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Abstract

Measurement of cardiac output provides an indication of ventricular function
making the monitoring of this parameter an important component in the
hemodynamic management of both critically ill patients and patients with
suspected cardiovascular disease. The knowledge of cardiac output value also
helps to guide therapy to maintain adequate tissue perfusion in the high-risk
surgical patient.

The gold standard in the assessment of cardiac output consists in measuring the
blood flow directly in the aorta requiring a very invasive procedure. Lots of
methods have been implemented in order to indirectly estimate this parameter
including: invasive methods, semi-invasive and non-invasive ones. Two invasive
methods are considered “practical gold standards™: the thermodilution and the Fick
method.

In this work of thesis a thorough analysis of the accuracy of these two methods
have been performed, showing their strengths and weaknesses.

This thesis introduces and validates a new non-invasive method for the estimation
of cardiac output in mechanically ventilated patients: a technological transfer to
Cosmed s.r.l. is expected at the end of this study. The method is based on
prolonged expiration, and relies on measurement of gas concentrations and flow
rate. The sensors of a metabolic monitor (Quark RMR - Cosmed s.r.1., Italy) are
employed with the purpose to integrate its functions and extend its use to the

Intensive Care Unit.
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The monitor has been previously validated both in-vitro and in-vivo with the aim
to test its functioning on mechanically ventilated patients and to identify the limits
of accuracy of its measurements. The monitor’s performance resulted unaltered by
the presence of the mechanical ventilator into the breathing circuit, with or without
bias flow.

A pneumatic system, with an ad hoc designed orifice resistance, has been realized
and experimentally characterized to adapt the ventilatory patient circuit to the
estimation of cardiac output by prolonging expiration. The use of this system
results safe and risks of volutrauma, barotrauma, hypoxia and hypercapnia can be
excluded.

Cardiac output is calculated by using two different elaboration algorithms
employing data of gas concentration and flow rate, acquired during normal
breathing and prolonged expiration.

With the aim to quantify the agreement of the proposed method with the
thermodilution, twenty mechanically ventilated patients, who have undergone
cardiac surgery, have been enrolled.

Good correlation with thermodilution is found for both algorithms (R>0.8). The
application of the first algorithm gives mean cardiac output values slightly lower
than those obtained by thermodilution (-6%), whilst the application of the second
algorithm gives higher values (+30%). The standard deviations of the differences
between paired measurements are: 0.72 L min™ for the first algorithm and 1.07 L

min”' for the second one. Standard deviation obtained by the application of the
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first algorithm is slightly lower than those relative to other minimally invasive
techniques.

Prolonged expiration, standardization and automation of the procedure on
mechanically ventilated patients all appear feasible with the proposed system, in

order to obtain a non-invasive estimation of cardiac output.
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Nomenclature

A, surface area of the chamber, [m?]

Ay, vessel cross-sectional area, cross-sectional area (A) of the vessel, [sz]

BE, base excess, amount of acid or alkali needed to titrate 1 L of fully oxygenated blood to a pH
of 7.40, [mEq L]

C, concentration of indicator, concentration of the indicator in the chamber at any instant, [g L]
CaCO,, arterial concentration of carbon dioxide, carbon dioxide volume per volume unit of
arterial blood, [mL L]

Ca0,, arterial oxygen concentration, oxygen volume per volume unit of arterial blood, [mL L]
CbCO,, carbon dioxide concentration in blood, carbon dioxide volume per 100 mL of blood,
[mL (100 mL) ]

cf, coverage factor assuming a Student’s reference distribution with a certain number of degrees
of freedom and a certain confidence

CI, cardiac index, CO per square meter of body surface, [L min™ m™]

CO, cardiac output, volume of blood pumped by one ventricle in unit of time, [L min™']

COg, cardiac output assessed by using the Godfrey method, [L min™']

COn;, cardiac output assessed by using a non-invasive method, [L min™']

COk, cardiac output assessed by using the Kim method, [L min™]

COr, cardiac output assessed by thermodilution, [L min™']

Cp, specific heat, [J kg K']

CpCOs, carbon dioxide concentration in plasma, carbon dioxide volume per 100 mL of plasma,
[mL (100 mL) ]

CvCO,, venous concentration of carbon dioxide, carbon dioxide volume per volume unit of
venous blood, [mL L]

Cv0O,, venous concentration of oxygen, oxygen volume per volume unit of venous blood, [mL
L]

D, constant of diffusion, [m min']

dq, uncertainty of the variable of interest, q

dx;, uncertainty of the directly measured parameter, x;.

dZ/dtpax, maximum value of the dZ/dt waveform, [ s™1]

ACO, percentage difference between CO values estimated using non-invasive methods and
thermodilution, [%]

E, thermal energy going in (Ei,) or out (Eoy) of the control volume, [J]

EF, ejection fraction, the fraction of blood pumped out the right or left ventricle respect on the

ventricle’s volume before the ejection
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¢, bias flow, a minimum continuous flow useful for patient triggering conveyed through the
patient circuit which does not participate to the pulmonary gas exchange, [L min™']

F, shunting fraction, ratio between shunted blood volume (Vs) and stroke volume (SV)

F4, frequency shift in the Doppler ultrasound, [MHz]

FeCO,, mean expiratory fraction of carbon dioxide, mean fraction of carbon dioxide in the
expiratory gas, [%]

FgN», mean expiratory fraction of nitrogen, mean fraction of nitrogen in the expiratory gas, [%]
FgO,, mean expiratory fraction of oxygen, mean fraction of oxygen in the expiratory gas, [%]
FiCO,, mean inspiratory fraction of carbon dioxide, mean fraction of carbon dioxide in the
inspiratory gas, [%]

FIN,, mean inspiratory fraction of nitrogen, mean fraction of nitrogen in the inspiratory gas, [%]
F1O,, mean inspiratory fraction of oxygen, mean fraction of oxygen in the inspiratory gas, [%]

fo, transmitted frequency in the Doppler ultrasound, [MHz]

h, thermal convection coefficient, [J K m?> min™']

HR, heart rate, number of cardiac cycles per minute [cycles min™'] or [bpm] beats per minute

K, multiplicative coefficient for thermodilution, which takes into account heat loss through the
walls and into the catheter by the injectate

ki, ks and k3, empirical parameters, parameters defined by empirical relationships in the Godfrey
method

Hb, hemoglobin concentration, mass of hemoglobin per 100 mL of blood, [g (100 mL)™']

mj,, injected mass, mass of indicator injected into the mixing chamber, [g]

Myyt, €jected mass, mass of indicator, which flows out of the mixing chamber, [g]

my, diffused mass, mass of indicator, which leaves the chamber due to diffusion, [g]

P, aortic pressure waveform, [mmHg]

PaCO,, arterial partial pressure of carbon dioxide, partial pressure of carbon dioxide in the
arterial blood, [mmHg]

PACO,, alveolar partial pressure of carbon dioxide, partial pressure of carbon dioxide in the
alveolar gas, [mmHg]

Pa0,, arterial partial pressure of oxygen, partial pressure of oxygen in the arterial blood,
[mmHg]

PAO,, alveolar partial pressure of oxygen, partial pressure of oxygen in the alveolar gas,
[mmHg]

PBF, pulmonary blood flow, volume of blood that actively participates to the gas exchange in

unit of time, [L min™']

10
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PEEP, positive end expiratory pressure, set value of pressure generated by the ventilator into the
breathing circuit at the end of the expiration, [cmH,0]

P.CO,, end-tidal CO,, partial pressure of CO, at the end of the expiration, [mmHg]

pH, measure of the acidity or basicity of a solution defined as the negative logarithm (base 10)
of the molar concentration of hydronium ions

pK, negative logarithm (base 10) of the bicarbonate dissociation constant

PvCO,, venous partial pressure of carbon dioxide, partial pressure of carbon dioxide in the
venous blood, [mmHg]

Q, blood flow-rate, the rate of displacement of a volume of blood per unit time into a vessel, [L
min’']

g, general dependent variable, g=f(x1, X2, ..., Xn)

p, general fluid density, [kg m™]

R, instantaneous exchange ratio, instantaneous ratio between carbon dioxide production and
oxygen consumption

REE, resting energy expenditure, [kcal die]

Ry, breathing frequency, number of respiratory act per minute, [breaths min™]

RQ, exchange ratio, ratio between carbon dioxide production (V¢o,) and oxygen uptake (Vy,)
during the whole respiratory act

S, solubility of carbon dioxide in blood, slope of the carbon dioxide dissociation curve in the
blood, [mL L' mmHg™]

S", solubility of carbon dioxide in blood, calculated from measured physiological parameters

s, slope, slope of the parabolic curve derived from the quadratic regression of P,CO, as a
function of PAO, registered during a prolonged expiration

Sa0,, oxygen saturation of the arterial blood, percentage of hemoglobin saturated with oxygen
into the arterial blood, [%]

St, speed of the target in the Doppler ultrasound, [m s™]

SV, stroke volume, amount of blood pumped by the left ventricle during heart contraction, [L]
SvO,, oxygen saturation of the venous blood, percentage of hemoglobin saturated with oxygen
into the venous blood, [%]

T, general fluid temperature, [K]

9, angle between the direction of the moving blood and the transmitted ultrasound beam in the
Doppler ultrasound

v, blood velocity, distance that a particle of blood travels into one second, [cm s™']

V¢, burnt amount of ethanol, difference between the volume of ethanol before the burning test

and after, [mL]

11
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VbaLv, alveolar dead space, amount of pulmonary gas, which does not participate to the alveolar
exchanges. [L]

Vg, expiratory volume, amount of gas expired by the subject, [L]

VE, minute ventilation, amount of gas delivered by the ventilator in one minute, [L min™']

VET, ventricular ejection time, [s]

Vi, injectate volume, volume of fluid injected during thermodilution, [m’]

Vj, inspiratory volume, amount of gas inspired by the subject, [L]

Vp, volume of electrically participating thoracic tissue during the thoracic bioimpedance, [mL]
V;, shunted blood volume, amount of blood, which does not participate to the alveolar gas
exchange, [L]

Vi, tidal volume, amount of gas ventilated during each act, [L]

VTI, stroke distance, the integral of blood velocity curve respect on time, [m]

Vcoza carbon dioxide production, amount of carbon dioxide produced by the subject in unit of
time, [mL min™]. Vco, 18 the volume of CO; produced in a certain time interval, [mL]

Voz, oxygen uptake, amount of oxygen consumed by the subject in unit of time, [mL min™'].
Vo, is the volume of O, consumed in a certain time interval, [mL]

Xj, general parameter of interest, i=1:n

7o, thoracic base impedance, [(]

Z:oi, equivalent impedance of the arterial tree, [mmHg min L]

12
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1.1 Research project

The focus of this research is the design and validation of a method for the non-invasive
assessment of cardiac output (CO) on mechanically-ventilated patients.

This work derives from an industrial project, involving the Laboratory of Measurements and
Biomedical Instrumentation at Universita Campus Bio-Medico di Roma and Cosmed s.r.l.,
which aims to a technological transfer to the company: the focus is improving the functions and
potentialities of a metabolic monitor (Quark RMR, Cosmed s.r.l.) by adding new tools for non-
invasive CO assessment. Being the metabolic monitor based on indirect calorimetry, i.e., it is
able to analyze respiratory gases and measure metabolic expenditure, the investigated method

uses the gas-analysis to estimate the value of CO.

1.2 Cardiovascular system and CO

The human circulatory system transports oxygen (O;) and nutrient-rich blood to all tissues in the
body and removes waste products, which accumulate as a result of metabolic processes. The
system is composed of three main components: heart, blood vessels, and blood.

The function of the heart is to provide the pumping force necessary to move blood throughout
the body. Blood returning from the body enters the right atrium via the superior and inferior
vena cava. It then flows into the right ventricle, which pumps it through the pulmonary artery to
the lungs for oxygenation. The left atrium receives oxygenated blood from the lungs, and the left
ventricle pumps it, via the aorta, into the arteries. Arteries carry blood away from the heart
toward the capillaries where nutrients, wastes and gases are exchanged with tissue cells. The
capillary blood empties into veins, which carry blood back to the heart. Blood is the carrier,
which transports O, and nutrients to the cells and waste products away from the cells [1].

The overall efficiency of the heart and circulatory system is usually characterized by a few
important parameters. They are Heart Rate (HR, number of cardiac cycles per minute [cycles
min™'] or [bpm] beats per minute), Cardiac Output (the amount of blood pumped into the aorta
each minute by the ventricle of the heart [L min™]), and Ejection Fraction (EF, the fraction of
blood pumped out of the right or left ventricle respect on the ventricle’s volume before the
ejection). Whereas the HR is measured with good accuracy by pressure variations or electrical
cardiac activity per unit of time, an accurate assessment of CO and EF is more complicated.

As reported above, in this work we focus on CO measurement. CO is directly related, as it will
be described in the following, to stroke volume (SV), which is the volume of blood expelled by

the left ventricle within each heart contraction [L], and HR.

14
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The physics of fluid flowing through rigid tubes provides a basis for understanding the flow of
blood through the blood vessels, even though the blood vessels are not rigid tubes and blood is
not a simple homogeneous and inviscid fluid.

Considering the velocity (v) as the distance that a particle of blood travels into one second [cm s
1, the blood flow-rate (Q) as the rate of displacement of a volume of blood per unit time [L min"
' into a vessel, v and Q are related one to another by the cross-sectional area (Av) of the vessel
[cmz]:

60
Q =mv-A,, (11)

Law of conservation of mass requires that the amount of fluid, flowing through a completely
isolated rigid tube, is constant: this implies that the average velocity of the fluid will vary
inversely with the cross-sectional area. Thus, fluid flow velocity is higher in the section of the
tube with the smaller cross-sectional area and slower in the section of the tube with the greater
cross-sectional area.

SV represents the integral of the blood flow-rate waveform (Q) ejected by the left ventricle into

the aorta during one heart contraction, i.e., in a time interval lasting 60/HR seconds (Fig. 1).

25 T T T T

SV = fo;_;Q(t)dt

04 0.5 0.6 0.7
t[s]

Figure 1 Flow-rate waveform [2] and SV calculation.

In Fig. 1 a typical blood flow waveform is reported: beyond the expected forward flow, a back
flow is the result of the heart valve snapping shut, which produces a slight, temporary negative
pressure. This phenomenon cannot be neglected in the SV calculation. Considering that typical
resting HR in adult is 60-90 bpm, in this example 80 bpm is considered and a typical value of
SV is obtained: about 80 mL (with a back flow of about 3 mL).

15
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CO is obtained by adding the SV values of all the acts within one minute. Considering, for
simplicity, that SV does not vary within a minute, in the common practice CO [L min™'] is
calculated as the product of SV and HR [3]:

CO =SV -HR (1.2)
CO varies widely with the level of activity. Therefore, such factors as the level of body
metabolism, whether the person is exercising, age and size of the body as well as a number of
other factors can influence CO value.
For a normal young healthy adult man the resting CO averages about 5-6 L min™'. For women,
this value is 10 % to 20 % lower. For an Olympic athlete at maximum workout, CO exceeds 30
L min"'. For a patient in circulatory shock CO can be less than 2 L min"'. The wide range
suggests that CO is a key indicator of one’s hemodynamic state. Thus, it would be an interesting
goal to accurately, reliably, and continuously determine CO using minimally invasive methods.
Since CO varies markedly with body size, it has been important to find some means by which
the CO values of different-sized patients can be compared with each other. At this purpose the
cardiac index (CI) has been defined as the CO per square meter of body surface [L min™ m™].
Another parameter, which is highly correlated with CO value, is pulmonary blood flow (PBF),
which is the volume of blood that actively participates to the gas exchange in the lungs per unit
of time [L min™']; the remaining part is shunted. The shunting fraction, F, is the ratio between
the shunted blood volume (Vs) and stroke volume (SV), and is involved into a direct relation

between CO and PBF:

Vs PBF

F = i 1- vy (1.3)
and consequently
PBF
CO=—— (1.4)

1.2.1 The two main control mechanism of CO

The primary controller of CO is venous return, which represents the quantity of blood flowing
from the veins into the right atrium each minute. The main reason why peripheral factors are
normally more important in controlling CO is that the heart has a built-in mechanism that allows
it to pump automatically whatever amount of blood flows into the right atrium from the veins.
According to this mechanism, called the Frank-Starling law of the heart, when the venous blood
into the heart increases, it stretches the wall of the heart chambers. As a result of the stretch, the
cardiac muscle contracts with increased force and empties the chambers almost as much as ever.
Therefore, all the extra blood flowing into the heart is automatically pumped, without delay, into

the aorta and flows again through the systemic circulation.

16



Tesi di dottorato in Ingegneria Biomedica, di Stefano Cecchini,

discussa presso I'Universita Campus Bio-Medico di Roma in data 20/03/2012.

La disseminazione e la riproduzione di questo documento sono consentite per scopi di didattica e ricerca,
a condizione che ne venga citata la fonte

Another important factor caused by stretching the heart is the effect on HR. Stretch of the sinus
node in the wall of the right atrium has a direct effect on the rhythmicity of the node itself to
increase HR as much as 10 % to 15 %; this increase in rate helps to pump the extra blood.

Therefore CO is controlled mainly by peripheral factors that determine venous return [4].

1.3 CO assessment

Knowledge of cardiac function is an important tool for determining the hemodynamic status of
an individual, whether he/she is a trained athlete or a patient in a critical care setting.

The decision to measure CO must be a balance between perceived risk and benefit to the patient.
Thompson [5] has identified several areas where the CO measurement may be helpful and,
therefore, indicated: (1) congenital and acquired heart disease, (2) shock states, (3) multiple
organ failure, (4) cardiopulmonary interactions during mechanical ventilation, (5) clinical
research that leads to a better understanding of a disease process, and (6) assessment of selected
new therapies.

In this work we will mainly consider the ICU setting and, in particular, mechanically ventilated
patients. In this context, it is important that CO is not treated as an isolated variable or primary
endpoint but rather is used in conjunction with qualitative indicators of the adequacy of flow
(e.g. blood lactate, central venous oxygen saturation, artero-venous saturation difference,
capillary refill, and urine output), thus allowing adjustment to match the metabolic need of the
individual patient.

As a principal determinant of oxygen delivery and blood pressure, CO represents an important
variable. Its measurement, therefore, should offer potentially useful information to the
anesthesiologist caring for the complex perioperative patient [6], critically ill patient and
patients with suspected cardiovascular disease (i.e. valvular stenosis, myocarditis,
cardiomyopathy, and arteriosclerosis) [1,7], and results crucial to improve patient outcomes
during major surgery and open-heart surgery [8]. This concept has been reinforced in the
literature wherein the use of CO and related parameters (i.e., SV, EF, left and right ventricular
stroke indices, pulmonary vascular resistance ad systemic vascular resistance) as part of goal-

directed therapy appears to offer benefits to perioperative and other patient populations [9,10,11].

1.3.1 Futures and constraints of a CO assessment device in ICU

There are certain features, which could provide the clinician with an ideal CO measurement
system. At the same time clinical and physiological constraints make it difficult to obtain the
ideal conditions.

Automated and continuous measurement
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An automatic and continuous assessment of the CO value is highly desirable in a clinical
environment, like ICU, where the physician is distracted from many tasks and sudden variations
in the patient’s state may happen. Automating the system would also improve the accuracy by
eliminating the influence of the operator on the measurement.

