the
approximation of a measure compared with a reference sample, and a preci-
sion that matches the variability of several measurements. For instance, the
measurement of cardiac output by the classical right heart thermodilution has
a coefficient of variation of approximately 12 %. However, the reliability of
the present measurements can be altered by tricuspid insufficiency, intracar-
diac shunts, or congenital heart disease.

Over the past decade, the results of randomized studies showed no
improved mortality rates for ICU patients fitted with pulmonary artery cath-
eters. Patient monitoring was greatly reduced, and less invasive techniques
were used. During this period, echocardiography became an increasingly
popular tool for static measurements for cardiologists in intensive care units.
This was also an opportunity for the industry to develop a range of “noninva-
sive” measuring devices that allowed the clinician to obtain parameters such
as pulse heart that were typically traditionally assessed with “invasive”
techniques.

xvii
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However, as no monitoring method has been shown to be responsible for
morbidity, it seems unreasonable to disregard the assistance provided by such
tools for both diagnosing and monitoring patients in critical situations.
Unfortunately, since clinical and paraclinical parameters are commonly
insufficient for identifying the nature of cardiovascular disorders in complex
situations such as circulatory failure, important informations may be missed
if substantial further monitoring is not conducted.

Currently, in the intensive care, there are no ideal hemodynamic monitor-
ing methods that can provide accurate, reproducible, reliable, and noninva-
sive information on all parameters of the cardiovascular system. The ideal
tool should provide information to the clinician to determine appropriate
adjustments to resuscitation treatments such as volume expansion and ino-
trope or vasopressor use, which would ultimately correct circulatory disor-
ders and improve patient health.

In the absence of this ideal tool, a multitude of cardiovascular exploration
techniques are available for the intensivist.

Reference

1. Chioléro R, Revelly JP (2003) Concept de monitorage hémodynamique en soins inten-
sifs. Rev Med Suisse 538(2462)
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During shock, a very common clinical situation
in the ICU, the measurement of systemic blood
pressure is an essential component of the diagno-
sis, severity, therapeutic management, and patient
monitoring. This measurement is one of the first
variables monitored by clinicians. Blood pressure
is a controlled variable of the cardiovascular sys-
tem, and hypotension indicates a significant dis-
ruption of homeostasis.

Blood pressure values help to provide quanti-
tative informations. In fact, these numbers are
compared with the threshold values that define a
shock state, permitting a positive diagnosis.
However, blood pressure must be interpreted
based on the comorbidities in each individual
patient (e.g., age, hypertension, heart failure,
diabetes, and standard treatments). The blood
pressure figures have predictive values and repre-
sent a therapeutic target in the treatment of shock.
Blood pressure also provides qualitative informa-
tions. Indeed, with the measurement of cardiac
output and CVP, it can be used to calculate the
peripheral vascular resistance, allowing a differ-
ential diagnosis of shock from all these
determinants.

Blood pressure comprises four components:
systolic blood pressure, diastolic blood pressure,
mean blood pressure, and pulse pressure. The
combined study of these four elements is used to
define a hemodynamic profile. In addition, the
shape of the blood pressure curve can aid in the
diagnoses of certain diseases. For instance, when
studying the respiratory variations in pulse

© Springer International Publishing Switzerland 2016

pressure (APP) in patients with a regular heart-
beat who are placed on controlled mechanical
ventilation and have a tidal volume greater than
8 ml/kg, the fluid responsiveness can be predicted
if the PPV is greater than 13 % [1]. These patients,
called “responders,” are able to increase their car-
diac output by over 15 % after intravenous fluid
infusion.

Blood Pressure
Measurement

1.1

The measurement of blood pressure can be car-
ried out invasively or noninvasively.

1.1.1 Noninvasive Measurement
Intra-arterial pressure is indirectly measured
when an “occlusive” methods measure
intermittent local flow changes caused by the
pressure against an inflated cuff. These changes
include auscultatory changes, as detected by a
sphygmomanometer or by the transmission of
small oscillations to the cuff via the “oscillo-
metric” method. “Nonocclusive” methods mea-
sure the continuous intra-arterial pressure
transmitted in the perivascular region of a
slightly flattened artery through the “tonome-
try” method or the contra-pressure necessary to
maintain a constant volume of the digital arter-
ies by photoplethysmography.

R. Giraud, K. Bendjelid, Hemodynamic Monitoring in the ICU, DOI 10.1007/978-3-319-29430-8_1



1 Blood Pressure

The noninvasive reference measurement of
blood pressure was once performed using a mer-
cury sphygmomanometer with the auscultation
method (Figs. 1.1 and 1.2).

Mercury sphygmomanometers were phased
out due to environmental concerns. Currently, a
cuff placed preferably on the brachial artery is
inflated to a pressure above the systolic pressure.
The cuff is then deflated slowly. The appearance
[2] and disappearance [3] of Korotkoff sounds
(turbulent flow) correspond to the SBP and the
DBP, respectively. The auscultatory method is
preferred over the palpation method, which only
measures the SBP (Fig. 1.3).

This method is difficult to use in the ICU,
especially during emergency situations. The fact
that this method is manual means that it does not

Fig. 1.1 Mercury column sphygmomanometer

allow for the automatic monitoring of blood pres-
sure. In addition, SBP measurement is dependent
on the local blood flow of a pulsating turbulent
flow, which is responsible for the sounds heard in
phase L It is therefore highly dependent on the
distal vasomotor tone. Therefore, auscultation is
difficult or impossible to measure, especially
during severe hypotension or shock state. Finally,
increased arterial stiffness, as is observed in the
elderly or in patients suffering from atherosclero-
sis, may also cause the brachial artery to be less
compressible and can alter the transmission of
Korotkoff sounds. This leads to the underestima-
tion of SBP measured by a sphygmomanometer
and the overestimation of DBP.

The “oscillometric” method measures small
oscillations of the backpressure induced in a
vessel when an occlusive cuff deflates according
to a commercially protected algorithm. This
corresponds to the transmission of the arterial
pulsation when the flow is restored. Gradually, as
the cuff deflates, these oscillations pass through a
maximum and then decrease and disappear.
Devices that use this method measure only the
MAP (and calculate SBP and DBP) as the

Fig. 1.2 Blood pressure cuff



1.1 Blood Pressure Measurement

CP > SP
Absence of sound

Occur;ence of sounds

[ J
L

Arterial pressure (mmHg)

R L

SP>CP >DP
The sounds increase in intensity and then fade

Cuff Pressure (mmHg)

CP=DP
Disappearanqe of sounds

SP: Systolic Pressure
DP: Diastolic Pressure
CP: Cuff Pressure

Fig. 1.3 Principle of noninvasive blood pressure mea-
surement with the use of a sphygmomanometer and
stethoscope. First, the cuff pressure (CP) is increased
higher than systolic pressure to block blood flow in the
arm. Then, the cuff pressure is gradually decreased until
the blood pressure is at a sufficient level to enable blood to

contra-pressure corresponding to the maximal
oscillations.

The method of “digital photoplethysmogra-
phy” measures cyclical fluctuations in blood flow
that enters and leaves the finger, preferably the
index finger, and provides values corresponding
to the finger blood volume. This method is based
on the transmission of light through the finger.
A diode emits infrared light to measure the digi-
tal volume. It is connected to a system that
assigns this volume to a pressure required to
maintain the digital volume and a constant arte-
rial volume. This technique is known as the “vol-
ume-clamp” and allows the continuous
monitoring of beat-to-beat blood pressure [4].

Tonometry is a method that has been used for
decades by ophthalmologists to measure intraocu-
lar pressure. Recently, it has been developed to
measure pressure in superficial arteries, prefera-
bly the radial artery. This method involves apply-
ing a slight pressure with a pressure transducer
formed by a piezoresistive crystal on the skin over
the radial artery. By overcoming the extramural

pass through the artery. This is the systolic pressure. The
cuff pressure is continually decreased to a value at which
there is no obstacle in the arterial flow (laminar flow),
even in diastole. This is the diastolic pressure. This dia-
gram shows the relationship between blood pressure, cuff
pressure, and sounds of the artery

pressure, this method allows the intramural pres-
sure transmitted to the sensor to be continuously
measured. The calibration of the radial signal is
performed assuming that the MAP and DBP are
identical between the brachial and radial arteries.
The central aortic pressure curve can then be
reconstructed using a transfer function and vali-
dated in a large population of patients. This
method could more precisely quantify the pulsa-
tile component of the afterload of the left ventricle
at the central aortic level [5]. Although validated
in stable patients under general anesthesia [3], the
relevance of this technique in patients in shock
[6-8] remains to be demonstrated.

1.1.2 Invasive Blood Pressure

Measurement

Invasive AP measurement is preferred in all
cases where the reliability of the noninvasive
measurement is questionable, for both its bad
precision (e.g., arrhythmias and extremes of



hypo- or hypertension, as technical difficulties
in obese trauma) and the lack of continuous
measurements when sudden changes are
expected, especially when patients are receiv-
ing vasoactive drugs, positive inotropic, and/or
intravenous antihypertensive  treatments.
Invasive blood pressure measurements avoid
distortions from over- or underestimations of
AP (mainly at the expense of SBP and DBP val-
ues), which are dependent on the characteristics
of the hydraulic system, representing the
“weakest” point of the measurement chain.
Currently, preassembled systems with an elec-
trical pressure transducer are available for clin-
ical use. These disposable blood pressure
transducer systems deliver vital accuracy in
invasive blood pressure measurement with low-
est possibility of zero drift. A careful purge of
the circuit is necessary to avoid signal interfer-
ence due to bubbles in the circuit. Thus, MAP is
a precise parameter that is directly measured
from the area under the blood pressure curve
over time and is used in cases of arrhythmia,
with measurement errors of generally less than
2 %. In elective situations, in a patient with an
SBP >80 mmHg, the preferred puncture site is
the radial artery (Fig. 1.4).

Using an Allen test is recommended to
assess the presence and condition of the collat-
eral network [9]. In the case of shock or emer-
gency conditions, the femoral artery is often

Aterial catheter

Pressure transducer

Fig. 1.4 Arterial
catheterization
measuring principle. The
arterial catheter is
connected via a pressure
tube to a pressure sensor,
which is connected to a
monitor

1 Blood Pressure

preferred. Brachial and dorsalis pedis arteries
may be used as alternatives. Teflon or polyure-
thane catheters with a maximum diameter of
five French for the femoral artery or three
French for the radial artery are recommended.
Using a purge system for a continuous flow of
2 ml/h, with the possibility of achieving an
intermittent manual purge, is also recom-
mended. The addition of heparin showed no
benefit [10]. The most feared complication of
arterial catheterization is arterial thrombosis
[11]. The prevention of thrombosis is depen-
dent on the choice of material, implementation
of the Allen test, size of the catheter, and dura-
tion of catheterization. Another severe compli-
cation is infection [12]. The application of
aseptic measures equivalent to those required
for the establishment and use of central venous
lines ensures its prevention [13].

Arterial catheterization is the reference and
gold standard technique for beat-by-beat arterial
blood pressure measurements. Significant intrain-
dividual differences were reported compared with
noninvasive techniques [14,15]. However, in the
context of emergencies and particularly in prehos-
pital care, noninvasive methods have been shown
to be the only usable option despite their relative
unreliability, especially in the case of hypotension
[16]. Arterial catheterization provides beat-by-beat
information on blood pressure values (i.e., SBP,
DBP, MAP, and PP) and also enables visualization

Pressure bag

Momtor

Sallne fllied non-

compressible tubing



1.2 Mean Arterial Pressure

/ Systolic pressure

Mean pressure

/ Diastolic pressure

—

Pulse
. pressure

Arterial Pressure (mmHg)

Time
Heart cycle

Fig. 1.5 Blood pressure curve

of the blood pressure curve (Fig. 1.5). These two
elements are the basis of hemodynamic monitor-
ing practices in the ICU [17].

1.2 Mean Arterial Pressure

1.2.1 Definition, Calculation,
and Normal Values

MAP is the pressure that ensures blood flow in
case where we don’t take in account the pulsatil-
ity [18]. Thus, it corresponds to the pressure that
provides organ perfusion, except that of the left
ventricle, which is perfused by the left coronary
artery principally in diastole. MAP is calculated
by measuring the area under the blood pressure
curve and dividing that value by the cardiac cycle
duration (over time). ICU monitoring devices
typically average blood pressure values over sev-
eral seconds.

When a sphygmomanometer and stethoscope
are used to measure arterial blood pressure, MAP
can be estimated by the formula:

2xDBP +1xSBP
3

If the oscillometric method is used, the measured
value is really the MAP and the systolic and dia-
stolic components are mathematically derivated
by protected algorithms (patents). From a physi-
ological point of view, whatever the localization
of the measurement (i.e., brachial, radial, femo-
ral, and carotid arteries), MAP is considered con-
stant [5,19,20]. MAP, like all intravascular

MAP =

pressures, is related to atmospheric pressure
(760 mmHg). The zero reference is made at the
level of the heart.

1.2.2 Pressure, Flow Resistance

Blood flow is driven by the difference in total
energy between two points. Although pressure is
normally considered as the driving force for
blood flow, in reality, it is the total energy that
drives flow between two points. In this regard, the
study of non-pulsatile flow at a constant rate is
based on resistance [21]. When balanced, MAP is
the pressure that theoretically provides the same
cardiac output in continuous mode (i.e., not
pulsed) according to the relationship:

(MAP —MSP)—(RAP—MSP) =SVRxCO

which means that MAP—RAP =SVRxCO,
where MSP is the mean systemic filling pressure,
i.e., the theoretical pressure present throughout
the circulatory system when the blood flow is
zero, RAP is the right atrial pressure, SVR is the
systemic vascular resistance, and CO is the car-
diac output. The present driving pressure gradient
is analogous with the potential U difference across
a circuit comprising a resistor R and a current /
and governed by Ohm’s law (i.e., U = Rx[1).

In shock, treatments that are administered to
enhance MAP increase the cardiac output (i.e.,
volume replacement, positive inotropic) or vas-
cular resistance (vasopressor). Mean systemic
filling pressure (MSP), though often miscon-
cepted with mean circulatory filing pressure
(MCFP) and often comparable in value, is differ-
ent. MSP represents the pressure generated by
elastic recoil in the systemic circulation during a
no-flow state. MSP is not measurable in clinical
practice but can be observed during the death of a
patient, seconds after cardiac arrest.

Hence,

(MAP -RAP)=SVR xCO

Thus, MAP is determined by CO, SVR, and RAP
according to the relationship:

MAP =(COxSVR)+RAP



Often, only the systemic vascular resistances
(also called total peripheral resistances) are
calculated:

SVR = MAP
Cco

and RAP is neglected when the present value is
low (<5 mmHg). However, the SVR has no
straightforward physiological significance either
at rest or during dynamic maneuvers [22].

1.2.3 Blood Viscosity, Resistance
Vessels

SVR is not a measured variable but rather is cal-
culated from the measured values of MAP, RAP,
and CO. However, SVR is not simply a theoreti-
cal value. The quantity that characterizes the dif-
ficulty of a fluid to flow is its viscosity. As part of
the laminar system in which inertial forces are
neglected, Poiseuille’s law can be applied to the
systemic circulation to characterize the present
difficulty:

8nL

4
nr

SVR =

where 7 is the blood viscosity, L is the length of
the functional vascular network, and r is the
radius of the functional systemic vessels. The
level of resistance in vessels, i.e., the contrac-
tion or relaxation of smooth muscle cells (linked
to mechanical stimuli or mediated by endothe-
lial function), is small relative to decreases or
increases in the functional radius r. Systemic
vascular resistances are inversely proportional
to the fourth power of the functional radius r;
this results in a significant increase or decrease
in the resistance. Along the arterial tree, the
largest average pressure drop is observed at the
arterioles and capillaries (resistance vessels).
The aorta and its branches and some smaller
arteries (in particular, brachial and radial arter-
ies) have very low resistances. The measured
MAP values in the upper and lower limbs are
accurate representations of the central aortic
MAP [23].

1 Blood Pressure
1.2.4 Information Provided by MAP
and Changes in MAP

MAP is closely related to CO, resistivity, and
mean systemic pressure by the equation:
MAP = (COXSVR)+RAP.

Notably,

¢ SVR is not measured but is calculated from
MAP, RAP, and CO:

SVR = (MAP ~RAP)/CO

* In patients with shock, especially in the case
of right heart failure, tamponade, or fluid infu-
sion maneuvers, RAP may play a major role in
this equation.

The self-regulation of MAP is a key element
of the cardiovascular system [18]. In physiol-
ogy, a sharp decrease in MAP is normally offset
by sympathetic stimulation, leading to reflex
tachycardia, increased stroke volume (due to a
positive inotropic effect and increase in preload
related to venoconstriction) and systemic arte-
rial vasoconstriction. In patients experiencing
septic shock or vasoplegia, these compensatory
mechanisms are often outdated or defective.
Therefore, a fall in the MAP may be caused by
a decrease in the cardiac output that is
insufficiently offset by reflex sympathetic
vasoconstriction or a disproportionate decrease
in SVR due to vasodilatation. Accordingly, it is
essential for these patients to be monitored for
cardiac output to precisely determine the
properties responsible for decreases in blood
pressure [22].

MAP is often regarded as a related and con-
trolled variable of the cardiovascular system with
several determinants. It is determined by various
regulatory mechanisms, including baroreflex.
This reflex is initiated by mechanoreceptors sen-
sitive to deformation. These receptors called
“baroreceptors” are located in the walls of large
systemic arteries. High-pressure baroreceptors
are located in the carotid sinus, aortic arch, and
right atrium; low-pressure baroreceptors are
located in the pulmonary vessels. The neurons
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constituting these baroreceptors have relays in
the nucleus of the solitary tract located in the
medulla. The pulses from the carotid barorecep-
tors are not detected if the MAP is below
60 mmHg. They gradually appear with increas-
ing blood pressure to a maximum of 180 mmHg.
When activating the baroreceptors, the integra-
tion of signals at the nucleus of the solitary tract
leads to both the inhibition of the sympathetic
neurons located in the rostral ventrolateral
medulla and the excitement of the cardiac vagal
neurons located in the ambiguous nucleus and
the dorsal vagal nucleus. The vasomotor center
manages the efferent signal to the heart and blood
vessels and thus influences the vascular-cardiac
coupling. The baroreflex response is opposite
that of blood pressure [24].

MAP values in the large arteries are often sta-
ble; accordingly, the MAP is considered the per-
fusion pressure in most vital organs. When the
MAP falls below the lower limit of the autoregu-
lation plateau, regional blood flow becomes lin-
early dependent on the MAP [25]. The lower
limit of the self-regulating plate is 60—70 mmHg.
These limits vary with the cardiovascular history
of each patient, the considered organ, the pathol-
ogy, the metabolic activity, and the use of
vasodilators.

The autoregulation of organ blood flow, which
is the tendency for organ blood flow to remain
constant despite changes in the arterial perfusion
pressure, is a ubiquitous phenomenon. Four
mechanisms of autoregulation, myogenic, meta-
bolic, tissue pressure, and tubuloglomerular feed-
back, have been recognized as potentially
important, whereas a fifth possible mechanism,
local neural control, has been noted but given
little credence. Over the years, substantial evi-
dences have been obtained in support of the met-
abolic, myogenic, and tubuloglomerular feedback
mechanisms of blood flow autoregulation. The
relative contribution of the metabolic and myo-
genic mechanisms varies considerably among
vascular beds as well as among few tissues; usu-
ally, a single mechanism is apparently responsi-
ble for autoregulation. For organs in which both
mechanisms are present, we do not have a good

understanding of their relative importance.
Moreover, the contribution of each mechanism
may vary according to the metabolic activity of
the tissue and experimental conditions of the
study. The metabolic or flow-dependent mecha-
nism of blood flow autoregulation appears to
depend on tissue oxygen levels, probably acting
through alterations in tissue metabolism.
However, a direct effect of oxygen on the resis-
tance vessels cannot be excluded. The heteroge-
neous nature of tissue PO, distribution suggests
that areas of low oxygen tension may act as main
position of flow regulation by producing vasodi-
lator substances as oxygen delivery falls. The
identity of specific chemical mediators produced
in such hypothesized areas remains to be deter-
mined [25].

Hypotension is defined when the MAP
<60 mmHg [26]. In patients with a history of
hypertension, a decrease in the MAP of more
than 40 mmHg is considered hypotension, even
though the pressure is above 60 mmHg. However,
there is no minimal MAP that ensures an ade-
quate perfusion of all organs since the critical
value of the MAP is different for each organ.
Therefore, there are only recommendations,
especially in septic shock, in which the target
minimum MAP is 65 mmHg to prevent organ
hypoperfusion [27]. These recommendations are
based on clinical studies that have shown that
MAP >65 mmHg do not improve organ perfusion
or tissue oxygenation [27]. However, the elderly
or hypertensive patients do require higher MAP
levels.

1.3 The Pulse Pressure

1.3.1 Definition of Capacitance
Vessels

The proximal portions of the arterial system
(i.e., the aorta and its first divisions) are rich in
elastin and are thus “elastic” [21]. Indeed, these
vessels have the ability to cushion cardiac
ejections by absorbing part of the systolic ejection
volume and eventually restoring the volume



during diastole (Windkessel phenomenon). This
provides the distal edge network with continuous
blood flow. The primary utility of this operation
is consuming less energy than if it had to contain
the arterial vessels without completely absorbing
the stroke volume.

1.3.2 Pulse Wave Velocity
and Concept of Reflected
Waves

The impact of heart beat and stroke volume on
the arterial vasculature is perceptible as a pulse
wave. The pulse wave observed in arterial
compliance-resistance depends on both the inci-
dent wave and the reflected wave. The pulse wave
velocity is inversely proportional to the arterial
compliance. The pressure increase is dependent
on the compliance (C) so that C = dV/dP, as
shown in a few studies [28,29]. The blood pres-
sure level is directly related to the physical prop-
erties of the arterial tree. The interactions between
blood pressure (SBP, DBP, MAP, and PP), the
function of the left ventricle (LV), and peripheral
resistance have long been unclear. The Windkessel
model [30] attempted to represent these interac-
tions. However, this model was limited. Studies
have shown that another model using pulse wave
propagation was more suitable.

—>

1 Blood Pressure

The Windkessel model was originated in 1899
[30]. This was a physical model used to express
the changes in blood pressure, cardiac output,
peripheral vascular resistance, and arterial com-
pliance over time:

dP(r)/dr = 1) _Pl)
C RC

where P(¢) is the change in blood pressure, I(7)
is the flow that corresponds (with reference to
an electrical system) to the intensity of the cur-
rent and thus to the CO, dP is the potential dif-
ference of the circuit, R is the SVR, and C is the
arterial compliance. This model was inspired by
an electrical system with a generator (i.e., the
heart), a resistor (i.e., peripheral resistance), and
a capacitor (i.e., arterial compliance). The blood
pressure corresponds to the circuit voltage
(potential difference), and the cardiac output
corresponds to the current intensity. During sys-
tole, the compliant arterial system absorbs some
of the blood volume ejected by the LV. The
stroke volume is then returned during diastole
so that the pulse wave is dampened along the
arterial tree and the overall flow is constant.
This model accredits the arterial system a blood
pressure damping function and a blood flow
transfer function (Fig. 1.6).

However, this model has a number of
limitations [31]. First, it does not explain the
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Fig. 1.6 Three-element Windkessel model. R represents
resistors (where R, is the resistance due to the aortic
valves and R, is the peripheral resistance), P(f) is the
blood pressure variation, C is the vascular compliance, / is

I

hy

the current intensity, /() is the flow from the pump as a
function of time, I, is the current in the middle branch of
the circuit, and /; is the current in the right branch of the
circuit
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pressure amplification phenomenon. Second, the
propagation of the pulse wave velocity (PWV) is
not taken into account. As the PWV is dependent
on the compliance of the considered arterial seg-
ment, there is a direct relationship between the
arterial compliance and PWYV, which can be
described according to Bramwell and Hill’s equa-
tion [32]:

vV dpP

pdV

PWV =

where p corresponds to the density of the blood,
dP/dV is the compliance, and V is the volume.