Reduced invasiveness

The majority of the techniques in use today are invasive, since they require entrance into the
body at some locations, either to insert a catheter or to withdraw blood. This increases the risk of
infection, thrombosis, vessel perforation and air embolization, and interferes with the
cardiovascular system.

The ideal device should be non-invasive, present minimal risk to the patient and not interfere
with the desired hemodynamic measurement. For practical reasons, some compromises in terms
of invasiveness may be necessary. However, by combining functions into as few probes as
possible and through careful design, risk and measurement interference can be minimized [1].
Clinical adaptability

The device should be more easy-to-use than current methods.

Time response and accuracy

Since, as written above, the cardiovascular system’s parameters are continuously changing, it is
important to detect any variation promptly. Moreover the system should be as more accurate as
possible: the challenge of a CO measurement system is to maintain tolerable limit on accuracy,
perhaps = 10 % or better, and provide the clinician with a measure that is timely and reliable [1].
Cost and size

The measurement system should be cost effective and the number of disposable components
should be minimized. The system should be preferably small and easily integrated into the ICU,
an area already congested with equipment and cables.

Accuracy

One of the considered aspects is particularly critical: obtaining an accurate measurement of CO.
It is a rather difficult and invasive task to obtain an accurate measurement of CO, since it would
require collecting and measuring all of the blood pumped from the heart into the aortic outflow
tract.

In fact, the most direct and accurate way of measuring CO is to use highly invasive techniques.
One could conceivably place an ultrasonic flow probe around a major vessel protruding from the
heart such as the aorta, locate a temperature sensing element, such as thermistor or hot-film
anemometer, in the blood stream, or use electromagnetic flow probe based on Faraday’s law of
electromagnetic induction (i.e., the movement of a conductor through a magnetic field induces a

voltage proportional to the velocity of the conductor) [1]. In these ways, instantaneous pulsatile
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flow would be obtained with a millisecond time resolution. SV would be calculated by
integrating the flow curve over a cardiac cycle. CO would then be obtained by multiplying SV
by HR. Unfortunately, these direct flow measurements require thoracotomy (surgical incision of
the chest wall), which will never be performed in humans for routinely diagnostic or monitoring
purposes.

It is necessary, therefore, to develop indirect methods for the measurement of CO with an

equivalent accuracy.

1.3.2 A brief overview of the methods

The first technique for measuring CO was described by Adolpth Fick in 1870 [12]. This had
become the unique accepted standard for the measurement of CO until the development of
usable dye dilution techniques. The dye dilution technique for CO determination was based on
the work of Stewart in the late 19th century and later modified by Hamilton in the 1940s. In
1953 thermodilution was firstly described by Fegler [13] as an adaptation of the dye dilution
technique to the use of heat as indicator; thanks to Swan et al. [14] this technique became a
widespread clinical measurement of CO. As these two last techniques were found to be as
reliable as the Fick technique over a wide range of clinical conditions [15], they have been
defined “accepted method of reference” in the measurement of CO [16]: this is mainly due to
their direct assessment of the parameter, which, on the other hand, makes the methods quite
invasive.

More recently non-invasive or minimally invasive techniques have been gaining in popularity,
but none of these has achieved higher reliability than the three above-reported methods. The
debate about the best method for the measurement of CO is still open probably due to the
impossibility to assess the “true value” of the CO on humans. Anyway Fick, dye dilution and
thermodilution still remain the ‘‘practical Gold Standards’’ against which all other methods are
compared [6]. However, these methods are cumbersome to perform and have the potential for
adverse events [17].

In the following a thorough picture of the state of the art in CO assessment is reported: the

methods, which have had acceptance and spread will be described below.

1.4 Indicator dilution technique

The use of exogenous indicators to determine circulation time was first reported as early as 1761,
when Haller described the measurement of pulmonary circulation time in an animal model using
colored dye. During the 1890s, George Stewart further developed the concept of indicator

dilution in a series of papers on circulation time [18,19,20].
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The indicator dilution method became widely accepted when Hamilton, in 1948, demonstrated
that this technique agreed with the Fick method.

The technique involves the introduction of a predetermined amount of substance at a single
point in the bloodstream, preferably where uniform mixing occurs, and then analyzing the
flowing blood at a point downstream to obtain a time dilution curve; the CO is obtained by
analyzing the time-dependent concentration curve and it is inversely proportional to the
integrated area under the curve.

To give an example let us consider a mixing chamber, where Q is the constant volumetric flow
rate into and out of the chamber, m;, is the mass of indicator injected into the inflow stream and
mout the quantity which flows out, C(t) is the concentration of the indicator in the chamber at any
instant, and my. is the mass of indicator that leaves the chamber due to diffusion through the wall,
considering the reasonable hypothesis of absence of indicator out of the wall.

The differential mass of indicator that flows out of the chamber is:

dm,,; = C(t)Qdt (1.5)
where C(t) at the outlet is the same as the concentration of the indicator in the mixing chamber,
assuming complete mixing in the chamber. Thus, the total mass that leaves the chamber is:

Moye = [ C(O)dt (1.6)
In case of absence of indicator out of the wall, the mass of indicator, which leaves the chamber
due to diffusion through the chamber wall, is proportional to the concentration of indicator, C(t),
and the surface area of the chamber, A:

dm; = C(t)ADdt (1.7)
where D is a constant for diffusion.

The total mass of indicator living the chamber due to diffusion is:

m, = AD [” C(t)dt (1.8)
Considering a mass-balance into the chamber, the total mass of indicator leaving the chamber is
equal to the mass of indicator entering the chamber minus the mass loss of indicator due to
diffusion:

Moy = Min — My, (1.9)

which leads to the following equations:

Q [;” C()dt =my, — AD [,” C(t)dt (1.10)
Q= —fO”cZ:)dt — AD (1.11)

The integral is calculated from the area under the indicator dilution curve (Fig. 2), and the effect

of diffusion is taken into account by a multiplying calibration factor.
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As the system behaves as a first order, the effects of indicator recirculation are minimized by

cutting the curve using an exponential decay (Fig. 2).

Indicator concentration (mgA.)
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Figure 2 Indicator concentration curve during Indicator Dilution Technique.

A schematic representation of the method is reported in Fig. 3. It can be seen that the value of

the integral (AUC) has an inverse proportionality respect on the blood flow.

Conceptual model of the Indicator Dilution Technique
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ion of a bolus of a known mass of indicator with complete mixing and no recirculation.
High flow results in shorter appearance and transit times, and higher peak concentration at the sampling site a, and vice
versa b. Flow rate is inversely proportional to the area under the curve (AUC) of concentration against time.
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Figure 3 Schematic representation of the Indicator Dilution Technique [21].

The advantage of this technique is that CO measurement can be made in less than one minute.

Beyond the invasivity of the method, the main disadvantage is that only 50 % of indicator is
removed by the kidneys within 10 min after injection. This limits the rapidity with which
repeated measurements can be performed. The greatest source of error is using the exponential

decay to extrapolate the downslope of the curve of the indicator concentration [22].
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1.5 Thermodilution

The most common difficulties with indicator dilution techniques have been lack of indicator
stability, poor accuracy in concentration measurement and indicator accumulation. The use of
thermal indicators (thermodilution) may help to solve some of these issues. This approach was
described by Fegler in 1954 for the first time [23]: a warm or cold bolus is injected into the right
atrium and the temperature of blood is measured by a thermistor downstream the injection point.
Initially, this method resulted in significant indicator loss during transit because of the distance
between the injection point and the measurement point.

In 1967, Branthwaite and Bradley [24] used a thermistor-tipped pulmonary artery catheter (Fig.
4). Indicator loss was minimized because of the short path between indicator injection in the
right atrium and measurement in the pulmonary artery. In 1970, when Swan and Ganz [14]
developed a multilumen, flow directed, thermal sensitive measurement catheter the method

gained popular acceptance.

Catheter

Pulmonary
artery

Thermistor

Rightventricle

Figure 4 Catheter in place for thermal dilution measurement [3].

Cold injectate is the only practical thermal indicator [14,25] because a warm injectate would
need to be considerably warmer than the blood with the risk to be hot enough to denature
proteins (60°C).

A bolus of cold solution is injected into the right atrium, via the jugular or subclavian vein, and
the blood temperature is recorded in the pulmonary artery, through a thermistor. Considering the
principle of conservation of energy for a system that does not produce/consume energy, the total
amount of thermal energy entering must equal the total thermal energy that leaves the system.
Considering the thermal energy carried by a differential volume of fluid, it equals:

dE = pCpT(£)Qdt (1.12)
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being p the density of the fluid, Cp the specific heat of the fluid, T(t) the temperature of the fluid
at any instant, Q the volumetric flow rate, and dt the differential time.
Considering constant the volumetric flow rate and the thermal properties of the fluid, the total
energy is:
E =pCpQ [, T(D)dt (1.13)

Back to our system, the total thermal energy that enters (Ei,) is the sum of energy carried by the
blood flow and the injectate. The subscript b refers to blood and subscript 7 refers to injectate.

Ein = ppCp,Q [y To()dt + piCo ViT; (1.14)
The total thermal energy that leaves the system (E,y) is the sum of the energy carried out of the
system by blood flow and thermal energy loss through the walls of the atrium and ventricle. The
different thermal capacity between blood and injectate makes the first return to T, much more
slowly than the second; thus, it can be considered that the injectate reaches instantly Ty:

Eoue = PvCp,Q Jy T(D)dt + piCp VT, + hA [[*(T (D) — Ty)de (1.15)
where T(t) is the temperature recorded by the thermistor at any instant, h is the thermal
convection coefficient, and A is the internal surface area of the right atrium and right ventricle.
In the thermal energy conservation:

Ein = Eout (1.16)
Using Eq. (1.14), (1.15) and (1.16) it is obtained:
puCp,Q f, (T(t) = Tp)dt = p;CpVi(T; = Ty) — hA [ (T(£) = Tp)de  (1.17)

and solving for Q:

piCp;  Vi(T;—Tp) hA

Q= - (1.18)

PuCpy, f:o(T(t)—Tb)dt PuCpy,

The heat loss through the walls could be accounted together with the heat loss into the catheter,
using a multiplicative coefficient (K) that is function of the catheter type being used:

Cp. (T:—
= L0p _ VillioTy) g (1.19)
puCpy [ (T()-Tp)dL

The thermal dilution method has the advantage that recirculation does not represent an issue due
to the large surface available in the circulation to bring the injectate temperature to body
temperature. A disadvantage is that the injection site and the sensing site must be close to avoid
large heat losses, and the absence of total mixing in the ventricle can cause poor accuracy [3].
Moreover the most common approximation is based on the assumption that the indicator
solution has no effect on the thermal properties of the blood.

Over the past decade, intermittent bolus thermodilution has been realized in a semi-continuous
mode using a thermal filament which provides random thermal pulses of 4-7 °C at 30 s intervals:

the blood temperature rises by direct energy transfer and the temperature change is detected by a
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thermistor at the distal end [26]. In this case, the volume factor in the numerator of Eq. (1.19) is
not relevant and must be replaced by a measurement of the heat introduced: this is the operating
principle of the Vigilance (Edwards Lifesciences, Inc.). This method avoids the need for fluid to
be injected and provides time-averaged estimates of Q at 5-10 min intervals, but may be poorly
accurate at high Q (> 10 L min™") or if sudden changes in Q occur [21].

Even in the absence of physiologic noise, the measurement by thermodilution can only be
expected to be within 2—7 % of the true value. This accuracy is, however, well within a
clinically acceptable range and is no inferior than that of other methods. In addition, with the
aim to support the overall accuracy of thermal dilution, Ganz and colleagues [27] determined
that the sensitivity of the result to mechanical and technique-dependent factors, such as catheter
insertion length and speed of injection, was within 3 %. They considered this to be biologically
insignificant [28].

The advantages of thermodilution technique are: 1) the technique does not require the
withdrawal of blood for measurement and allows a CO estimation in less than one minute, 2)
measurements are minimally affected by recirculation, 3) the measurement catheter is
multipurpose, as it allows pressure and saturation measurements, blood sampling and injections.

The disadvantages are: 1) the correct positioning of the catheter in the pulmonary artery requires
a passage through the central venous system and the heart, with risks of damage to tissues,
embolus formation, and electrical hazards, because of the conductive path the catheter forms
with the heart, 2) the injection of fluid poses some risks of infection and air embolization, 3) the
method is less accurate at low CO values (< 2 L min™), as, compared to the Fick method, the

accuracy approaches 20 % [16].

1.6 Fick method

1.6.1 Oxygen-based Fick method

Fick principle states that the total uptake or release of any substance by an organ is the product
of blood flow rate to the organ and the artero-venous concentration difference of the substance
[12]. This theory is applied to estimate the PBF and provides a mass balance at pulmonary level,

which describes the diffusion of gas through the alveolar membrane between blood and air:

PBF = —2%2 _ (1.20)
Ca0,—-Cv0,

Ca0, = 10[(1.38 - Hb - Sa0,) + 0.003 - Pa0,] (121)

Cv0, = 10[(1.38 - Hb - Sv0,) + 0.003 - PvO0,] (1.22)

where Voz [mL min™'] is the oxygen uptake, Hb is the hemoglobin concentration [g dL'], CaO,

[mL L] and CvO, [mL L] are the oxygen volume per volume unit of arterial and venous

24



Tesi di dottorato in Ingegneria Biomedica, di Stefano Cecchini,

discussa presso I'Universita Campus Bio-Medico di Roma in data 20/03/2012.

La disseminazione e la riproduzione di questo documento sono consentite per scopi di didattica e ricerca,
a condizione che ne venga citata la fonte

blood respectively, SaO; [%] and SvO; [%] are the hemoglobin saturation of arterial and venous
blood respectively, and PaO, [mmHg] and PvO, [mmHg] are the oxygen partial pressure in
arterial and venous blood respectively. Hemoglobin is able to carry 1.38 mL of oxygen per gram.
Therefore, by multiplying the hemoglobin concentration by 1.38 mL g it is possible to
calculate the oxygen carrying capacity of the individual. Since the biggest part of hemoglobin is
saturated, it is possible to calculate the oxygen content of a sample by measuring the arterial
(Sa0;) and venous (SvO;) oxygen saturation. The formula can be simplified by considering
negligible the amount of oxygen present in plasma.

Hb is often set to the value obtained from the arterial blood sampled immediately before the
onset of the measurement period, i.e. it is not continuously measured. SaO, is continuously
measured using a pulse oxymeter and SvO, using a fiber-optic based probe, which is placed into

the pulmonary artery and provides instant readings.

Voz is the product of minute ventilation (VE) measured by spirometry, and the difference
between inspired and expired oxygen concentrations (F;O, and FgO,), measured with a gas
analyzer by sampling air at the mouth.

As reported in Eq. (1.4) CO can be calculated using the PBF value and the shunt fraction.

Figure 5 Reflection spectrophotometry.

The technology for measuring SvO, is based on reflection spectrophotometry (Fig. 5). This
involves transmitting light of selected wavelengths down a fiber-optic in the catheter body to the
blood flowing past the catheter tip. The reflected light is then transmitted back through a second
fiber-optic to a photodetector located in the optical module. Since hemoglobin and
oxyhemoglobin absorb light differently at selected wavelengths, the reflected light can be

analyzed to determine the SvO, percentage.

1.6.2 Carbon dioxide-based Fick method

Eq. (1.20) can also be applied to CO, mass conservation in the following form:
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VCOZ
CvC0,—-CaCo0,

being Vcoz [mL min™'] the carbon dioxide production, CvCO, [mL L] and CaCO, [mL L] the

PBF = (1.23)

carbon dioxide volume per volume unit of venous and arterial blood respectively.
By supposing a linear CO, dissociation curve, Eq. (1.23) becomes:

Vco,

PBF = — 2
S(PUCOZ—PaCOZ)

(1.24)

being PvCO, [mmHg] and PaCO, [mmHg] the partial pressure of CO, in venous and arterial
blood respectively, and S [mL L™ mmHg ] the slope of the CO, dissociation curve in the blood.
The arterial and mixed venous partial pressure of CO; can be determined by analyzing arterial
and mixed venous blood using gas-blood analyzers. As arterial and mixed venous blood samples
are required, the method results quite invasive.

An underlying assumption common to Fick method, and to all those methods not allowing beat-
to-beat estimates, including thermodilution, is that the obtained value constitutes an average
value of CO during the whole measurement period.

However, choosing CO, as the reference gas introduces some advantages respect on considering
O, [3]: 1) when a patient receives high concentrations of supplemental O,, e.g. during
mechanical ventilation, even a small error in the measurement of O, concentration yields to poor
accuracy on Vozestimation, thus Vcoz measurement is, generally speaking, more accurate; 2)
some oxygen analyzers show poor accuracy at high O, concentrations; 3) CO, is virtually absent
in the inspired air, it is more soluble than O, in blood and its dissociation curve is more linear
than the oxygen’s one.

A further simplification of the method is allowed if two other assumptions are made: 1) a CO,
equilibration happens, at the end of the breath, between alveoli and arterial blood, and 2) the gas
exchange between alveoli and pulmonary capillaries is equal to the one taking place between
alveoli and external environment. This implies that all CO, participating to the alveolar
exchange is released, without any retention in the lungs, while expiration proceeds. This would
allow the estimation of an invasive parameter, such as PaCO,, using measurement on the
expiratory gas flow: in particular the end-tidal CO, can be assumed equal to PaCO; corrected for
alveolar deadspace.

Considering this, PvCO, remains the only parameter, which would require an invasive

assessment.
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1.7 Indirect Fick methods

With the aim to eliminate all the sources of invasivity and estimating both arterial and venous
concentration from measurements made by gas analysis at the subject’s mouth, some techniques
have been developed on the basis of the differential application of the Fick method to the CO,
(Eq. 1.23) in two different phases: the first phase is the steady state and the second phase starts
when a sudden perturbation is introduced into the CO, elimination process.

Several techniques have been proposed to induce such a perturbation, including a breath-holding
[29] and adding pure CO; to the inspiratory gas [8]. Other solutions are more suitable for
mechanically ventilated patients, such as changing the minute ventilation [30] or, more recently,
changing the respiratory rate delivered by a ventilator [31]. However, only one of these methods

has fostered a commercial solution, which is described in the following paragraph.

1.7.1 Partial rebreathing method

One of the indirect Fick methods, based on the partial CO, rebreathing, has led to the
development of a commercial device (NICO, Novametrix Medical Systems, Inc.) [32]. The
partial rebreathing method combines measurements obtained during a non-rebreathing period
with the ones obtained during a subsequent rebreathing period: this involves a transitory
interruption of CO; elimination by addition of a dead space to the ventilatory circuit, which
leads to a progressive increase in end-tidal CO,.

Eq. (1.23) can be applied to both non-rebreathing (superscript N) and rebreathing (superscript R)

phases:
PBF = __ Vo, (1.25)
cvco,N—caco,N ’
>R
PBF = — 02 (1.26)

cvCo,R-caco,®

Using the following algebraic expression:

x=2=0=-4¢ (1.27)

B D B-D

and considering unchanged the PBF during the manoeuvre:

PBF = Véo, ~Veo, (1.28)
~ (cvco,N-caco,N)-(cvco,R-caco,R) )

Assuming also that CvCO, varies slowly thanks to the small time constant of body CO, storage

in comparison to the time of rebreathing [32]:

pBF = —Coy~VCo0, (1.29)
= (caco,R-caco,M) ’

To calculate arterial content of carbon dioxide the NICO uses the following formula:

CaCo0, = (6.957 - Hb + 94.864) - log (1.0 + 0.1933PaC0,) (1.30)
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As written above, PaCO; is assumed equal to the end-tidal alveolar CO; (PetCO,) corrected for
alveolar dead space, thanks to the high diffusivity of CO, through the alveolar membrane [33]:

Vr

Paco, = PetC0, - (1.31)
T

=VpaLv

being Vr the tidal volume and Vpary the alveolar dead space.

Figure 6 The partial rebreathing circuit and its functioning [32].

Figure 7 The functioning cycle of the NICO [32].
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In Fig. 6 the partial rebreathing circuit is reported: through a valve an additional dead space (35
mL) is introduced into the patient circuit for a period of 30-50 s intermittently every 3 min. The
rebreathing valve has the function to exclude the volume rebreathing loop (a) or not (b). In the
first case the subject ventilates normally at baseline level, whilst in the second one an amount
less than the total CO, volume, from the previous expired tidal volume, is rebreathed by the
subject (Fig. 7). The values collected during the non-rebreathing period are averaged, whilst
those relative to the rebreathing period are plateau values, as reported in Fig. 7. Having a cycle
of 3 min this method does not provide a continuous estimation of the CO.

As the previous methods based on the Fick technique, this one measures non-shunted blood
rather than total CO and a correction factor for intrapulmonary shunt must be applied (Eq. 1.3
and 1.4).

The method for estimating F employs SaO, and F;O; [34,35]. The noninvasive method of shunt
estimation is an adaptation of Nunn's iso-shunt plots [36]. These plots (Fig. 8) are a series of
continuous curves that describe the relationship between arterial PaO, and F,0O, for different
levels of intrapulmonary shunt [%].

Sa0, is determined non-invasively with pulse oximetry. Using SaO,, PaO, value is estimated
and then employed, together with F;O,, in the shunt equations to make a non-invasive estimation
of the patient's intra-pulmonary shunt [32].

The most relevant clinical study, which compared the CO, rebreathing method to thermodilution
on 40 postoperative cardiac patients, reports a mean error of -0.14 L min" and a precision of

0.77 L min™' [37].

Figure 8 Iso-shunt plots. Shunt fraction percentage is shown in each isocline [32].
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1.7.2 Inert gas rebreathing

The rebreathing device (Innocor, Innovision A/S, Odense, Denmark) measures gas
concentrations in a gas mixture of enriched concentrations of oxygen (O;), soluble (N,O) and
insoluble (NFg) gases from a closed rebreathing assembly [38]: the subject is due to breathe into
this assembly. During the rebreathing procedure, blood-soluble N>O diffuses from the alveoli to
the systemic circulation, and blood-insoluble NFs remains in the pulmonary fields. The
disappearance rate of N,O in the bag volume is proportional to the pulmonary blood flow, which
is assumed to be equal to the CO of the left ventricle [39]. Changes in the composition of the
mixture are measured and analyzed with a photoacoustic sensor, and five breaths are used by the
Innocor device to calculate CO. This method results valid particularly during exercise when the
pulmonary blood flow increases and pulmonary volume expands. The accuracy and precision of
the inert gas rebreathing technique has been established by comparisons to the thermodilution
and the Fick methods.

The rebreathing method significantly affects CO at rest, as it makes HR increase even

maintaining SV constant [17].

1.8 Doppler ultrasound

Because of high-frequency sound waves (typically 4-10 MHz), ultrasound easily penetrates skin
and other body soft tissues. As it encounters tissues of different acoustic density, a fraction of
emitted ultrasound signal is reflected. If the ultrasound beam is directed to a moving target, the
reflected sound wave changes its frequency: this phenomenon is called Doppler shift. The value

of this frequency shift (Fq) is directly proportional to the speed of the target (St):

Fg4C

S =
T 2focos?

(1.32)

where C is the velocity of sound in blood, fy is the transmitted frequency, and 3 is the angle

between the direction of the moving blood and the transmitted ultrasound beam. In this
technique, the Doppler frequency shift is combined with the ultrasonic two-dimensional imaging
to measure vessel cross-sectional area: the amount of reflected signal is dependent upon the
density and acoustical impedance of the tissue within the region scanned. By using the
amplitudes of the reflected waves, a two-dimensional image can be constructed and the cross-
sectional area (A) of the blood vessel measured [1].

SV can be calculated by multiplying the integral of blood velocity curve respect on time (i.e. the

so called ‘stroke distance’, VTI) by A. Eq. (1.2) allows obtaining CO value.
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Figure 9 Representation of the esophageal Doppler and the velocity waveform.

Doppler signals can be obtained with an ultrasound probe placed externally, at the suprasternal
notch and directed at the ascending aorta (transthoracic Doppler), at the tip of an endotracheal
tube, or at the tip of a trans-esophageal probe (Fig. 9) and directed at the descending thoracic
aorta (trans-esophageal Doppler).

In the transthoracic Doppler, with the aim to measure ascending aortic blood flow with surface
ultrasound, the suprasternal transducer is positioned to receive an audible signal from the aortic
root. The ultrasound beam needs to be transmitted parallel to the direction of blood flow through
the aortic valve: in practice this alignment is affected by operator skill as well as anatomy and
position of the subject. Generally speaking, angles higher than 20° yield clinically unacceptable
underestimated measurements of velocity and consequently of CO.

The cross-sectional area of the aorta has been determined in many instances by two-dimensional
or M-mode echocardiography but most commonly is derived from a nomogram based on age,
sex, height, and weight. This last solution is subject to further potential sources of poor accuracy.
As reported in Fig. 9, in the trans-esophageal Doppler the probe is positioned in the esophagus at
the midthoracic level, placed in the direction of flow in a blind fashion, and subsequently
adjusted to obtain the optimal Doppler signal. As esophageal Doppler involves measurements on
descending aorta, a correction factor is necessary to account for blood distributed to the head
and upper extremities. This correction is not needed in the transthoracic Doppler: as
measurements are taken from the aortic root, the technique is not affected by changes in
distribution of CO between the upper and lower part of the body.

Inconsistent results have been obtained by comparing trans-thoracic Doppler ultrasound and
thermodilution: an unacceptable variability for clinical monitoring has been reported. The
authors of these researches concluded also that Doppler techniques were too much operator-

dependent [40,41,42] and that frequent manipulation of the probe was necessary to obtain
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accurate data. Moreover, trans-thoracic Doppler estimation of CO in the intensive care unit has
other limitations, such as difficulty to identify the aortic root in some subjects, size of the device,
and cost. This technique gives, by definition, a non-continuous measurement of cardiac function
and it is not useful as trend monitoring system over hours and days [43].

Trans-esophageal Doppler is ideal for intra-operative use and offers some advantages over the
trans-thoracic approach: 1) thanks to the close proximity of the descending aorta, it provides an
optimal positioning to obtain Doppler signals, 2) provides stability of the transducer and
continuous monitoring. On the other hand, the probe is not well tolerated by conscious patients:
thus, the use is generally limited to anesthetized or sedated patients, and the method is
unsuitable on patients with severe esophageal pathology.

A small amount of literature has considered trans-esophageal Doppler: whether this noninvasive
technique can be considered equivalent or superior to invasive monitoring techniques, it still

requires further investigation, but encouragement can be drawn from initial investigations.

1.9 Thoracic bioimpedance

This technique measures electrical resistance changes through the thorax as aortic blood volume
increases and decreases during systole and diastole.

Bioimpedance is a non-invasive technique, which involves the application of a small alternating
current across the chest via skin electrodes. This current is thought to distribute primarily to
blood because of its high electrical conductivity compared with muscle, fat and air. Pulsatile
changes in thoracic blood volume result in changes of electrical impedance. The rate of change
of impedance during systole is measured allowing a value of CO to be derived.

This technique requires four pairs of disposable surface electrodes, two pairs are applied to the
base of the neck on directly opposite sides and two pairs are placed at the level of the sternal-
xiphoid process junction, again directly opposite from each other (Fig. 10). The device emits a
sinusoidal low current (2 mA) at high frequency (50 kHz) through the transmitting electrodes
and the sensing electrodes measure the thoracic electrical bioimpedance variation in the form of

a voltage signal [44].
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Figure 10 Placement of electrodes for the measurement of thoracic electrical bioimpedance [45].

The signal, caused by the arterial volume variation, the velocity of aortic blood, and the
alignment of red blood cells, is similar in shape to the arterial blood pressure waveform: a
reduction of impedance is registered during systole. Usually ten cardiac cycles are averaged.
The first derivate of the impedance waveform, dZ/dt, provides information about dynamic
variations in CO.

By measuring the maximum value of the dZ/dt waveform, dZ/dtya.x, CO can be calculated using

the following equation:

_Vr, . {4z .
co ="2.VET (dt)max HR (1.33)

Zo
where Vp is the volume of electrically participating thoracic tissue [mL], z, the thoracic base
impedance [Q], VET is the ventricular ejection time [s], and dZ/dtyax the maximum value of the
dZ/dt waveform [Q s™1].
Although the thoracic impedance method is potentially attractive, being noninvasive, continuous,
easily applicable and well tolerated, at this stage it cannot be used in clinical practice for reliable
measurement of absolute CO values [43].
In clinical trials, bioimpedance CO measurements have shown inconsistent results. The
technique appears to be reliable in healthy volunteers but performs unpredictably in critically ill
patients, in high-risk surgical patients, and in the operating room [46,47,48]. Despite recent
advances, the technique remains subject to the influence of positive end-expiratory pressure
(PEEP), chest wall edema, obesity, pleural fluid, and severe pulmonary edema [49].
Furthermore patient movement can cause motion artifact from the electrode site and electrode
location may have substantial effects on the impedance cardiogram [1].
From a meta-analysis of 154 studies on thoracic bioimpedance, Raaijmakers et al. [50]

concluded that thoracic bioimpedance might be useful for trend analysis but, especially in
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certain subgroups of patients, there was limited correlation with established methods of CO
determination.

A second technique, bioreactance, is the analysis of the variation in the frequency spectra of a
delivered oscillating current that occurs when the current flows through the thoracic cavity and
the blood is ejected. This is different from the traditional bioimpedance technique that analyses

only the changes in signal amplitude [43].

1.10 Pulse contour analysis

This continuous CO measurement method converts the arterial pressure wave into the CO wave:
it is based upon the principle that the stroke volume of one heartbeat generates a corresponding
arterial pressure wave. This method was suggested for the first time by Otto Frank in 1899 [51]:
he had the intuition that the aortic pressure waveform comes from the interaction between stroke
volume and the mechanical characteristics of the arterial tree.

Several algorithms describing the physical properties of the arterial tree have been proposed.
These algorithms aim to the reproduction of the mechanical behaviour of the aortic system in
order to obtain the aortic pressure waveform, P(t), from the measured instantaneous blood flow,
Q(t), and vice-versa. This happens through the estimation of an equivalent impedance of the
arterial tree, Z: the inverse procedure is obviously allowed. Then, SV can be calculated by

integration of the systolic portion of arterial pressure curve (Fig. 11), as follows [52]:

T
Sy = b PO (1.34)

Ztot

140+

Arterial pressure (mmHg)

60+

Om
N

Figure 11 Portion of the arterial pressure, which is involved into the calculation of SV.

The simplest model of arterial tree consists of a single resistance (peripheral resistance), which
represents the arterial tone (i.e. the degree of vasoconstriction of the small arteries) [53] (Fig. 12,

Model 1). As the peripheral resistance alone cannot account for the shape of the arterial pulse
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curve (Fig. 12), other elements must be added to the model. By adding a capacitance element, to
represent the blood vessel compliance, a more physiological pulse wave can be obtained (Fig. 12,
Model 2). Furthermore, an additional resistance to represent the characteristic aortic impedance
would allow the generation of a predicted pressure waveform very similar to the measured (Fig.
12, Model 3): this constitutes the three elements Windkessel model. More complicated models

may account for wave reflection phenomena.

Figure 12 Example of electrical equivalent for the aortic tree.

The pressure waveform is not measured from the aorta but from a peripheral artery (radial or
femoral); this requires the assumption of unchanged pulse shape between these different
locations.

Several studies have compared CO as measured using thermodilution and pulse contour [54,55],
and found fair agreement between values obtained using the two techniques (i.e., error close to
+1.5 L min” [53]). However, patients who had poorly defined arterial waveforms or who
presented arrhythmia have always been excluded because pulse contour methods cannot provide

reliable results in such conditions.

1.10.1 Arterial pressure waveform analysis with external calibration

The values attributed to the model parameters are initially estimated according to the patient’s
sex and age, and from the pressure waveform. They are then refined following a calibration
using an indicator dilution technique: transpulmonary thermodilution for the PiCCO (Pulsion
Medical Systems, Munich, Germany) or lithium chloride dilution for the PULSECO (LiDCO
Ltd, Cambridge, UK). Recalibrating every 4 hours (or at least before any important data
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acquisition) may augment the accuracy of pulse contour estimated CO in critically ill patients,
who are likely to exhibit frequent changes in degree of arteriolar vasoconstriction [56].

More recent versions of data elaboration algorithms take also into account the shape of the
pressure waveform, the decrease and the slope of the aortic pressure at different times after the
dicrotic notch, as well as the position of the dicrotic notch itself: i.e., a steep decrease after the
dicrotic notch of the pressure wave indicates a more flexible aorta with a high compliance,
whereas a slow decrease after the dicrotic notch indicates a rather stiff aorta with lower

compliance [57].

1.10.2 Arterial pressure waveform analysis without external calibration

The recently marketed FloTrac/Vigileo system (Edwards Lifesciences, Irvine, CA) uses the
arterial pressure waveform in connection with patient demographic data to calculate CO without
external calibration. The algorithm is based on the principle that pulse pressure is proportional to
stroke volume and inversely proportional to aortic compliance.

The device is connected to any existing peripheral arterial line using the FloTrac pressure
transducer, and no intravenous access is required. CO is displayed on a continuous basis on the
Vigileo monitor after entering patient height, weight, and age.

Another algorithm is implemented in the non-invasive finger blood pressure systems Finometer,
Portapres (Finapres Medical Systems, Amsterdam, The Netherlands), and more recently, Nexfin
monitoring system (BMEYE B. V., Amsterdam, The Netherlands). The Finapres methodology
uses the volume-clamp technique of Penaz [58] and the Physiocal calibration of Wesseling et al.
[59].

About Nexfin, arterial volume is clamped by applying variable pressures in an inflatable cuff
around the finger, which counters the pulsatile arterial pressure. An optical plethysmograph in
the cuff measures arterial volume continuously. The automatic calibration system in the Nexfin
determines the volume at which the artery is unloaded, i.e. when transmural pressure equals zero,
assuming that the arterial wall does not interfere with the measurement. Because finger arterial
pressure is different from brachial pressure in wave shape and absolute levels, waveform
transformation and level corrections are applied in the Nexfin system to reconstruct brachial
pressure [60]. The brachial pressure is subsequently used to determine the pulse contour derived
beat-to-beat CO as showed in the Section 1.10.

The Finapres and its portable variant Portapres were shown to be inaccurate in healthy subjects

[61] and critical care patients [62], respectively.
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Several studies performed in critically ill or perioperative patients have shown that although the
methods, which do not require external calibration, might be able to track relative CO changes,

uncalibrated use does not yield reliable absolute CO values.

Although all described methods are commercially available, the majority of these have not
achieved widespread use in clinical practice mainly for: high cost of both devices and disposable
components, outcome dependence on the operator experience, non-continuous assessment of CO,
and concerns about accuracy, precision, and reproducibility [63].

After this overview, aiming to depict the CO assessment scenario and evidence the critical
aspects, in the following chapters we will concentrate on CO measurement through gas analysis

and we will introduce a new non-invasive method.
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Chapter 2
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2.1 Introduction

As mentioned in the previous chapter, thermodilution and Fick methods are the “practical Gold
Standards” and have been widely used as reference methods for evaluating the performance of
innovative techniques.

The accuracy assessment of a method requires the use of a completely reliable CO measurement
technique, something that cannot be accomplished in humans [1]. Thus, the definition of “Gold
Standard”, in this case, is more related to the suitability of the method’s theoretical model in
describing the physiological mechanism rather than to the proved reliability of the method
through comparison with the “true value” of CO.

In the following the two practical Gold Standards will be taken into consideration with particular
interest to their accuracy in the CO assessment. Accuracy will be considered, as it has widely
been done in literature, as the closeness of agreement between one method and the reference. A

theoretical approach, based on the measurement models, will be used.

2.2 Thermodilution

2.2.1 Potential concerns with the method

A number of studies in both experimental animals and humans have compared the
thermodilution technique with other CO measurements, such as indicator dilution techniques,
direct Fick method, and electromagnetic flowmetry [2,3,4]. Many of them raised concerns for
important sources of error in thermodilution technique.

Accurate measurements of both blood (T,) and injectate (Ti) temperatures, immediately
preceding injection, result particularly critical. In the thermodilution formula, Eq. (2.1) [5], the
difference between these two temperatures (typically 16 °C when using room temperature
injectate) is in direct proportion to CO, and consequently also potential errors in determining

this differences reflects on CO values:

_ picPi Vi(T;=Tp)
PuCPy f, (T(D)-Tp)dt

@.1)

Ty is invasively measured by the thermistor (Fig. 1) placed at the tip of the Swan-Ganz catheter
before the bolus injection.

On the other hand, the Swan-Ganz catheter is not equipped with a thermistor at the bolus
injection point, into the right atrium, for the measurement of Ti: this aspect seems to be crucial

in determining the accuracy and precision of the method.

44



Tesi di dottorato in Ingegneria Biomedica, di Stefano Cecchini,

discussa presso I'Universita Campus Bio-Medico di Roma in data 20/03/2012.

La disseminazione e la riproduzione di questo documento sono consentite per scopi di didattica e ricerca,
a condizione che ne venga citata la fonte

blood
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Figure 1 Cross-section of the Swan-Ganz catheter: only one thermistor is mounted on the tip of the catheter [6].

The use of two thermistors (the classical distal thermistor and an injectate thermistor) improves
the precision for both ambient temperature (0.41 L min" vs. 0.55 L min™) and cooled (0.35 L
min™ vs. 0.43 L min™) injections [1], and enhances the accuracy respect on the Fick method: i.c.,
in the study by Lehman et al, conventional thermodilution measurements significantly
overestimated Fick measurements by 0.32 L min™ and 0.50 L min™ (p<0.001), using ambient
temperature and cooled injectate, respectively, in contrast to the dual thermistor measurements,
which resulted statistically similar (-0.08 L min" and -0.08 L min”, p=0.34) to Fick
measurements.

Using a set-up including two thermistors, one positioned externally to the catheter and one in the
right atrium, Lehman et al. measured the change of temperature experienced by the injectate
during the travel into tubing and thermodilution catheter, before the injection into the blood

stream (Fig. 2): it averaged 2.8 °C.