1.3.3 The Current Model

Based on these findings and aimed to explain
the integrative function of cardiac and arterial
functions, a more realistic model was formu-
lated that incorporates the propagation of the
pulse wave throughout the arterial tree [31].
Indeed, the interaction between the LV, periph-
eral resistance, and arterial compliance involves
studying the shape and the propagation velocity
of the wave. The current model can better
explain the changes observed along the arterial
tree as a pressure amplification phenomenon,
especially in aging, hypertension, and heart fail-
ure or during the use of vasodilators. The pulse
wave generated by the LV is transferred to the
elastic proximal aorta. The incident wave is
reflected at arterial bifurcations so that the wave
reflections are added to the incident wave (merg-
ing phenomenon). The reflected wave returns
earlier or later, depending on the reflected dis-
tance and the pulse wave velocity (which
depends from the compliance of the vascular
system) [29,31,33]. During episodes of vaso-
constriction, the reflection sites are close to the
central point of emission. There is not only one
single reflected wave. Several small waves occur
and coalesce into a “reverse” wave [31]. Thus,
the pulse wave varies and is dependent on all
phenomena affecting vascular compliance, i.e.,
the patient age, the blood pressure measurement
site, and the patient status (i.e., hypertension
and heart failure).

In young subjects, the central pulse wave has
an early systolic peak and low amplitude
(Fig. 1.7a). The reflection waves rebound (arrow)
before another wave is propagated and continues
after diastole. The reflection waves gradually
decay over time.

In the elderly, the central pulse wave
(Fig. 1.7b) has larger and later peak systolic
amplitudes and later and earlier return waves
(due to decreased vessel compliance). A superpo-
sition of the systolic peak and return waves is
responsible for the peak amplitude. The lack of
influence of the return wave after closing the sig-
moid is responsible for a higher diastolic decay.
The pressure (i.e., the difference between the
peak and the first shoulder) gradually increases
with age (high value of pulse pressure).

A difference exists between the distal (femo-
ral) and central pressures (aorta). Indeed, the cen-
tral artery systolic pressure is lower than the
pressure of the peripheral arteries. The change of
the wall structure (central arteries are elastic and
more muscular) accounts for the decreasing dis-
tensibility of the arteries from the center to the
periphery. Increasing the PWV and reflection
sites accounts for the earlier peak incident pres-
sure and returning waves. The measured periph-
eral blood pressure is greater than the brachial
pressure, which is itself higher than the central
pressure. The brachial pressure is not a good sub-
stitute measurement for central pressure, espe-
cially in young patients.

In patients suffering from hypertension, there
is a change in the shape of the pulse wave, as
observed in the elderly and explained by the same
phenomena. There is a greater arterial stiffness
and an increased PWV due to an increased
peripheral resistance with a greater early return
waves in the cycle (Fig. 1.7¢)

Finally, in patients with a low CO, there are
two peaks in the pulse wave. The return waves
occur after closure of the sigmoid cusps due to a
shortening of the left ventricular ejection time.
Therefore, the first peak corresponds to the sys-
tolic peak of the left ventricle, and the second
peak corresponds to a diastolic peak generated by
the return waves. Premature sigmoid cusp clo-
sures in these patients may be explained by this
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phenomenon involving the return wave. During
the administration of vasodilators, the amplitude
and the early return waves increase the ejection
time and the cardiac output [31,34].

1.3.4 The Aortic Pulse Pressure

The PP is the difference between the systolic and
diastolic blood pressure. Its value, measured at a
determined location in the arterial system, is a
function of the ejected blood volume and the
artery elasticity [21]. PP determination considers
periodic flows involving concepts that are similar
to impedance and circuits. In the simplest model,
in the proximal part of the aorta, the system is
similar to that of a two-element air tank: the two-
element Windkessel model, which comprises a
capacitive element corresponding to the total
arterial compliance C that is added in parallel to
the SVR. The decrease in blood pressure during
diastole has a monoexponential character that

(1]

can be expressed by its arterial time constant
(Tau) as follows:

Tau =SVR xC

This model can be applied to the most proximal
part of the ascending aorta. Thus, it is possible to
estimate the arterial compliance with this simpli-

fied approach based on the two-element
Windkessel model [21]:
oSV
Aortic PP

More complex models involving the proximal
aortic elasticity such as the “characteristic imped-
ance” and reflection wave models exist [35].

1.3.5 Peripheral Pulse Pressure

Peripheral PP is not closely related to the
MAP and is even less related to the SVR. It
reflects the pulsatile component of blood
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pressure and is primarily dependent on arterial
stiffness (1/compliance which equals elas-
tance) and SV. A study performed in ICU
patients showed that peripheral PP was pri-
marily due to SV and the total arterial compli-
ance C, as measured by arterial tonometry
[36]. Thus, it is possible to interpret the PP
respiratory variations in patients under
mechanical positive pressure ventilation to
estimate the preload dependency [1,37].
Increased arterial stiffness in elderly patients
results, for a same stroke volume, to an
increase in the PP associated with higher SBP
and lower DBP. Therefore, a low PP observed
in an elderly patient is likely due to an impaired
SV. Indeed, arterial stiffness in these patients
is assumed to be high [38]. Finally, the con-
tinuous monitoring of PP in the ICU can indi-
rectly follow SV variations [39].

1.4  Diastolic Blood Pressure

It is commonly accepted by clinicians that vascu-
lar tone is the main determinant of DBP. A
decrease in the vascular tone (e.g., consecutive to
a vasoplegic state) will result in a decrease in
DBP. In the absence of severe aortic regurgita-
tion, DBP is dependent on the diastolic period
and the period of decreasing blood pressure,
which is in turn dependent on the compliance and
resistance of blood according to the equation:

Tau =SVR xC

With each heartbeat, an increased diastolic
time will result in a lower DBP, and conversely,
a decrease in diastolic time will result in a
higher DBP. Similarly, a shorter decay time
(Tau) will result in a decrease in DBP, and con-
versely, DBP will be higher if Tau increases. In
the case of vasoplegia or arterial compliance
disturbance associated with increased arterial
stiffness, Tau will be shorter. Therefore, for a
given level of MAP and/or SVR, an increased
arterial stiffness is associated with a lower
DBP; additionally, increased arterial stiffness
decreases DBP twice as much unless SBP is
increased.

1.5  Systolic Blood Pressure

The total arterial compliance and characteristics
of the left ventricular ejection fraction are
regarded by clinicians as the main determinants
of SBP. However, as for DBP, the physiological
and pathological realities cannot be so easily
described [20]. In fact, for a given level of MAP
or SVR, a high SBP will be observed in the case
of increased arterial stiffness, and the increased
SBP observed will be twice as large as the con-
comitant decrease in DBP. Similarly, for a given
level of MAP or SVR, decreased arterial stiffness
in relation to improved compliance will be asso-
ciated with a lower SBP, and SBP decreases twice
as much as the concomitant increase in
DBP. Acute alterations of the elastic properties of
large arteries causing acute changes in arterial
compliance have been studied, especially during
shock.
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2.1 Method of Measuring
Cardiac Output
with the Pulmonary Artery

Catheter

The classical pulmonary artery catheter, also called
the Swan-Ganz catheter, is a hemodynamic moni-
toring tool still in use in the ICU. Over the last
15 years, less invasive techniques have been devel-
oped, resulting in reduced use of this catheter. In
addition, a meta-analysis on the influence of this
catheter on the survival of ICU patients showed no
benefit in terms of mortality rates [1, 2]. However,
it is important to understand what information can
be obtained using the present catheter. Here, the
authors present the data that can be obtained
through the pulmonary artery catheter and the
resulting calculations: intravascular pressure, car-
diac output (by the thermodilution technique), and
mixed venous oxygen saturation levels.

2.1.1 Dilution Techniques

of an Indicator

The following equation summarizes the measure-
ment principle:

t
D=m/YC, dt
where @ is the flow rate, m is the mass of the

indicator, C, is the concentration of the indicator
to the output (assuming that the concentration of

© Springer International Publishing Switzerland 2016

t
the indicator to the input is zero), and Zce dr is

the area under the curve corresponding to the
concentration over time (no recirculation). This
is the Stewart-Hamilton principle.

2.1.2 Thermodilution

2.1.2.1 Intermittent Measurement
Using the “Bolus” Technique
This technique relies on the conservation of ther-
mal energy. The method involves injecting a cold
bolus of fluid at the inlet of the core. To correctly
estimate the flow, there must be no loss of indicator
between the injection site and the detection site.
The indicator must also be completely mixed with
the blood. Finally, the temperature variation
between the injectate and the base temperature
must be easily detected. Therefore, testing both the
sensitivity and the precision of the thermistor (to
detect temperature differences of 0.01 °C) is neces-
sary before using a pulmonary artery catheter. This
step, however, is often overlooked in practice.
The main equation is as follows [3]:

_ CIiSiQi(Tb_Z)

9y S, ZATb (t)dt

4

o,

where @, is the blood flow, T, and T; are the
temperatures of the blood and the indicator,
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respectively, Q; is the injected volume of the cold
bolus, ¢ and S represent the specific gravity and
the heat of the injectate and the base temperature
of the blood, and ¢, and ¢, are the injection time
and the end time of integration, respectively,
when the cold liquid passes in front of the detec-
tor. Due to heat transfer at the catheter wall, the
temperature of the injected bolus corresponding
to the intra- and extrathoracic catheter is not uni-
form either during or at the end of the injection.
This can lead to a prolonged thermodilution
curve in the descending portion, leading to a phe-
nomenon called “recirculation.” The descending
part of the curve is often extrapolated from mea-
surement programs according to a monoexpo-
nential pattern, which is acceptable only if the
blood flow is stable and there is no basis for ther-
mal line deflection. Therefore, the equation can
be simplified as follows:
O = Kle(I)l(Tb _71)

b

YAT, (¢)dt+ 4

where K, =®.S.;/q,S,; K, is a constant that
depends on the dead space of the catheter, tem-
perature variations, and the injection rate; ¢ is
the final timepoint; and A is the area under the
curve. A calculation constant (CC) is inserted
either manually or automatically in the calcula-
tion program and is dependent on the type of
catheter (e.g., size, length of intravascular route,
thermal conductivity of the wall), the type of
fluid (e.g., 0.9 % NaCl, K, = 1.10; 5% glucose,
K, = 1.08), the fluid bolus temperature (e.g.,
cold or room temperature), and the injected vol-
ume. No significant differences exist between
the various commercially available computer
programs [4].

In several clinical studies, thermodilution was
compared using the Fick method and the indo-
cyanine green dilution method with very satisfac-
tory results. However, to use this technique for
monitoring the most critically ill patients,
accounting for the measurement variability is
essential. A 22 % variation in the CO is required
to establish a clinically significant change in the
CO with the injection of a single bolus; with the

2 Monitoring of Cardiac Output and Its Derivatives

successive injection of a second bolus, a variation
of 15% is required [5, 6].
Measurement errors are dependent on:

The Method

If the CC is too low, resulting in CO underestima-
tion, then a correction of the calculation constant
is possible using the following formula:

CorrectCO = (CC / CC,

correct incorrect

)incorrect CO

The injection is usually performed through the
proximal lumen of the pulmonary artery.
However, it can also be performed at the right
ventricle using another central catheter or at the
lateral channel of the introducer. The results from
either method are contradictory and are depen-
dent on the injected volume [7]. In fact, the CO
measurement precision appears to decrease when
the injection volume decreases from 10 (cold) to
5 ml (ambient temperature <25 °C) for CO rang-
ing from 4.7 to 7.7 I/min. In this case, the vari-
ability increases due to the decrease in the signal
to noise ratio [7]. In contrast, no differences were
detected for CO <4.7 1/min. Finally, for a CO >
7.7 I/min, the accuracy decreases, and the vari-
ability significantly increases when the injection
volume varies from 10 (cool) to 5 ml (room tem-
perature). Therefore, if the CO is normal or low,
a bolus of 5-10 ml of cold liquid at room tem-
perature may be used interchangeably. However,
if the CO is high and in circumstances where the
signal to noise ratio is particularly low (e.g.,
when the ambient temperature is above 25 °C
such as in the case of hypothermia or significant
respiratory changes), it is essential to use a cold
liquid bolus of 10 ml. Notably, the remainder of
the solution is chilled for 45—60 min at ambient
temperature. In addition, the injection should be
completed within 30 s following preparation of
the solution to avoid warming the cold liquid 64.
The use of an automatic injection method is
likely to avoid warming the liquid, but its use is
not satisfactory in clinical practice. Using a
“closed circuit” technique in combination with a
temperature measurement system at the injection
site, as proposed by the CO-set® system, would
reduce the risk of bacterial contamination. This
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would be required every 24 h. The use of this
technique remains limited because of its cost.

The Clinical Situation

Underestimation of the CO due to recirculation
of the indicator is possible in cases of tricuspid or
pulmonary insufficiency and the existence of a
left-right shunt. However, the CO may also be
overestimated in case of an underestimation of
the area under the curve (loss of the indicator as
in the right-left shunt). In addition, CO variations
may occur in the case of chills, cough, and heart
rhythm disorder induced by cold injections.
These parameters can affect the measurement.
Errors of 15-50% in the CO measurement by
thermodilution are possible if the base tempera-
ture changes by more than 0.05 °C, which can
occur randomly or cyclically or after a cardiopul-
monary bypass [8]. Most calculation programs
used do not account for these variations.
Therefore, the thermodilution curve must be
clearly examined to eliminate CO measurement
values corresponding to aberrant curves. The dis-
persion of CO values is increased during mechan-
ical ventilation [9]. The values vary depending on
the time of the bolus injection [10] and the respi-
ratory frequency [11]. Therefore, although per-
forming the injection at a fixed time during the
respiratory cycle reduces the variability of the
measurement, it does not provide a good CO esti-
mation [10]. Moreover, the increase in respira-
tory rate decreases the variability, yet it can lead
to hemodynamic changes and O, diffusion, caus-
ing difficulty in interpreting the CO [11].
Increasing the number of measurements made for
random breath cycles (>4 injections) or perform-
ing measurements at regular injection intervals (4
injections) is better to reduce the risks (R) of
more than 10% deviations from the reference
value (4 injections at random, R < 20 %; 4 injec-
tions at regular intervals, R=0 %) [3].

In summary, the method for CO measurement
using the classical bolus thermodilution technique
is reliable. However, the user must meet a number
of technical requirements, which are easily over-
looked given the trivialization of the method.
Finally, if the CO varies over time [12], a varia-
tion of 12—15 % between two CO determinations

is considered clinically significant (three mea-
surements per determination) [6].

2.1.2.2 Thermodilution Curves

The typical appearance of a normal curve has
a bottom segment due to the rapid injection of
injectate followed by a smooth curve and a
slightly prolonged return descent to the base-
line. Because this thermodilution curve repre-
sents temperature variation from the highest to
the lowest temperature (blood temperature
decrease) followed by a return to a higher tem-
perature, the “true” curve is in a negative
direction. The area under the curve (Riemann
integral) is inversely proportional to the CO
(Fig. 2.1). In the case of low CO, the return to
baseline is prolonged, resulting in a greater
area under the curve. At a high cardiac output,
the coldest liquid bolus travels faster through
the heart: the temperature then returns quickly
to the base value, resulting in a smaller area
under the curve (Fig. 2.2).

2.1.2.3 Continuous Measurement
Method

A continuous CO measurement technique based
on the principle of thermodilution has been
developed. The indicator used to measure the
CO is a quantity of heat on the order of 7.5 W
and is randomly delivered in the right ventricle
(mixing chamber) by means of a heating fila-
ment. This increases the signal to noise ratio at
the right chamber, thereby improving the accu-
racy of CO measurements. The statistical prop-
erties of the input and output signals are taken

Temperature (°C)

Injection
Recirculation

Time (s)

Fig. 2.1 Temperature curve as a function of time for CO
calculation by pulmonary artery thermodilution. The cal-
culation of the area under the thermodilution curve using
the Stewart-Hamilton formula permits determination of
the CO
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Fig. 2.2 Examples of different pathological and/or incorrect thermodilution curves obtained by pulmonary artery

thermodilution

into account for the stochastic analysis curves.
This is not the case with thermodilution, for
which only the instantaneous values of the tem-
perature signal are taken into account. A pseudo-
random binary code “injected” into the right
ventricle introduces a quantity of heat between
10 and 15 W. Each random sequence corre-
sponds to 15 states that are either open or closed
(Fig. 2.3a). Temperature variations are detected
at the output of the system, i.e., in practice, at the
level of the pulmonary artery (Fig. 2.3b). A
cross-correlation is then performed between the
input and output areas (Fig. 2.3c). The result of
this analysis is then used to construct a thermo-
dilution curve, and the CO is evaluated by mea-
suring the area under the curve.
The formula is as follows [13]:

P(60)/4.180
(NI N +1)peS @, (1) (k)

K=0

F:

where p is the density in g/L (1.05 for blood); AT
is the temperature variation; F'is the flow in l/min;
c is the specific heat, i.e., a binary pseudorandom
code (1 or —1); At is the duration of the status
(open or closed); N is the period of the pseudoran-
dom sequence; P is the heat of the filament (in

N-1
watts); and Y @, ()(k t) is the area under the
K=0

curve obtained by cross-correlation between the
input and output signals.

A Swan-Ganz catheter is connected to a com-
puting device (e.g., Vigilance™, Edwards Life
Sciences, Irvine, California). The “open” state
duration is variable but is present for nearly half
the time. The calculation phase is automatic, with-
out any intervention necessary by the user. No
calibration is required. After initialization and the
start of CO calculations, an initial value appears
after a variable time and is updated every 30-60 s.
The display reflects the CO values from 3 to 6 min
earlier. An unfiltered display mode is possible with
the Vigilance™ calculation program. The fila-
ment, located between 14 and 25 cm from the dis-
tal end of the catheter, should be placed as close as
possible to the pulmonary valve to allow a homo-
geneous mixture of the thermal indicator to mini-
mize any CO calculation errors.

The first comparison study of CO obtained by
continuous thermodilution utilized a conventional
technique wherein a liquid bolus showed an aver-
age difference of 0.02 1/min between the two tech-
niques, with bias from —1.03 to 1.07 I/min [13].
These results are also confirmed by comparison
with the thermodilution method (bolus), the indo-
cyanine green method, and the Fick method
[14-19]. However, the dispersion of the values
around the average is dependent on the study.
A tendency to increase the CO bias exists when
the CO is high [16, 18, 19]. If these results are
explained by an increase of the variability of the
measured CO values according to the conven-
tional liquid bolus method [20], an increase in the
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Fig. 2.3 The CO thermodilution continuous measure-
ment method. (a) Input signal corresponding to two cycles
of a binary pseudorandom code; (b) output signal corre-
sponding to the change in temperature at the level of the
distal pulmonary artery following the “injection” of heat
at the right ventricular level according to the binary code
described in (a); (c) cross-correlation between a and b to
calculate CO by measuring the area under the curve

response time in measurement of the CO by
the continuous thermodilution method must be
considered [16]. No incidents have been pub-
lished regarding the long-term use of this catheter.
Although the size of this catheter is larger than the
standard catheter, its insertion poses no particular

difficulty. Therefore, this method offers several
advantages over the conventional bolus method. It
is independent of the operator and eliminates the
errors associated with variations in volume, tem-
perature, and injection speed. It reduces variations
in the CO due to ventilation (because the auto-
matic reported average considers the entire respi-
ratory cycle) and therisk of bacterial contamination
related to bolus injections. This method does
allow CO evolution to be analyzed over time.

The complex shape of the right ventricle,
which is wound around the left ventricle, makes
the measurement of its surface and volume diffi-
cult via echocardiography. Determining the ejec-
tion fraction is too complex to practically use this
variable for hemodynamic monitoring. However,
analysis of the temperature curve recorded dur-
ing a cardiac cycle permits the fraction of the
remaining volume in the right ventricle after
ejection to be derived. If there is no arrhythmia or
significant tricuspid regurgitation, the monitor
can then deduct the residual temperature and thus
the RV ejection fraction [21]. The RV diastolic
volume can also be calculated by dividing the
stroke volume by the ejection fraction. Compared
with a standard system, this method comprises a
triple proximal injectate port and a rapid-response
thermistor for acquisition every 52 ms. As a low-
pressure pump, the RV is particularly sensitive to
afterload, and obviously, the systolic perfor-
mance decreases when the pulmonary vascular
resistance increases, the normal value of the
RVEEF being approximately 40—50 % [22].

The ventricular end-diastolic volume (EDV)
is a better indicator than the filling pressure of
preload. The correlation between the RVEDV
and the CO is much higher than that with the
CVP or the PAOP [23]. The correlation remains
high in positive-pressure-ventilated patients sub-
jected to PEEP, whereas the CVP and PAOP have
no valid correlation in these situations. A normal
RVEDV is in the range from 60 to 100 ml/m?
A value greater than 120 ml/m? is associated with
RV dilatation [21].

Critics of this type of sophisticated and expen-
sive measurement claim that the RV ejection frac-
tion is highly dependent on its afterload and does
not actually measure contractility. Furthermore,
coupling between the RVEDV and the CO is
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related to the mathematical formulation of the cal-
culation: the RVEDV is calculated from the ejec-
tion fraction and the SV (i.e., two shared variables
are compared, but one is used to calculate the
other [mathematical coupling]).

2.2 Transpulmonary
Thermodilution
2.2.1 Measurement of Cardiac

Output by Transpulmonary
Thermodilution

The insertion of a pulmonary artery catheter
was found to be too cardiac invasive and irrele-
vant in terms of the survival rate in critically ill
patients. In this regard, transpulmonary thermo-
dilution surpassed (in terms of the number of
catheters placed) pulmonary artery catheter use.
This technique requires a central venous line
located in the intrathoracic portion and an arte-
rial catheter with a thermistor located in a large
artery (i.e., the femoral or brachial artery) with
a tip assumed to be not so far from the thorax.
The technique involves injecting a cold bolus
(<8 °C) in the venous catheter and collecting the
temperature curve via the thermistor on the arte-
rial catheter (Fig. 2.4).

The CO is calculated according to the modi-
fied Stewart-Hamilton equation (Fig. 2.5).

CcvC

cvC
Injection

Arterial
catheter

Fig. 2.4 Principle of the transpulmonary thermodilution
technique with the injection of a cold fluid bolus via a
central venous line located in the SVC region and

Pulmonary circulation

Systemic circulation
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Transpulmonary thermodilution has been vali-
dated against pulmonary arterial thermodilution
[24-27] and the Fick method [28]. It is a reliable
and reproducible method for measuring the car-
diac output in both adults and children [27, 29].
Three bolus injection of cool liquid (often NaCl
0.9%) are required to obtain a cardiac output
value. Additionally, transpulmonary thermodilu-
tion is less influenced by breathing than the Swan-
Ganz catheter. The cold indicator injected by the
central venous line is successively diluted in the
right heart chambers, the pulmonary circulation,
the left heart chambers, and the descending aorta.
Therefore, the CO is calculated using the Stewart-
Hamilton equation, and the cold indicator distri-
bution volumes are determined by mathematical

Ty

Injection

(To-T) x VixK

COTD =
: [AT, xdt

Fig. 2.5 Measurement of the CO by the transpulmonary
thermodilution technique and flow calculation by the
Stewart-Hamilton equation. 7b temperature of blood, 7i
temperature of injectate, Vi volume of injectate, / ATb*dt
integral of the area under the thermodilution curve, and K
correction factor dependent on the weight, specific blood
temperature, and injectate

Arterial
catheter with
thermistor

temperature collection through an arterial catheter located
in the femoral artery (Reprinted with permission from
Pulsion® Medical System)
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analysis of the thermodilution curve, i.e., the
global end-diastolic volume (i.e., the amount of
blood contained in the four cardiac chambers and
the descending aorta) and the extravascular lung
water volume.

2.2.2 Measurement of Global
End-Diastolic Volume
and Intrathoracic Blood
Volume

2.2.2.1 Global End-Diastolic Volume
From mathematical analysis of the thermodilution
curve, the mean transit time and the downslope

Fig. 2.6 Measurement of “
the mean transit time (MTr) Ty
and downslope time (DS?)

from the transpulmonary
thermodilution curve and

its logarithmic

Injection

time of the thermal indicator permit evaluation of
the global end-diastolic volume (Fig. 2.6).