Figure 2 Frequency histogram of the injectate warming as it travels down the length of tubing and thermodilution

catheter towards the injection port positioned in the right atrium [1].

Manufacturers attempt to compensate for this error in T; assessment, by automatic or manual
entry of an empirically derived “correction factor” [7], but this is sometimes inadequate in

predicting temperature changes during clinical use in humans: Lehman ef al. also demonstrated
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that, using the correction factor, the injectate temperature remained underestimated, causing an
incorrectly high CO (Eq. 2.1).

In fact, overestimation of CO by thermodilution respect on other techniques has been widely
reported in literature [8,9]: e.g., +2.2 % £ 8.3 % respect on the CO;-based Fick method, and
+10.8 % = 16.0 % respect on O»-based Fick method (p=0.0001) [10].

Anyway, the effect of errors in the assessment of T; can be minimized by using injectate at room
temperature [11] to reduce the unmeasured bolus temperature variation; on the other hand,
reducing the temperature differential between blood and injectate increases the effect of “noise”
in the baseline temperature measurement on the calculation of the area under the temperature-
time curve.

Other concerns about the use of thermodilution were mentioned and discussed by testing
commercial systems on an artificial circulation [12]: the use of ice cold injectate reduces the
variability of CO measurements but leads to a further substantial overestimation of flow-rate,
and the volume of injectate used in thermodilution must be chosen according to a compromise.
At one extreme a small volume leads to a temperature change that is lost in the fluctuation of
baseline temperature, at the other extreme, a large injectate volume will alter the flow rate
(measurement of which is being attempted), will be incompletely mixed with blood flow, and
will take an appreciable time to be injected in relation to the mean transit time of blood from
injection site to sensor. In [12] a net effect of increasing the injectate volume on the accuracy
and variability of thermodilution measurement was unpredictable and in the experiments it
resulted different for each thermodilution product tested.

In conclusion it happens that the injectate volume and temperature for optimum accuracy are
different from those for optimum reproducibility, they differ from manufacturer to manufacturer,
and may change in different experimental or clinical situations.

In the best in-vitro conditions, Mackenzie et al. [12] found that the standard error of the
thermodilution value at a flow rate of 5 L min™ is seldom less than 0.5 L min™ or 10 %. Under
clinical conditions and with the influence of respiration, the error of this method is likely to
increase.

After this analysis of concerns and influence factors relative to the thermodilution technique, in
the following a theoretical approach will be used to estimate the thermodilution accuracy from

the accuracy of each directly measured parameter.

2.2.3 Analysis of accuracy
With reference to Eq. (2.1), T [°C] is the bolus temperature, measured externally to the catheter,

Ty [°C] and T (t) [°C] are measured by the thermistor placed at the tip of the catheter before and
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after the bolus injection, respectively. Considering the above-reported concerns, in this analysis
an index (K) is introduced to take into account the bolus warming.

Table I resumes the accuracy of the sensors involved into the CO assessment.

Table I Accuracy of the thermistors used for CO assessment by thermodilution.

Accuracy [°C] at 95 % of
Parameter Device Range [°C] J
confidence

T; Thermistor-Edwards Lifesciences -1 ++45 + 0.1

Thermistor embedded into
Ty, and T(t) ) ) -1 ++45 + 0.1
catheter-Edwards Lifesciences

The law of propagation of uncertainty is here applied: this analysis uses the first partial
derivative of the dependent variable q=f(x;, Xz, ..., X,) with respect to the directly measured
variables of interest (x;, i=1:n) [13]:

5q = \/(a—qaxl)z + (:—iaxz)z +oet (a(%&cn)z 2.2)

ax1

where §q is the uncertainty of the variable of interest, q, and dx; represents the uncertainty of
the directly measured parameter x;.

Eq. (2.1) can be rewritten in the following form:

iCp. (T —
— p P Vl(Tl Tb) K — aﬂ (23)

 piCry, [y (T(O-Tp)dt D

piCpVi

PbrCpy

where @ = K ,N=T,—T;, and D = fooo(T(t) —Tp)dt. a depends on the physical

properties of bolus and blood, on the quantity of injectate, and on the value of K. At this stage,
is considered not being source of uncertainty.

To make an example of the whole uncertainty of CO in typical conditions, the following mean
values of temperature are considered [14]: T;=0 °C, considering cold injectate, T,=37 °C, and
T(t) comprised within 1 °C from T,. Here, as an example, the didactic values, reported by
Geddes in [14], are considered: N =—-37°C, D=—-1.59°C- s, Vy=5mL, K=0.82,

iCp; . - . .
pprl = 1.08. a results equal to 4.46 mL and CO equal to 6220 L min™. The time-interval, on
bCpy,
which the integral is calculated (thermodilution curve not null), is considered equal to 2 s.

In order to evaluate the uncertainty of the integral in D, it is discretized with At = 0.1 s and
N = 20:

D=["(T(t) = Tp)dt = A3}, T; — T, (2.4)

! Data extracted from the datasheet of MP20/30, MP40/50, MP60/70/80/90 Patient Monitor Intellivue, Philips, Inc.
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where T; is the value of T(t) at the j-th time instant.
Applying the Eq. (2.2) to N, D and, then, to Q it is obtained:

SN = \/(j—xaTi)z + (:TNchTb)Z = /(=0.1)Z + (0.1)2 = 0.14°C 2.5)

5D = \/(2_1; 5T)2 + (:TDchTb)Z = At-NJ(0.D)? + (=0.1)2 = 0.28°C - s (2.6)
50 = (22" + (226D = a [(oN)’ + (- 2oD)’ =

146 [0 19) + (S5 028) = 1037 - 10962 e

6CO is about 17 % of the CO value.

It must be underlined that this theoretical approach takes into account only the accuracy of the
two temperature sensors. Other sources of error, regarding the assumptions at the base of the
method, the discrepancy between the model and the physiological behaviour, and all the
concerns reported in the previous section, are not considered.

In the next section, the other “practical Gold Standard” will be analyzed.

2.3 Fick method

2.3.1 Measurement setup

As reported in Chapter 1, the aim of this work is introducing a method for the non-invasive
assessment of CO on mechanically ventilated patients. The aim of the industrial project is
integrating the features of the metabolic monitor Quark RMR, which bases its functioning
principle on the indirect calorimetry: as it provides continuous measurements of the whole body
oxygen uptake and carbon dioxide production, attention has been focused on studying a method
based on gas-analysis.

The Fick method, describing the direct relation between pulmonary blood flow and respiratory
gases concentrations, results the reference for all methods involving the analysis of gas for CO
assessment. Moreover, as reported in the Section 2.1, it is one of the two “practical Gold
Standards” together with thermodilution.

In the following an analysis of the accuracy of the Fick method will be reported with the aim to
identify its limits and weaknesses.

As reported in the Chapter 1, the Fick equation has the following form:

PBF = — % _ (2.8)
CaOZ—CUOZ

Ca0, = 10[(1.38 - Hb - Sa0,) + 0.003 - Pa0,] (2.9)

Cv0, = 10[(1.38 - Hb - Sv0,) + 0.003 - Pv0,] (2.10)
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In Eq.s (2.9) and (2.10) the two terms related to O, partial pressure into the plasma are often

neglected [10]:
PBF = Yo, @.11)
13.8-Hb(Sa0,—-Sv0,)
CO =F -PBF (2.12)

Considering a mechanically ventilated patient, the measurement setup, which implements the
direct Fick method, consists of:

. gas flowmeter placed at the ventilator outlet and oxygen sensor at the “Y” of the
breathing circuit: Vo, [mL min~! |;

. pulse oxymeter: Sa0, [%];

. blood analyzer: Hb [g dL™];

. fiber-optic catheter: SvO, [%].

. microprocessor and interface for the acquisition and elaboration of signals, and

visualization of results.

MVechanical
Ventilator

insp ‘ @

CO @ |2kl F——

Figure 3 Schematic representation of the measurement setup for the implementation of the traditional Fick method

on mechanically ventilated patients.

The gas flowmeter, the oxygen sensor and the pulse oxymeter are integrated in the Quark RMR
(Cosmed s.r.1.): in fact, the system calculates Vozand measures Sa0,.

Hb is not measured continuously, but the values resulting from the blood sample analysis can be
used as constant within the measuring period. Thus, performing the blood sample analysis with
the same frequency adopted during the normal procedure in ICU and inserting the updated Hb
value into the system whenever a new analysis will be performed result adequate: this is
acceptable because it has been proved that the percentage of variance of Hb during the day is

1.7 % [15] and a mean variation of 0.08 g dL™' is calculated when a blood sample is analyzed
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every 3 hours. In the following this variation will be combined to the analyzer’s accuracy in
order to obtain the whole accuracy on Hb assessment every 3 hours.

The fiber-optic catheter is the unique invasive element, which allows a continuous measurement
of the oxygen venous saturation.

In the following it will be described the influence on PBF estimation of the measurement

accuracies of each parameter.

2.3.2 Sensitivity analysis of the traditional Fick method: a theoretical approach
Considering the PBF equation (Eq. 2.8), the Eq. (2.2) becomes:

2 2 2 2
OPBF . OPBF OPBF OPBF
SPBF = (%6%2) + (meHb) + (amZ 55a0;) + (amz 55v0,)  (2.13)

The degree to which erroneous measures of VOZ, Hb, Sa0,, and SvO, can influence PBF will be

quantified as follows.

An error sensitivity can be introduced for each parameter (x;) [16]:

S (2.14)

X 0x; q

where q is the target variable.

In the following table the I values and the partial derivates are reported:

Table II Values of the sensitivity index for each parameter.

dPBF
Ox;

. 1

Vo, 13.8 Hb - (Sa0, — Sv0,) !

_ V02 -1
13.8- Hb? - (Sa0, — Sv0,)

Xj

Hb

Vo, Sa0,

Sa0 — 77z
2 13.8- Hb - (Sa0, — Sv0,)? Sa0, — Sv0,

VOZ SUOZ

Sv0 e
2 13.8 - Hb - (Sa0, — Sv0,)? Sa0, — Sv0,

The IVoz and Iy, equal to 1 and -1 respectively, indicate that the percentage relative accuracy in
the measurement of Vozand Hb result into a percentage relative accuracy in the PBF assessment
of the same entity: errors in Vozmeasurement causes errors in PBF having same sign, whilst
errors in Hb causes errors in PBF having opposite sign.

On the other hand, Is,0,and Is,o,depend on the parameters values.

50



Tesi di dottorato in Ingegneria Biomedica, di Stefano Cecchini,

discussa presso I'Universita Campus Bio-Medico di Roma in data 20/03/2012.

La disseminazione e la riproduzione di questo documento sono consentite per scopi di didattica e ricerca,
a condizione che ne venga citata la fonte

With the aim to analyze variations of these indexes according to SaO, and SvO, values a
simulation is provided. Typical ranges of Sa0, and SvO,in physiological and pathological

conditions are 90 % - 100 % and 60 % - 80 %, respectively.

60

520, [%] $v0, [%]

Figure 4 Trend of Ig,0,in dependence of Sa0, and SvO, values.

| -

$a0, [%] V0, [%]

Figure 5 Trend of Iy, in dependence of Sa0, and SvO, values.

The values of the indexes reported in Fig. 4 and 5 have module always higher than 1, but present
different signs: in particular errors in SvO, cause errors in PBF having the same sign, whilst
errors in Sa0, cause errors in PBF having the opposite sign.

Considering Eq. (2.13), the relative error in PBF measurement has the following expression:

SPBF _ (%)2 +(_6H_b)2+(_ 5a0, 55a02)2+( Sv0, 551702)2 (2.15)

PBF Vo, Hb Sa0,-5v0, Sao, Sa0,-S5v0, Sv0,
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To make an example we can consider accuracy values of commercial devices, which could be
potentially involved into the measurement. Taking into account the above-reported
considerations about Hb assessment, at this stage, the calculation of the overall accuracy is
performed when Hb is measured every 3 hours using, for example, the STKS (Beckman
Coulter).

In [15] the hemoglobin was measured every hour on 7686 subjects during the diurnal period. If
the four Hb values obtained within three consecutive hours are grouped, the calculated mean
standard deviation takes into account the physiological variations during that period: SDy,=0.08
g dL'. Thus, the 3-hours physiological variability of Hb at a level of confidence of 95 %,
assuming a Student’s reference distribution with three degrees of freedom, has the following

value [17]:

SDyp

Stbpnysiorld AL = ¢, =2 = 013 g dL™ (2.16)

Sprhysiol is about 0.9 % of the mean value of Hb reported in [15] and the STKS accuracy in Hb

. 8Hb o
measurement is + 2 %; the whole accuracy b results the combination of sensor accuracy and

physiological variability. In this case the two variables are independent:

2 2
oy _ (o +<5”_” ) — VEF08 =22% 2.17)

Hb Hb sens Hb physiol

Table III Accuracy values of commercial devices.

Accuracy [%] at 95 % of
Parameter Device Range 5
confidence
. Deltatrac Metabolic Monitor- .
Vo, 5-2000 mL min *5
Datex Ohmeda
) ) 100-80 % *2
Sa0, Satlite-Datex Instrumentarium
80-50 % +3
Svo, Vigilance-Edwards Lifesciences 30-99 % +2
STKS-Beckman Coulter + .
Hb 0-30 gdL” *22
physiological variability

Introducing the values reported in Table III into Eq. (2.15), the PBF relative uncertainty is:

6PBF
PBF

Sa0,2+5v0,2
(SaOZ —51702)2

[%)] = \/29.8 +4 (2.18)

. . . . . 8PBF . . :
With the aim to represent the trend of the relative uncertainty gl numerical simulation of Eq.

(2.18) has been performed and its results are reported in Fig. 6.

2 Data extracted from the datasheets of the devices.
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The surface in Fig. 6 is obtained by plotting Eq. (2.18) on the identified range of Sa0, and SvO,.

Figure 6 PBF relative error as a function of Sa0, and SvO,. A and B represent the minimum and the maximum of

the relative error, respectively.

From Fig. 6 it is clear that the lower artero-venous difference of O, saturation the higher the

relative accuracy of PBF measurement: PBF, calculated by the Fick method, becomes

increasingly unreliable as oxygen extraction falls. Points A (SPP% = %) and B (SPP% = 25 %)

represent the maximum and minimum relative accuracy in PBF assessment using the traditional
Fick method.

As in ICU F;0O, values higher than environmental ones are often used (i.e., higher than 40 %),
Sa0, value is frequently around 100 %. This would guarantee accuracy values lower than 15 %

(point C) for each value of SvO,.

2.3.3 Sensitivity analysis of the traditional Fick technique: a numerical approach using the
Monte Carlo method

A further analysis is performed by applying the Monte Carlo method [17], MCM, (see Appendix
A) to the PBF equation: MCM allows the evaluation of PBF uncertainty as resulting from
uncertainties in the assessment of each parameter of Eq. (2.11). Differently from the previous
analysis, which estimates the uncertainty of the PBF from the uncertainty of the input quantities,
MCM simulates the probability density function (PDF) of the output as a function of the PDFs
of the input variables: these functions describe the distribution of N measurements around the

mean value.
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Considering that a certain number of measurements is performed for each parameter to estimate
PBF, gaussian distributions are taken into consideration: mean values (X;) equal to physiological
values for Vozand Hb [16], and to the limits of range for Sa0, and SvO, are chosen (Table IV).

The standard deviations of the PDFs (Table IV) are obtained from the values of accuracy (Table
II), which are considered as limits of accuracy corresponding to a level of confidence of 95 %.
Considering that gaussian PDFs are used and that the number of samples, recommended by
GUM, is N=10°, the normalized standard deviations for the parameter x; (Sxi) are obtained as

follows [13]:

__ Accuracy(x;)-X;
- 1.96

Sy, (2.19)

Table IV Values of the parameters used for the Monte Carlo simulation.

Configuration Vo, Syp,ImLmin"] | Hb,SyylgdL"] | S0z Sseo, [%] | Sv03, Ssvo, [%]
A 200, 5 15.0,0.2 100.0, 1.0 60.0, 0.6
B 200, 5 15.0,0.2 90.0, 0.9 80.0, 0.8

The results of the application of MCM to the PBF estimation are reported in Fig. 7 for both
configurations (A and B).

Figure 7 Probability density functions of PBF for the two parameter’s configurations considered: A and B.

The PDFs reported in Fig. 7 are in agreement with the relative accuracy surface reported in Fig.
6. This can be demonstrated by calculating the relative accuracy in PBF assessment from the

PDFs obtained using MCM:

8PBF o] — 1:96°SPBF |
oo ey L20] = g 100 (2.20)

54



Tesi di dottorato in Ingegneria Biomedica, di Stefano Cecchini,

discussa presso I'Universita Campus Bio-Medico di Roma in data 20/03/2012.

La disseminazione e la riproduzione di questo documento sono consentite per scopi di didattica e ricerca,
a condizione che ne venga citata la fonte

The results are resumed in the following table:

Table V Comparison between relative errors obtained from the analytical approach and MCM.

. SPBF SPBF
Configuration o, - o
g ppr ] PBF wew L)
A 7.9 7.8
B 24.7 25.1

As results from the sensitivity analysis, the accuracy of the Fick method can be highly
influenced by accuracy in the assessment of the artero-venous saturation difference, mostly if
the two values of saturation (Sa0, and SvO,) are close one another. However, it should be taken
into consideration that this difference is often higher than 20 % in mechanically ventilated
patients, because F;O; values are much higher (e.g., 50 %) than environmental one (about 21 %).
Unfortunately SvO, measurement is the only one to be invasive, as Vozcan be measured at the
mouth of the patient circuit of the ventilator, Sa0, using a pulse-oxymeter placed at the patient’s
finger, and Hb can be considered constant and results from the blood analysis routinely

performed to monitor the patient’s state.

Considering that aim of this work is studying and implementing a non-invasive method for the
CO estimation on mechanically ventilated patients, the measurement of SvO, using a fiber-optic
catheter is not acceptable. To eliminate this element of invasivity, one of the indirect Fick
methods, founded on a physiological model introduced by Kim et al. in 1966 [18], is chosen: it
considers CO; as reference gas and involves a prolonged expiration.

In the following chapter the Quark RMR and its validation will be presented.
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Chapter 3
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3.1 Introduction

The investigated method for the cardiac output estimation will be thoroughly described in the
next chapter: it involves a prolonged expiration and it is completely based on the measurement
of gas fractions and flow rate. The metabolic monitor Quark RMR (Cosmed s.r.1., Italy) is going
to be used at this purpose. An in-vitro and in-vivo validation of the system are needed to assess
its suitability to measurements on mechanically ventilated patients, at FiO, different from the

environmental one, and connected directly to the patient’s circuit.