The distribution volume of the thermal indica-
tor (Fig. 2.7) is obtained by multiplying the CO
by the average transit time. This corresponds to
the intrathoracic thermal volume, which com-
prises both the intrathoracic blood volume and
the extravascular lung water volume (Fig. 2.8).
The pulmonary thermal volume comprises both
the pulmonary blood volume and the extravascu-
lar lung water volume. The pulmonary thermal
volume is obtained by multiplying the CO by the
downslope time, as the present chamber is
assumed to be the larger volume located in the
thorax, in comparison with heart chambers and

Recirculation

transformation (Reprinted
with permission from

Pulsion® Medical System) In Ty

Pulmonary thermal
volume (PTV)

Fig. 2.7 Schematic representation of the distribution of
volumes of cold liquid bolus by the transpulmonary thermo-
dilution technique. MTt is the average transit time, RA is the
right atrium, RV is the right ventricle, PBV is the pulmonary

blood volume, LA is the left atrium, LV is the left ventricle,
DSt is the downslope time, /7TV is the intrathoracic thermal
volume, and EVLW is the extravascular lung water
(Reprinted with permission from Pulsion® Medical System)
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PTV

GEDV

Fig. 2.8 Principles for determining the global end-
diastolic volume (GEDYV) by the transpulmonary thermo-
dilution technique. ITTV corresponds to the intrathoracic

vessels [30, 31]. Therefore, the global end-
diastolic volume is the difference between the
intrathoracic thermal volume and the pulmonary
thermal volume [32].

The global end-diastolic volume values are
between 600 and 800 ml/m? [33, 34]. In reality,
the GEDV is greater than the real heart blood
volume. However, it is very dependent on the
ventricular blood volume. Therefore, the GEDV
is assumed to correspond to the cardiac preload
index. Volume expansion will make the GEDV
grow, and dobutamine will have no impact on
its value. In addition, in the case of volume
expansion, GEDV variations follow those of
the left ventricular diastolic area and cardiac
output. Therefore, increasing the GEDV fol-
lows the cardiac output without necessarily
varying in the same direction, even though the
two values are determined by the same thermo-
dilution curve [33, 34]. In fact, there is no
mathematical coupling between the cardiac
output and the GEDV. Some diseases can cause
abnormally high GEDYV, as is the case for aortic

thermal volume, and EVLW corresponds to the extravas-
cular lung water (Reprinted with permission from
Pulsion® Medical System)

aneurysms or atrial dilation, wherein the GEDV
is dependent on the blood volume between
the cold liquid bolus injection site (central
venous catheter) and the indicator detection site
(femoral artery).

2.2.3 Calculation
of the Intrathoracic Blood
Volume

The intrathoracic blood volume (ITBV) is the
sum of the GEDV and the pulmonary blood vol-
ume (PBV) (Fig. 2.9). The PBV is equal to
approximately 20 % of the ITBV 180. From the
formula, it is possible to estimate the intratho-
racic blood volume:

The relationship between the ITBV and the
GEDV is relatively strong and is not influenced
by weight, size, cardiac output, vasoactive drugs,
pulmonary hypertension, hypoxemia, or hypovo-
lemia [35, 36]. Therefore, transpulmonary ther-
modilution can reliably estimate the ITBV from
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ITBV

Fig. 2.9 Evaluation principles of intrathoracic blood volume (ITBV) by transpulmonary thermodilution (Reprinted

with permission from Pulsion® Medical System)

measurement of the GEDV. The ITBV is calcu-
lated as follows:

Intrathoracic blood volume
=1.25 * Global end -diastolic volume

(Fig. 2.10).

The ITBV was established by many studies as
an indicator of the volume or preload [37, 38]. Its
normal values are between 750 and 1,000 ml/m>.
Although the ITBV has no advantage compared
with the GEDV in estimating blood volume, its
measurement is essential for determining the
extravascular lung water via transpulmonary
thermodilution.

2.2.4 Measurement of Extravascular
Lung Water

The extravascular lung water (EVLW) is calcu-
lated as the difference between the intrathoracic
thermal volume and intrathoracic blood volume.
Normal values of the EVLW are between 3 and
7 ml/kg. However, due to the limitations of the
measurement technique, a value greater than

10 ml/kg is considered pathological in pulmo-
nary edema. The EVLW shows a good correla-
tion with the extravascular lung water measured
by gravimetry in animal studies [39, 40] or by a
double dilution method in humans [32, 35].
EVLW values of 35-40 ml/kg are observed in
cardiogenic pulmonary edema or lesions [35].
The EVLW has been shown to be an independent
prognostic index in critically ill patients. The
greater the EVLW value, the more the prognosis
appears to be affected [41].

Rarely, the EVLW may be useful in identify-
ing patients in pulmonary edema when the clini-
cal diagnosis of ARDS is difficult [42]. The
EVLW has shown applicability in mechanical
ventilation weaning tests [43] and eliminates the
need to measure PAOP during spontaneous
breathing trials [44].

Based on the ratio EVLW/PBY, it is possible to
automatically calculate the pulmonary vascular
permeability index (PVPI) (Fig. 2.11). For
patients with acute lung injury and ARDS, PVPI
will be high [45]. This index can be used to distin-
guish between inflammatory pulmonary edema
(with increased pulmonary vascular permeability)



24

2 Monitoring of Cardiac Output and Its Derivatives

ITTV

ITBV

EVLW

Fig. 2.10 Principles of measurement of the extravascular lung water (EVLW) from the intrathoracic thermal volume
(ITTV) and the intrathoracic blood volume (ITBV) (Reprinted with permission from Pulsion® Medical System)

PVPI =

Fig. 2.11 Assessment principles of the pulmonary vas-
cular permeability index (PVPI) by the ratio of the extra-
vascular lung water (EVLW) and the pulmonary blood

and hydrostatic pulmonary edema from a cardio-
genic origin. When EVLW is greater than 12 ml/
kg, PVPI values greater than 3 indicate an injury
mechanism of pulmonary edema, with good spec-
ificity and sensitivity [46].

However, there are limitations to using the
EVLW. Two clinical studies on patients with
ARDS (diagnosed by conventional -criteria)
showed that the percentage of those with normal

EVLW

PBV

volume (PBV) (Reprinted with permission from Pulsion®
Medical System)

extravascular lung water was not negligible
[47, 48]. This was explained by the occurrence of
microthrombi in the pulmonary circulation in this
pathology (increase in dead space). This caused a
decrease in the dilution space of the cold indicator
and, hence, lowered the EVLW values. In addi-
tion, in the case of an intracardiac shunt, recircu-
lation of the cold indicator initially causes a
significant elongation of the thermodilution
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curve. By calculating the EVLW from this curve
and in the event of recirculation, the EVLW
values are unusually high. The values are cor-
rected when the shunt is closed [47].

2.2.5 Calculation of the Global
Ejection Fraction

Hemodynamic parameters are more or less
dependent on the ventricular preload and after-
load conditions. The assessment of cardiac con-
tractility is relatively difficult at the bedside.
The ventricular ejection fraction is the most
used clinical parameter for assessing right and
left ventricle contractility and function [49].
The left ventricular ejection fraction is the ratio
of the stroke volume to the ventricular end-dia-
stolic volume. In addition, the ratio of the stroke
volume to the global end-diastolic volume is
called the global ejection fraction (GEF). This
index can be considered the overall index of car-
diac function. In determining the stroke volume
by the ratio of the cardiac output on the heart
rate to the global end-diastolic volume, trans-
pulmonary thermodilution technique provides
the global ejection fraction. The index can be
used to reveal a right and/or left ventricular dys-
function [50]. However, it is impossible to
determine which of the two ventricles fails when
the global ejection fraction is low (less than
18-20%). Therefore, it is necessary to refer to
an echocardiography, which will help in under-
standing the mechanism of heart failure.
Monitoring of the GEF can also be used to mon-
itor the treatment [51].

2.2,6 Transpulmonary
Thermodilution Allows
for Calibration of the Contour
Analysis Derived
from the Arterial Pulse Wave

Some hemodynamic monitors continuously
display the continuous cardiac output in real
time using the pulse contour analysis of the
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arterial pulse wave from an arterial catheter.
The reliability of this monitoring is based not
only on the quality of the blood pressure signal
but also on the initial calibration. Some moni-
tors (e.g., LIDCO™, London, UK) use the
lithium dilution method, whereas others use
the transpulmonary thermodilution method to
calibrate the system. Pulse contour analysis
allows the continuous measurement of the CO
and calculates an index of left ventricular con-
tractility. The continuous CO is calculated as
follows:

CO=SVxHR

In the Pulsion® Medical System, SV is obtained
by integration, systole by systole, of the area
under the systolic part of the arterial pressure
curve and is multiplied by a calibration factor
(Fig. 2.12). The calibration factor is primarily
dependent on the ventriculo-arterial coupling of
the patient’s cardiovascular system (arterial
compliance, systemic vascular resistance, etc.).
Measurement of the cardiac output by transpul-
monary thermodilution is necessary for calibra-
tion especially during the administration of
vasoactive drugs [24]. The left ventricular con-
tractile performance is evaluated by measuring
the pressure rise gradient (dP,,,,) during ventricu-
lar ejection. This is equal to the maximum instan-
taneous differential blood pressure (dP/dt,,).
Finally, analysis of the variations of pulse con-
tour of the arterial wave allows for measurement
of the respiratory changes in the stroke volume
(SVV) during a period of 7.5 s, which encom-
passes at least one complete respiratory cycle
[52]. This is possible only in patients with con-
trolled ventilation with positive pressure. An
SVV greater than 9.5 % predicts an increase in
the stroke volume after fluid expansion, suggest-
ing the presence of relative hypovolemia [53].

Thus, the injection of a saline bolus by the
central venous route permits the determination of
the discontinuous transpulmonary thermodilution
parameters described in this chapter and the auto-
matic recalibration of the continuous measure-
ment of cardiac output derived from pulse contour
analysis.
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Fig. 2.12 Calculation of the continuous cardiac output (CCO) beat by beat by analyzing the pulse wave contour and
calibrating by transpulmonary thermodilution by integrating the systolic part of the arterial pressure curve

23 Measurement of Cardiac
Output Using a Chemical

Indicator

Current methods use chemical indicator dilu-
tion (lithium chloride) to measure cardiac out-
put, e.g., (LIDCO™, London, UK) [54]. With
the present technique, pulse wave contour anal-
ysis does not use a three-element Windkessel
model as the transpulmonary thermodilution
model but rather uses a more sophisticated
model that accounts for the finiteness of the
pulse wave velocity and its reflection phenom-
ena [55]. By providing a reference value for the
cardiac output, systemic resistances are calcu-
lated during calibration. These resistances cor-
respond to the ratio between the cardiac output
and the mean arterial pressure, and the stroke
volume is also reliably estimated during this
calibration. The accuracy of the continuous car-
diac output measurement is dependent on the
iterative recalibrations. Indeed, it permits an
understanding of the variations of the vasomo-
tor tone, which are either spontaneous or
induced by vasoactive drugs. Several studies

have compared thermodilution and CO mea-
surements using the pulse curves analyses. A
good correlation has been observed between all
techniques, especially when patients had a sta-
ble vasomotor tone and received no or low
doses of vasoactive drugs [24, 55, 56]. However,
patients with arrhythmias (VES) or those whose
blood pressure curves were not perfectly regu-
lar (artifacts) were excluded [57].

24  Pulse Contour Analysis

Without Calibration

As observed with others technique, the calcula-
tion of cardiac output using the concept of the
FloTrac/Vigileo™ system (Edwards Life
Sciences, Irvine, California) is achieved by mul-
tiplying the stroke volume by the heart rate. The
algorithm replaces the heart rate with the pulse.
The stroke volume is calculated from the blood
pressure using a system that analyzes the shape
of the blood pressure wave via a proprietary
algorithm. This statistical algorithm analyzes
the pressure wave more than 100 times per
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second during a period of 20 s to capture more
than 2,000 data points for analysis. These data
points and the patient demographic informa-
tions are used for calculation of the standard
deviation of the blood pressure (cAP). The cAP
is proportional to the pulse pressure (PP). First,
the 6AP is multiplied by a known conversion
factor (Chi (y)) that corresponds to the vascular
tone. The AP is initially expressed in mmHg
but is converted to ml/beat. Thus, through the
oAP and the vascular tone (y), the SV is calcu-
lated, beat by beat [58]:

CCO =HRx(cAPx )

X =M (HR,6AP,C(P),BSA,MAP,u3ap,pi4ap...)

where CCO corresponds to the continuous car-
diac output, HR corresponds to the heart rate,
o AP corresponds to the standard deviation of
the arterial pulse pressure expressed in mmHg,
which is proportional to the pressure differ-
ence, y corresponds to the multifactorial
parameter proportional to the effects of vascu-
lar tone on the differential pressure, M is the
multifactorial polynomial equation, BSA cor-
responds to the body surface area calculated
by the Dubois equation, MAP is the mean arte-
rial pressure calculated by summing the pres-
sure values sampled in 20 s and dividing by
the number of pressure points, and yu corre-
sponds to the statistical moments determined
by skewness and kurtosis, as well as by vari-
ous derived terms.

The algorithm applies the principle that the
aortic pressure differential is proportional to the
SV and inversely related to aortic compliance.
Initially, the algorithm evaluates the pulse pres-
sure using the standard deviation of the blood
pressure (6AP) around the MAP value, mea-
sured in mmHg, making it independent of the
effects of the vascular tone. The standard devia-
tion of the differential pressure is proportional
to the stroke volume and is recalculated 100
times per second for 20 s from the blood pres-
sure wave, creating 2,000 data points from
which the 6AP is calculated. The standard devi-
ation of the blood pressure, initially in mmHg
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(converted to ml/beat), is calculated by multi-
plying by the conversion factor Chi (y). Chi is a
multifactorial polynomial equation that esti-
mates the effect of a variable vascular tone on
the pulse pressure. Chi is calculated by analyz-
ing the pulse rate, the mean arterial pressure, the
standard deviation of the mean arterial pressure,
the compliance of large vessels (estimated by
patient demographics), asymmetry coefficients,
and the flattening of the arterial wave. Chi is
adjusted and inserted into the algorithm approx-
imately every 60 s.

This system suffers from several limitations.
A poor arterial pressure signal renders the analy-
sis nonoperative. Although automatic corrections
are made by the monitor, arrhythmias may
occlude the regular ventricular premature beats
and render the system nonoperative. Finally, in
numerous validation studies, when the vascular
tone was assigned a severe condition such as
vasoplegia (septic shock) or when vasoactive
drugs were infused, the cardiac output values
provided by this technique lacked precision [59].
Therefore, the use of this technology in ICU
patients in shock is cautioned and cannot be con-
sidered as a reference method [60].

Non-calibrated pulse contour analysis sys-
tems show acceptable precision in hemodynam-
ically stable situations. In this review, 43 studies
provided suitable data for aggregated and
weighted analysis. The mean bias was signifi-
cant (1.25 I/min) and indicated a percentage
error of up to 40 %. In hemodynamically unsta-
ble patients, a higher error percentage was noted
(up to 45 %) and a bias of more than 1.64 I/min
was observed. Therefore, during an episode of
hemodynamic instability, a CO measurement
based on non-calibrated continuous pulse con-
tour analyses show only limited correlation with
a thermodilution intermittent bolus [61]. The
calibrated systems appear to provide more accu-
rate measurements than self-calibrated or non-
calibrated systems [62]. For the reliable use of
these semi-invasive systems, especially for criti-
cal treatment decisions during shock, it is
necessary to define a hemodynamic optimiza-
tion [63]. Others methods and techniques like
the PRAM.
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2,5 Other Techniques Using
an Indicator Dilution

2.5.1 Indocyanine Green or

Tricarbocyanine

For these techniques, the dye concentration is
analyzed in the peripheral blood by a densitome-
ter (specific wavelength) after an injection of
approximately 5 mg in the pulmonary artery.
This produces a curve representing the concen-
tration of the dye as a function of time because
the blood collection speed is constant (approxi-
mately 40 ml/min). CO is then calculated using
the Stewart-Hamilton formula.

The area under the first movement time is cal-
culated by extrapolating the descending portion.
This makes it possible to account for the cardiac
output in the calculation of the recirculation
curve. However, similarly to all dilution tech-
niques, in the case of low cardiac output or in the
presence of severe valvular regurgitation or
shunt, the measurement precision of the CO
decreases. In addition, the relatively slow disap-
pearance of the tracer makes it difficult to use in
case of liver failure. Finally, allergic accidents
also occur.

2.,5.2 Lithium

For this technique, the plasma lithium concen-
tration is measured after the injection of
0.6 mmol of lithium chloride through a venous
catheter with an analytical system using a spe-
cific electrode. The present method is a transpul-
monary thermodilution technique where the
independent dilution technique is lithium chlo-
ride dilution using the Stewart-Hamilton princi-
ple. Lithium chloride dilution uses a peripheral
vein and a peripheral arterial line. The injection
of lithium chloride can be subject to errors in the
presence of certain muscle relaxants [64].
Moreover, the potential for toxicity may com-
promise its use in the ICU.
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2.6 Fick Methods

2.6.1 Conventional Method

The principle of this technique is based on the
assumption that O, consumption (VO,) is equal
to the amount of O, added to the blood flowing
through the lungs, using the following formula:

VO, =0x(Ca0, —Cv0,)

where Ca0O, and CvO, correspond to the O, con-
tents of arterial and mixed venous blood, Q cor-
responds to CO, and VO, corresponds to O,
consumption.

The classical equation is as follows:

Q _ VO,

Ca0, -CvO,
VO, is then measured by the “gas exchange open
circuit” method according to different tech-
niques, as follows:

(a) A technique using a box or an indirect calo-
rimetry chamber that does not require the
separation of inspired and expired gas. This
technique cannot be used in intubated and
ventilated patients.

(b) A technique used on a patient on mechanical
ventilation causes the separation of inspired
and expired gases and the collection of
exhaled gases inside a Douglas bag or a mix-
ing chamber such that

VO, = VIXFIO, - VEXFEO,

where VI and VE are the inspired and
expired flows, respectively, and FE and FI
are the fractional concentrations of gas in
inhaled or exhaled air, respectively. If lim-
ited to one of these two flows (usually VE),
then the hypothesis formulated by Haldane
should be used, wherein the flow of nitrogen
that enters the body ( VIXFIN, ) is equal to
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the flow of nitrogen out of the body
(VEXFEN,):

FIN, +FIO, =1
And
FEN, +FEO, + FECO, =1

The following calculation formula is then
obtained:

V0, = VE[(1-FECO, JFIO, - FEO, )/ (1-FI0,) |

There are several compact systems (e.g.,
SensorMedics, Engstrom Metabolic Computer,
and Datex Deltatrac). The Deltatrac system mea-
sures the gas flow using a dilution technique.

Finally, measurement of the O, content
requires the presence of a pulmonary artery
catheter and a peripheral arterial catheter.
Blood collection conditions require an ade-
quate methodology. Particular attention should
be paid to the sampling speed to ensure that
the pulmonary artery catheter is in an unlocked
position and to immediately analyze blood
samples.

The Fick method is traditionally regarded as
a reference method for CO measurement [65] in
patients with hemodynamic and respiratory sta-
bility [66]. However, some authors have shown
that this method is reliable and reproducible in
hemodynamically unstable patients and during
ventilatory weaning after cardiac surgery [67].
Conventional sources of error in the VO, mea-
surement by this gas exchange method exist
when FIO > 0.6 [68], due to the effects of the
pressure and humidity of the gas analyzed [69]
using halogenated gas and N,O and in the pres-
ence of chest drains. However, a precision of
4% in the VO, measurement by this method is
considered good [70]. The precision of CO mea-
surement using the Fick principle is less than
5% in normal subjects who are spontaneously
breathing ambient air. This precision is satisfac-
tory, with an error of approximately 3 % in the
calculation of the arteriovenous O, difference
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[65]. Several studies have compared the CO
measured by thermodilution and calculated it
according to the Fick principle [71-73]. The
accuracy varies from one study to another (from
0.5 to 1.87 1I/min). However, the average differ-
ence between the two methods is low. The low-
est precision and bias values are obtained when
the patient is placed in a controlled intermittent
ventilation environment [67]. Other authors
have shown that the reproducibility and accu-
racy of CO measurements by the Fick method
are better than by thermodilution [84, 88]. In
one study [84], the bias and precision were
0.1x1.1 and 0.01+0.7 I/min for CO values
obtained by thermodilution and the Fick method,
respectively. In cardiac surgery patients, the
Deltatrac metabolism™ monitor using the Fick
method to calculate the CO did not have suffi-
cient accuracy to make this method a reference
method [70]. This lack of precision may result
from error accumulation in the VO, measure-
ment and calculation of the arteriovenous
difference in O,.

2.6.2 CO, Consumption

2.6.2.1 Classical Fick Method [66]
The principle of this method is to replace the VO,
by CO, production (VCO,) in the Fick equation:

o Vo,
1.34xHbx Rx(Sa0, —SvO, )

where R is the respiratory quotient and is consid-
ered constant with a value of 0.8 (or a value aver-
aged over the measures).

However, these methods are highly dependent
on the stability of the respiratory quotient and the
measurement error of SaO, and SvO,, whereas
the partial pressure values are negligible.
Therefore, variations in the CO obtained by this
method are more correlated to those obtained by
thermodilution or those measured by the classical
Fick method [66].
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2.6.3 CO,Rebreathing

The Fick principle can be applied to any gas dif-
fusing through the lungs, including carbon diox-
ide. The NICO monitor (Novametrix Medical
Systems, Inc., Wallingford, CT, USA) is based on
application of the Fick principle to carbon dioxide
to noninvasively estimate CO using intermittent
partial rebreathing through a specific disposable
rebreathing loop. The monitor comprises a carbon
dioxide sensor (infrared light absorption), a dis-
posable airflow sensor (differential pressure pneu-
motachometer), and a pulse oximeter. VCO, is
calculated from minute ventilation and the carbon
dioxide content, whereas the arterial carbon diox-
ide content (CaCQ,) is estimated from end-tidal
carbon dioxide (etCO,), with adjustments for the
slope of the carbon dioxide dissociation curve and
the degree of dead space ventilation. The partial
rebreathing reduces carbon dioxide elimination
and increases etCO, (equilibrium). Measurements
under normal and rebreathing conditions allow
one to omit the venous carbon dioxide content
(CvCO,) measurement in the Fick equation;
therefore, the need for a central venous access is
eliminated. The principle used by the NICO mon-
itor is as follows.
Fick equation applied to carbon dioxide:

o___ VCo,
CvCO, —CaCO,

Assuming that cardiac output remains unchanged
under normal (N) and rebreathing (R)
conditions,

o VCo,, _ VCO,,
CvCO,, —CaCO,, CvCO,, —CaCO,,

By subtracting the normal and rebreathing ratios,
the following differential Fick equation is
obtained:

VCO,, - VCO,,
(CvCO,, —CaCO,, )—(CvCO,, —CaCO0,,)

Because carbon dioxide diffuses quickly in the
blood (22 times faster than oxygen), one can
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assume that the CvCO, does not differ between
normal and rebreathing conditions; therefore, the
venous contents disappear from the equation:

_ AVCO,
ACaCo,

The delta in CaCO, can be approximated by the
delta in etCO, multiplied by the slope (S) of the
carbon dioxide dissociation curve. This curve
represents the relationship between carbon diox-
ide volumes (used to calculate the carbon dioxide
content) and the partial pressure of carbon diox-
ide. This relationship can be considered linear
between 15 and 70 mmHg partial pressure values
of carbon dioxide [74].

_ AVCO,
S'xAetCO,

Because changes in VCO, and etCO, only reflect
the blood flow that participates in gas exchange,
an intrapulmonary shunt can affect estimation of
the cardiac output using the NICO device. To
account for this effect, the monitor estimates the
shunting fraction using a measured peripheral
oxygen saturation of hemoglobin combined with
the FiO, and the arterial oxygen tension mea-
sured in arterial blood gases according to Nunn’s
iso-shunt tables [75].

Increased intrapulmonary shunt and poor
hemodynamic stability (which are not uncom-
mon in critically ill patients) are likely to alter the
precision of cardiac output estimation by the
NICO monitor. The first published clinical and
experimental validation studies [76-78] reported
a relatively loose agreement (bias + 1.8 1/min)
between the CO measured using thermodilution
and that measured using the NICO device (this is
similar to standard observations whenever a tech-
nique is compared with thermodilution). Those
investigators therefore concluded that the tech-
nique is not yet ready to replace the thermodilu-
tion technique. However, comparable limits of
agreements have been observed in many studies
that compared cardiac output measurement tech-
niques with thermodilution, including “bolus”
versus ‘“‘continuous” thermodilution [79-81].
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Bland and Altman [82] asserted that a tight agree-
ment is impossible to obtain when the method
used for reference itself is not very precise. Such
limits of agreement do not preclude the potential
usefulness of cardiac output measurement using
the NICO monitor; however, the abovementioned
limitations must be considered, and the technique
should be used only in the most appropriate
patients.

Notably, the patient must be under fully con-
trolled mechanical ventilation if the NICO moni-
tor is to be used. In addition, arterial blood
samples are required to enter arterial oxygen ten-
sion values for shunt estimation, which some-
what tempers the noninvasive nature of this
technique.

2.6.4 Soluble Inert Gas

CO measurement method using the acetylene
rebreathing method based on the Fick principle
remains the dominant method [83]. There are
many sources of error (e.g., intrapulmonary
shunt, abnormal ventilation-perfusion ratio, and
recirculation) that do not permit its use in clinical
practice in the ICU.

2.7 Doppler Methods

2.7.1 Methods

The flow rate (velocimetry) of blood in the ves-
sels is measured by the Doppler effect. This
technique uses ultrasound waves emitted by a
probe, which then spread into the soft tissue
toward the tissue to be studied. These waves
encounter a moving blood column in which the
red blood cells produce a distribution of ultra-
sonic acoustic energy. The portion of the waves
scattered back is then detected by the probe. The
frequency of the ultrasonic signal received by
the probe differs from the frequency (F) of the
transmitted signal by a delta-E value (dF) due to
the Doppler effect. The mathematical relation-
ship among the ultrasonic propagation velocity
in the soft tissue (C=1,540 m/s), the velocity (V)
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of the erythrocytes, dF, F, and the angle of inci-
dence (A) is expressed as follows:

2F xV xCosA
C

The Doppler effect is first observed between the
probe (fixed component) and the red blood cells
(mobile receivers) and then between the red
blood cells (mobile transmitters) and the probe
(fixed receiver) during backscattering, explaining
the presence of a coefficient of 2. In view of both
the usual transmission frequency between 2 and
10 MHz and flow velocities in the main vessels of
the body, the dF frequency is generally between
100 and 20,000 Hz, corresponding to the audi-
tory field. It is sufficient to amplify the Doppler
frequency for locating and identifying vessels
and for analyzing the circulatory conditions.
Finally, to remove the low frequencies from the
pulsatile motion of the vessel walls or the move-
ment of the probe, the Doppler signal can be fil-
tered by the device.

dF:

2.7.2 Continuous or Pulsed Doppler

2.7.2.1 Continuous Doppler

The probe comprises two permanent transducers:
a transmitter and a receiver. This is a simple and
inexpensive technology with a good signal to
noise ratio. However, it has no spatial resolution;
all flows encountered by the ultrasound beam
along its path are considered. For example, the
continuous Doppler wave records signals from a
target artery and its adjacent vein. The maximal
velocity is then measured.

2.7.2.2 Pulsed Doppler

The pulsed Doppler signal permits spatial reso-
lution. It is possible to select vessels according
to their topography and regions of space in which
the Doppler signal is obtained. The probe is pro-
vided with a single transducer, which alternately
acts as a transmitter and a receiver. The transmis-
sion is made by short pulses on the order of
microseconds. The sensor operates in the receiv-
ing mode between two successive pulses (recep-
tion window) and saves the Doppler signals from
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impulse. Adjustment of the reception window is
the boundary of a “measurement volume,” which
corresponds to the region of the space in which
the Doppler signals are collected. Adjustment of
the window is facilitated by the use of ultrasound
to measure the distance between the source and
the blood vessel studied. “Windowing” pulsed
Doppler systems are able to perform flow veloc-
ity measurements in a large number of points
along the Doppler signal line. It is possible to
raise the profiles of flow velocities. These
devices are the basis of dynamic mapping sys-
tems or “color Doppler.” Despite the major
advantage of the spatial resolution, pulsed
Doppler suffers from several drawbacks: it is a
complex and expensive technique that requires
an experienced operator. The signal to noise
ratio is less favorable than that of continuous
Doppler, but its instantaneous acoustic powers
are higher.

2.7.2.3 Blood Flow Measurement

Doppler assesses the blood velocity during sys-
tole through a surface area (s(f)) over time. The
instantaneous flow rate is then calculated by the
following formula:

CO= v(t)xs(t)

where v(f) corresponds to the average speed of
the blood column at time ¢, expressed in m/s, and
s(¢) corresponds to the section of the vessel as a
function of time, expressed in m?. When applied
to the heart chamber or to the aorta, the above
formula is used to measure the volume through
the studied section such that

SV = (1) xs () xdr

where SV corresponds to the stroke volume (/)
and t is the study time in seconds. If the section
(S) is considered constant, the equation becomes:

SV =8 v(r)xdt
The integral of v(f) on a systole represents the

area under the curve of the blood flow velocities
(stroke distance in cms). This surface is measured
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by planimetry or if circular using ring surface
equation. CO is then

t
CO=HR xS v(r)xds
To measure CO, several conditions must be met:

(a) Ideally, the blood flow must be a laminar
flow through the measurement section.

(b) The blood velocity should be uniform
throughout this section.

(c) The angle of incidence of Doppler firing
must be known.

(d) Measuring the average section of the circle is
necessary because vessels and cardiac cham-
bers undergo deformations during systole
and diastole.

2.8 Doppler Methods
for the Measurement
of Cardiac Output

2.8.1 Echocardiography

Transthoracic Doppler echocardiography is used
to measure blood flow velocities on the mitral
and aortic valves. Various studies have shown a
good performance of this method [84, 85].
However, the ultrasonic beam can be reduced in
cases of prosthetic valves, pulmonary emphy-
sema, pneumothorax, and COPD, as well as dur-
ing mechanical ventilation, particularly after
cardiothoracic surgery. Bidimensional echocar-
diography performed by the transesophageal
route and coupled with the Doppler method also
allows for CO measurement. CO estimation from
the SV can be conducted through the mitral, aor-
tic, or pulmonary valves [86]. The use of a
biplane probe allows for correct placement of the
Doppler beam at the outflow tract of the left ven-
tricle or mitral valve. This method then provides
a good estimate of the CO compared with the
thermodilution method [87]. However, echocar-
diography requires an expensive apparatus. In
addition, its widespread use in intensive care for
the most severe patients is often limited to short
periods, particularly during the perioperative
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period. Finally, echocardiography requires a sig-
nificant learning curve and qualified operators.
Indeed, it is estimated that more than 100 trans-
esophageal echocardiography cases are neces-
sary to qualify an operator [88].

2.8.2 Suprasternal Doppler

The use of suprasternal Doppler allows for the
estimation of blood velocity in either the ascend-
ing aorta or the aortic arch [89]. This technique
uses continuous or pulsed emission transducers.
The ultrasound probes are placed at the supraster-
nal notch. By searching for the maximum flow, it
is possible to obtain the velocity curves to estimate
the SV. The ultrasound beam should be oriented to
find the flow of the ascending aorta or the flow of
the aortic arch. The diameter of the aorta is
obtained either by ultrasound or by using a prees-
tablished nomogram [90]. To obtain a reliable
measurement of the CO by this technique, it is
necessary to average at least five areas because of
breathing-related changes [91]. Despite the ease
and speed of access and the noninvasive nature of
the technique, this method can be used in only 5 %
of patients. Anatomical conditions (e.g., short
neck) and diseases (e.g., emphysema, mediastinal
air after cardiac surgery, aortic valve pathology)
make the application of this technology unrealistic
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in clinical practice [92]. In addition, this technique
provides information on left ventricular function
by measuring the maximum velocity, as well as
the acceleration if there is no infringement of the
aortic valve [93] (Fig. 2.13). Also, estimation of
the preload and the afterload may be possible by
analyzing the shape of the curve obtained.
However, as is the case with echocardiography,
continuous measurement of the different parame-
ters is not feasible.

2.8.3 Transtracheal Doppler

This method uses a transducer that is placed at
the end of an endotracheal tube to measure the
diameter and blood velocity in the ascending
aorta [94, 95]. In addition to the high price of the
technique (the endotracheal tube is disposable,
and its price is much higher than a standard intu-
bation probe), the reliability of this technique is
debatable in the ICU [95]. Although the accuracy
of the CO measurement is not optimal, it improves
with practice by the operator [96].

2.8.4 Esophageal Doppler

This method measures the blood velocity in the
descending thoracic aorta using a probe placed in
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the esophagus (between the fifth and sixth inter-
costal space) [92]. After determining the diame-
ter of the aorta, the blood velocity is measured by
the Doppler method (continuous or pulsed). At
the level of the esophagus, the sources of errors
related to the nature of the vessel studied are min-
imal. The aortic signal is easily differentiated
from the inferior vena cava signal [92].

To reliably measure aortic flow, a number of
requirements must be met [92].

The angle of incidence between the direction
of flow and the ultrasound beam must be correct
and must remain constant throughout the moni-
toring period (especially during mechanical ven-
tilation). The formula for calculating the blood
flow velocity uses the cosine of the angle of inci-
dence of the ultrasonic beam on the studied ves-
sel. At greater incidence angles, the risk of error
in the CO measurement increases. The esopha-
geal Doppler devices must use angles of inci-
dence between 45° and 60° because the esophagus
and aorta are parallel. An error of 5° causes a CO
measurement error of more than 10 %.

Despite variations in blood pressure and CO,
the aortic surface must remain constant during
systole. Measurement of the aortic diameter by
time-motion (TM) echocardiography may be
underestimated if the ultrasonic beam does not
cut the aorta in the center. Conversely, the aortic
diameter is overestimated when the beam is not
perfectly perpendicular to the axis of the aorta. A
two-dimensional ultrasound faces the same risks.
The area of a circle is the transformed surface of
an ellipse. In other devices, algorithms are used
to estimate the diameter of the aorta according to
the age, weight, size, and sex of the patient and
are sometimes adjusted to the MAP [97].
Howeyver, there is a risk of error in the determina-
tion of these parameters, which then automati-
cally introduces error in the estimation of the
aortic flow and CO.

The flow distribution between the descending
thoracic aorta (approximately 70 %) and the cor-
onary and carotid arteries (approximately 30 %)
remains constant (apportionment factor K)
regardless of the clinical situation. Therefore, the
flow distribution is considered constant during
measurements; this factor may be determined at
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the beginning of the measurement of aortic flow.
However, differences between thermodilution
measurement of the aortic blood flow and the CO
in aortic clamping can be explained by changes
in this factor [98].

The method of measuring CO by transesopha-
geal Doppler remains imprecise compared with
the thermodilution method despite recent techno-
logical improvements [109]. However, signifi-
cant variations in the CO measured by the two
methods are often correlated [92, 97, 99].

Doppler methods cause many errors in CO
measurement. They do not allow accurate
assessment of the CO in intensive care. The
addition of Doppler ultrasound imaging to these
methods is sometimes used to guide the diagno-
sis in cases of circulatory failure. However,
although the learning time of transesophageal
ultrasound is small compared with that required
to learn the practice of conventional ultrasound,
all of these techniques remain very dependent
on their operators. Finally, frequent reposition-
ing of the esophageal probe is necessary, and the
patient must stay perfectly immobile. Therefore,
these factors make the transesophageal Doppler
method a bit simple, unreliable, and poorly
reproducible for continuous CO measurements
in the ICU.

29 Thoracic Bioimpedance

CO measurement by the thoracic bioimpedance
method is based on mathematical analysis of the
variations of the consecutive transthoracic resis-
tance to changes in intrathoracic blood volume
by applying an alternating current of low ampli-
tude and high frequency. Pulsatile increases in
the intrathoracic blood volume at each systole
decrease the pulsatility in chest impedance due to
the good conductivity of blood. Several mathe-
matical formulas are used to calculate SV:

SV =r(L/Z,)'3t3dZ /dt,,, [100]

max

[’ xLVETxdZ/dt
sv === X0 T [h01]
4.25x Z,
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dzdt

(dZ/dfymax

LVET

Fig. 2.14 Thoracic impedance curve [101]. LVET corre-
sponds to the left ventricular ejection time, and dZ/dt is
the maximum variation of thoracic impedance

where r corresponds to the resistivity of the
blood, expressed in Ohm/cm; L corresponds to
the rib length, i.e., the distance between the inter-
nal electrodes or nomogram; Z, corresponds to
the initial impedance; t or LVET corresponds to
the left ventricular ejection time; and dZ/df,.
corresponds to the maximum variation in imped-
ance during systole, which is a reflection of the
rapid ejection phase in early systole (Fig. 2.14).

The thorax is considered a cylinder in the first
pattern [100], whereas it is considered to be a
truncated cone in the second model [101]. In both
models, the velocity during the ejection is con-
sidered constant.

Using remotely placed (e.g., in the neck or
chest) electrodes (patch or tape), variable alter-
nating currents (100 or 200 Hz, 2.5-4 mA) are
applied. The impedance variations are then
detected via surface electrodes, which are placed
at a distance from the first electrodes so that they
produce a current through the thorax in a direc-
tion that is parallel to the spine. A curve is then
recorded. The ECG signal enables the computer
to determine the beginning of systole in patients
who have an average impedance signal.

Most studies comparing this technique with
thermodilution show mean differences and
accreditation boundaries that are clinically
acceptable [95, 102, 103]. Variations in the CO
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measured by impedance have been both unpre-
dictable or properly predicted [95, 103, 104] by
thermodilution. Errors in CO measurement are
dependent on the method, the patient, and the
environment [105]. An insufficient distance
between the receiving electrodes overestimates
the CO. The opposite occurs when the distance
between the electrodes is too large. An error in
the size and weight of the patient is likely to
cause an error of 10-30% in CO estimation.
Obesity, mechanical ventilation, pulmonary
edema or pleural effusions, and rhythm disorders
can cause a decrease in the accuracy of the mea-
surement [103]. CO measurement by bioimped-
ance is overestimated in the case of low CO and
is underestimated in the case of high CO when
this method is compared with thermodilution.

In conclusion, although bioimpedance is inter-
esting under stable physiological conditions, it
seems ill-suited for hemodynamically unstable
ICU patients [106, 107].

2.10 Other Methods of Measuring
Cardiac Output

There are numerous other methods for measuring
cardiac output; however, some are not frequently
used in clinical practice, and others are under
development.

2.10.1 Method According to a Flow
Model

Cardiac output is derived using the so-called
Modelflow method (simulation of a three-
element Windkessel model). Regarding valida-
tion of the device, only limited published data
are available [108].

To sum up the present paragraph related to
cardiac output measurements, we may highlight
that, in some studies, the pulmonary artery cath-
eter use might be not only ineffective but some-
times also potentially deleterious [109]. This
notion, together with the availability of new, less
invasive CO monitoring devices, has markedly
decreased PAC use [110]. Today, several devices
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are available to measure or estimate CO using
different methods. However, notably, each device
has inherent limitations, and no CO monitoring
device can change patient outcomes unless its use
is coupled with an intervention that alone has
been associated with improved patient outcomes.
Therefore, the concept of hemodynamic optimi-
zation is increasingly recognized as a cornerstone
in the management of critically ill patients.
Hemodynamic optimization is associated with
improved outcome in the perioperative period
[111] and in the ICU [112] setting. When choos-
ing a CO monitoring device for bedside use, vari-
ous factors must be considered. Institutional
factors may largely limit the choice of the avail-
able devices, and important device-related fac-
tors may restrict the area of application.
Furthermore, patient-specific conditions may
dictate the use of an invasive or a minimally or
noninvasive device.

Considering the technical features and typical
limitations of the different CO monitoring tech-
niques, it is obvious that no single device can

Invasivences:

Ward

Fig. 2.15 Integrative concept for the use of cardiac out-
put monitoring devices. ED emergency department, HD
hemodynamic, /CU intensive care unit, OR operating

Uncalibrated pulse pressure analysis

comply with all clinical requirements. Therefore,
different devices may be used in an integrative
concept along a typical clinical patient pathway
(Fig. 2.15) based on the invasiveness of the
devices and the available additional hemody-
namic variables. Bioreactance may be used on
the ward or in the emergency department to ini-
tially assess CO to confirm a preliminary diagno-
sis. Its use may be expanded in the perioperative
and ICU settings. Partial CO, rebreathing requires
an intubated and mechanically ventilated patient
for cardiac output estimation but may be of inter-
est inside an ambulance of emergency medical
service. Uncalibrated pulse pressure analysis
devices may be the primary choice in a perioper-
ative setting as they provide trend values of func-
tional hemodynamic variables and thus allow
comprehensive hemodynamic management. In
contrast, calibrated systems may be required
when postoperative complications or hemody-
namic instability occur and when increased
device accuracy or volumetric variables are
required for improved patient management like

PAC

Calibrated pulse
pressure analysis

Applied fick
principle
Endotrache:
biompedance

room, and PAC pulmonary artery catheter (Adapted from
Alhashemi et al. [113])
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in the ICU. In the presence of factors that affect
the accuracy of all minimally invasive cardiac
output monitoring devices or when pulmonary
artery pressure monitoring or right heart failure
treatment is required, PAC insertion may be
required for patient-specific therapy [113].

To conclude this section on CO measurement,
various devices that allow for continuous cardiac
output measurement in critically ill patients are
commercially available today. Their presence
does not completely preclude but does increas-
ingly limit PAC use. A variety of factors (institu-
tional, device related, and patient specific)
influence the selection of a cardiac output moni-
toring device, and clinicians must understand the
underlying principles and inherent limitations of
these devices. A selection of these techniques
may be used in an integrative approach along a
critically ill patient pathway.
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3.1 Measurement of Pulmonary
Artery Occlusion Pressure
by the Pulmonary Artery
Catheter

3.1.1 Principle

Pulmonary arterial pressure (PAP) is measured at
the distal end of the Swan-Ganz catheter. A tran-
sient occlusion of blood flow is performed during
inflation of the distal balloon in a large caliber
pulmonary artery. Beyond the balloon, the pres-
sure drops in the pulmonary artery to a pressure
called the pulmonary artery occlusion pressure
(PAOP) (Fig. 3.1). This pressure is the same
throughout the pulmonary vascular segment in
which the balloon is occluded. This segment
behaves as an open downstream static column of
blood in the pulmonary venous segment. In this
regard, the PAOP is a reflection of the pulmonary
venous pressure. Because the artery occluded by
the balloon is rather large in size, the PAOP is the
pressure of a pulmonary vein of the same caliber.
Because the resistance of the pulmonary venous
segment flowing into the left atrium is considered
to be low, the PAOP is a good reflection of the
pressure of the left atrium and, by extension, the
diastolic pressure of the left ventricle, provided
that there is no mitral stenosis. Notably, the PAOP
does not match the pulmonary artery wedge pres-
sure. The wedge pressure corresponds to the
pressure in relation to the occlusion of a pulmo-
nary vessel of a smaller caliber obtained without

© Springer International Publishing Switzerland 2016

inflating the balloon. Thus, the wedge pressure
reflects the pulmonary venous pressure in an area
with a lower rating and is greater than the
PAOP. Finally, the pulmonary capillary pressure
cannot be directly measured. It can only be esti-
mated in two ways, from the decay curve upon
balloon inflation or from the Gaar equation, as
follows:

Pulmonary capillary pressure= PAOP + 0.4
X (PAP,,,— PAOP)

mean

Unfortunately, this formula is only relevant if the
venous resistance is homogeneously distributed.
Pulmonary capillary pressure is rarely used in
clinical practice due to the difficulty of measure-
ment, even though it reliably reflects the risk of
pulmonary edema.

3.1.2 Validity of the Measurement

It is essential that the intravascular pressure mea-
surement is performed with the utmost care. The
reference level during the measurement is the
level of the right atrium. This level is between the
axillary medium line and the fourth intercostal
space. The PAC must be appropriately zeroed and
referenced to obtain accurate readings. The choice
of zero reference level strongly influences pulmo-
nary pressure readings and pulmonary hyperten-
sion classification. One-third of the thoracic
diameter best represents the right atrium, while
the mid-thoracic level best represents the left
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Fig. 3.1 Measurement of the PAOP from a pulmonary artery catheter in a patient receiving positive-pressure mechani-

cal ventilation (airway pressure curve in red)

atrium [1]. Zeroing and referencing should be
conducted in one step by always occurring with
the patient lying in the recumbent position.
However, they represent two separate processes:
zeroing involves opening the system to the air to
establish the atmospheric pressure as zero, and
referencing (or leveling) is accomplished by plac-
ing the air-fluid interface of the catheter or trans-
ducer at a specific point to negate the effects of the
weight of the catheter tubing and fluid column [2].
The system can be referenced by placing the air-
fluid interface of either the in-line stopcock or the
stopcock that is on top of the transducer at the
“phlebostatic level” (i.e., reference point zero).
This point is usually the intersection of a frontal
plane passing midway between the anterior and
posterior surfaces of the chest and a transverse
plane lying at the junction of the fourth intercostal
space and the sternal margin. Notably, this
“phlebostatic level” changes with differences in
the position of the patient [3]. This level remains
the same regardless of the patient’s position in bed
(sitting or supine), but it is essential that no lateral
rotation occurs. Moreover, it is often difficult to
achieve these measures when the patient is in the
prone position.

There is a change in intravascular pressure with
respiration. During normal spontaneous ventila-
tion, alveolar pressure (relative to atmospheric
pressure) decreases during inspiration and
increases during expiration. These changes are
reversed with positive-pressure ventilation: alveo-

lar pressure increases during inspiration and
decreases during expiration. The changes in pleu-
ral pressure are transmitted to the cardiac struc-
tures and are reflected by changes in pulmonary
artery and PAOP measurements during inspiration
and expiration.

At end expiration, the pleural and intratho-
racic pressures are equal to the atmospheric pres-
sures, regardless of the ventilation mode. Thus,
the true transmural pressure and the PAOP should
be measured at this point. Transmural pressures
at the venous side of both ventricles are known as
filling pressures and serve in combination with
blood flow as variables for the description of ven-
tricular function. Intrathoracic pressure is not
usually available in clinical practice. Therefore,
absolute pressures, which depend on transmural
pressure, intrathoracic pressure, and the chosen
zero level, are used as substitutes.