3.2 Quark RMR

The introduction of advanced technology into the area of patient monitoring in Intensive Care
Unit has made available many important measurements [1]. Among these, REE (Resting Energy
Expenditure) is the preferred assessment of energy balance to provide appropriate nourishment
to patients [2-5]. Indirect calorimetry allows the estimation of REE and RQ (Respiratory
Quotient), in a non-invasive way, through the measurement of V, (O, uptake) and V¢, (CO2
production) [6]. This will be extensively explained in the following sections, as it is the working
principle of the Quark RMR.
Since 1919, the Harris-Benedict Equation [7] has been used to predict a normal, nourished
individual’s REE, but this has been demonstrated to be unreliable in the malnourished and
critically ill patients [8]. Being this equation based on anthropometric variables, correction
factors were proposed for various clinical conditions in order to compensate for the poorly
accurate estimation of REE [9]. However, these values are approximations and are not capable
of determining the true REE in each critically ill patient.
The Quark RMR is a metabolic monitor for measurement of patient’s energy requirement (by
indirect calorimetry), which can be utilized for the evaluation of the clinical response to artificial
feeding during long-term care or the admission into the ICU ward. It is important to quantify the
energy requirements of critically ill patients because both overfeeding and underfeeding may be
detrimental for the patient’s clinical course and recovery. By directly measuring the REE it is
possible to obtain the correct nutritional balance in critically ill patients, improving their
response to medical therapies and thus, reducing the duration of stay in hospital with a
significant impact on healthcare costs.
Considering that, the Quark RMR is essential for:

¢ clinical nutrition and research;

* Intensive Care Units;

* Dbariatric surgery;
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* clinical assessment of neoplastic patients, burn patients, patients in neurovegetative coma
or with transplants.
The main features of the system are:
* indirect calorimetry with continuous measurement of Vo, V¢o,, REE, RQ, and metabolic
substrates, i.e., fat, proteins, and carbohydrates;
e automatic quality control during the test by checking the gas concentrations;
* kit for ICU for the measurement on patients undergoing mechanically assisted
ventilation;
* measurement kit with oxygen-enriched gas mixtures.
The Quark RMR utilizes a rapid infrared sensor for the CO, fraction assessment, and a
paramagnetic one for the O, fraction (Table I). Both analyzers are reliable and do not need
maintenance for long periods. The gas flow rate is measured by a turbine flowmeter (Table I).
In order to eliminate humidity, a special Nafion tubing, equalizing the humidity of sample gas to
the level of ambient air, is used for the gas sampling line. All gas values are corrected to

standard temperature and pressure, dry conditions (STPD).

Table I Sensor equipment of the Quark RMR.

Sensor Functioning principle Range Accuracy Response time
0, paramagnetic 0% - 60 % +0.02 % 120 ms
CO, infrared 0%-10% +0.02 % 100 ms
Gas flow turbine flowmeter 008Ls' -8Ls" +2% N/A

All data are elaborated by a software program, based on Cosmed proprietary algorithms, for the
calculation of non-directly measured parameters, detection of the respiratory act and recognition
of the inspiration and the expiration phase on the base of flow measurement and gas
concentration trends. An auto-learning procedure is included to detect the ventilation bias flow
(9).

Three modalities of test execution are implemented:

Canopy Helmet: the Quark RMR is supplied with a dilution helmet of the expiratory flow for
patient with spontaneous breathing. This method does not require a mouthpiece or facemask and
is more comfortable for obese patients. Gas is sampled at the expiratory port through a sampling
line, while the ventilation is measured by a turbine. The ventilation output of the helmet is
regulated in order to maintain the FgCO, within a prefixed range of values.

ICU: in the ICU setting, the Quark RMR can be integrated with the ventilator for the

measurement of REE in patients undergoing mechanically assisted ventilation. During the test, it
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is possible to measure the gas concentrations (O, and CO;) and the ventilatory parameters, to
detect ¢, and to identify the inspiratory and expiratory phases with the use of an algorithm based
on flow and expiratory CO; analysis.

Facial mask: simplified “breath-by-breath” analysis by using the Quark RMR with disposable
facial masks on patients who are spontaneously breathing. The system performs real time
measurement of patient’s inspiratory and expiratory flows (flowmeter at the mouth), and
inspired and expired gas fractions (FiO,, FgO,, FiCO,, and FgCO,) through a sampling line
applied to the flowmeter. This application is not frequently used in clinical and research settings,
but it represents a valid alternative in commercial applications of weight management.

Before each test, the metabolic monitor needs to be calibrated: for the gas analyzers a certified
mixture composed by 5 % of CO; and 15 % of O, is sampled, whilst the turbine flowmeter is
calibrated through a syringe of 3 L.

3.3 In-vitro validation of the Quark RMR for its application on mechanically
ventilated patients [10]

3.3.1 Overview

The calibration of an indirect calorimetry monitoring device requires an in-vitro test system
allowing the realization of a known and fixed RQ, Vg, and Vp,. As the Quark RMR should
work with artificially ventilated patients in intensive care environment, the calibration system
includes a patient circuit coupling with a mechanical ventilator.

From a detailed analysis of the literature, two families of metabolism calibrators have been
identified: the first is based on the delivery of known gas blending mixtures and the second on
the realization of a chemical reaction for a single point calibration. In this study the interest is
focused on the last method, being easier to perform and calibration not being the main focus of
the research.

Damask et al. [11] showed that burning methanol inside a lung model provides a fixed value of
RQ equal to 0.667. Takala ef al. [12] burned ethanol in a lamp within a glass jar, which was
connected to the inspiratory line of the ventilator. Miodownick ef al. [13] designed and realized
a quantitative methanol-burning lung model. Gas exchange measurements were validated over a
wide range of F;O,, underlining the main issues related to the characterization of a metabolism
simulator. More recently, Rosenbaum et al. [14] presented the development of a practical bench

setup of a metabolic lung simulator to generate a wide range of reference values of Vg, and V¢, .

From the study of the literature, it emerges that a deep analysis of the uncertainty of RQ

measurement has not been performed yet.
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In this phase of the work an ethanol burning system is used to calibrate the Quark RMR
metabolic monitor for the measurement of RQ, Vo, , and V¢q,, which are crucial in the proposed
method for the assessment of CO. The calibration is carried out with regard to the mechanical
ventilation mode (ICU mode) and involves the combustion of ethanol.

The implementation of the measurement model allows for the estimation of the overall accuracy

of the metabolic monitor in calculating RQ by means of Monte Carlo method.

3.3.2 Theoretical background
The ethanol combustion reaction is
C,Hs0H + 30, — 2C0, + 3H,0 (3.1)

By considering the molar coefficients of the reaction (3.1) the ratio RQ is:

RQ = 2 = 0.667 (3.2)
According to an algorithm, implemented into the Quark RMR and also in the majority of
commercially available metabolic monitors, Vo, is calculated by the following equation [15]:

Vo, =V F,0; — Vg - Fg0, (3.3)
and Vo, by a similar equation:

Veo, = Vg - FgCO, =V, - F,CO, (3.4)
where Vi and Vg are the inspiratory and expiratory volume, respectively, and FiX and FeX are
the mean inspiratory and expiratory fractions of the gas X (with X=0,, CO; or N,).

The relation between Vi and Vg is given by the Haldane transformation, which assumes that the
quantity of nitrogen (N;) is constant in both inspired and expired gas. If there is no net nitrogen

uptake, then Vi can be calculated by the following equation [15]:

= BNy (3.5)

Vi =
FIN2

being FiN, and FgN, the mean inspired and expired nitrogen concentrations, respectively. Since
the gases flowing into the ventilatory circuit are usually only O, CO; and N, then FiN, and

FeN, can be calculated as follows:

F;N,=1-F,0,-F,CO, (3.6)
and
FgN, = 1-Fg0,-FgCO, (3.7)
By defining k as:
k= ‘;fgz (3.8)
the formula for Vi, becomes:
Vo, = (k- F0; — Fg0,)Vg (3.9)
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and for V¢, is:
VCOZ = (FECOZ _k'FICOZ)VE (310)
Then, the Quark RMR calculates RQ through the following expression:

__Vco, _ FECO,-k'FICO;,
RQ = Vo,  kF10,-Fg0; (3.11)
By substituting Eq.s (3.6), (3.7) and (3.8) in Eq. (3.11), RQ becomes:
RQ = FECO;(1—F0,—F[C03)—F[CO5(1—Fg0,—FgC05) (3.12)

F102(1-Fg0;—FC0;)~Fg04(1~F03—FC0y)
Equation (3.12) shows that RQ depends only on the inspired and expired O, and CO, fractions.
Another definition, which will be useful in the next sections, is represented by the Wier equation
[15]. This equation derives from the knowledge of the amount of O, and CO, consumed and
produced, respectively, by the metabolism of the energetic substrates, i.e., fats, carbohydrates,
and proteins [6].

REE[kcal - die™'] = (3.94V,, + 1.11V,y,) - 1.44 (3.13)
The percentage discrepancy between the theoretical (P") and measured (P™) values of a generic
parameter (P) is defined as follows:

pM

PT
100 (3.14)

Ep [%] = pT
3.3.3 Experimental set-up

The burning unit

The main unit of the metabolic calibrator, used in this study, is the burning chamber: the jar into
which the combustion reaction takes place.

It is constituted by a glass bell jar and a metal container, which presents an air inlet and an air
outlet. The container has been designed in such a way to guarantee a good air mixing and avoid
that an excessive airflow extinguishes the burning flame. The bell jar is equipped with a rubber
O-ring to minimize the air leaks during the test. A ceramic vessel, which is filled of ethanol, is
placed into the described closed volume (Fig. 1). A 5 mL graduated pipette (Brand Gmbh & Co.
KG, Germany) is used to measure the ethanol volume before and after the tests.

After the combustion reaction is started, the flow of fresh gases feeds continuously the flame
and avoids the extinguishing. The whole system has an internal volume of 1200 mL.

The flame should be stable and small enough to match the relevant physiological range [16], and
should have a blue color indicating a complete reaction.

The pneumatic circuit
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Two different ventilators, Servo 900 C and Servo 300 A (Maquet Gmbh & Co. KG, Germany),
have been alternatively used to generate standard ventilatory patterns. The Servo 300 A has a ¢
equal to 2 L/min.

The turbine flowmeter (Fig. 1-3) of the Quark RMR (Fig. 1-5) is placed at the ventilator (Fig. 1-
6) outlet and the gas sampling port (Fig. 1-4) is inserted in line with the patient circuit
downstream to the “Y’: in this way it is possible to sample both “inspiratory” and “expiratory”
gases. The burning unit (Fig. 1-1) and a test lung (Fig. 1-2), which simulates the compliance and
the resistance of the respiratory system, are placed in series downstream the sampling port. The

connections are made with same tubing to the one used in the clinical setup.

Figure 1 Experimental setup: burning unit (1), test lung (2), turbine flowmeter (3), gas sampling port (4), Quark
RMR (5), mechanical ventilator (6).

Trials, in absence of a bias flow, are carried out with the Servo 900 C, whereas trials with bias
flow are carried out with the Servo 300 A.

A volume controlled ventilation is chosen with a respiratory frequency of 20 bpm, minute
volume of 7.5 L min™', and I:E ratio equal to 33%. Trials at different levels of PEEP and F,0,
are carried out. PEEP levels of 0 cmH,0, 10 cmH,0 and 20 cmH,0, and F;O; values of 21 %,
40 % and 50 % are used.

During the inspiratory phase, the ventilator generates an airflow, which reaches the test lung
passing through the burning unit, where the combustion reaction takes place and the gas
fractions change according to the theoretical behaviour. In the expiration phase the gas flows

into the expiratory circuit and it is discharged through the ventilator outlet.
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Each test has duration of 5 minutes starting when the flame becomes stable and the RQ value
varies less than 3 % between one breathing and the following (after the washing out of the

circuit dead space).

3.3.4 Results
Quantitative tests
Quantitative trials are realized with the use of the described configuration at an F,O, equal to
21% and PEEP 0 cmHO.
An amount of ethanol is burned until RQ, measured by the Quark RMR, reaches its steady value
and maintains it for 5 minutes. The volume of ethanol, contained into the ceramic vessel before
and after the test, is measured through the graduated pipette. The volume difference (V) gives
the burnt amount of ethanol. As in STPD condition 1 mL of ethanol produces 764 mL of CO,,
the theoretical Vo, [mL] is calculated through the following equation:

VCTO2 =V, 764 (3.15)
A fixed value of RQ equal to 0.667 (Eq. 3.2) should be measured.
The discrepancy between the theoretical and measured values of Vi, and RQ are calculated
according to Eq. (3.14) and reported in Table II.
The quantitative validation in ventilatory mode (ICU mode) confirms the reliability of the
measurements on patients under mechanical ventilation: there is an average discrepancy rate of

about 7% for the volume of CO, produced by the combustion, and about -8% for RQ.

Table II Measured data and discrepancies obtained with the ventilator configuration.

Vco, [mL] Eveo, [%] RQumean Erq [%]
145.7 4.7 0.628 -5.8
306.4 -0.2 0.619 -7.2
137.9 9.8 0.586 -12.1
196.5 14.3 0.619 -7.2
210.0 8.4 0.611 -8.4

RQ estimation through the Monte Carlo method

With the aim to estimate RQ value and to perform the assessment of RQ uncertainty, the Monte
Carlo method (MCM, Appendix A) is applied to the model described into the Eq. 3.12.
Probability density functions (PDF) are assigned to the input quantities (FiO,, FgO,, FiCO; and
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FeCO,): Gaussian distributions with a mean value equal to the mean value of the measurements
(w) and a standard deviation (o) equal to the normalized standard deviation of the measurements
(S/V/N, where S is the experimental standard deviation of the mean and N is the number of
samples for each parameter) are chosen. The propagation of distributions is performed using the
MCM in Matlab R2009a environment with a number of trials equal to 10° as recommended [17].
The data and the histograms concerning the input quantities in a particular ventilatory
parameters setting (PEEP=0 cmH,0, Fi0,=21% and in absence of bias flow) are reported below
(Table III and Fig. 2).

Table III Mean (p), standard deviation () and number of samples (N) of the input variables during the test at
PEEP=0 cmH,0, Fi0,=21% and in absence of bias flow.

u [%] o [%] N

F,0, 19.61 0.04 76

F:O, 15.25 0.04 76

F,CO, 0.82 0.03 76
F:CO, 4.02 0.03 76

Figure 2 Histogram of each input (F,0,, FgO,, Fi{CO, and FgCQO,) in the following setting: PEEP=0 cmH,0,

Fi0,=21 % and in absence of bias flow.

The inaccuracy in the FiO, of delivered gas is also visible in Fig. 2: a bias is registered between

average and desired FiO; values (19.6 % vs. 21 %).
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The PDF of RQ obtained through the MCM (RQmcwm) is compared with the PDF of RQ
measured by the Quark RMR during the experimental trials. Three examples, at F1O, equals to
21% and different PEEP levels, are reported below (Fig. 3).

Figure 3 PDFs of RQ (blue) and measured data distributions (red) obtained from the trials in presence of bias flow,

F10,=21% and the following values for PEEP: 0 cmH,0 (a), 10 cmH,0 (b) and 20 cmH,0 (c).

As it can be seen in Fig. 3 the MCM histogram is less disperse than the measured one, showing,
generally speaking, a lower standard uncertainty. RQmcem mean values differ from the mean
values of RQyeas less than 1.8%.

Considering the PDFs obtained through the MCM analysis for each configuration of the
ventilatory parameters, the percentage discrepancy (Erq, Eq. 3.14) between the RQ calculated
and the theoretical one (0.667, Eq. 3.2), and the standard uncertainty of the PDFs are reported in
Tables IV and V. Values reported into these tables indicate that the Quark RMR has a good
accuracy in estimating RQ and that the PDFs are not significantly scattered around the mean
value.

The means of RQues and RQunem at the three PEEP levels, considering all the F,O, settings,
seem to grow with the decrease of PEEP. Both the “no bias flow” or the “bias flow” trials show

this trend: the increase is about 5% going from PEEP 20 cmH,0O to 0 cmH;O.
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Table IV Erq [%] values at all the ventilatory settings.

No Bias Flow

PEEP/F,0, 21 % 40 % 50 %
0 cmH,0 -3.0 54 0.2
10 cmH,O 4.2 0.4 -2.6
20 cmH,0 3.0 -3.7 -3.4

Bias Flow

PEEP/F,0, 21% 40 % 50 %
0 cmH,0 -3.9 -0.5 5.8
10 cmH,0 -4.6 -5.7 5.5
20 cmH,0 -3.3 -2.0 93

Table V Standard uncertainty of RQycy at all the ventilatory settings.

No Bias Flow
PEEP | F,0, 21% 40 % 50 %
0 cmH,O 0.01 0.06 0.04
10 cmH,0 0.02 0.02 0.02
20 cmH,0 0.02 0.01 0.03
Bias Flow
PEEP | F,0, 21% 40 % 50 %
0 cmH,O 0.01 0.02 0.08
10 cmH,0 0.01 0.02 0.08
20 cmH,0 0.01 0.03 0.02

Resuming the main outcomes of this in-vitro study, a calibration method for a metabolic monitor,
suitable for mechanically ventilated patients, is described and experimentally validated. Tests
are performed with the Quark RMR, at different ventilation conditions (0 cmH,O, 5 cmH,O and
10 cmH,0 of PEEP; 21 %, 40 % and 50 % of F;0,; with and without bias flow).

The measurements show a good agreement with the theoretical values. An average error on the
CO; production of about 7% is calculated through quantitative tests and an average percentage
error equals to about 4% is calculated for RQ by using the Monte Carlo method.

These are objective evidences of the reliability of the Quark RMR measurements.
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The results reported in this survey are in close agreement with those reported in other published
studies [11,16,18].
The PDFs of RQ, evaluated through the MCM, have a mean value very close to the values

measured by the metabolic monitor.

3.4 In-vivo validation of the Quark RMR [19]
3.4.1 Preamble
After the in-vitro study, a further survey has been performed in-vivo with the aim to verify the
use of the Quark RMR equipment, with the ICU optional module and oxymeter, in intensive
care wards for monitoring the ventilatory and metabolic parameters of patients undergoing
mechanically assisted ventilation. As the Quark RMR is at the base of the CO estimation
proposed in this study, it needs to be validated also on real patients.
Some issues have been addressed in the metabolic monitoring of mechanically ventilated
patients. Among them, one important issue is related to high values of PEEP that results critical
for the correct functioning of the gas sensors [20]. Secondly, accurate measurements of F;O, are
essential in measuring Vo, and RQ. This requires that a stable FiO, is delivered to the patient
throughout each breath and between breaths [21]. Stability thresholds of FiO, become narrower
with the decrease of inspired-expired oxygen difference [1]: this generally happens increasing
the F10,. Therefore, the higher the F|O, the greater the potential error in measuring V,, [22,23].
Another issue is related to the bias flow (¢), even if the accuracy loss in metabolism assessment,
caused by this flow, is still subject of debate [10,20,23]. Moreover, the interaction of ¢ with the
breath identification algorithm needs further investigation.
The novelty of this work is investigating the effect of varying PEEP and F;O, on the metabolic
measurements (REE and RQ) in presence of ¢. The accuracy of the metabolic monitor in
measuring O, concentration is also analyzed through a comparison with the F;O, delivered by
the ventilator. Considerations about the potential effects of ¢ on the breathing act segmentation
algorithm and the calculation of Vg are also reported.
The aims can be listed as follows:

* to verify that the measurements of ventilatory parameters (Vg, Ry and F,O,) are

consistent with the values indicated by the ventilator, and explain possible differences;
* to evaluate and characterize the potential effects of ventilatory settings on the parameters
of interest;
* to evaluate how the system interfaces to the ventilator and identify potential interferences

with the ventilator functioning;
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* to verify that the RMR measured values are consistent with anthropometric values
reported in literature (Harris-Benedict);
* to evaluate preventive measures for limiting the risk of cross-contamination during test

execution.