In healthy patients and patients with spontane-
ous breathing, the effects of ventilation on intra-
vascular pressures are relatively insignificant.
However, these effects are much more pro-
nounced in patients with dyspnea or when the
patient is under positive-pressure mechanical
ventilation. Therefore, it is imperative that the
intravascular pressures are measured at the end of
the expiration. At this point, the intrathoracic
pressure is closer to the atmospheric pressure.
However, if the accessory respiratory muscles are
involved in the expiration period, it is necessary
to sedate or paralyze the patient or to record these
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measures at the beginning of the expiration. The
intravascular pressure may be overestimated,
especially when a positive end-expiratory pres-
sure (PEEP) is applied or in the case of intrinsic
PEEP. In these cases, the end-expiratory intratho-
racic pressure exceeds the atmospheric pressure.
The PEEP values cannot simply be subtracted
from the PAOP. Transmission of the alveolar
pressure to the intravascular pressure is neither
linear nor integral. The presence of lung pathol-
ogy may affect the coefficient of transmission,
e.g., the transmission is attenuated for reduced
lung compliance. However, various methods can
limit the effects of the PEEP on intravascular
pressure, for example, disconnecting the patient
from the tube when measuring the PAOP elimi-
nates the influence of the PEEP. Regardless, this
method is unsatisfactory because it is accompa-
nied by an increase in the venous return. The
PAOP measured off mechanical ventilation does
not correspond to the PAOP under positive-
pressure ventilation. Another method involves
inflating the balloon and then disconnecting the
ventilator from the patient. A decrease in PAOP
values corresponding to the lowest values of
PAOP (nadir PAOP) under mechanical ventila-
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tion then occurs in the first 3—4 s after the discon-
nection [4, 5]. This early measurement taken
after disconnection overcomes the venous return.
However, disconnection of the tube can cause
problems in terms of a loss of alveolar recruit-
ment, particularly in cases of ARDS, and does
not solve problems if there is an intrinsic PEEP.
Other authors have proposed a technique based
on the fact that PAOP respiratory fluctuations are
proportional to respiratory changes in alveolar
pressure [6]. It is then possible to calculate the
transmission rate corresponding to the difference
between the inspiratory and expiratory PAOPs
divided by the transpulmonary pressure. This
transmission coefficient estimates the alveolar
pressure transmission in the intravascular com-
partment. It is then possible to calculate the PAOP,
as corrected according to the following formula:

PAOP,

corrected

PAOP,

end expi

—PAOP,

end expi ):|

- [PEEP x (PAOP

total insp

Plateaupressure — PEEP,

total

Using this formula, it is possible to measure the
PAOP without disconnecting the ventilator and to
account for the intrinsic PEEP (Fig. 3.2).
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Fig. 3.2 Measurement of the occluded pulmonary artery
pressure (PAOP) during ventilation with the PEEP or
intrinsic PEEP. When disconnecting the tube, it is possible
to measure the “nadir PAOP” and to calculate the trans-
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mission of alveolar pressure [6]. APalv represents the pla-
teau pressure — the PEEP — and APAOP is the difference
between the peak-inspiratory PAOP and the end-expiratory
PAOP



46

3.1.3 Position of the Puimonary
Artery Catheter
in the Pulmonary Area

The position of the tip of the pulmonary artery
catheter relative to the pulmonary area may
affect the validity of PAOP measurements under
normal conditions or during application of the
PEEP. Lung areas are identified by their rela-
tionships among the pressure of the incoming
flow (PAP), the pressure of the outgoing flow
(pulmonary venous pressure, PvP), and the sur-
rounding pulmonary alveolar pressure (PAlvP)
[7] (Fig. 3.3).

Zone I: PAP < PalvP > PvP. Blood does not flow
because the pulmonary capillary beds are col-
lapsed. The Swan-Ganz catheter is guided by
blood flow, and the tip is usually not moving
toward the lung area. The PAOP values are
incorrect.

Zone II: PAP > PalvP > PvP. Blood circulates
because the blood pressure is greater than the
alveolar pressure. Under certain conditions,
the catheter tip can be placed in zone
II. Measures of the PAOP can be inaccurate.

Zone III: PAP > PAIVP < PvP. The capillaries are
open, and blood flows. The tip of the catheter
is usually located below the level of the left
atrium, and its positioning can be checked by

Zone |

Fig. 3.3 Schematic lung
zones according to JB West
and relationships between
zones I, II, and III and the
pulmonary arterial pressure
(PAP), pulmonary alveolar
pressure (PAlvP), and

Zone |l
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a lateral thoracic radiograph. Measures of the
PAOP are correct.

The distal part of the catheter must be in a
lung zone corresponding to zone III, which is the
case most of the time because the floating cathe-
ter follows the maximum flow. In patients in the
supine position, it is positioned in the posterior
part, usually on the right side due to the natural
curvature of the catheter that is oriented toward
the right pulmonary artery. On a chest radio-
graph, the catheter tip should be located at or
below the LA on a plate profile. The PAOP mea-
surement performed in zone II or I would mea-
sure the PalvP during inspiration (zone II) or
permanently (zone I).

Ventilation, whether spontaneous or con-
trolled, allows a balance of intra- and extra-chest
pressure at the end of expiration; measures must
be carried out at that time. For example, during
inspiration in mechanical ventilation, the catheter
area migrates from zone III to zone II. By adding
the PEEP, the pulmonary alveolar pressure is
increased. By this phenomenon, most of the
lungs are found in zone II, inducing a random
relationship between the PAOP and LAP. This is
particularly noticeable when PEEP values exceed
10 cmH,0. Hypovolemia induces a decrease of
the PvP and leads to a passage of the lungs in
zone II (Fig. 3.4).

pulmonary venous pressure  Zone Il

(PvP) [7]. LA corresponds
to the left atrium, and LV
corresponds to the left

ventricle PAP

PA,P PvP
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Fig. 3.4 Differences of PAOP measurements between
West zone III (APAOP reflects the pulmonary venous
pressure) and West zone II (APAOP reflects the pulmo-

In the case of normal lung compliance, posi-
tioning the catheter outside of zone III is recogniz-
able when the PEEP is introduced; the PAOP
increases by more than 50% of the PEEP value
and no longer corresponds to the LVEDP values. It
is then possible to evaluate the difference by look-
ing at the degree of the PAOP inspiratory rise
(Ainsp) compared with the respiratory changes in
PAP. If the reported Ainsp PAPO/Ainsp PAP is
<1.2, the pulmonary catheter is in zone III, and the
measurement of LVEDP is reliable. An inspiratory
ratio greater than 1.2 indicates that the PAOP
increased in parallel with the PalvP and no longer
corresponds to the LVEDP [8]. However, during
ARDS, poor lung compliance induces poor pres-
sure transmission, and the model of the West zones
is thus not strictly applicable. Taking measure-
ments via a sharp drop in the PEEP leads to obtain
values which don’t correspond to the actual hemo-
dynamic status. A positive fluid balance with the
resulting hypoxemia could be dangerous and may
cause an increase in pulmonary arterial resistance.
This also applies to patients with COPD because
air trapping leads to self-induced PEEP.

The pulmonary vein pressure (PvP) can be
pathologically elevated in several situations:
fibrosis, mediastinal compression, and thrombo-
sis. Here, Pcap and PAOP are higher than the LA
pressure. Reducing the pulmonary vascular bed,
e.g., after a pneumonectomy or pulmonary embo-
lism, interrupts the pulmonary flow when occlu-
sion is induced by the balloon, therefore
significantly limiting LA filling. In these situa-
tions, the PAOP may underestimate the LAP.

nary alveolar pressure) indicating an incorrect position of
the pulmonary artery catheter tip

3.1.4 The Diagnostic Use
of Pulmonary Artery Catheter
in Circulatory Failure

The hemodynamic profile of a patient can be
characterized by measuring intravascular pres-
sure (RAP, PAP, PAOP, and CO). Isolated high
PAOP or RAP (CVP) is related to ventricular
or valvular dysfunction on the same side. It is
important to account for both the absolute
value and the ratio between the two pressures
[9]. An acute left heart problem, e.g., due to
systolic, diastolic, or valvular ventricular dys-
function, is characterized by an isolated eleva-
tion of the PAOP. However, it is not possible to
differentiate between the two conditions with a
pulmonary artery catheter. Hypervolemia or
tamponade is suspected when there is a com-
bined increase of the two pressures (CVP and
PAOP) [9]. In this case, measuring the cardiac
output and the SvO, is useful to determine
whether hypervolemia (high cardiac output
and SvO,) or tamponade (low cardiac output
and low SvQ,) exists.

Right heart dysfunction is suspected in the
case of an equalization between the left and right
pressures (RAP = PAOP) and if the RAP is
greater than the PAOP. Pulmonary hypertension
is a sign of an increase in right ventricular after-
load (pulmonary embolism, primary or second-
ary pulmonary hypertension). In contrast, a
cardiac pump dysfunction is suspected (ventricu-
lar myocardial infarction or tricuspid valve regur-
gitation) when the PAP is low.
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The pulmonary artery catheter is also used to
diagnose a pulmonary hypertension and to specify
the location and feature. A difference between dia-
stolic mean PAP and PAOP of less than 5 mmHg
in the case of pulmonary hypertension is a sign of
“postcapillary” PAH (related to an increased left
heart pressures). However, if a higher difference
between these two pressures exists, then a “pre-
capillary” pulmonary hypertension (primitive pul-
monary hypertension, chronic thromboembolic
pulmonary hypertension (CTEPH), acute respira-
tory distress syndrome, pulmonary embolism,
decompensated chronic obstructive pulmonary
disease) may be suspected. Although these intra-
vascular pressure measurements are diagnostically
useful, echocardiography remains essential
(impact assessment and possible precision of the
exact nature of etiologies). However, the pulmo-
nary artery catheter enables the continuous moni-
toring of patients in shock.

3.1.5 Evaluation of Left Ventricular
Preload by the PAOP

To estimate the left ventricular preload, the PAOP
must meet a number of criteria:

e The PAOP must be measured in a pulmonary
artery with a large enough caliber to reflect the

~
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pressure. Indeed, the PAOP corresponds to the
pressure of a static column located between
the inflated balloon and the pulmonary venous
flow, provided that there is no interruption in
the pulmonary capillaries. If there is a high
alveolar pressure and capillaries are com-
pressed, especially if the intraluminal pressure
(i.e., the pulmonary venous pressure) is too
low, the pulmonary venous pressure would no
longer correspond to the PAOP, which would
then be equal to the pulmonary alveolar pres-
sure. To detect such traps, especially in cases
of high PEEP (extrinsic or intrinsic), the respi-
ratory changes in the PAOP (APAOP) can be
compared with those in the PAP (APAP) [8].
e The left ventricular end-diastolic pressure
(LVEDP) should be reflected by the pulmo-
nary vein pressure measured in a larger caliber
vein. Indeed, it is very close to the LAP. If
there is mitral stenosis, the LAP will be higher
than the LVEDP. In this case, the LVEDP will
be underestimated by the PAOP. On the other
hand, the presence of a “v” wave is the result
of acute mitral regurgitation (Fig. 3.5). The
PAOP underestimates the LVEDP. In this case,
the PAOP must be measured at the beginning
of the “v” wave to better estimate the LVEDP.
e Itis also important to consider the LVEDP in its
“transmural” component to better reflect the LV
filling pressure. When there is a high external or
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Fig. 3.5 PAP measurement by a pulmonary artery cath- by a “v” wave. This measure requires the simultaneous

eter. During balloon inflation, measurement of the pulmo-
nary arterial occluded pressure (PAOP) in the presence of
severe mitral insufficiency is reflected on the PAOP curve

monitoring of the pulmonary artery pressure curve and the
electrocardiogram (ECG)
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intrinsic PEEP, including when the LVEDP is
reflected by the PAOP, the filling pressure can
be overestimated if the PEEP transmitted to the
pleural space is not subtracted from the mea-
sured PAQOP. It is therefore essential to perform
this calculation [4, 5]. Finally, in case of reduced
left ventricular compliance (e.g., ischemic heart
disease or cardiac hypertrophy), the PAOP is not
a good reflection of left ventricular volume and
preload [10].

3.1.6 PAOP as a Marker
of Pulmonary Filtration
Pressure

The PAOP, as shown above, does not reflect the
pulmonary capillary pressure. It is often used to
differentiate the type of pulmonary edema (cardio-
genic vs. ARDS). In clinical practice, a PAOP
above 18 mmHg is often accepted as a sign of the
hydrostatic component of pulmonary edema. In
this case, the PEEP values are important. Ideally,
one should measure a pulmonary capillary pres-
sure that reflects the hydrostatic pressure in the
pulmonary capillaries. However, analyzing a
decrease in the pulmonary artery pressure curve
after balloon inflation is difficult to achieve in clin-
ical practice and is rarely executed. The difference
between the pulmonary capillary pressure and the
PAOP (pressure measured in a large pulmonary
vein) is proportional to the CO and the pulmonary
venous resistance. Under physiological condi-
tions, this difference is quite small. However, in
some hyperdynamic states such as in ARDS, in
which the lung venous resistance is abnormally
high, this difference is much greater [11].

3.2 Measurement of the Central
Venous Pressure
via a Central Venous
Catheter

3.2.1 Central Venous Catheter

The establishment of a central venous catheter
(CVC) is a common practice in the ICU. It is

essential for the infusion of some drugs such as
vasopressors and parenteral nutrients. A CVC
also provides the central venous pressure mea-
surements and central venous saturation of the
superior vena cava (ScvO,). There are three inser-
tion sites: the internal jugular, subclavian, and
femoral veins (long catheters). Although little evi-
dence supports one puncture site over another,
each site has its advantages and disadvantages,
and the location of the insertion site is made by
the clinician, depending on the clinical situation.
In patients with shock, the femoral venous route is
often selected because of the ease of access and
the low risk of pneumothorax. However, the risks
of infection and venous thrombosis of the lower
limbs, especially for a prolonged catheterization,
often lead clinicians to choose a superior vena
cava access. Since the first description of an inter-
nal jugular CVC insertion was published in 1969
[12], this practice has drastically changed, partic-
ularly with the advent of ultrasound-guided tech-
niques. Its insertion by anatomical landmarks is
simple, and the catheter route to the superior vena
cava is direct. The major disadvantage of this
insertion site is the initial puncture of the carotid
artery potential pneumothorax, which could be
reduced to a negligible risk using ultrasound guid-
ance. The installation success rate of this insertion
now exceeds 95 %.

In the ICU, the subclavian route is the most
used insertion site. Described for the first time in
1964 [13], this vein has the advantage of being
less “collapsible” during profound hypovolemia
due to its anatomical grip on the clavicle.
Complications occur in 4-15% of procedures.
The risk of pneumothorax ranges from 0 to 6 %.
Gas embolisms, arrhythmias, tamponade, and
lesions of the nervous structures are extremely
rare. As is the case for the internal jugular vein or
the femoral vein, ultrasound guidance is recom-
mended for puncturing the subclavian vein. This
technique reduces the risk of complications and
improves the success of the puncture. Nevertheless,
it is always recommended to perform a chest
X-ray after the establishment of a CVC. This
examination decreases the probability of compli-
cations and also checks the proper positioning of
the catheter tip.
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Catheter infection is the primary risk of com-
plications and occurs in 11% of cases. Its fre-
quency is dependent on the duration of
catheterization. To reduce this risk, training cam-
paigns for nursing staff in hospitals are used [14].
Sterile and aseptic techniques within units have
also demonstrated effectiveness. However, the
use of catheters coated with antibiotics or anti-
septics is still under debate, and tunneling cathe-
ters increases infection risks at the femoral and
jugular sites [15].

3.2.2 Central Venous Pressure

The measurement of the central venous pressure
(CVP) is carried out via a central venous catheter
placed in the lower third of the SVC. The rela-
tionship between cardiac output and central
venous pressure is twofold: one applies to the
heart, and the other applies to the vascular sys-
tem. The first (the Frank-Starling law) is repre-
sented by the cardiac function curve. Cardiac
output varies with preload, as expressed by the
CVP. The main mechanisms that govern this
function are afterload and contractility. The sec-
ond mechanism concerns the vascular function,
for which the CVP varies inversely with the car-
diac output according to the Guyton vascular
function curve law [16]. The main determinants
of vascular function are the arterial and venous
compliances, the peripheral vascular resistance,
and the blood volume. The intersection of the
cardiac and vascular function curves reflects a
state of equilibrium (Fig. 3.6).

The main question asked by the intensivist at
the bedside of a patient with shock is whether vol-
ume expansion will be beneficial [17]. Until the
early 2000s, estimated volemia, representing the
total blood volume in the body, interested both cli-
nicians and researchers. Its determination is diffi-
cult in the ICU and has little practical significance
because it is only an indicator of a patient’s vol-
ume status and not blood circulation. The assess-
ment of preload is also a key element to consider.
It roughly corresponds to the ventricular loading
conditions at the end-diastolic time. The relation-
ship between the preload and the stroke volume
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Fig. 3.6 Cardiac function curve according to the Frank-
Starling law (purple) and vascular function curve accord-
ing to Guyton’s law (pink). The blue point represents CVP
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Fig. 3.7 Graphic representation of the inseparable com-
bination of the curves of right ventricular function and
venous return to different hemodynamic states. The repre-
sented intersections symbolize the different states of car-
diac function; the blue dot represents the steady-state
condition

can distinguish between two types of patients and
helps to define the hemodynamic response to fluid
expansion. The “responder” patient (i.e., “preload
dependent”) is a patient in whom a volume expan-
sion will lead to a significantly increased SV and,
accordingly, CO (for a small increase in the trans-
mural pressure). This patient will be situated on
the vertical portion of the cardiac function curve.
The “nonresponder” patient (i.e., “pre-indepen-
dent”) is a patient in whom a volume expansion
will lead to an increased preload due to an
increased transmural pressure but no significant
increase in the stroke volume. This patient will be
located on the plateau portion of the cardiac func-
tion curve (Fig. 3.7).
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Regarding hypovolemia, we must distinguish
between absolute hypovolemia and relative hypo-
volemia. Absolute hypovolemia indicates a
decrease in the total circulating blood volume. It
results in a decrease of the systemic venous return,
the cardiac preload, and, thus, the cardiac output,
despite a reactive increase in the heart rate. The
relative hypovolemia is defined by inadequate
blood volume distribution between different com-
partments, as blood volume may be defined as
stressed and unstressed blood volume. This results
in a decrease in the central blood volume corre-
sponding to the intrathoracic blood volume and is
especially the case during positive-pressure
mechanical ventilation or vein dilatation (decrease
in stressed blood volume in favor of unstressed
blood volume). Concerning the CVP, as shown in
the various states in Fig. 3.7, a same venous return
curve corresponds to several CVP values, depend-
ing finally from the good cardiac function or the
impaired heart function. Therefore, analyzing the
CVP according to the CO is essential. The Frank-
Starling relationship may vary from one patient to
another and over time in the same patient.

Under the Frank-Starling law governing the
relationship between preload and ventricular func-
tion, there are two phases on the cardiac function
curve. During the rising phase, the increased pre-
load results in an increase in stroke volume. In the
plateau phase, an increase in the preload does not
cause an increase in the stroke volume. In contrast,
the plateau represents the filling limit of the ven-
tricles in connection with external components
such as the pericardium and the cytoskeleton. On
this portion of the curve, an increase in the preload
increases the diastolic ventricular pressure and the
left ventricular transmural pressure with negative
potential consequences on the coronary circula-
tion of the left ventricular, hepatic, and renal flows.
Finally, venous collapse can occur and limit
venous return [18].

3.2.3 Measurement of the Mean
Systemic Pressure

It is relatively simple to measure the level of right
atrium pressure that opposes the venous return.

However, it is more complicated to estimate the
“driving” pressure at the periphery of the veins.
In fact, the venous pressure is variable through-
out the body, particularly when the patient is in
an orthostatic position, due to the weight of the
blood column itself. These variations are more
important in the supine position because the
height between the front and the rear body rarely
exceeds 30 cm. In a study on dogs deprived of
sympathetic reflexes and with hearts replaced by
pumps, Guyton measured the “mean” driving
pressure of venous return or the mean systemic
pressure (MSP). In this experiment, increasing
the pressure of the right atrium to more than
7 mmHg nullified the venous return and cardiac
output. This indicated that the atrial pressure
reached the MSP value and thus canceled out the
venous return motor gradient [16, 19]. Therefore,
the venous return in these dogs occurred with a
maximum gradient of 7 mmHg. The present fact
is only possible because the venous system offers
little resistance to flow, unlike the arterial
network.

If the normal pressure of the right atrium is
close to 0 mmHg, it is not uncommon to measure
a RAP >7 mmHg in patients under positive-
pressure ventilation or suffering from impaired
right ventricular function (without venous
return). As a result, the cardiac output is not zero
even if it may be significantly reduced. This is
related to a parallel increase in the MSP due to a
reflexive increase of venoconstrictor tone.
Conversely, decreasing the RAP below 0 mmHg
may not increase the venous return due to the col-
lapse of the vena cava when the transmural pres-
sure is zero or negative (resulting in no flow) [16,
20]. This is shown as a plateau in the venous
return curve when the inferior vena cava col-
lapses at the level of the diaphragm (abdominal
pressure is higher than intrathoracic pressure)
(Fig. 3.8).

3.2.4 Resistance to Venous Return
The resistance to venous return is very low, but

minor changes can have major consequences in
terms of flow because the pressure gradient is
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Fig. 3.8 Venous return curves as described by Guyton
[16]. For some CVP values, the venous return is canceled
out. In contrast, for values over 0 mmHg, the flow does
not increase due to the collapse of the vena cava where the
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Fig. 3.9 The pressure-volume relationship of a canine
jugular vein indicating the shape-changing area and the
radial extension area. The shape-changing area coincides
with the preload-dependent area

also very low. Cylindrical veins offer low resis-
tance. However, for flattened or collapsed veins,
the resistance increases and becomes infinite
(Fig. 3.9). The venous return curve slope is the
inverse of the venous return resistance: for the
same MSP value, a steep slope, indicating a low
resistance, allows a greater venous return.

3.2.5 Venous Reservoir and Cardiac
Output

The venous reservoir can be represented as a con-
tainer with a port located above a bottom portion
[21, 22]. The contained liquid can therefore be

v

Central venous pressure (mmHg)

transmural pressure becomes negative. In addition, the
slope of the curve is inversely proportional to the resis-
tance to venous return

divided into a portion located below the level of
the port, corresponding to an “unstressed vol-
ume,” and a portion located above the port, cor-
responding to a “stressed volume.” The fraction
of unstressed blood volume is passively stored in
the veins and can be used without producing dis-
tending pressure [23]. This is the volume that is
used to “prime” the circuit but that generates no
flow. The stressed volume is located above the
port. The higher the liquid above the level of the
orifice, the greater the hydrostatic pressure and,
therefore, the greater the venous return and the
CO. This height is the driving pressure gradient
of the venous return and is equivalent to the dif-
ference between the MSP and the RAP. Thus, to
increase the venous return, it is possible either to
increase the MSP or to lower the RAP (Fig. 3.10).
To increase the MSP, two methods can be used:
(a) increasing the volume in the reservoir (e.g.,
volume expansion) and (b) reducing the capaci-
tance of the reservoir by administering a vaso-
constrictor agent (to redistribute the volumes by
increasing the stressed volume at the expense of
the unstressed volume). To reduce the RAP with-
out reducing the MSP, an inotropic agent can be
administered to increase the contractility of the
ventricles and decrease the amount of fluid in the
upstream atrium. Conversely, a decrease in the
volume of the reservoir, e.g., through bleeding or
dehydration, will have the effect of reducing the
venous return and the CO.
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Fig. 3.10 Schematic representation of the venous reser-
voir. The size of the container is the capacitance of the
reservoir, which is at a maximum when veins are dilated.
The height of the orifice corresponds to the RAP. The total
liquid height corresponds to the MSP. The volume of lig-
uid located below the level of the orifice corresponds to

Changes in the intravascular volume and the
venous capacitance affect the MSP and the
venous return resistance [24]. Therefore, fluid
expansion or venoconstriction induces an
increase of the venous return by increasing the
MSP and decreasing the resistance in the venous
return by recruiting collapsed or flattened veins.
Dehydration or hemorrhage results in the oppo-
site effect (Fig. 3.11).