3.4.2 Patients and protocol

The Quark RMR is utilized with the ICU module and oxymeter for the measurement of
ventilatory and metabolic parameters, and oximetry.

12 patients, who underwent cardiac surgery under general anesthesia, are recruited in this study.
During a deep sedation, the subjects are ventilated by Servo-i (Maquet Gmbh & Co. KG,
Germany) and Evita XL (Driaeger AG & Co) ventilator, and their metabolic expenditure is
monitored by the Quark RMR.

The study has been approved by the Ethical Committee of the University Campus Bio-Medico
of Rome (Prot. N. 04/2010, March 31* 2010, ComEt CBM), and the recruited patients expressed
their informed consent for the clinical protocol-based treatment and data collection.

Patients are divided into two groups of 6. All patients are tested under two different ventilator
modes (Pressure Control, PC, and Volume Control, VC): while in the Group 1, PEEP is
maintained at a constant level of 5 cmH,O with a variable F,O,, in the Group 2 the F,O; is
maintained constant at 50% with a variable PEEP. Six tests per patient are performed.

Variable limits are: 0 cmH,0, 2 cmH,0 e 5 cmH,O for the PEEP, and 21 %, 40 % and 50 % for
the F10,.

Patients are given a resting period of at least 60 minutes between the surgery and the test, and a
pause of 5 minutes between each test, for the reaching of a steady ventilation after the setting
modification.

The measurement set-up is displayed in Fig. 4 and consists of a sampling connector (A) between
the Y circuit and the patient’s mouth (in order to obtain inspiratory and expiratory air samples),
a gas sampling line (B), and a turbine (E). This is connected at the ventilator outlet with the use
of a wrinkled tube (G) and a dedicated adaptor (F).

A Nafion dryer tubing (C) has the property of removing moisture from the air sample, which is
passing through the gas line, and an antisaliva filter (D) avoids water damages to the gas sensors
of the Quark RMR.
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Figure 4 Schematic representation of the measurement set-up.

After connecting the breathing circuit to the patient (Fig. 4), it is essential to verify the ability of
the Quark RMR to detect ¢. Bias flow is automatically set at 2 L min" and is continuously
delivered by the Servo-i in order to improve the ventilator’s sensibility and reduce the response
time to spontaneous triggering attempts by the patient. An auto-learning procedure enables the
ICU software to compensate the parameter measurements in presence of this continuous flow.
This is not necessary for the Evita XL, as it does not deliver a bias flow by default.

Each test has duration of about 20 minutes, during which the ventilatory settings remain
unchanged and the breath-by-breath data are continuously collected by the Quark RMR. At the
end of the test a report shows the averages and the ranges of variation of each parameter of
interest (RQ, REE, Vo, Vco,, Ry, VE, Vi, FIO2, Sa0,, and PCO; ).

The software allows to delete those values that significantly differ from the mean, and the
temperature at the flowmeter is manually set: this parameter, which is included into the
algorithm of the ICU software, is considered 8°C below the temperature value set in the
inspiratory branch using the humidifier MR 850-Fisher & Paykel (values between 28°C and
29°C). This consideration comes from an experimental observation conducted by placing a
Type-K thermocouple sheathed with a flexible cuft (Y8102, Fluke Corp.) at the flowmeter and
comparing the measured value with that one displayed by the humidifier: an average decrease of
8°C is registered.

The clinical trials have been individually stored on a breath by breath basis and the mean values,

displayed on the final report, have been recorded in a summary table.
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3.4.3 Results

Considering that this in-vivo survey is designed to test the performance and usability of the

Quark RMR, when interfaced to the mechanical ventilator, also the results concerning the

measurement procedure are of interest:

* the sensors’ positioning (turbine and gas sampling line), as showed in Fig. 4, does not alter
the correct functioning of the ventilators utilized in the present study; no alarms were
activated nor any modifications of the gas delivery, with respect to the settings, were
recorded. Regarding the ventilometry, during the inspiratory phase the turbine is excluded
from the patient’s circuit by the expiratory valve, which is closed, whereas during the
expiratory phase the turbine is interested by the patient’s expiratory flow. During this last
phase, the introduction of the turbine flowmeter could only cause an increase of airway
pressure related with a potential slowing of the expiration. In the worst case, this could be
associated with the risk of air-trapping. However, this event does not occur as demonstrated
by the perfect matching between the displayed flow curves before and after the introduction
of the turbine at the ventilator outlet and by the inactivity of the “high airway pressure”
alarm during all the tests performed.

* the measurement devices are applied to the ventilator with particular care to avoid
contamination risks for the patient: the turbine (positioned at the ventilator outlet) is
interested by the patient’s expiratory flow, which is released into the ambient air without any
risks of cross-contamination, whereas the disposable sampling line is connected by a
dedicated extension, which is also disposable.

Other purpose of the present study is to identify and quantify possible influencing factors on

Quark RMR performance such as: ventilatory mode, level of PEEP and F,0,.

Therefore, we separated the measured parameters in two categories:

1. parameters that can be compared with the ones set on the ventilator (Vg, Ry, FiO»):
category 1.

2. parameters, which cannot be compared with a reference value (RQ, REE, Vg, Vco,,
Sa0,, and PCO,): category 2.

For the category 1, an error analysis has been performed by comparison with the parameter

values measured by the ventilator.

For the category 2, an intra-patient analysis has been performed by varying the ventilatory mode

and comparing the measured values of the same parameter.

Parameters of category 1

The discrepancy (EQG), for the generic parameter (QG), is calculated by the following equation:
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Tables VI and VII display the mean deviations between values measured by the Quark (GQ) and
those measured by the ventilator (GV). The mean deviation value of each group is shown in
each cell, whereas the overall mean values are in the right-end column.

Analyzing the values for each row, it should be noticed that neither the F;O, nor the PEEP
causes a systematic discrepancy on the measurement by Quark RMR.

For the Vg, Ry, and FiO, mean discrepancies lower than 7.05 %, 1.78 % and 5.53 % are recorded,

respectively.

Table VI Mean discrepancies between measured values by the Quark RMR and by the ventilator, with regards to

the Group 1.
F0; [%] 21 40 50 Mean
Pressure Controlled Mode
Discrepancy Vg [%] 2.61 2.43 3.63 2.89
Discrepancy Ry [%] 0.17 0.72 1.25 0.71
Discrepancy F,0,[%] 5.53 1.05 0.53 2.37
Volume Controlled Mode
Discrepancy Vg [%] 2.76 2.15 1.92 2.28
Discrepancy Ry [%] 0.31 0.33 0.14 0.26
Discrepancy F,0,[%] 4.79 1.16 0.57 2.17

Table VII Mean discrepancies between measured values by the Quark RMR and by the ventilator, with regards to

the Group 2.
PEEP [cmH,0] 0 2 5 Mean
Pressure Controlled Mode
Discrepancy Vg [%] 6.30 4.05 3.68 4.68
Discrepancy Ry [%] 1.78 1.26 0.30 1.11
Discrepancy F;0; [%] 0.58 0.52 0.56 0.55
Volume Controlled Mode
Discrepancy Vi [%] 7.05 4.76 4.02 5.28
Discrepancy R [%] 1.67 0.56 0.59 0.94
Discrepancy F,0; [%] 1.17 1.25 0.57 1.00

Bland-Altman plots (Fig.s 5 and 6) are used to evaluate the agreement between the Quark RMR

and the ventilators about the measurement of Vg and FO,. In Fig. 5 we report data coming from
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all the tests (6 for each patient, corresponding to a total of 72 tests): on the x axis the averages of

Vg values, measured by the Quark RMR and the ventilator, are reported, whereas their
differences are represented on the y axis. The two dashed lines represent the limits of accuracy
(LoA) of the Servo-i for the expiratory volume measurement (=8 % - Servo-i User’s Manual),
whereas the two solid lines are the LoA guaranteed by the Evita XL ventilator (=10 % - Evita
XL User’s Manual).

The same representation is utilized for the F;0,. As the effects of F,0O, variations are evaluated
only in the Group 1, in Fig. 6 the tests belonging from this group are considered. The Servo-i
assures limits of accuracy, in the O, fractions delivery, of +3 % (Servo-i —User’s Manual),
whereas the Evita XL assures the greater value between +5 % of the displayed F;0; and £2%

(Evita XL — User’s Manual) (Fig. 6).

Figure 5 Agreement between the Quark RMR and ventilators about the measurement of Vg: (*) Servo-i

measurements, (&) Evita XL measurements, (--) limits of accuracy Servo-i, (—) limits of accuracy Evita XL.

Figure 6 Comparison between the F,0, levels measured by the Quark RMR and generated by the ventilators: (*)

Servo-i, ¢ka) Evita XL, (--) limits of accuracy Servo-i, (—) limits of accuracy Evita XL.
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It is noticeable that in Fig. 5 almost all the tests are inside the limits of ventilator accuracy. The
mean deviation’s rate for the Vg measurement between the Quark RMR and ventilators is about
3.5 %. The trials belonging to the Group 1 (fixed PEEP) seem to show a better agreement
between the Quark RMR and the ventilator (mean difference of about 2.6 %) than the trials
belonging to the Group 2, at a fixed FiO,, (mean difference of about 5 %).

In Fig. 6 it should be noticed that the limits of accuracy of the F;O, delivered from the ventilator
exceed the measurement discrepancy of the Quark RMR. According to the data reported in
Tables VI and VII, the average error in F1O, measurement is about 1.5 %.

The breath identification algorithm seems to be effective, even in presence of the bias flow: the
mean discrepancy in the Ry measurement, considering all the 72 trials, is lower than 1 %.
Considering that the patients are deeply sedated, i.e. no spontaneous breathings are detected, this
endpoint demonstrates that the algorithm for the segmentation of respiratory trend is able to
reject the influence of ¢: in particular the procedure of ¢ detection allows the system to shift the
threshold, for the breathing act recognition, of the right quantity to make a reliable breathing
segmentation.

The described approach, in which some measurements obtained from the metabolic monitor are
compared to the respective obtained from the pulmonary ventilator, could give a method to
assess the correct functioning of the monitor, when used in mechanically ventilated patients, in
presence of ¢, as also reported in-vitro [10].

The good agreement reported above is a satisfying starting point for the CO assessment on

mechanically-ventilated patients with the use of the Quark RMR.

Parameters of category 2

Histograms are reported below. They are related, for each patient, to each of the following
parameter: Vo, Vco,, RQ and REE. Patients undergoing mechanical ventilation by the Evita XL
are marked by the sign “XL”.

Uncertainty bars are also reported: these are obtained using the law of propagation of
uncertainty [24], which considers the measurement model of the Quark RMR (Section 3.3.2)

and the accuracy values of the system’s sensors (Table I).
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Figure 7 Results from the Group 1

Volume Control Mode (VC)

in Pressure Control Mode (PC).
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Figure 8 Results from the Group 1 in Volume Control Mode (VC).

As documented in previous studies [21,25,26], an increase in Vo, related to the FiO, increment
has been observed, with a consequent decrease and increase of the RQ and REE values,

respectively.
Table VIII reports RQ and REE mean values and standard deviations (SD) for both ventilation

modes at different F;O, values: the averages of REE and RQ do not show significant variations
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as a function of F;0,. However, a slight variation as a function of F;O; is deducible if an intra-

patient analysis is conducted: i.e. changing F;O, from 21 % to 40 %, the value of RQ decreases

in 10 trials out of 11, whilst the only one left shows a constant RQ, and changing F;0, from

40 % to 50 % the value of RQ decreases in 9 trials out of 11. These trends could be explained by

the experimentally estimated increase of Vi, with FiO, (+3.3 % from Fi0,=21 % to F10,=40 %,

and +5.9 % from F10,=21 % to F10,=50 %).

Table VIII Mean (SD) values of REE and RQ for the Group 1.

VC REE ;a0 (SD) [keal die”] | RQpean (SD)
FiO,=21 % 1411 (260) 0.726 (0.044)
FiO,=40 % 1442 (242) 0.674 (0.025)
FiO,=50 % 1462 (212) 0.654 (0.024)

PC REE pean (SD) [keal die’] | RQpmean (SD)
FiO,=21 % 1360 (262) 0.716 (0.035)
FiO,=40 % 1381 (221) 0.690 (0.048)
Fi0,=50 % 1404 (246) 0.688 (0.079)
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Figure 9 Results from the Group 2 in Pressure Control Mode (PC).
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Volume Control Mode (VC)
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Figure 10 Results from the Group 2 in Volume Control Mode (VC).

From an intra-patient analysis, PEEP does not seem to have a net influence on the values of RQ
and REE.

Defining F as the generic parameter, F is the average obtained from 3 tests: i.e., considering
each patient in each ventilatory mode. Sy represents the dispersion of measurements respect on
F.

If we indicate as F;, F, and F; the three values, which F assumes in each of the 3 tests by

varying FiO; (Group1) and PEEP (Group 2), S can be expressed by the following formula:

|F=F1|+|F=F,|+|F-Fs3|
3F

Srl%] = 100 (3.17)
By calculating the mean (MF) of the Sg of patients belonging to one group, we obtain a global
index that quantifies the influence of F;O, and PEEP on the measurement of single parameters.
In Table IX the Mr values of the six parameters of interest are also displayed: Vg, Vco,, RQ,
REE, Sa0,, and PCO,.

The introduced index (M) is smaller for F;0; variations (max: 4.3 %, for the P,CO,) than PEEP
variations (max: 7.6 %, for the V¢, ). In this respect, we can assume that an increase in the
analyzers pressure may alter the measurement of the O, and CO, concentrations.

Looking at Table IX, and particularly at the mean values, it can be noticed that the variation in

the ventilatory mode does not significantly affect the mean values of each parameter of interest

in both the groups.
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Table IX F and Mg for the parameters belonging from the Category 2 for each group.

Group Group 1 (variable F;0,) Group 2 (variable PEEP)
Ventilatory Mode PC vc PC Ve
Vo, [mL - min‘l]/MVOZ [%] 202/2.6 211/2.4 195/2.5 195/3.9
Veo, [mL - min™]/My,, [%] 142/2.6 146/2.0 136/5.9 135/7.6
RQ/Mgq[%] 0.70/3.2 0.69/4.0 0.70/3.9 0.68/4.7
Group Group 1 (variable F;0,) Group 2 (variable PEEP)
Ventilatory Mode PC vc PC PC
REE[kcal - die™]/Mggg[%] 1352/2.3 1412/1.8 1307/3.0 1320/4.8
Sa0,[%]/Msao0, (%] 95/1.6 93/2.7 94/1.9 99/0.0
PetCO,[mmHg]/Mpeco, [%] 22/4.3 24/2.3 23/3.3 23/4.9

Comparison with REE predicted values
In the clinical practice a lot of predictive equations have been used, since the beginning of the
last century, to estimate REE from sex and anthropometric variables like age, height and weight

[27]. As reported in the Section 3.2, the most used one is the Harris-Benedict equation [7]:

REEman[kcal - die™!] = 66.5 + 13.8 - weight[kg] + 5.00 - height[cm] — 6.78 - age[years] (3.18)
REEwomanlkcal - die™'] = 655 + 9.56 - weight[kg] + 1.85 - height[cm] — 4.68 - age[years] 3.19)

A comparison between REE measured by the Quark RMR (Eq. 3.13) and the predicted values of

REE, estimated using the Harris-Benedict’s equation, is reported below.

Group 1

Figure 11 Comparison between predicted and measured values of REE, for both Pressure Control Mode (PC) and

Volume Control Mode (VC), Fi0,=21 % and PEEP=5 cmH,O0.

79



Tesi di dottorato in Ingegneria Biomedica, di Stefano Cecchini,

discussa presso I'Universita Campus Bio-Medico di Roma in data 20/03/2012.

La disseminazione e la riproduzione di questo documento sono consentite per scopi di didattica e ricerca,
a condizione che ne venga citata la fonte

Figure 12 Comparison between predicted and measured values of REE, for both Pressure Control Mode (PC) and

Volume Control Mode (VC), Fi0,=40 % and PEEP=5 cmH,O.

Figure 13 Comparison between predicted and measured values of REE, for both Pressure Control Mode (PC) and

Volume Control Mode (VC), F{0,=50 % and PEEP=5 cmH,0.

Group 2

Figure 14 Comparison between predicted and measured values of REE, for both Pressure Control Mode (PC) and

Volume Control Mode (VC), F{0,=50 % and PEEP=0 cmH,0.
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Figure 15 Comparison between predicted and measured values of REE, for both Pressure Control Mode (PC) and

Volume Control Mode (VC), Fi0,=50 % and PEEP=2 cmH,0.

Figure 16 Comparison between predicted and measured values of REE, for both Pressure Control Mode (PC) and

Volume Control Mode (VC), F{0,=50 % and PEEP=5 cmH,0.

In the histograms the predicted REE values (Eq.s 3.18 and 3.19) are compared with the values
measured under different ventilatory conditions.
A detailed analysis of these data is performed by finding the correlation between measured and

predicted values, and with the use of Bland-Altman analysis for both the ventilatory modes.
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Figure 17 Comparison between predicted and measured values of REE for Pressure Control Mode.
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Figure 18 Bland-Altman representation between predicted and measured values for Pressure Control Mode.
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Figure 19 Comparison between predicted and measured values of REE for Volume Control Mode.

Bland-Altman plot VC
500

400

300

200

Z 100

2

E 0 Data

= —Mean

% Q004 e e e T Mean+SD
""" Mean-SD

-200
-300
-400

=500
900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000

REE mean [keal/dic]

Figure 20 Bland-Altman representation between predicted and measured values for Volume Control Mode.

The coefficients of the linear regressions (Figs. 17 and 19) are both close but slightly lower than

1: this indicates that the predicted values obtained with the Harris-Benedict equation, on average,
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overestimate the measurements of the Quark RMR. This is clearly shown in the Bland-Altman
plots (Figs. 18 and 20) where the overestimation is on average 66 kcal die”', in PC mode, and 34
kcal die”!, in VC mode.

In conclusion it should be underlined that:

* the Harris-Benedict equation does neither consider the ventilatory settings, nor any
spontaneous triggering attempt by the patient: on the other hand, the effective energy
consumption could be influenced by these two factors. As a confirmation of this, in this survey a
slight dependence of Vg, from FiO; has been found.

¢ as the breathing activity is under a “permissive” control in sedated patients, the presence of
hyper- or hypo-ventilation may modify the energy consumption; therefore, direct measurements

are more reliable.

These studies (in-vitro and in-vivo) results helpful in the evaluation of the Quark RMR in terms
of measuring performance of ventilatory and metabolic parameters, when the monitor is
interfaced to a mechanical ventilator. The overall satisfactory results obtained, in terms of
accuracy, allow further research on the application of the Quark RMR to the non-invasive
assessment of CO on mechanically ventilated patients. Stable behaviour and low discrepancies
are fundamental, as the proposed method is based, almost exclusively, on the outputs of the
metabolic monitor.

In the next chapter the method will be thoroughly described, starting from physiological notions,

the measurement setup will be introduced and the main results will be presented.
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Chapter 4
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4.1 The Kim method

As mentioned in Chapter 1, some existing techniques are already based on an indirect
application of the Fick method (Section 1.7). Even if this could make the estimation less
accurate, these methods allow avoiding any invasive measurement, such as SyO, assessment,
and reduce the risk for patients.

One of these methods results particularly suitable for mechanically-ventilated patients and, at
the same time, would allow frequent measurements, as it is based on a prolonged expiration
during a single respiratory act: it has never been used on mechanically ventilated subjects and
some questions about the data processing are still open.

It was introduced by Kim et al. [1] and uses the Fick equation applied to CO;:

PBF = —2€%2 4.1)

CyCO,—CaqCO;

_ Vco,
PBF = S(PyCO;—P4COZ) (4.2)

The method estimates the value of PaCO; and PvCO,, in the denominator of Eq. (4.2), using a
prolonged expiration (P-E). The numerator (V¢q ,) 1s calculated during the normal breathing. The
approach obviously requires the analysis of the expired gas content during both the normal

breathing and the prolonged expiration.

4.1.1 Physiological background
Before analyzing what happens during prolonged expiration, the instantaneous exchange ratio
must be introduced:

Vcozimt(t)

R(t) = % — (4.3)

V02 ®)
R(t) is an intra-breath parameter that represents the ratio between the CO; instantaneously

inst

delivered, VcozinSt(t), and the O, instantaneously absorbed, Voz (®.

As reported for the first time by Kim ef al., prolonging expiration takes to a rise of PaCO, and
PACO; (alveolar partial pressure of CO,), and this is the primary desired effect of the manoeuvre.
If it is assumed that during this process PvCO,, as well as PaO,, remain unchanged, then PaCO,
will increase gradually and eventually become equal to PvCO,. When the difference between the
arterial and mixed venous blood will be only in the O, content, PaCO, will be higher than
PvCO, by virtue of the Haldane effect’. At the limit this process makes CO, exchange cease and
R approaches 0.

3 Haldane effect: deoxygenated Hb has a greater affinity for CO, than oxygenated Hb. Thus, O, release at the tissues facilitates
CO, pickup, while O, pickup in the lungs facilitates CO, release. In this last situation it happens that, for every unit volume of
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As at the beginning of the prolonged expiration PaCO; is lower than PvCO; and at the
equilibrium point it is higher, there is a time when PvCO, equals PaCQO,. This occurs at a precise
value of R: since for every unit volume of oxygen taken up by hemoglobin, 0.32 volumes of
CO; are displaced (Haldane effect) into the blood, when R is equal to 0.32, the amount of CO,
displaced by the hemoglobin is expired and PaCO; results equal to PvCO,.

Thanks to the high diffusivity of CO, through the alveolar membrane and considering perfect
mixing, alveolar partial pressures of CO, instantaneously equals the arterial blood partial
pressure of CO; during the prolonged expiratory plateau: PACO,=PaCO.. It derives that PvCO,
is equal to PACO; when R is equal to 0.32 (Fig. 1).

To estimate the steady value of PaCO,, it must be considered another index of the whole gas
exchange and metabolic activity: RQ. It is the whole respiratory quotient and, differently from R,
which is based on the instantaneous gas exchange, it is obtained by dividing the whole-act CO,
production by the whole-act O, consumption, as introduced in the previous chapter.

Considering that P,(CO, equals the steady PaCO, (according to the hypothesis reported at the
end of the Section 1.6.2), the value of PaCO, is obtainable from the R vs. PACO; curve when R
equals RQ (Fig. 1).

Figure 1 Linear relationship between PACO; and R during a prolonged expiration.

oxygen taken up by haemoglobin of the arterial blood, 0.32 volumes of CO, are displaced. The release of CO, causes a
consequent increase in the CO, partial pressure into the blood.
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4.1.2 The algorithm
Starting from the physiological background related to the prolonged expiration, an algorithm has
been developed to obtain the value of CO from the analysis of O, and CO, contents into the
respiratory gas flow.
During a slow exhalation, PAO, and P,oCO, (as continuously measured at the patient’s mouth)
are plotted against each other (Fig. 2) and the instantaneous R value is calculated using the

following formula [1] derived from the alveolar equation:

= % (4.4)
where s is the slope of the parabolic curve obtained by plotting PACO; vs. PAO5.
In Fig. 2 an example of PACO, vs. PAO; graph is shown. It has been obtained during a prolonged
expiration performed by a patient ventilated with F;O,=40 %: both measured data and parabolic

curve fitting are reported.
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Figure 2 P,CO, as a function of P,O, during a prolonged expiration obtained from a patient ventilated with

F10,=40 %. Measured data (*) in blue and parabolic curve fit (-) in red.

The adopted data-reduction procedure rejects all the points with PACO, values lower than two
thirds of the peak value, since these measurements are performed on gas coming predominantly
from dead space. This criterion, based on experimental observations, allows the best agreement
between the prolonged expiration method and the chosen reference method for almost every
patient.

The data reduction procedure consists of two steps: 1) a preliminary parabolic regression, 2) the

points having a PACO, value within the range 0 mmHg-0.7 mmHg from the related points on the
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first fitted curve are considered for the calculation of a further parabolic regression [2]: this last
regression is successively used to calculate s, and therefore R using Eq. (4.4). The least square
method is applied to calculate all the fitting curves.

During a prolonged expiration, PAO, diminishes at a fairly constant rate, whilst PACO, rises at a
decreasing rate. According to Kim ef al. R linearly diminishes with the increase of PACO, (Fig.

3), as discussed in the previous section.

0.9 T T T T T T =
5 * measured data
-
L | inear fit
N
0.8 e . _
™

RQ =
0.6~ =
e~ 0.5+ =
0.4 =
I e e, -
02| -

o1 L ! ! L i !

26 28 PaCO2 32 34 36 PvCO2 40 42

P,CO, [mmHg]

Figure 3 R as a function of PACO, during a prolonged expiration obtained from a patient ventilated with
F10,=40 %. Measured data (-) in blue and linear fit (-) in red. PaCO, and PvCO, are obtained in correspondence of
R=0.32 and R=RQ respectively.

From the linear regression between R and PACO, data, and considering P,CO; and P,O;
instantaneously equal to PaCO, and PaO, respectively, the two parameters of interest can be
obtained in the following two steps: 1) PaCO; is obtained as the level of PACO; corresponding
to a value of R equal to the mean of exchange ratio (RQ = Vcoz /Voz) within the minute
preceding the prolonged expiration; 2) PvCO; corresponds to the PoCO, value, at which R
equals 0.32, that is assumed to be the magnitude of the Haldane effect [1]. Moreover, if S is
assumed constant and equal to 4.7 mL L' mmHg™, the denominator of Eq. (4.2) is determined.

By measurement of Vcozduring normal breathing, and by knowing the values of PaCO, and

PvCO; determined as above described, Eq. (4.2) allows an estimation of PBF.
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4.2 Calculation of the slope of the CO, dissociation curve: the Godfrey method

A second algorithm can be investigated to avoid the simplifying hypothesis of CO, dissociation
curve linearity. Therefore, with reference to Eq. (4.1), the findings by McHardy [3] and Godfrey
[4] about the CO, solubility in blood are considered. McHardy rearranged Visser’s equation for

the calculation of CO; concentration in blood (CbCOy):

where ki, ks, and kj are expressed by the following empirical relationships:

k; = 0.0288Hb (4.6)
1
kp = 2.244-0.4225a0, (4.7)
1

ks = 71 (4.8)

CpCO; can be calculated using the Henderson-Hasselbach (H-H) equation:
CpCO, = 2.226-0.0307PaC0,[1 + 10(pH — pK)] (4.9)

where, using the H-H equation once again, but for plasma bicarbonate [4]:
pK = pH — log —2<%!] (4.10)

0.0307Paco,
with 2.226 being the conversion factor from mEq L™ to mLCO, (100 mL)" and 0.0307 the
solubility coefficient of CO, in plasma [mEq (L mmHg)™].

By posing CbCO, = CaCO; the arterial concentration of CO, is obtained using Eq.s (4.5)-(4.10).
Considering the values of PaCO, and PvCO,, determined as previously described, CvCO; has

the following expression [4]:

S*longCOZ
CvCO, = CaCo, (10 Pac0z — 1) (4.11)
where S is defined by the following equation:
. ! —0.0141 - (15 — Hb) (4.12)

T 2.5+(BE-0.0469)

PBF can, therefore, be expressed by introducing Eq. (4.11) in Eq. (4.1):

PBF = L T (4.13)

S*lo,
CaC02<1O gPaCOZ—z)

The values of the parameters SaO,, pH, Hb, [HCO3] and BE are measured by arterial blood-gas
analysis.

The two above described methods per se estimate the non-shunted portion of the PBF, i.e., the
fraction of blood taking part to gas exchange. The shunting fraction, F, is here calculated using
F10, and PaO,, obtained from arterial blood-gas analysis, as reported at the end of the Section
1.7.1. Iso-shunt diagrams are used to obtain F: these diagrams are a series of continuous curve

showing the relationship between PaO, and F;O; for different shunting fractions [5].
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F=% (4.14)
QT

Finally, CO is calculated using the following equation:

co = FBE (4.15)

1-F
All data are elaborated by a custom made application implemented in LabVIEW® environment
(National Instruments Corporation), also able to detect the respiratory act and recognize the
inspiration and the expiration phases on the basis of flow measurements and gas concentration
trends. It also calculates the mean values of Vcozand RQ within a time interval of about 1 minute
preceding the prolonged expiration to assess the steady state conditions of the patient’s gas

exchange (Appendix B).

4.3 Measurement setup

Here we introduce a measurement set-up, which allows the use of the presented methods on
mechanically ventilated patients. This setup and other forms of application of the described
technique on mechanically ventilated patients have been covered by an Italian Patent [6].

In steady state conditions, measurements of VCOZ: Vi, RQ, FO,, and FgCO, are continuously
recorded using the metabolic monitor Quark RMR, which operates by sampling gas from the Y-

piece of the mechanical ventilator’s breathing circuit (Fig. 4).

Connector

Sterile PVC extension line:

Permapure line

(Al
, (B
VENTILATOR Ol ! (C] e
Q Antisaliva filter
G RMR flowmeter
0 Flowmeter adapter
G

ICU wrinkled tube

METABOLIC
MONITOR e/

- —

Figure 4 Schematic representation of the measurement setup.

The inspired and expired O, and CO, fractions are measured by the Quark RMR’s sensors. A

continuous gas flow is withdrawn from the breathing circuit in correspondence of the Y-piece
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(Fig. 4-A) by means of a suction pump. In order to equalize the humidity of sample gas to the
level of ambient air, a special Nafion tubing (Fig. 4-C) is used for the gas sampling line. All gas
values are corrected to standard temperature and pressure dry conditions (STPD). The air-flow is
measured by the 18 mm-turbine flowmeter, available for the Quark RMR, placed at the
ventilator outlet (Fig. 4-E). The oxygen and carbon dioxide sensors of the Quark RMR, and the
turbine flowmeter measure the gas fractions and the expiratory flow with a frequency of 25
samples per second.

As reported in the previous chapter, the metabolic monitor has been previously validated and
tested in-vitro and in-vivo (on mechanically ventilated patients) to assess accuracy and
reproducibility [7,8]. Under a variety of simulated ventilatory conditions, the average
uncertainties of Vcoz and RQ were about 7 % and 4 % respectively [7], and clinical trials showed
also a good accuracy in the measurement of the expiratory volume and F;O; [8].

Both Kim and Godfrey algorithms for the estimation of CO require the assessment of PvCO,
and PaCO; through the induction of a prolonged expiration.

In order to obtain a prolonged expiration, the set-up showed in Fig. 4 was slightly changed by

adding a custom developed element (Fig. 5) in the expiratory branch.

P-E circuit

c Y piece to ventilator
9 Y piece to patient
9 Balloon valve

e Orifice resistance

e Syringe

@ ICU wrinkled tube

(W]
Y, N
N

©

Figure 5 Scheme of the by-pass device for realizing prolonged-expiration [6].

The device shown in Fig. 5 has 2 branches with a pipe diameter of about 12 mm and connected
one another with two Y pieces (1-2). In one of these, an orifice pneumatic resistance with a
diameter of 1.2 mm (4) is inserted to increase the expiratory time: this branch presents also an

ICU winkled tube (6). The other branch is equipped with a balloon valve (3) (9300 inflatable
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balloon-type valve, Hans Rudolph, Inc.): when it is open, the majority of the expired flow goes
through it, whilst, when it is closed, the whole expiratory flow goes through the orifice
resistance (4). This makes the patient expire with a longer time constant. The valve is inflated
and deflated using a syringe (5).

The positioning and a detail of the P-E circuit are reported in Fig. 6.A and Fig. 6.B, respectively.

Figure 6 Custom made 2-branch device for realization of prolonged expiration: in-vivo application (A), detail (B).

In B the orifice pneumatic resistance (a) and the balloon-type valve (b) are indicated.

In the new setup (Fig. 7) the P-E element (H) is added at the expiratory branch of the patient’s

circuit.

Connector

Sterile PVC extension line:
Permapure line

Antisaliva filter

RMR flowmeter

Flowmeter adapter

ICU wrinkled tube

2
o
©0000000

P-E circuit

METABOLIC
MONITOR )

Figure 7 Measurement setup, which allows the induction of prolonged expirations [6].
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The addition of the element (H) does not alter the correct functioning of the mechanical
ventilator as it continues to deliver the same gas-flow and pressure profiles, without any alarm
signals.

During the prolonged expiration, the ‘expiratory pause hold’ key of the ventilator is pushed to

avoid the delivery of an inspiratory act and the risk of volutrauma® and barotrauma’ for the

patient. In particular:

* barotrauma: during the prolonged expiration alveolar pressure cannot, in any case, exceed
end-inspiratory pressure, which is much lower of peak pressure. This is guaranteed by the
passive nature of the manoeuvre, in which the patient exhales naturally, but through a higher
load.

* volutrauma: no additional gas volume is delivered during the manoeuvre. By pushing the
expiratory hold button, the ventilator is paused and the delivery of a breath during the
expiration is avoided.

At the end of the manoeuvre the valve’s balloon is deflated and the ventilator unlocked: then an

inspiratory act is delivered.

Experimental data of CO, and O, concentrations are recorded and processed after the

measurement session thanks to an ad hoc developed LabVIEW® application (Appendix B),

which implements the above described procedures for the estimation of the CO (Sections 4.1

and 4.2). In particular: 1) it converts the gas fractions into partial pressures (PACO, and PAO»);

2) it compensates for STPD conditions (T= 0 °C, P= 760 mmHg, and no water vapor); 3) it

segments the trends; 4) it executes the data-reduction; and 5) after obtaining the values of

PvCO2 and PaCO, as described, it calculates the CO using the above mentioned algorithms.

Other parameters are manually set, through the user interface, before the execution of the

software application: PaO,, F;0,, SaO,, pH, Hb, [HCO;] and BE.

4.3.1 Orifice resistance characterization

The orifice pneumatic resistance, used in the developed adaptor for prolonged expiration, has
been in-vitro characterized by delivering various volumetric flow rate values and recording the
pressure drop. A flow rate controller (Bronkhorst El- Flow, range 0.05 L min™ to 10.00 L min™,
accuracy 0.2 % of the set-point value) was utilized, and a pressure sensor (163PC01D48,
Honeywell, range -1.96 kPa to +11.8 kPa, accuracy +0.15 % full scale) measured the pressure

drop across the orifice. Data acquisition has been performed through a DAQ card (E-series,

* Lung damage caused by overdistension by a mechanical ventilator delivering an excessively high volume of gas.
> Lung damage caused by overpressure by a mechanical ventilator rising too much the pulmonary pressure.
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National Instruments, Inc.) with a LabVIEW®-based application, setting a sampling frequency
of 10 kS/s.
Pressure drop measurements were performed delivering airflow ranging from 0 L/min to 9
L/min: steps of 1 L/min were used between 4 L/min and 9 L/min, whilst reduced step sizes were
chosen in the range from 0 L/min to 4 L/min: e.g., flow rate values in step of 0.2 L/min were set
in the range 0 L/min - 0.6 L/min to obtain additional information at low flow rates.
The Matlab® Toolbox, CFT, was used to fit the experimental data with a theoretical quadratic
model [9]:

AP = a- Q% =0.215Q% (4.16)
An R*>0.989 and MSE<0.2 kPa® were calculated.
The pressure-flow rate relation is reported in Fig. 8.
As the mean measured expiratory flow, during the clinical trials, was about 1.6 L min’, we
could consider that the orifice introduces a mean pneumatic resistance of about 5 cmH,0O L™
min.
This value appears to improve the repeatability of the CO measurements accordingly to the
findings of Hlastala [10], who obtained a higher repeatability than unconstrained prolonged
expiration by placing a resistance of 0.33 cmH,O L' min at the subject’s mouth. A higher value

of resistance could improve this effect.

Figure 8 Pressure (AP) vs. flow rate (Q) for the orifice resistance used to realize the prolonged expiration.

4.3.2 Another solution for P-E realization
On the base of the method’s description reported above, it is clear that the main function of the

P-E circuit is inducing a prolonged expiration avoiding any malfunctioning of the ventilator and
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any risk for the patient. Another system to induce the P-E manoeuvre has been conceptualized
and designed.
The P-E ring is represented in Fig. 9.

A

Y

@ Support
@ Inflatable balloon
0Tube to air source

Figure 9 Design of the P-E ring [6].

The ring presents a support (o), an inflatable balloon (), a tube (y) to an air source, and a 3-way
valve.

When the valve connects § to the air source, the balloon is inflated and expands leaving an
orifice in the middle of the ring: i.e., a 1.2 mm orifice (Fig. 9.B). When the valve connects 3 to
the external environment, the balloon deflates by leaving the ring section free (Fig. 9.A).

The setup in Fig. 7 can be changed as shown in Fig. 10.

Connector

Sterile PVC extension line!
VENTILATOR Permapure line
Antisaliva filter
RMR flowmeter
Flowmeter adapter
ICU wrinkled tube
P-E ring

Air source

- 1= Yol nImlof ~l=]>)

METABOLIC
MONITOR e

T T

Figure 10 Measurement setup when the P-E ring (H) and the air source (I) are used [6].
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With reference to the Fig. 10, the functioning of the system is exactly the same as reported
above: the only difference stays in the use of the described P-E ring (H) for inducing the
prolonged expiration manoeuvre. When H is in the state reported in Fig. 9.A, the patient expires
normally, whilst, when H is in the state reported in Fig. 9.B, the expiration is slowed as seen in
the previous configuration.

Although this system has not been realized yet, it would result less cumbersome and would

minimize the addition of dead space.
In the next chapter we will describe the in-vivo application of the setup reported in Fig. 7.

Moreover, the suitability of the proposed method for CO assessment will be verified by

comparing it with one of the two “gold standards”.
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Chapter 5
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5.1 Clinical experimentation

Finally, we have in-vivo validated the method described in the Chapter 4 by comparing it to one
of the two “gold standards” in the CO assessment: the thermodilution method.

Previous studies, which have investigated the prolonged expiration method on collaborative
subjects, have not used the thermodilution as reference, since the invasiveness of this method
makes it unsuitable to be used when healthy subjects are enrolled. Only one survey, performed
on animals, compared the prolonged expiration method against a method similar to
thermodilution, the dye-dilution method, and no significant difference was found [1].