3.2.6 CVP Measurement Principles

From a physiological point of view, CVP mea-
surement must take into account two properties:
the reference value and physiological variations.
For each measure, it is necessary to have a cor-
responding reference value. This is most often an
arbitrary value because different values of CVP
will be obtained for each baseline. For example,
the CVP measured at the midaxillary level will be
greater by 3 mmHg than that measured at the
sternal angle. The implementation of a “zero”
reference is required before each measurement.
CVP measurements are carried out in the vast
majority of cases through a central venous line

%

MSP

i

Driving pressure of the
venous return = MSP — RAP

RAP

the unstressed volume generating no flow, whereas the
volume located above corresponds to the stressed volume.
The liquid height located above the orifice corresponds to
the driving pressure of the venous return, i.e., the differ-
ence between the MSP and the RAP

located at the superior vena cava. However, in the
absence of an abdominal compartment syndrome,
measuring the CVP in the inferior vena cava is
feasible. These two sites of measurements were
compared in clinical studies and showed good
correlation [25]. However, in these studies, the
tip of the venous catheter was consistently located
above the diaphragm, which may not always be
the case in clinical practice. This is a major limi-
tation of CVP measurements by a femoral cathe-
ter. Similarly, studies have compared CVP values
(with good correlation) measured centrally vs.
peripherally in renal transplant patients with no
history of heart disease during and after surgery
[26, 27]. Nonetheless, performing these measure-
ments in clinical practice is not recommended
due to the lack of reliable data and other clinical
factors that may distort the measured values.
The interaction between the ventilation and
the CVP curve through the transmural pressure
is the cause of variations in CVP curves. In a
patient with spontaneous breathing, forced inspi-
ration induces a reduction in the CVP. In con-
trast, in a patient under mechanical ventilation
with positive pressure, the “zero” reference is
equal to the atmospheric pressure. During
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Fig. 3.11 Schematic representation of three ways to
increase the venous return and the CO: (a) by increasing
MSP through a volume expansion, (b) by increasing the

mechanical ventilation with positive pressure,
the CVP value increases as a result of the sharp
increase in the surrounding pressure of heart and
vessels (extramural pressures), the fact that
decreases the transmural pressure and the size of
the right atrium. However, large differences are
still observed, especially during the application
of positive-pressure ventilation in the case of
abdominal compartment syndrome or in the
presence of pericardial effusion. No solutions
have been proposed for the reliable and repro-
ducible measurement of CVP values [18] under
unphysiological conditions.

3.2.6.1 Measurement of CVP

The CVP curve comprises several waves: three
ascending deflections (a, ¢, and v) and two
descending waveforms (x and y). The “a” wave-
form is due to contraction of the right atrium sub-
sequent to the electrical stimulation and P wave
of the ECG. The “c” wave is attributed to the iso-
volumetric contraction of the right ventricle that
induces a bulging tricuspid valve toward the right
atrium. The “x” wave is attributed to decreased
pressure in the right atrium, which opens the tri-
cuspid valve to the bottom during ejection of the
right ventricle. The “v” wave is formed by the
opening of the tricuspid valve as blood enters the

MSP by administering a vasoconstrictor, (¢) by lowering
the RAP by administering an inotropic agent

Systole Diastole

Fig. 3.12 Electroscopic trace of the central venous pres-
sure curve. The optimum measurement is achieved at the
point “Z”

right ventricle. Point “z” is the atrial pressure
before ventricular contraction (Fig. 3.12). There
are approximately 200 ms between the CVP
curve and the radial arterial pressure curve.
Therefore, there is an “artificial” delay between
systole transmitted by the radial artery and the
systolic “c” wave of the CVP.

3.2.6.2 How to Use CVP Measurements

in Clinical Practice
The measurement of CVP values is used to esti-
mate the pressure in the right atrium. This reflects
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the right ventricle diastolic pressure, which esti-
mates the diastolic volume of the right ventricle.
Finally, the CVP can be used as a surrogate to
estimate the right ventricular preload, as it is an
indicator of the interaction between venous return
and right ventricular function [28]. Clinicians
have used the CVP as an indicator of volemia.
Although the CVP varies with volume in healthy
subjects, for instance, studies have shown that its
measure iS unnecessary in patients with heart
failure, especially if the left ventricular ejection
fraction is decreased [29]. Moreover, the CVP
has no predictive value for fluid responsiveness
[30, 31]: it does not distinguish responders from
nonresponders to volume expansion. Finally,
CVP values in patients under positive-pressure
ventilation [32] or with abdominal compartment
syndrome should be interpreted with caution
[33]. In particular, PEEP may influence the
CVP. A simple subtraction does not determine
the actual CVP value. However, a high CVP
value is often notably present in the case of right
heart failure such as in pulmonary embolism [34]
and should be considered a warning sign to the
clinician. Higher values of the CVP also predict
the occurrence of right heart failure in the estab-
lishment of left ventricular assistance. One study
showed that an important rise in the CVP during
the implantation of a left ventricular assist device
predicts the occurrence of right ventricular
dysfunction.

Low CVP values can still assist the clinician
in treatment decisions, especially in cases of
hypovolemic shock, in severe trauma patients,
and during some perioperative surgeries. This is
especially relevant in emergency services for
which the patient is breathing spontaneously
without positive-pressure ventilation or deep
sedation and has an irregular heart rate as in these
conditions, dynamic indices of fluid responsive-
ness are useless. Accordingly, Rivers et al. estab-
lished their early management protocol for
patients in septic shock, in which the CVP takes
precedence in the initial treatment strategy [35].
For example, for a CVP <8 mmHg, the clinician
is advised to achieve volume expansion. These
practices were adapted by the Surviving Sepsis
Campaign [36]. Although CVP measurement
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should not be the only index considered, it could
be a primary factor among others in the overall
treatment process.
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4.1 Physiological Basis

One of the main goals of blood circulation is to
ensure oxygen supply to organs and tissues. The
determinants of arterial oxygen delivery (DO,)
are the CO and the arterial oxygen content
(Ca0,). The arterial oxygen content has two
components; the main component is oxygen
bound to hemoglobin (Sa0,), and the secondary
component is dissolved oxygen. The former is
dependent on the hemoglobin concentration; the
affinity of hemoglobin for oxygen (which varies
for Hb isotypes); environmental conditions such
as temperature, pH, or 2,3-DPG concentrations;
and thus the Hb oxygen saturation. The second
component is dependent on the arterial partial
pressure of oxygen (Pa0O,) and is considered to be
negligible due to the very low solubility coeffi-
cient of oxygen in plasma (close to 0). It is there-
fore possible to set the equations:

Ca0, = (Hbx1.34xSa0, ) +(0.003x PaO,

DO, = COxCa0,

By ignoring the dissolved oxygen component, we
obtain:

DO, = COxHbx1.34xSa0,

Arterial blood is normally deoxygenated in tis-
sues. Tissue oxygen extraction is dependent on
tissue demand but also on the ability of the tissue
to extract oxygen. Therefore, following periph-
eral oxygen extraction, the venous oxygen

© Springer International Publishing Switzerland 2016

content is dependent on the arterial oxygen satu-
ration (Sa0,), on the balance between VO, and
the cardiac output (CO), and on hemoglobin (Hb)
levels.

As a surrogate of SvO, for evaluating the
adequacy of O, supply/demand, the central oxy-
gen venous saturation (ScvO,) has become a
commonly used variable. Because it represents
the amount of oxygen remaining in the systemic
circulation after its passage through the tissues,
the ScvO, informs us of the balance between
oxygen transport (DO,) and oxygen consump-
tion (VO,). Its use in clinical practice was facili-
tated over a decade ago by the availability of
fiber optic catheters that allow continuous moni-
toring [1]. A reduction in the cardiac output, in
hemoglobinemia, or in the Sa0O, or an excessive
VO, may initially be compensated for by an
increase in the arteriovenous oxygen difference,
resulting in a decreased ScvO,. This is an early
compensatory mechanism that can precede a
rise in lactatemia [2]. ScvO, values of <65-70 %
under acute patient conditions should alert clini-
cians to the presence of tissue hypoxia or inad-
equate perfusion.

4.2 Mixed Venous Oxygen

Saturation (Sv0O,)

The pulmonary artery catheter permits measure-
ment of the mixed SvO,. There are two ways to
achieve this:
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1. A sample of blood is taken from the pulmo-
nary artery through the distal port of the pul-
monary artery catheter (balloon deflated) and
subjected to conventional blood gas measure-
ments by co-oximetry. However, this method
has multiple potential pitfalls that should be
avoided during the removal of pulmonary
arterial blood [3]. Strict sampling rules must
be followed to prevent the collection of non-
arterialized mixed venous blood. The correct
positioning of the catheter tip in a large branch
of the pulmonary artery is essential. The mea-
suring method by co-oximetry has also been a
source of frequent errors. This method also
may potentially cause major blood loss, espe-
cially in younger children, and is also the
source of infections associated with frequent
handling of the pulmonary artery catheter.

2. A pulmonary artery catheter fitted with an
optical fiber is used for the in vivo measure-
ment and continuous recording of the SvO,
via automatic spectrophotometry. This method
avoids repeated pulmonary arterial sampling.
It also allows real-time SvO, monitoring. This
method is very accurate and reproducible and
uses several wavelengths [3]. The measuring
principle is based on red and infrared light
sources that send 600-1,000 nm wavelengths
through the optical fiber of the pulmonary
artery catheter to illuminate the blood flow
from the pulmonary artery. The reflected light
is captured by a photodetector through a sec-
ond optical fiber. These captured readings are
then integrated to determine the SvO,. An “in
vitro” calibration must be conducted before
insertion of the pulmonary artery catheter.
Once the catheter is in place, a supplementary
“in vivo” calibration, in which a pulmonary
artery blood sample is measured, may be per-
formed. It is also recommended that the cali-
bration be repeated when the SvO, values are
suspicious or erroneous. The position of the
catheter in the pulmonary artery (i.e., not too
distally) is the main factor that determines the
precision of the measured SvO,. Manufacturers
claim measurement precisions of +2%.
However, in a study comparing this method
with co-oximetry, the average precision varied

by up to 9 %. In clinical practice, =9 % to +9 %
variations are acceptable [4]. These variations
are often due to poor positioning of the cath-
eter or improper use of the device rather than
to a poor-quality device [5]. Once properly
repositioned and recalibrated, the pulmonary
artery catheter measurement system often
reduces erroneous SvO, values.

SvO, measurements assess the adequacy of
oxygen delivery (DO,) and oxygen consumption
(VO,). SvO, is affected in part by the cardiac out-
put, the arterial oxygen saturation (Sa0,), the
hemoglobin concentration (Hb), and the VO..
Based on the Fick relationship, the SvO, can be
calculated using the following equation:

VO,
QxHbx13.9

The relationship between the cardiac output and
the SvO, is curvilinear [6] (Fig. 4.1) for given
Sa0,, VO,, and Hb values. A low SvO, is associ-
ated with a decreased cardiac output. In contrast,
a normal SvO, (>70 %) is associated with a nor-
mal or increased cardiac output. Additionally,
when the SvO, is low, any changes in the cardiac
output are associated with changes in the SvO,.
However, for normal or high SvO, values
(>70 %), significant changes in the cardiac output
are associated with small changes in the SvO.,.
Therefore, a decoupling phenomenon exists
between the cardiac output and the SvO,. This
precludes the use of this single monitoring sys-
tem to assess cardiac output changes, especially
during hyperdynamic states.

In healthy subjects at rest with normal SaO,
and Hb values, the normal SvO, value is
70-75%. During exercise, SvO, values may
decrease to as low as 45 % [7], due to an increase
in O, consumption, with both increase in VO,
and O, extraction by skeletal muscle. However,
anaerobic metabolism occurs at this “critical”
SvO,, which also corresponds to the O, tissue
extraction limit (or critical extraction). In cer-
tain pathological situations, the drop in the SvO,
is the result of complex interactions between
four determinants that could all be influenced to
varying degrees by pathology or therapy. The

Sv0, = Sa0, —
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four determinants SaO,, CO, Hb, and VO, are
closely linked through various compensatory
mechanisms (Fig. 4.2).

4.3 SvO, and Regional

Oxygenation

The SvO, is measured by a pulmonary artery
catheter and is a reflection of the average satura-
tion of venous blood in organs. A few organs such

3 4 5 6 7 8 9 10

Cardiac output (L/min)

as the kidneys have high blood flow perfusion and
correspondingly low O, extraction. These organs
have a greater influence on SvO, values than other
organs such as the myocardium that are perfused
at lower flow rates and with greater O, extraction.
During sepsis, there is a disturbance in the blood
flow distribution between organs, which compli-
cates the understanding of the measured value of
the SvO,. This is particularly true in the hepato-
splanchnic compartment, where there is a poor
distribution of regional flow in septic shock and
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which is associated with higher O, consumption
[8]. In the present setting, hypoperfusion and dys-
oxia, present in the splanchnic region, are partly
responsible for multiple-organ failure [9]. Another
example of the present phenomenon is the dem-
onstration in some patients with septic shock of a
normal SvO, value while very low values of O,
saturation at the level of the hepatic veins are
observed [10, 11]. Therefore, it appears that the
SvO, is not a reliable monitor of regional perfu-
sion in some kind of shocks like circulatory fail-
ure related to sepsis.

4.4 Contributions of ScvO,
Whereas the SvO, reflects the venous oxygen-
ation of the whole body and requires the presence
of a pulmonary artery catheter, the ScvO, is a
reflection of the venous oxygenation of the brain
and the upper body. Its measurement is possible
through a central venous catheter placed in the
superior vena cava at the level of the right atrium.
The mixed SvO, is a mixture of venous blood
from the inferior vena cava territories, the supe-
rior vena cava, and the coronary sinus. However,
the SvO, is dependent on each organ because
each organ extracts different amounts of O,.
Under normal physiological conditions, the SvO,
is higher in the lower body than in the upper body
[12, 13]. Under certain pathological conditions,
this difference is reversed [14]. During general
anesthesia, due to the increase in cerebral blood
flow and the use of anesthetic drugs that induce a
reduction in brain O, extraction, the ScvO, is
often greater than the SvO, by approximately 5 %
[15]. A similar effect is observed in severe head
trauma patients treated with barbiturates. In
shock, mesenteric blood flow decreases, whereas
O, extraction increases in the same region. In
contrast, the ScvO, increases in the region of the
superior vena cava because blood flow is main-
tained. Therefore, the venous saturation of the
inferior vena cava decreases, and the SvO, may
be lower than the ScvO, [16].

However, the question remains whether the
two venous saturations are equivalent, inter-
changeable, or move in the same direction during

pathological situations. Numerous studies in
humans and in animals have shown contradictory
results. A few studies have reported surprisingly
similar values [2, 17, 18], though others have
reported significantly different values [19, 20].
The trend of the past 10 years has been to use
less invasive monitoring techniques and to shift
from measuring the SvO, to the ScvO,. Moreover,
Rivers et al. conducted a randomized study based
on the early management of patients with septic
shock. The objective was to evaluate the efficacy
of a protocol based on early therapeutic goals,
especially one wherein the ScvO, values had to
be greater than or equal to 70 % during the first
6 h of care. These protocols were based on vol-
ume expansion, catecholamine administration
and packed red cell transfusion. The results of
this study showed that the relative risk of death at
60 days in the group treated with this protocol
significantly improved compared with a conven-
tionally treated group [21]. Although these results
have been questioned on numerous occasions,
this study has shown the advantages of the early
and aggressive management of septic patients
based on the monitoring of an easily accessible
oxygenation criterion. Since then, the relevance
of this parameter for improving the prognosis of
patients in shock has been shown by many other
studies conducted in the ICU [22, 23].
Nevertheless, it is important at this stage to
define the limits of the SvO, and ScvO, values dur-
ing sepsis. First, one could argue that ScvO2 mea-
surement requires a central venous catheter, which
is an invasive technique that exposes patients to
complications such as infection or hemorrhage.
However, central venous lines are often required in
critical patients and could therefore be used for
ScvO2 monitoring. Although catheter placement
has been a subject of debate, good correlation and
parallelism have been observed between mixed
venous blood saturation and the ScvO?2 in critical
patients over a broad range of clinical situations
[24]. Second, given its ability to measure global
D02, the ScvO?2 is unable to assess local perfusion
deficits [25, 26]. Consequently, in situations for
which the microcirculation is greatly altered (e.g.,
sepsis and late-phase shock states) or in mitochon-
drial poisoning or dysfunction, the ScvO2 may
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present increased values coexisting with situations
of intense tissue hypoxia [27].

To conclude about the ScvO,, the presence of
Scv02 <60 % in the general critical patient popu-
lation is associated with increased mortality [28].
ScvO2 measurement, as one of predefined resus-
citation goals, appears to be a valuable tool in the
early phase of septic shock (before volume resus-
citation) in guiding fluid management and ino-
trope support. Nevertheless, a greater knowledge
of its determinants is essential to ensure a reliable
interpretation in clinical practice. When the
ScvO2 is low, it reflects an unbalance between
oxygen consumption and oxygen supply and
should lead to the proposal of an appropriate
optimization strategy. Additionally, in clinical
situations such as septic shock, after the first
hours of management, a “normal” or high ScvO2
provides no additional value. Despite the extent
and the limits of ScvO, interpretation, ScvO,
monitoring is now an integral part of manage-
ment algorithms such as the Surviving Sepsis
Campaign [29], though some recent studies have
shown that early goal-directed therapy protocol
did not lead to improved outcomes [30, 31].
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Echocardiography is one of the monitoring
techniques available at the bedside for moni-
toring the cardiovascular system. Because it is
completely noninvasive for transthoracic echo-
cardiography and semi-invasive for transesopha-
geal echocardiography, this technique provides
the clinician information on both the anatomi-
cal and the functional cardiovascular system.
However, this technique remains operator depen-
dent and requires extensive training to correctly
perform it; in addition, it has been used only by
cardiologists for a long time. The use of echo-
cardiography as a monitoring tool also has its
limitations. Indeed, the technique is an evalua-
tion at one time, and this requires the repetition
of difficult tests in the clinical setting where the
clinician is not always available or not always
competent. Thus, echocardiography is most often
used as a diagnostic tool or to judge the effect
of certain drugs (inotropes, fluid expansion) and
never used to monitor during a long time.

The practical use of echocardiography in the
ICU is quite different compared with its use in
the cardiology community, though the technique
is the same [1]. In the ICU, echocardiography is
more focused on monitoring and diagnosing a
circulatory failure to estimate the cardiac output
and ventricular preload. Echocardiography sig-
nificantly contributes to the anatomical and func-
tional study of the heart and great vessels (aorta,
vena cava). The prevailing pressure gradients
around the area where it measures the flow veloc-
ity are provided by Doppler velocimetry. Doppler

© Springer International Publishing Switzerland 2016

velocimetry may be used to estimate the pressure
in the pulmonary artery and into the left atrium.
The measurement of cardiac output is easily
achievable by echocardiography. The evolution
of the circulatory condition over time or the
response to therapeutic intervention can be evalu-
ated by performing repeated measurements. Its
ability to provide a quick etiological diagnosis of
shock is one of the greatest advantages of using
this technique in the ICU.

5.1 Cardiac Output

Measurement

Flow measurement is important in certain thera-
peutic interventions such as volume expansion
and inotrope or vasopressor administration. The
change in cardiac output in response to therapeu-
tic intervention is a key component of the thera-
peutic process. The monitoring of changes in the
cardiac output requires a monitoring tool [2];
monitoring can easily be achieved with echocar-
diography and Doppler.

Stroke Volume
Measurement

5.2

Stroke volume measurement is the most used
and validated technique [3]. This measurement
is performed by transthoracic echocardiogra-
phy. The goal is to measure the velocity of
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5 Echocardiography

CO = VTl * (n*D?/4) * HR —>

Fig. 5.1 Cardiac output measurement by transthoracic
echocardiography with pulsed Doppler on the apical five-
chamber view of the velocity time integral (VTI), the
diameter (D) of the left ventricular outflow tract (LVOT)

blood by pulsed Doppler through the aortic
valve or directly below the valve at the outflow
tract of the left ventricle (Fig. 5.1). The veloc-
ity time integral (VTI) is calculated by measur-
ing the envelope of the maximum speed at each
instant, which corresponds to the distance trav-
eled by red blood cells during systole eight
stroke distance). Then, the multiplication of
the VTI by the area of the outflow tract or the
valvular orifice provides the stroke volume
(Fig. 5.2). The validity of this measurement is
achieved only if there is no aortic stenosis or
underlying obstacle such as a septal bulge.
Because the surface of the outflow tract is
fixed, the change in the VTT after a therapeutic
intervention allows for an assessment of the
change in the stroke volume. By the same prin-
ciple, it is possible to estimate the cardiac out-
put of the right ventricle by measuring the right
ventricle diameter outflow tract and the VTI
under the pulmonary valve. However, this
method is more complex to perform and is less
validated than on the left chambers.

on the long-axis parasternal view, which is capable of cal-
culating the LVOT surface, and the heart rate (HR) mea-
sured on the ECG recording

Calculation of the Stroke
Volume by Two-Dimensional
Echocardiography

53

The volume of the left ventricular cavity can be
measured using simple geometric models. The
volume ejected during systole and the ventricular
ejection fraction can be calculated by performing
these steps in diastole and systole. Various for-
mulae exist. From measurement of the left ven-
tricular diameter, the Teicholz formula estimates
the left ventricular volume (Fig. 5.3).

However, Simpson’s simplified method,
which uses a technique of the successive sum-
mation of disks measured at the level of the
left ventricular cavity, is the most reliable and
most commonly used method. The technique
first identifies the contour of the left ventricular
cavity and then, according to a predefined algo-
rithm, the long axis of the cavity is determined,
and the ventricular cavity is divided into 20
disks over the entire length of the long axis
(Fig. 5.4). The ventricular volume is estimated
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Fig. 5.2 The principle of calculating the stroke vol-
ume by Doppler echocardiography. The subaortic
velocity time integral, which corresponds to the amount
of blood passing through the LVOT, is provided by the
VTI of the flow, which is obtained by tracing the signal
envelope. It corresponds to the distance traveled by the
fastest red blood cells that cross the LVOT (stroke

X

VTI

distance). The diameter of the outflow tract is used to
calculate the cross-sectional area, assuming a circular
cross section. The product of integrating the time speed
by the cross-sectional area corresponds to the stroke
volume (volume of a cylinder). The product of stroke
volume by the heart rate permits the calculation of the
cardiac output

Fig.5.3 The measurement by transthoracic echocardiography (long-axis parasternal view) of left ventricular diameters
in time-motion mode. LVEDD Left ventricular end-diastolic diameter, LVESD left ventricular end-systolic diameter
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Get a good apical 4
chamber view

5 Echocardiography
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cardiac cycle

Fig. 5.4 The principle of measuring the stroke volume
and left ventricular ejection fraction by Simpson’s
method, based on measurement of the volumes of the left

by adding the volume of each of these disks.
The method is more accurate when the mea-
surements are performed in two perpendicular
planes. However, it often underestimates the
volumes when compared with reference values
measured by angiography, which is related to
the difficulty in correctly identifying the con-
tour of the endocardium. As the Teicholz for-
mula, this method is also much less accurate
when there are disturbances in the left ventric-
ular wall motion.

The most reliable measurement of the left
ventricular ejection volume remains Doppler
measurement of the aortic blood velocity in asso-
ciation with the measurement of the diameter of
the left ventricular outflow tract. This method is
the gold standard for estimating the stroke vol-
ume in echocardiography. Following a therapeu-
tic intervention (volume expansion, inotropic
administration) and to test its efficacy, it is pos-
sible to measure only the change in VTI because

Trace the LV systolic
endocardial border

ventricular cavity in diastole and systole. Think to per-
form two perpendicular planes

the surface of the chamber remains constant. This
simple measurement estimates the changes in
stroke volume in this context.

5.4  Estimation of Pressure
Gradients from Doppler
5.4.1 Simplified Bernoulli Equation

The principle of energy conservation, with some
approximations (i.e., losses, negligible friction, and
acceleration phenomena), describes the following
relationship between the Doppler speed measure-
ment and the pressure gradient prevailing on either
side of the orifice where the measurement of the
speed is made. This is the simplified Bernoulli equa-
tion, where P, and P, are the pressures upstream and
downstream of the orifice, respectively, and V, and
V, are the Doppler speeds upstream and downstream
of the orifice, respectively [4].
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Fig.5.5 Maximum speed
measurement of the flow
of tricuspid regurgitation
for estimating the pressure ¥ it. 3
gradient between the right
ventricle and the right
atrium according to the
simplified Bernoulli equa-

PHILIPS

tion (transthoracic
echocardiography)
5.4.2 Estimated Systolic Pulmonary

Artery Pressure

The simplified Bernoulli law (i.e., the Law of
Energy Conservation) explains the relationship
between the Doppler measurement speed and the
pressure gradient between two cavities on either
side of an opening:

R—-P=4(V)-17)

Through the tricuspid valve where physiologi-
cal regurgitation occurs in systole, it is possible
to estimate the pressure through the valve open-
ing. Application of the simplified Bernoulli law
to tricuspid regurgitation estimates the pressure
that exists on both sides in systole. By applying
the above principle to regurgitation through the
tricuspid orifice, the pressure can be estimated on
either side of this orifice in systole using the
formula:

2
RVP—RAP =4(V, . )

where RVP is the right ventricular pressure, RAP is
the right atrial pressure, and V,,, TR is the maxi-
mum speed of tricuspid regurgitation. The right
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ventricular pressure in systole is very close to the
systolic pulmonary artery pressure (PAP,,,) when
the pulmonary valve is open (in the absence of pul-
monary stenosis). The simplified equation (neglect-
ing the power term because the blood velocity in
the right ventricle is small compared with the
regurgitation flow velocity) becomes (Fig. 5.5)
PAP_ =4(V,, . TR)’ +RAP.

syst max

5.5 Estimating the Filling
Pressures of the Left

Ventricle

Estimation of the left ventricular filling pressures
is important in the case of diastolic heart failure
[5] and to differentiate cardiogenic pulmonary
edema from an inflammatory pulmonary edema.
Echocardiography can identify the existence of
high pressure in the left atrium suggesting a car-
diogenic pulmonary edema origin. Pulsed Doppler
can measure the blood flow velocity, which is pro-
portional to the existing pressure gradient on either
side of the Doppler window. When measured at the
point of the valve leaflets, the velocity of the mitral
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filling flow reflects the pressure gradient between
the left atrium and ventricle [6]. When the patient is
in sinus rhythm, the speed at which the blood moves
during this initial action is called the “E-wave” for
the early filling velocity. However, some blood
always remains; thus, toward the end of the atrial
emptying cycle (diastole), the second step occurs in
which the atria contract to squeeze out the residual
blood (“atrial kick”). The speed of blood filling the
ventricle in this step is the “A-wave” for atrial filling
velocity. Physiologically, early filling provides two-
thirds of the left ventricular filling. The ratio of the
peak velocity of the E wave to that of the A-wave
(E/A) is approximately slightly higher than one
(Fig. 5.6a). When increasing the pressure of the left
atrium, the E wave velocity increases as the pres-
sure gradient between the atrium and the left ven-
tricle increases. In addition, the deceleration time
of the E wave (DT; the time between the peak and
return point of the E wave at baseline) is shortened
(less than 120 ms) because of rapid pressure equal-
ization between the atrium and the left ventricle. In
this case, the part of filling that is provided by atrial
contraction decreases the E/A ratio [6]. The TDE
increases in hypovolemia and decreases in hyper-
volemia or in the case of disorder in left ventricle
relaxation.

It is also possible to estimate the pulmonary
venous flow by placing the pulsed Doppler win-
dow at the junction between the pulmonary vein
and the left atrium. A three-phase flow with a
small regurgitation wave during atrial contraction
is then displayed. There are then two anterograde
systolic and diastolic waves. The systolic compo-
nent is normally predominant in healthy subjects.

Another Doppler technique is the use of tissue
Doppler (TD) to assess the diastolic velocity move-
ment of the mitral annulus. This component is a
reflection of active and longitudinal LV relaxation.
After adjusting the ultrasound on tissue Doppler
(TD) with a low-frequency transmission (<4 MHz),
the pulsed Doppler window is adjusted to the level
of the mitral annulus with an opening of 5-10 mm,
and scale velocities are set between 15 and 20 cm/s.
The Doppler axis is aligned as much as possible
relative to movement of the mitral annulus. Slight
changes are sometimes required. The normal E

5 Echocardiography

velocity is approximately 10-15 cm/s in young
adults and 8 cm/s in the elderly (>70 years) and
varies depending on where the measurement is
conducted, as follows: >8 cm/s at the septal level
and >10 cm/s at the lateral side level. Because the
conventional pulsed Doppler “E-wave” for the
early filling velocity is dependent on both volemia
and myocardial proprieties during diastole (relax-
ation) and because TD at the mitral annulus E’
measures only the myocardial proprieties during
diastole, the ratio E/E’ is used to evaluate the left
atrial preload (volemia). As the ratio increases, the
LAP also increases [7]. This relationship no longer
exists when the mitral ring calcifies or the mitral
valve is diseased [8]. The major limitation of this
measure is that it tends to define diastolic function
of the entire ventricle from a measure that concerns
only the longitudinal early diastolic relaxation of
the side wall, septal or anterior. Moreover, this
measure does not evaluate the LV passive compli-
ance [9, 10] (Fig. 5.6b).

e Planimetry of the left atrium allows assess-
ment of the LA volume. Its elevation to more
than 37 ml/m? corresponds to a sustained ele-
vation of the LAP in relation to LV diastolic
failure [11]. It is also a prognostic marker. The
risks of death, heart failure, atrial fibrillation,
and ischemic stroke significantly increase
when the LA volume exceeds this value [12].

5.6 Assessment of Right

Ventricular Function

Because the right ventricular preload and after-
load vary with respiration, measurements con-
cerning the right ventricle must be made at the end
of expiration or during apnea. Unlike the left ven-
tricle, the right ventricle has a more complex form
and cannot be described with a simple geometric
figure. Therefore, it is impossible to calculate the
ejection fraction based on volumetric methods. In
addition, the contour of the endocardium is very
difficult to model because of the many trabecu-
lae present in its cavity. Finally, the data provided
in the literature were obtained by transthoracic



5.6 Assessment of Right Ventricular Function

69

E

| : Normal

>
DT

11l : Pseudo-normalisation

M
DT

Il : Impaired relaxation

<+
DT

IV : Restrictive profile

Mitral inflow

Fig. 5.6 Changes in the mitral inflow (a) and the mitral
annulus velocity (b) according to healthy patients and
patients with diastolic dysfunction. Stage II corresponds to
arelaxation defect, decreased mitral flow velocity liabilities
(E), and increased atrial contribution. However, a decrease
in the mitral annulus velocity occurs. Stage III corresponds
to a pseudo-normalization reflecting the gradual increase in
left atrial pressure that restores the LA-LV pressure gradi-
ent. As the flow velocity increases, E returns to its normal
value. However, its morphology is pathological, with the

acceleration and deceleration slopes accentuated (DT
<150 ms) and the isovolumetric relaxation shortened (IVRT
<200 ms). The mitral annulus velocity decreases. Stage IV
corresponds to a “restrictive” profile: this is the most seri-
ous situation. The ventricle becomes stiff, and the atrial
pressure increases as the flow velocity E becomes very
large with a very fast deceleration (DT <100 ms). The atrial
contraction wave becomes almost negligible because the
ventricle is not distensible at the end of diastole. The veloc-
ity of the mitral annulus is very limited
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Fig.5.6 (continued)

echocardiography during spontaneous breathing
but were not validated for TEE in patients venti-
lated with positive pressure ventilation.

Systolic RV function is a major determinant
of the clinical outcome of critically ill patients.
It is therefore essential to be able to measure its
whole function. The right ventricular ejection
is performed in a low flow resistance system.
Therefore, the RV is very sensitive to sudden
increases in afterload with a consequent expan-
sion of the cavity and a loss of systolic function.
Thus, during acute PAH (pulmonary embo-
lism, hypoxic pulmonary vasoconstriction, or
ARDS), the RV abruptly expands. In an inex-
tensible pericardial sac, the biventricular volume
is constant. Therefore, RV dilation under acute
cor pulmonale (ACP) results in left ventricular
compression and a “paradoxical septum,” i.e.,
bulging of the interventricular septum into the
left ventricle. The paradoxical septum partially

occludes the left ventricle, causing a decrease in
cardiac output on the left side and, consequently,
a drop in systemic blood pressure followed by
hemodynamic instability. An ultrasound diagno-
sis of ACP is based on the finding that RV dila-
tion is associated with a paradoxical septum that
compresses the LV (interventricular interactions)
[13]. A ratio between the diastolic ventricular
surfaces (RV/LV) of >0.6 suggests RV dilation
[14] (Fig. 5.7).

The right ventricular outflow tract (RVOT)
shortening fraction is calculated by the difference
between the diastolic and systolic diameters
divided by the end-diastolic diameter. There is a
wide interindividual variation making its use
rather difficult in clinical practice. The right
ventricular outflow tract (RVOT) ejection frac-
tion is calculated as the difference between the
end-diastolic volume and the end-systolic area,
divided by the end-diastolic volume. However, as



5.6 Assessment of Right Ventricular Function

Fig. 5.7 Ultrasound example (transthoracic echocar-
diography sectional parasternal long axis (leff) and short
axis (right) in diastole) of the right heart failure in the
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Fig. 5.8 Tricuspid annular plane systolic excursion
(TAPSE) measurement by transthoracic echocardiography
in apical four-chamber mode and then in time-motion

the fraction of the diameter decreases, the short-
ening fraction of the surface is not very useful in
the ICU. Shortening fraction of a diameter or a
surface of <0.3 indicates severe right ventricular
failure and is associated with worsening periop-
erative mortality [15]. All these markers of right
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context of acute cor pulmonale after massive pulmonary
embolism with severe RV dilatation, an RV/LV ratio >0.6,
a paradoxical septum (solid line), and LV compression

IM 0,5
ITm 0,2

83 bpm

mode corresponding to the systolic excursion of the lat-
eral tricuspid ring, measured in cm

ventricular function have been validated against
the FE measured by MRI [16-18].

The tricuspid annular plane systolic excur-
sion (TAPSE) is the longitudinal displacement
of the side portion of the tricuspid annulus [19]
(Fig. 5.8). Because the longitudinal shortening
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Fig. 5.9 Schematic representation of the Doppler mea-
surement intervals for calculation of the Tei index, the
myocardial performance index of the RV. It is defined as
the sum of the isovolumetric contraction time (/CT), the

is the major component of the right ventricular
contraction, the present fact makes this mea-
sure relevant in evaluating the contractile func-
tion of the right ventricle. A value of greater
than 15 mm indicates good RV systolic func-
tion [20]. However, this measure has two weak-
nesses: it may overestimate the real RV
function (because the apex can be driven by the
septum and the LV contraction). Differently,
the systolic velocity of the tricuspid annulus
assessed with tissue Doppler allows measure-
ments to estimate the RV systolic function.
This measure is validated for TEE [21] and for

ejection time (ET), and the isovolumetric relaxation (/RT)
divided by the ejection time (a —b)/b. The normal value is
0.5 [26]. The Tei index is calculated on the Doppler spec-
tral display of tricuspid and pulmonary flow

patients under positive pressure ventilation
[22]. A maximum speed of less than 7 cm/s is
associated with an EF <0.4 [7]. However, the
maximum speed is lower when the measure-
ment is performed by TEE than by transtho-
racic echocardiography [23].

The acceleration of isovolumetric contrac-
tion measured at the tricuspid annulus is cur-
rently the most reliable index because of the few
dependencies on load conditions. However, tis-
sue Doppler requires a high sampling frequency
(i.e., strain mode rate) [16, 17, 24]. The highest
tissue velocities (VDs) are faster at the base
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4

Fig. 5.10 Schematic representation of the occurrence
of right ventricular failure and its impact on the left ven-
tricle, the interventricular septum, and RV/LV interde-
pendence in five steps: [/ normal biventricular
configuration; 2 the start of right ventricular dilation and
wall thinning; 3 RV dilation, further thinning of the RV

than at the apex and are significantly higher than
those of the LV.

Also, the myocardial performance Tei index
is applicable to the RV function assessment
(Fig. 5.9). It is the ratio between the duration
of the isovolumetric phases and the duration of
ejection [17]. A severe dysfunction is charac-
terized by an index >0.5. It is also possible to
calculate the Tei index from tissue Doppler on
the tricuspid annulus. Although it represents
only longitudinal RV contraction, this mea-
surement can be made during a single cardiac
cycle.

The acceleration slope of tricuspid regurgita-
tion (TR) is the pressure difference as a function
of time of the isovolumetric contraction phase of
the RV; this measurement which is equivalent to
a dp/dr of the right ventricle has been validated to
assess the RV systolic function [25].

O
DD

73

2 3
@

5

walls, flattening of the interventricular septum, and
reduction in the LV volume; 4 significant dilation and
thinning of the RV free wall and correctness of the inter-
ventricular septum; and 5 RV failure, severe RV dilation
cavity, paradoxical septal bulging into the LV cavity, and
severe reduction in LV volume [17]

In clinical practice, right ventricular echo-
cardiographic measurements may be inad-
equate because of an incorrect interpretation of
ventricular contours. Therefore, all indices must
be integrated as part of an overall assessment of
ventricular function and the clinical situation.
A single result should not in itself lead to thera-
peutic decisions. In the case of right ventricu-
lar failure, the right ventricle expands due to
the thinness of its walls (Fig. 5.10). Therefore,
a small RV de facto excludes a right ventricu-
lar failure, with the exception of RV myocardial
infarction and in case of large pericardial effu-
sion. The measurements of longitudinal shorten-
ing by the TAPSE and of free wall thickening are
the two essential measures to take into account in
assessing the right ventricle. Finally, notably, the
gold standard for evaluating the right ventricle is
the MRI [27, 28].
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Volume expansion was formerly assessed by
invasive cardiac output monitoring and intracar-
diac pressure measurement, following the con-
cept of “fluid challenge” [1]. Recently, fluid
responsiveness was then evaluated in response to
volume expansion. The recent concept is based
on the Starling curve. For instance, following a
volume expansion, a patient may be situated on
the ascending portion of the curve (with a signifi-
cant increase in cardiac output without massive
increases in filling pressures) or may be located
on the flat portion of the curve (with a small
increase in cardiac output along with drastically
increased filling pressures) [2]. In the past, no
indication was predictive of the potential effec-
tiveness of volume expansion, and the only evi-
dence used to guide fluid therapy was the preload
indices, also known as “static”’ indices. However,
the central venous pressure (CVP) and pulmo-
nary artery occlusion pressure (PAOP) were
never shown to reliably predict the hemodynamic
benefit of volume expansion [3, 4] to a greater
extent than ventricular diameter or surface mea-
surements [5, 6]. Although a low preload value
could still achieve a volume expansion in shocked
(and not yet resuscitated) patients, the use of
static preload indices is currently not recom-
mended to guide fluid therapy in the ICU. In fact,
this practice is likely to lead to the incorrect
administration of intravenous fluids and to result
in an increased risk or aggravation of pulmonary
edema, hypoxemia, or ARDS [7, 8].

© Springer International Publishing Switzerland 2016

A new approach based on hemodynamic car-
diopulmonary interactions has been developed in
the past decade [8]. Mechanical ventilation
causes lung volumes to phasically vary by apply-
ing positive airway pressure during inspiration
above the resting elastic recoil pressure of the
lung and chest wall. The resulting phasic
increases in lung volume cause proportional
increases in intrathoracic pressure (ITP) as the
expanding lungs press against the chest wall and
diaphragm. The net result of these cyclic changes
in ITP is parallel changes in the right atrial pres-
sure. Because the right atrial pressure is the
downstream pressure for venous return, increas-
ing the right atrial pressure transiently decreases
this pressure gradient; accordingly, venous return
to the right ventricle decreases, and intrathoracic
blood volume decreases during lung inflation [9].
After approximately three heart beats, the
decreased flow reaches the left ventricle; if it is
preload responsive, then its output also tran-
siently decreases but that occurs during expira-
tion [10]. Thus, observing either the left
ventricular stroke volume or its surrogate, arterial
pulse pressure variation (SVV and PPV, respec-
tively), during ventilation identifies patients as
volume responsive. This fundamental observa-
tion, made over 30 years ago, has been rediscov-
ered as a form of functional hemodynamic
monitoring [11] and used to determine whether
patients in shock will increase their cardiac out-
puts if given a fluid challenge [12].
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The principle is to evaluate whether volume
expansion could be beneficial to the patient prior
to any corrective action. There are then two cate-
gories of patients: “responders,” in whom volume
expansion, if practiced, will significantly increase
the cardiac output, and ‘“nonresponders,” in
whom no beneficial significant hemodynamic
improvement can be expected with volume infu-
sion. The concept is to use dynamically “disrup-
tive” heart-lung interactions to test the evolution
of hemodynamic parameters such as mechanical
ventilation or passive leg raising.

6.1 Passive Leg Raising to Test

the Preload Dependency

An alternative for assessing volume expansion
needs is the passive leg raising maneuver
(Fig. 6.1).

This is particularly the case when the respira-
tory variation in the hemodynamic indices loses its
predictive ability to test the response to fluid load-
ing. These situations are identified as follows: low
tidal volumes, cardiac arrhythmias, and spontane-
ous breathing. This maneuver comprises simulta-
neously lifting both of the patient’s lower limbs to
an angle of 45° to allow for the transfer of venous
blood contained in the legs to the intrathoracic
compartment [14]. This causes increased right ven-
tricular [15] and then left ventricular preloads [16,
17], and the result of this maneuver is similar to an
autotransfusion, mimicking the effects of fluid

6 Preload Dependency Dynamic Indices

expansion. This technique is well known among
anesthetists and emergency doctors because it is an
emergency maneuver used for patients in hypovo-
lemic shock. The passive leg raising increases the
cardiac preload by increasing the average circula-
tory pressure and increases the driving pressure of
the venous return [18] by the gravitational move-
ment of blood. This venous blood then passes from
the unstressed venous compartment to the stressed
venous compartment.

The amplification of this phenomenon is
observed in patients under positive pressure
mechanical ventilation. Indeed, the volume of
blood present in the thoracic and splanchnic
venous beds is already constrained by the posi-
tive pressure applied by the ventilator. Hence,
there is a greater effect in the passive leg raising
maneuver for ventilated patients than in sponta-
neously breathing patients [19]. In contrast, the
effects of this maneuver on cardiac output are
variable [20] and are dependent on the degree of
the elevation of the lower limbs and the volume
of the preload reserve. Indeed, some authors have
tested the effect of passive leg raising on the
increase in stroke volume in patients under
mechanical ventilation [21]. Patients with an
increased stroke volume during this maneuver
had an increase in stroke volume after a fluid
loading of 300 ml of IV saline. In contrast,
patients in whom the passive leg raising did not
lead to increased stroke volumes did not increase
their stroke volume after receiving the same vol-
ume of fluid loading [21].

Fluid loading

S S Sh S

Fig. 6.1 Schematic representation of the passive leg rais-
ing maneuver. During this maneuver, the cardiac output or
one of its derivatives (e.g., APP, SVV, etc.) are continu-
ously monitored. (/) The patient is seated at 45° in a semi-
supine position. (2) The passive leg raising maneuver is
conducted by rocking the bed; the patient’s chest is flat,
and the legs are raised to 45°. Note that the angle between
the thoracoabdominal area and lower limbs does not vary

during the maneuver. The cardiac output or derivative indi-
ces are compared with values before the maneuver. (3) The
patient is returned to a semi-sitting position. At this stage,
if the patient is a “responder,” he will receive a fluid infu-
sion (4); otherwise, the test stops at step 3. (5) The test is
ended, and volume expansion is assessed by measuring the
cardiac output or one of its derivatives to observe the ben-
efit of fluid expansion (Adapted from Monnet et al. [13])
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The passive leg raising maneuver is now used
as a test to detect the existence of preload depen-
dency [13]. In the same study, the authors
observed the effects of passive leg raising on fill-
ing pressures, which return to their original values
when the legs are returned to the horizontal posi-
tion. One of the undeniable advantages of this
maneuver is the prevention of deleterious fluid
administration. Although initially tested on
changes in the stroke volume, the passive leg rais-
ing maneuver can also be tested on changes in the
pulse pressure. Indeed, pulse pressure variations
are directly proportional to the stroke volume, and
assuming that arterial compliance is not changed
by the maneuver, an increased pulse pressure dur-
ing passive leg raising would indicate that the
stroke volume increased during the maneuver,
thus allowing the clinician to conclude that the
patient is preload dependent and that fluid expan-
sion may be helpful. This was shown in a study of
mechanically ventilated patients, in whom the
increase in pulse pressure predicts fluid respon-
siveness [21]. However, the correlation between
changes induced by passive leg raising on the
stroke volume and on pulse pressure was not opti-
mal. Indeed, in this study, the blood pressure was
measured on the radial artery, and changes in the
radial pulse pressure did not optimally reflect the
changes in the pulse pressure measured at the aor-
tic level. The changes in stroke volume may, as
part of this maneuver, be measured by echocar-
diography [22], by esophageal Doppler [13], or
by pulse contour analysis [23].

6.2  Using the Effects
of Mechanical Ventilation
on Hemodynamic

Parameters

The use of positive pressure mechanical ventila-
tion, which leads to cyclical changes in transpul-
monary pressure and pleural pressure, causes
changes in the hemodynamic parameters of the
right and left heart function [2, 24]. With greater
respiratory variations, the heart is more signifi-
cantly “preload dependent,” and a volume expan-
sion will affect the patient’s hemodynamic status.

During the respiratory cycle under positive pres-
sure, positive pressure leads to an increase of the
pleural pressure, which reduces venous return to
the right heart and its preload. When the RV is
“preload dependent,” a decrease in the right ven-
tricular ejection fraction will occur. Meanwhile,
the increase in transpulmonary pressure in the
insufflation will lead to an increase in RV after-
load, leading to a decrease in the right ventricular
stroke volume. Therefore, during the mechanical
insufflation, by combining these two effects, with
a predominant effect of pleural pressure effect on
the preload [25, 26], a decline in the RV stroke
volume that correlates with the preload depen-
dency of the right heart will occur [2]. By reduc-
ing the right ventricular SV, the impact of
mechanical breath on the left ventricle will occur
in a delayed manner, approximately three to four
cardiac cycles later, due to the long transit time of
blood in the pulmonary circulation. And the
decrease of stroke volume of the right ventricle
observed earlier will affect the left ventricular
filling after. Therefore, the decrease in the left
ventricular preload occurs during the expiratory
phase. Accordingly, a patient with a preload
dependency will be identified by a respiratory
change in the left ventricular ejection volume
relative to the inspiratory decrease in RV stroke
volume [27].

6.2.1 The Respiratory Variation

of Systolic Blood Pressure

After performing a respiratory pause to measure
the systolic blood pressure as a reference, this
method is used to calculate the difference
between the minimum and maximum systolic
pressures during a respiratory cycle [28].
However, as the respiratory changes in the sys-
tolic pressure (SPV) are multifactorial, the
method is divided into two distinct parts, using
the systolic blood pressure measured during an
end-expiratory pause as a reference (Fig. 6.2).
The Aup component is equal to the difference
between the maximum systolic blood pressure
during the respiratory cycle and the reference
blood pressure; the A down component is equal
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to the difference between the reference systolic
blood pressure and the minimum systolic blood
pressure during the respiratory cycle. The latter
component reflects the expiratory reduction in
the left ventricular stroke volume secondary to
the inspiratory reduction of venous return and the
right ventricular stroke volume, which gives an
indication of preload dependency.

Calculation of the SPV is performed accord-
ing to the following formula [29, 30]:

SPV (%) = SBPus ~SBRus 100
(SBP_, +SBP,_ )/2

Adown is calculated according to the following
formula:

SBP

reference

SBP,

reference

- SBP

ADown (%) = min 5 100

According to several studies, these parameters
are sensitive indicators of preload dependency
[27,31-34]. This was recently confirmed by clin-
ical studies [6, 35-37], which revealed a relation-
ship among the degree of hypovolemia, the
amplitude of the SPV, and the value of Adown.
These indices were also significantly more reli-
able in predicting fluid responsiveness than the
PAORP or the diastolic area of the left ventricle. A
threshold value of 4.5% for Adown predicts a
positive fluid response, with useful predictive
values. A threshold value of 10 mmHg can be
used for the SPV. Finally, there is a significant

Lt

Time

relationship between the Adown value at baseline
and the increased stroke volume secondary to
volume expansion with a good quantitative esti-
mation of fluid responsiveness.

6.2.2 Measurement of Pulse
Pressure Respiratory
Variations (APP)

The PP increases during insufflation and decreases
during expiration under mechanical ventilation
using positive pressure. Because the PP is directly
correlated to the left ventricular stroke volume,
those variations reflect only respiratory variations
of this volume. In the case of hypovolemia, a lower
systemic venous return at each insufflation is more
pronounced. As a result, an inspiratory decrease of
the right ventricular stroke volume and, a few
heartbeats later, an expiratory decrease of the pul-
monary venous return, the left ventricular stroke
volume, and the PP are observed. As the first phys-
iological indicator of cardiorespiratory interac-
tions, the APP has been validated in clinical
practice as an index that predicts fluid responsive-
ness [33] (Fig. 6.3). A APP greater than 13 % reli-
ably predicts a significant increase in the cardiac
output produced by a volume expansion of 500 ml
[33]. It is calculated using the following formula:

PP, —PP,
APP 0/ = max min
(%) (PP, +PP_)/2

max min

%100




6.2 Using the Effects of Mechanical Ventilation on Hemodynamic Parameters

Fig. 6.3 Principle of the 120
measurement of respiratory PP pax
variation in the arterial
pulse pressure (APP) in a 100
patient on mechanical
positive pressure 80
ventilation and sinus ’ga
rhythm g 60
o
< a0
20

\/M
0 =

79

|:’Pmin

Other studies have confirmed the calculation of
APP in predicting fluid responsiveness in various
types of patients [6, 30, 31, 34-36, 38]. However,
there are a number of limitations in the use of this
index. It is mandatory that patients receiving
mechanical ventilation do not trigger the ventilator,
the heart rhythm must be regular, and the tidal vol-
ume must be greater than 8 ml/kg of the predicted
body weight [39-42]. It has also been shown that
the abdominal pressure [43], the respiration rate
[39], and the presence of right ventricular failure
[24] can influence the APP value. This greatly lim-
its the use of APP in clinical practice, especially in
ARDS patients ventilated using a protective venti-
lation strategy (i.e., with a tidal volume less than
6 ml/kg of the predicted body weight).

6.2.3 Measurement of Respiratory
Stroke Volume Variations

Echocardiography measures the left ventricular
SV beat by beat by multiplying the velocity time
integral (VTI) obtained by Doppler by the sur-
face of the left ventricular outflow tract [44]. The
amplitude of the VTI respiratory variations cor-
relates with the degree of hypovolemia and pre-
dicts fluid responsiveness [45] (Fig. 6.4).
Esophageal Doppler permits blood flow monitor-
ing in the descending aorta and uses a similar
index to predict fluid responsiveness [46].
Changes in the left ventricular SV are reflected

L

Time

by changes in the maximum flow velocity with
equivalent results [5]. The threshold values of
these indices should not be used alone but rather
in conjunction with clinical findings and the
overall hemodynamic situation.

One method to assess the left ventricular SV
beat by beat is pulse contour analysis of the arte-
rial pressure wave. This method requires an arte-
rial line and a monitoring device containing a
specific algorithm. Many systems allow for real-
time analysis with automated calculation of the
amount of variation of the left ventricular SV in
seconds. The SVV is calculated using the follow-
ing formula (Fig. 6.5):

SVL

max

(SV,u +SV,

-SV,

min

x100
)/2

SVV (%) =

min

As is the case for APP, these systems suffer from
limitations, including mechanical ventilation
without spontaneous breathing movement and
sinus rhythm. Nonetheless, new algorithms allow
other devices to overcome extrasystole and pre-
dict fluid responsiveness despite these artifacts
with good precision [47].

6.2.4 Pulsed Plethysmography
By analyzing the pulsatility of the plethysmography

curve, similar respiratory variations were observed
in the pulse pressure; accordingly, variability was
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also observed in respiratory pulse plethysmogra-
phy [30, 48] (Fig. 6.6). Plethysmographic indices
include respiratory variation of the amplitudes of
the plethysmographic pulse oximetry (APleth) and
the plethysmographic variability index (PVI). Both
APleth and PVI are obtained through continuous
analyses of pulse oximetry signals and calculated
using the following formula:

>

Time
Pleph . —Pleph_,
APleph(%) = ——Pmma " 2Py 10
(Pleph,, +Pleph,; )/2
The pulse pressure signal and “pulse-

plethysmography” curves show excellent corre-
lation in several studies. They indirectly and
noninvasively assess respiratory variations in the
SV, therefore indicating the preload dependency
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Fig. 6.6 The simultane-
ous recording of systemic
arterial pressure, plethys-
mography, and respiration
curves of a mechanically
ventilated patient showing
significant
plethysmography respira-
tory variations, indicating
preload dependency

Arterial pressure

= Airway pressure

Plethysmography

—

and predicting the fluid responsiveness [48, 49].
Pulse plethysmography can also detect preload
dependency via the passive leg raising maneuver
[50]. However, this method, although noninva-
sive, suffers from many limitations. As is the case
with other derivatives of SV variations, the pres-
ent marker should be performed in patients with
mechanical ventilation, in regular rhythm, and
with a sufficient tidal volume due to the lack of a
reliable threshold value in predicting fluid
responsiveness [51].

Indices derived from the arterial pressure
curve are not reliable in patients with spontane-
ous breathing and who are experiencing an
arrhythmia [52]. In those circumstances, the ple-
thysmographic indices, which share the same
physiological basis of the derivatives of arterial
waveform analysis, lose their predictive ability.
No studies on the plethysmographic indices have
been conducted in arrhythmic patients. However,
two studies [53, 54] show data confirming that
the plethysmographic index most likely has lim-
ited value in spontaneously breathing patients; in
these patients, a passive leg raising maneuver
should instead be used to predict fluid respon-
siveness [55]. As they are based on noninvasive
pulse oximetry, the plethysmographic indices do
not require arterial catheterization and allow for

Time

the safer and faster evaluation of preload
dependency based on indices derived from the
arterial pressure curve. However, the quality of
the plethysmographic signal depends essentially
on peripheral perfusion [56], which can be
significantly reduced by factors such as hypo-
thermia [57], low cardiac output [58], and
Vasopressor use.

In particular, norepinephrine use and increas-
ing peripheral vascular tone can reduce the
pulsatile component of the plethysmographic
waveform and thus the precision of the plethys-
mographic indices. Observational studies [59]
have shown that the correlation between APpleth/
PVI and APP is significantly reduced in patients
receiving norepinephrine. Finally, a study on crit-
ically ill patients using laser velocimetry devices
revealed spontaneous cyclic changes in vasomo-
tor tone that can cause periodic oscillations of the
scale of the registered plethysmographic signal
[60]. These oscillations are superimposed on the
plethysmographic respiratory variation signal
and may cause interference, which requires
appropriate signal treatment to be eliminated
[61]. Another factor that could affect the preci-
sion of plethysmographic indices is the measure-
ment site. In one study [62], the accuracy of PVI
as a predictor of fluid responsiveness was higher
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when the probe was placed on the forehead or
the ear lobe where the subcutaneous vascular
system is relatively resistant to the sympatheti-
cally mediated induction of a change of vasomo-
tor tone [63]. This suggests that in contrast to the
usual practice, the finger is not the preferred mea-
surement site for plethysmographic indices, par-
ticularly in patients receiving vasoactive drugs.
Signal filtration is also an important technical
limitation of plethysmographic indices. Indeed,
pulse oximeters have mainly been developed to
detect the oxygen saturation signal rather than to
detect changes induced by ventilation. In particu-
lar, the adaptive digital filters that dynamically
change their filter characteristics in response to a
change in the sound of the band were adopted to
eliminate noise occurring within the bandwidth
of the pulse oximetry signal. However, the ongo-
ing adjustment in the filter can lead to changes in
the amplitude of the pulse that interfere with
those induced by mechanical ventilation [64]. No
difference in accuracy between the PVI and the
APpleth was determined in a meta-analysis.
Similarly, the only study to date that has directly
evaluated the PVI/APpleth ratio found no signifi-
cant difference between these two indices [65].

6.2.5 Measurements of Inferior
Vena Cava Respiratory
Variations (AICV)

An ultrasound examination of the IVC can be
easily performed by transthoracic echocardiog-
raphy, particularly using a subcostal view [66].
The IVC diameter measurement discriminate
healthy subjects from patients with a high RAP
[67]. In his famous study conducted on venous
return in dogs, Guyton showed that a moderately
negative RAP increased venous return but that
greater negativity, in contrast, did not [18].
Guyton theorized that the IVC collapsed as it
entered the thorax and that a collapsible vessel
could not transmit a negative pressure upstream
[18]. The first demonstration of this phenome-
non in humans was demonstrated in a study on
acute severe asthma [68].
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In a healthy, spontaneously breathing subject,
cyclic variations in the pleural pressure transmit-
ted to the right atrial cavity lead to cyclical fluc-
tuations in the RV preload. By increasing
inspiration, the inspiratory IVC diameter may be
reduced by 50 % [66]. When the IVC is expanded,
the relationship between the diameter and the
pressure is located at its horizontal portion. The
respiratory variations in IVC diameter caused by
a pressure drop in inspiration are abolished, for
instance, in cardiac tamponade [69] or in severe
RV failure [70]. In a patient subjected to positive
pressure ventilation, the inspiratory phase leads
to an increase in pleural pressure, which is trans-
mitted to the cardiac fossa, thereby reducing the
VR. The result is an inversion of the cyclical
changes in the IVC diameter, increasing during
inspiration and decreasing during expiration.

These respiratory changes are abolished by a
dilatation of the vena cava, fact which corrobo-
rates a high RAP value (Fig. 6.7). The IVC respi-
ratory variations in a patient under positive
pressure mechanical ventilation are only observed
when the RAP is normal or low. In a patient with
circulatory failure, this finding can be observed
as hypovolemia or preload dependency.
Measuring the IVC diameter in mechanically
ventilated patients does not accurately predict the
RAP [71]. However, the absence of respiratory
variations in the IVC diameter in mechanically
ventilated patients with signs of circulatory fail-
ure suggests that volume expansion, if adminis-
tered, will be ineffective in 90 % of cases [72].

Feissel et al. used respiratory variations in the
IVC diameter to predict fluid responsiveness in
mechanically ventilated patients [72]. The vari-
ability of the IVC diameter was calculated using
the following formula:

D

IVCmax

+ DIVCmin ) / 2

IVmin

x100

AIVC(%) =

IVCmax

An increase in IVC diameter of 12 % during the
inspiratory phase can differentiate responders
from nonresponders with a positive predictive
value of 93 % and a negative predictive value of
92 % [72]. This work shows that a noninvasive
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Fig. 6.7 Subxyphoid transthoracic ultrasound centered
on the inferior vena cava (IVC) in time-motion mode
showing the IVC respiratory variation based on airway
pressure (P,,) in a patient with preload dependency who is
under mechanical ventilation (Adapted from Feissel et al.

dynamic parameter can assess the potential ben-
efit of volume expansion. In addition, examina-
tion of the IVC is particularly easy and requires
only limited experience in echocardiography.
Other teams have confirmed these assumptions
[73]. However, an unknown remains: is this
index still valid in the case of high abdominal
pressure wherein the variations in the IVC diam-
eter are limited?

Another phenomenon previewed in mechani-
cally ventilated patient is the presence of retro-
grade flow that results not from a tricuspid
regurgitation but rather from cyclic compression
of the right atrial wall by the lung. This compres-
sion of the RA pushes residual blood cells back
toward the IVC, especially during cardiac systole,
while the tricuspid valve is closed to prevent ante-

2 COMP100

[72]). Note that when the preload-dependent patient is
placed under mechanical ventilation, IVC collapse occurs
in expirium, whereas when the patient is breathing spon-
taneously, IVC collapse occurs in inspirium

grade flow [73]. This retrograde flow is a major
cause of the inaccuracy of the measurement by
thermodilution in mechanically ventilated patients
[74]. Anyway, inferior vena cava examination by
echocardiography provides new accurate and eas-
ily acquired indices on the fluid responsiveness in
mechanically ventilated patients and in patients
with acute circulatory failure.

6.2.6 Measurements of Superior
Vena Cava Respiratory
Variations (ASVC)

Ultrasound examination of the SVC can be
made by transesophageal echocardiography
[26]. To keep this highly collapsible vessel
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Fig. 6.8 Ultrasound performed with a multiplane trans-
esophageal probe oriented at 90° and centered on the
superior vena cava (SVC) in time-motion mode in a
preload-dependent, mechanically ventilated patient showing

open, it must be subjected to distension pres-
sure, which should be higher than its critical
closing pressure. In a patient placed under
mechanical ventilation with positive pressure,
the inspiratory phase leads to a lesser elevation
in the RAP value than in the surrounding pres-
sure (pleural pressure). Thus, the SVC, which
is exposed to increased pleural pressure,
behaves as a Starling “resistor.” Therefore, the
impact of a mechanical breath with the fol-
lowed increase in intrathoracic pressure on
SVC diameter is mainly determined by the
amount of blood volume inside the present
venous vessel.

An index of “collapsibility” of the SVC has
been proposed and is calculated as

respiratory variations (Adapted from Vieillard-Baron
et al. [26]). Collapse of the SVC in a preload-dependent
patient occurs during the mechanical breath

D

SVCmax D

S SVCmin %100 [26]

SVCmax

Cnl] (%)

This index allows for the prediction of fluid
responsiveness in mechanically ventilated
patients with positive pressure and acute circula-
tory failure [26]. This assessment requires exami-
nation of the SVC by a longitudinal section
through the long axis using a multiplane trans-
esophageal echocardiography probe (Fig. 6.8),
recording of the two-dimensional image, and per-
formance of a time-motion study. In one study, a
collapsibility index of greater than 36 % was pre-
dictive, with a sensitivity of 90 % and a specific-
ity of 100%. A positive response to volume
expansion was associated with a significant
increase in the CO [26].
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6.2.7 Measurement of the
Pre-ejection Period and
Ventricular Ejection Time

The determination of systolic time intervals was
often used by cardiologists to monitor hypertro-
phic cardiomyopathy, ischemic heart disease,
valvular heart disease, hypertensive disease, and
pharmacological effects on the myocardium
function [75]. The measurements were performed
with phonocardiograhic recordings and carotido-
grams, Doppler echocardiograms or esophageal
Doppler [76], and ECG recordings as a noninva-
sive method for assessing left ventricular func-
tion [77]. The pre-ejection period (PEP), the left
ventricular ejection time (LVET), and the PEP/
LVET ratio were the most commonly used sys-
tolic time intervals. In the past 20 years, as part of
a noninvasive hemodynamic monitoring impetus
in the ICU, these different times and phases of
ventricular systole were also assessed using
esophageal Doppler or impedance [76, 78].

The PEP is the time interval between ventricu-
lar depolarization (at the beginning of the QRS),
beginning from the start of left ventricular ejec-
tion, characterized by opening of the aortic valve
[79]. This time interval depends on the preload,
afterload, and contractility of the left ventricle
[80]. The normal range of the PEP in healthy sub-
jects is about 100 ms [81], with several demon-
strations that the heart rate does not appear to
mainly influence the PEP value [80].

The LVET corresponds to the systolic time
interval during which the left ventricle ejects
blood into the aorta and is characterized by the
opening-closing cycle of the aortic valve [80].
The time corresponding to the closing of the aor-
tic valve (the aortic component of the second
sound) is identified by phonocardiography or
echocardiography. This time interval is essen-
tially dependent on the stroke volume [82]. The
normal range in healthy adults is 292+18 ms
[81]. This value is inversely proportional to the
heart rate because the stroke volume decreases as
the heart rate increases [82]. The PEP/ET ratio is
a reliable index of left ventricular function [80].
Indeed, in the case of cardiac dysfunction, the
PEP increases, and the ET decreases [80].

ECG (mV)

AP (mmHg)

e

PEP

Fig 6.9 Measurement technique of the pre-ejection
period (PEP) from simultaneous recording of the electro-
cardiogram (ECG) and the invasive blood pressure (AP).
The interval is measured from the beginning of the electri-
cal ventricular depolarization (Q-wave) to the beginning
of the rise in pressure of the AP

Therefore, the PEP/LVET ratio increases if there
is a reduction in contractility. The normal range
in healthy adults is 0.37+0.03 [81]. There is a
good correlation between this ratio and the vari-
ous indices for assessing left ventricular perfor-
mance [75, 83, 84].

In the ICU, all patients have continuous ECG
monitors and are almost all equipped with an
arterial catheter for the continuous measurement
of blood pressure. It is then possible to simulta-
neously measure the PEP with the recording of
the blood pressure waveform and the electrocar-
diogram [85]. The PEP is the time between the
Q- or R-wave of the ECG and the start of the rise
in blood pressure, as measured on the radial
artery [85] (Fig. 6.9). Studies have shown that the
PEP decreases when the preload increases [79]
and that the PEP decreases when the SV increases
[86]. In addition, various studies in humans have
shown that the decrease in the PEP after volume
expansion is associated with an increase in the
SV [87] and that mechanical ventilation increases
the PEP while decreasing the venous return and
thus the left ventricular stroke volume [88]. The
study of the respiratory variation of the PEP
(APEP) in patients under mechanical ventilation
has shown that when the patient is preload depen-
dent, the PEP shortens during insufflation and
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increases during expiration [85]. The APEP was
calculated using the following formula:

PEPmax _ PE“Pmin X 1 00
(PEP, +PEP,, )/2

min

APEP(%) =

One study showed that the APEP is a predictive
dynamic index of fluid responsiveness [85].
Using the same principle but replacing the blood
pressure signal with a plethysmography curve, a
study showed that a APEP >4 % is able to predict
positive fluid responsiveness with a sensitivity of
100 % and a specificity of 67 % [89].
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Hemodynamic monitoring in the ICU has contin-
ued to evolve over the years. On the one hand, the
industry constantly offers new tools that can be
methodologically validated to provide clinicians
with the terms of use and limitations of these
devices. On the other hand, researchers are
attempting to innovate and discover new indices
and/or markers that can replace discontinuous
and invasive measures of cardiac output and indi-
ces that can predict fluid responsiveness in
patients who are in a state of shock. In the present
book, the authors revealed various hemodynamic
monitoring techniques available for the intensiv-
ist. As we have shown, each technique has its
advantages and limitations. For several years, the
subsidized intensive care industry has developed
monitoring devices that measure various param-
eters and are less invasive than the classical pul-
monary artery catheter. Nevertheless, the cardiac
output remains the most significant and impor-
tant hemodynamic variable and marker.

The abilities of various hemodynamic moni-
toring devices to measure hemodynamic param-
eters were reviewed. The deduction is clearly
exposed as the techniques that allow for the reli-
able measurement of cardiac output have been
and remain the most invasive techniques: pulmo-
nary artery catheterization and transpulmonary
thermodilution. Transpulmonary thermodilution
appears to have increased in popularity over the
pulmonary artery catheter. Nonetheless, the PAC
is still used, especially in academic centers. On
the other hand, echocardiography remains a

© Springer International Publishing Switzerland 2016

noninvasive technique that is both accurate and
reproducible. Indeed, it measures the cardiac out-
put, estimates preload, and anatomically evalu-
ates heart-vessel structures and pericardial
constraint; no other technique was able to match
these properties. However, there are two major
issues with this technique: (1) it requires an
advanced learning curve; (2) it does not allow for
the continuous monitoring of patients and is dif-
ficult to implement in intensive care units [1, 2].
The introduction of new, less invasive tech-
nologies providing the ability to simplify the
decision may appear attractive. In addition to the
stroke volume and cardiac output, hemodynamic
monitoring devices provide various additional
hemodynamic variables (Table 7.1), including
static preload variables, functional hemodynamic
variables, and the continuous central venous oxy-
gen saturation (ScvO,). However, these noninva-
sive methods of cardiac output monitoring should
not be naively used. Intensivists must ensure that
proper validation studies were conducted and
involved the right categories of patients. For
example, the reliability of these minimally inva-
sive devices for continuous monitoring of the car-
diac output is good in patients not treated with
catecholamines [3]. Conversely, these devices do
not meet the standards of accuracy when patients
receive high doses of vasopressors [4, 5]. Users
must be aware of the inherent limitations of each
device. Therefore, the most suitable device
should be used to collect the required data for
determining the appropriate therapeutic goal [6].
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The current trend is to use less invasive moni-
toring devices [7]. However, although these tools
have simplified hemodynamic calculations, they
remain subject to restrictions and may lead to false
results and false treatment decisions if not used
properly. Several issues must be considered when
introducing new technologies in clinical practice.
First, the implementation of a new device typically
requires clinical validation by comparing the new
technology with a “gold standard” in a standard-
ized clinical setting. Unfortunately, there is no
“gold standard” for cardiac output measurements.
Normally, pulmonary artery thermodilution (the
“ice water bolus” technique) is considered the
“clinical reference” and is used in most studies as
areference technique. However, this technique has
limitations that can lead to erroneous results. In
addition, standardized validation that is dependent
on the patient’s clinical condition, a defined num-
ber of measurements, and the induction of heart
rate changes is rarely performed.

Second, the Bland-Altman analysis became
the standard statistical method for comparing the
cardiac output measurements of a new device
with those of a reference technique [8]; however,
it includes biases and concordance limits that are
not always easy to interpret. Percentage of error
calculation was recently introduced by Lester
Critchley and is now required in most validation
studies [9—11]. A percentage of error threshold of
30% was initially defined as the criterion of
acceptability for cardiac output measurements
and was subsequently used as a reference value.
This threshold, however, has recently been ques-
tioned on the basis of a large meta-analysis of all
available minimally invasive measurement tech-
niques [10]. There is now debate regarding the
percentage of error that indicates acceptable clin-
ical reliability. Therefore, in the future, clinicians
and researchers must have access to new perspec-
tives on the statistical procedures used to validate
new techniques, such as the recently proposed
“polar plot” concordance analysis [12]. Indeed,
concordance allows only a rough estimate of
trends, i.e., the percentage of cardiac output
changes in the same direction measured by the
two techniques; however, the polar plot analysis
is a more accurate method that allows the

7 Perspectives

Table 7.2 Systems allowing for the monitoring of
dynamic parameters of fluid responsiveness

Dynamic parameter
of fluid

responsiveness Monitor available for their display

Systolic pressure
variation

Can be eyeballed accurately

Pulse pressure
variation

Cannot be eyeballed
Philips IntelliVue monitors
LiDCOrapid
LiDCOplus

PiCCO,

PulsioFlex

PRAM

Nexfin

CNAP

General Electric Monitors
LiDCOrapid
LiDCOplus

PiCCO plus
PulsioFlex

PRAM

Vigileo FloTrac
EV1000 VolumeView
ECOM

BioZ

NICOM

Masimo Radical-7

Stroke volume
variation

Pleth variability
index

Passive leg raising | Demonstrated with esophageal

Doppler, PiCCO,,
echocardiography, NICOM, and
Vigileo FloTrac

Pre-ejection period | Not available in clinical practice

quantification of trends in a manner analogous to
that of the Bland-Altman analysis.

Considering the technical features and the
typical limitations of the different cardiac output
monitoring techniques, it is obvious that no sin-
gle device can comply with all of the clinical
requirements. The different hemodynamic moni-
toring tools available on the market have their
advantages and disadvantages (Tables 7.1 and
7.2). Therefore, different devices may be used in
an integrative manner along a typical clinical
patient pathway based on the invasiveness of the
devices and the availability of additional hemo-
dynamic variables. In the presence of factors that
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affect the accuracy of all minimally invasive car-
diac output monitoring devices or when pulmo-
nary artery pressure monitoring or right heart
failure treatment is required, PAC insertion may
be required for patient-specific therapy.

Finally, our bedside experience suggests that
no ideal hemodynamic monitoring device exists.
To ensure the optimal management of hemo-
dynamic parameters, different devices may be
required to meet the needs of different patient
groups and different clinical scenarios. Many
currently available devices comply with these
requirements; therefore, some minimally inva-
sive devices such as additional monitoring tools
should be distinguished. However, when the
minimally invasive methods of assessing car-
diac output have significant limitations or when
continuous monitoring of pulmonary artery pres-
sure is required, the integrative use of a pulmo-
nary artery catheter should always be considered
[13]. Only the correct use of a device, adequate
hemodynamic management, and/or a protocol
based on therapeutic goals may be able to reduce
morbidity and mortality [14]. Indeed, regardless
of the precision and accuracy of a hemodynamic
monitoring device, its impact on the prognosis of
patients with hemodynamic instability is entirely
dependent on the decisions that are made once
the measured values are obtained. Therefore,
although a measurement device can offer con-
siderable decision-making support, its effects
on patient management are dependent on the
intensivist.
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