In the following, we will describe the clinical protocol and the main results of this clinical

experimentation. This chapter is widely taken from a paper accepted for publication [2].

5.2 Patient population and therapy

Twenty patients were recruited in this prospective study, underwent cardiac surgery under
general anesthesia, and had to be mechanically ventilated after surgery. We excluded patients
who were hemodynamically unstable requiring high doses of vasoactive medications (>5 pg kg
min” of dopamine or dobutamine), fluids or colloidal solutions to maintain their pressure, or
inspired oxygen concentration higher than 60 %.

Positioning of a Swan-Ganz catheter was considered necessary to monitor the clinical and
therapeutic courses of the recruited patients. A continuous infusion of morphine at 1 mg h™,
Propofol at 1-3 mg kg h™ and vecuronium bromide at 10 mg in bolus sedated and paralyzed all
the patients who took part in the study. They all were in reasonably stable conditions; neither
spontaneous respiratory efforts nor spontanecous muscular activity were registered. Patients were
all ventilated by Servo-i ventilators (Maquet Gmbh & Co. KG) in Synchronized Intermittent
Mandatory Volume (SIMV) mode with tidal volume equal to 6 mL kg™ - 8 mL kg'. FO,
(>40 %) and PEEP remained unchanged during the trial.

5.3 Protocol and measurements

The study was approved by the local Ethical Committee of the University Campus Bio-Medico
of Rome, and the recruited patients or the closest relatives expressed their informed consent for
the clinical protocol-based treatment and data collection (Prot. N. 19/2011, ComEt CBM).
Patients were lying supine during the whole period of study. The beginning of the trials was at
least 90 minutes after any intervention or perturbation that would change the circulatory or
ventilatory state of the patient. Furthermore, any intervention or perturbation of the system

(patient-ventilator) was avoided during the study, and none of the patients had any alterations in
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their therapy. A Swan-Ganz catheter (131 HVF, Edwards Lifesciences, Inc.) and a radial artery
catheter, previously inserted for intra-operative management, were used to monitor all the
patients. The Swan-Ganz catheter was interfaced to the CO module of the patient’s monitor
(MP70 IntelliVue, Philips Healthcare, Inc.). Before the study, an inspection of the pulmonary
artery pressure waveform checked the correct positioning of the Swan-Ganz catheter and the
code for the injection bolus temperature and the patient’s anthropometric characteristics were
manually set in the patient’s monitor. All the patients received infusion of saline solution during
the study.

Before each individual study period, the oxygen and carbon dioxide analyzers of the metabolic
monitor were calibrated with a precise mixture containing 5 % of CO, and 15 % of O,,
according to the manufacturer’s instruction. The turbine flowmeter was calibrated once a day
using a calibration syringe of 3 L.

The determination of cardiac output by thermodilution (COt) was performed ten times: 4 times
at steady condition, 3 times after a sequence of 10 prolonged expirations (COkg-COg), and 3
times at the end of the session.

Injections of 10 mL of a room-temperature (21 °C — 24 °C) solution of 0.9 % NaCl were given.
Injection time was always shorter than 4 s to reduce any effect of varying injection rates on
calculations. The same operator executed all the injections. The morphology of thermodilution
curves was always monitored to detect artifacts.

At the end of the session, arterial and mixed venous blood samples were taken using syringes
(BD Preset Case Becton, Dickinson and Company) for blood-gas analysis (ABL 700,
Radiometer Medical ApS).

The prolonged expiration manoeuvre was executed 20 times for each patient: a pause of about 2
minutes between consecutive maneuvers allowed the recovering of steady conditions by the
subject and the assessment of the subject’s gas exchange.

In summary, the sequence of trials, as scheduled by the clinical protocol, was the following (Fig.
1): 4 measurements by thermodilution, 10 by prolonged expiration, 3 by thermodilution, 10 by

prolonged expiration, and 3 measurements by thermodilution at the end of the session.

3

4 2
co. = EL N E_3

€0,-CO,

10 10

Figure 1 Sequence of trials as established by the clinical protocol.
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5.4 Statistical analysis

CO measurements were repeated ten times using thermodilution method and twenty times with
the two non-invasive approaches (Kim and Godfrey algorithms) for each patient. In the
following, all experimental data are reported as mean & the expanded uncertainty, which is
calculated by multiplying the standard uncertainty by a coverage factor (CF) of 2.26 for
thermodilution and of 2.09 for non-invasive approaches. The two CFs are obtained by
considering a Student’s reference distribution with 9 and 19 degrees of freedom for
thermodilution and non-invasive approaches respectively, and a level of confidence of 95 % [3].
In order to assess the agreement between the two non-invasive methods and thermodilution,
each non-invasive measurement is paired to the set of thermodilution closer in time (Fig. 2):
then, the single CO value obtained by the prolonged expiration is compared to the mean value

calculated from the set of thermodilution, to which it is paired.

4 3 3
oM — | N
€O, -CO, [ N ——
10 10

Figure 2 Pairing of the measures for the statistical analysis.

Both the comparison between the Kim and Godfrey algorithms and the thermodilution, and the
analysis of their agreement are performed using several methods: 1) the analysis of the
correlation between paired measurements, evaluated using the mean square error algorithm; 2)
the Bland-Altman analysis [4]; 3) the percentage differences (ACO) for each patient. These
differences were calculated as the relative percentage error between the CO mean values

assessed by the non-invasive methods and those assessed by thermodilution:

ACO = “M=221100 (5.1)

T

where: COy; is the CO value estimated with a non-invasive approach (Kim or Godfrey method)
and COr is the CO value obtained by thermodilution; and 4) Student’s t-test used to compare the
average of the 10 values of COr and the average of the 20 values of COn; for every patient.
Values of p<0.05 were considered statistically significant.

The bias of the non-invasive method is expressed as the mean difference between paired
measurements. In the same way, the precision of the non-invasive methods is expressed as one
standard deviation (1 SD) of the differences between paired measurements.

Limits of agreement (LoA) introduced into the Bland-Altman plot are the extremes of the

interval, which contains 95 % of the differences between paired measurements: lower and upper
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limit of agreement are calculated by dividing 2 SD of the CO measurement bias by the overall
average CO [5]. Critchley and Critchley proposed that the limits of agreement should be = 30 %
to represent proper agreement between two techniques [5], while Peyton and Chong accept a
cut-off value of 45 % [6].

Percentage error (E) is calculated from the SD of agreement and the mean CO value assessed by

thermodilution (COr):

E[%] = % (5.2)

All the statistics have been developed in MATLAB® (MathWorks, Inc.) environment.

5.5 Results

The CO values, obtained using the three different methods, are reported in Table I: for each
patient, throughout a period of about 45 min, thermodilution (COr) was executed 10 times, and
prolonged expiration 20 times. Elaborations according to the Kim algorithm (COg) and the

Godfrey algorithm (COg) were executed after the measurement session.

Table I CO measurements for every patient (mean + expanded uncertainty).

Patient COp[L'min’] COg[L'min"] COg[L'min"]

Pl 3.840.1 3.7+0.2 5.4+0.3
P2 2.2+0.2 1.7£0.3 2.3+0.3
P3 4.6£1.0 4.5+£0.5 6.0+0.6
P4 4.3+1.0 4.0£0.3 5.1+0.3
P5 2.6+0.1 2.4+0.2 3.3+0.3
P6 2.7+0.1 2.8+0.6 3.8+0.8
P7 4.8+1.0 4.2+0.4 6.0£0.6
P8 2.4+0.4 2.5+0.3 3.3+0.4
P9 4.0£0.3 3.5£0.9 4.9+1.0
P10 6.843.0 6.6+2.0 8.7£2.0
P11 4.6+0.3 4.3+0.3 6.6+0.5
P12 4.6£1.0 4.6£1.0 6.6+1.0
P13 3.3+1.0 3.1+0.6 4.240.6
P14 3.4+0.2 2.8+0.4 3.840.4
P15 3.6+0.2 3.6+0.7 5.1+£0.9
P16 4.1£0.3 3.54£0.6 5.3£0.8
P17 4.0+0.2 3.8+0.3 4.3+0.4
P18 2.6+0.1 2.6£0.7 3.6+0.8
P19 3.6+0.2 3.8+0.3 4.3+0.4
P20 2.6+0.2 2.6£0.3 4.4+0.4

Experimental data show that CO values, estimated using the Godfrey algorithm, are, on average,

greater than the values obtained using the Kim algorithm (COg>COx for all patients). The Kim
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algorithm appears to slightly underestimate COr: a difference of about -6 % occurs and an
underestimation lower than -15 % is reported in 90 % of the cases. On the other hand the
Godfrey algorithm overestimates COr: COg is greater than COr of about + 30%, the percentage
difference is greater than +30 % in 11 patients (55 % of the cases), and +67 % in the worst case.
The percentage differences between the CO average values, obtained using Kim and Godfrey

algorithms, with the thermodilution for each patient are reported in Fig. 3.
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Figure 3 Percentage difference between CO values obtained with different methods, for each patient: COg and COr

(red bars), COg and COr (green bars).

A further analysis to compare the CO values measured using the abovementioned two
algorithms has been carried out by implementing the Student’s t-test: the values are significantly
different (p<0.05) for only one patient.

All the values of COx and COg vs. COr are shown in Fig. 4. As reported in the Statistical
Analysis section, each non-invasive estimation is paired with the mean CO value belonging to
the set of thermodilution assessments closer in time.

The trends confirm the slight underestimation obtained by the Kim algorithm and the more
marked overestimation by the Godfrey algorithm. The linear regression implemented between
COx or COg (dependent variable) and COr (independent variable) shows: in the first case (COx
vs. COr), a slope of the best fitting line equal to 0.95 (R=0.82), and in the second one (COg vs.
COr) a slope equal to 1.30 (R=0.81) (Fig. 4).
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Figure 4 Data correlation: COg vs. COr (left) and COg vs. COr (right).

Bland-Altman plots are reported to show the rate of agreement between the methods (Fig. 5).
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Figure 5 Bland-Altman plots: COk vs. COr (left) and COg vs. COr (right).

The following table shows the main endpoints of the comparison between the two non-invasive

techniques and the thermodilution.
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Table IT Agreement between both methods and thermodilution.

Bias Precision  LoA Percentage
Method n . | .
[L'min”] [L'min"] [L-min ] error [%]
_ Lower: -1.63
Kim 400 -0.21 0.72 39 %
Upper: +1.21
Lower: -1.00
Godfrey 400 +1.11 1.07 58 %
Upper: +3.22
5.6 Discussion

Before giving an interpretation of the results obtained, here is a brief overview about the
comparative evaluations found in literature of minimally invasive techniques with respect to the
thermodilution method. Peyton et al. [6] analyzed the results from 47 studies about the
comparison between pulse contour technique, partial CO, rebreathing, esophageal Doppler and
transthoracic electrical bioimpedance respectively, and thermodilution. They reported that none
of the four methods showed a percentage difference lower than 30 % as compared with
thermodilution values (a suggested criterion of acceptability [5]).

The prolonged expiration method has also been compared with other methods, although never
before with thermodilution: for example, Chen ef al. [7] and Inman et al. [8] stated that the Kim
algorithm is not statistically different from the Fick method and the partial CO, rebreathing,
respectively.

In the present study, the Kim algorithm shows a good agreement with the thermodilution (-0.21
L min™', -6%), which is in line with the outcomes reported by Peyton et al. [6] and lower than
the threshold considered acceptable by Bartels ef al. (0.7 L min™) [9].

Differently from the Kim algorithm, the Godfrey one shows a systematic and substantial
overestimation of the thermodilution (+30 %).

The Kim method seems to have a precision and a percentage error (0.72 L min™', 39%) slightly
lower than other minimally invasive techniques (about 1.1 L min™, 42%) (see Table III), whilst
the precision and percentage error estimated for the Godfrey method are comparable to those

reported by Peyton et al.
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Table IIT Agreement between the minimally invasive methods considered by Peyton et al. [6] and the

thermodilution.
Bias L/min Mean Percentage Error Mean

Method (N Studies) n [+95% Cl] Precision L/min [+95% CI]
Pulse contour 714 —0.00 [£0.09] 1.22 41.3[+2.7]%

(N = 24)
Esophageal Doppler 57 —0.77 [+0.29] 1.07 42.1[+9.9]%

(N =2
Pco,RB (N = 8) 167 —0.05[*0.17] 1.12 44.5[+6.0]%
TEB (N = 13) 435 —-0.10[*0.11] 1.14 42.9[+3.6]%

In considering the methods’ precision, it must be reported that successive repetition of the
thermodilution method under stable hemodynamic conditions result in alterations of CO by >1.0
L min™ [10]: this indicates that CO can vary substantially during a short period of time. This is
confirmed by a previous study, in which the precision and the percentage error calculated by
comparing thermodilution to aortic transit-time ultrasound, i.e. a true gold standard, were 1.01 L
min” and 41.7 %, respectively [11]. Also Bajorat et al. reported a percentage error between the
two methods of about 48 % [12].

In a previous study, Hlastala et al. [13] applied the prolonged expiration method to collaborative
subjects, and they reported a mean SD, over 13 patients, of about 1.7 L min”. This higher
variability, compared to the one obtained from our study, might be related to the data-reduction
procedure, as discussed by Christensen et al. [14], to an expiratory phase variability, which is
higher in collaborative subjects than in sedated ones, and to the use of a lower pneumatic
resistance with respect to the one used in the present research (0.33 cmH,O L™ min vs. 5 cmH,0
L min). The influence of pneumatic resistance has already been underlined by Hlastala et al.
themselves.

Moreover, it must be reported that cardiac surgery patients generally show marked
hemodynamic and respiratory changes, which might increase the variability of the CO
measurements. This can add to the limitations intrinsic to the method to cause a reduced
repeatability.

The CO underestimation obtained by the Kim method could be explained by two classes of
factors. Firstly, those directly related to the method: 1) systematic overestimation of the slope
value of the PACO;-R linear relationship; 2) underestimation of CO, values measured at the
mouth, probably caused by contamination of gas during expiration by dead space, and storage of
some expired CO, in the lungs; 3) decrease in venous return to the heart that accompanies the
prolonged expiration, similarly to the Valsalva manoeuvre; and 4) underestimation of the shunt
fraction. Secondly, factors related to the overestimation of CO by thermodilution: i.e., Botero et
al. found an overestimation of about 0.18 L min™ [11] with respect to a method using an aortic
flow probe.
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Moreover, thermodilution can be affected by injection time and bolus temperature, and its
agreement with the Fick method remains a debate [15,16].

The method introduced by Godfrey, as shown, leads to an overestimation of the CO value.
Considering that the model introduced by Godfrey took into account exclusively healthy
subjects, some parameter values measured in this study may exceed the normal ranges and
specifically: all the post-surgery ventilated patients enrolled in the trials have high value of SaO,
(near to 100 %) and low value of Hb, under 10 g (100 mL)". This might account for an

underestimation of the artero-venous difference of CO, concentration.

5.7 Limitations and assumptions

It is important to highlight some limitations and assumptions regarding the utilized method. An
underlying assumption, shared with the Fick method, and with all those methods not allowing
beat-to-beat estimates, including thermodilution, is that the obtained value constitutes the mean
value of CO during the whole measurement period. Moreover, it is assumed that CO is not
altered by the prolonged expiration. Generally speaking, the underlying theory considers that gas
exchange in pulmonary capillaries is equal to the one taking place in the alveolar gas. This
implies that all CO, participating to the alveolar exchange is released, without any retention in
the Iungs, while expiration proceeds and CO; partial pressure raises. Another hypothesis is that
the alveolar gas equilibrates with the gas in the mixed arterial blood and that all the dead space
is soon exhaled, corresponding to the linear increase in the partial pressure curves of COx.

The method also assumes that the concentrations and fractions of the expired gas in the curve
plateaus are equal to those of the alveolar gas, considering the hypothesis of perfect mixing.

A further potential limitation of the Kim algorithm is the difficulty in the assessment of PvCO,
changes during the prolonged expiration: these can be caused by a CO, accumulation in the
blood, related to re-circulation.

Moreover, another potential source of error can be associated to pulsations in gas flow due to
pulsatile blood flow: fast changes in the alveolar gas concentration induce further oscillations in
0O, and CO; flow [13]. Such oscillations cause slight irregularities in alveolar gas pressures as a
function of time [17].

It should also be noted that the prolonged expiration method is probably not suitable for subjects
with obstructive pulmonary disease, since a representative mixed alveolar sample cannot be
obtained with any degree of certainty in these subjects, and in subjects with uneven ventilation-
perfusion.

The present study is based on a limited set of observations and, therefore, caution should be used

when considering the general clinical applicability of the described method. The results obtained
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motivate further clinical studies and also analytical work to better determine the potential of this

application in ICU for the monitoring of critically-ill patients.

5.8 Risk assessment and precautions

The described method, as executed in this study, results safe thanks to three precautionary
measures: 1) the ‘expiratory pause hold’ key of the ventilator was pushed during the manoeuvre,
which resulted completely passive: this avoided any risk of volutrauma and barotrauma; 2)
patients were continuously monitored by both ventilator and cardiac monitor; 3) the physician
never left the patients and was ready to interrupt the manoeuvre in case of potential hazard.
Potential risks of hypoxia and hypercapnia could be related to interposing an obstruction in the
expiratory branch of the breathing circuit: a slight hypoxia can be caused by a longer time, in
which the patient does not receive “fresh gases”, and a slight hypercapnia by a progressive
reduction of CO; expulsion rate during the prolonged expiration. In view of this, no potentially
negative effects have been registered in any patient enrolled in the study: 1) infrequent transitory
desaturations or end-tidal CO, increases went back to normal, on average, within a few
breathing acts [ 18] without increasing F;O, or breathing rate, 2) the worst SaO, values, after the
prolonged expiration, were comprised between 95% and 100%, which is an acceptable range (at
F10,>40%), and 3) PaO, and PaCO; values, measured at the end of the session through blood-
gas analysis, were always within physiological ranges. This confirms that no cumulative effects

were induced and that the transitory ones fully recovered within the pause period of 2 minutes.

5.9 Strengths

The encouraging results reported in this study should be evaluated also considering the
advantages that the technique could bring, together with the absence of cannulation and blood
sampling: it is simple to perform, cumbersome equipment is not needed, the measurements can
be repeated at short time intervals, and the time required to perform the manoeuvre is relatively
brief. This allows a serial execution of the manoeuvre on a subject, without requiring an
excessive recovery time: this makes the method suitable for relatively unsteady states, as it
happens in patients undergoing intensive care [19].

Furthermore, the recent developments in the field of mechanical ventilation could allow for the
integration and automatization of the proposed approach into modern artificial ventilators,
making non-invasive CO measurements a routine part of post-surgery monitoring for ventilated
patients.

As stated by De Waal et al., the ideal CO monitor should be reliable, continuous, noninvasive,

operator-independent, cost-effective, and should have a fast response time (beat-to-beat) [20].
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The proposed method, at the moment, seems to meet 4 out of these 6 aspects: reliability, non-
invasiveness, operator-independency, and cost-effectiveness. Moreover, we can argue that the
system allows a semi-continuous assessment of CO, one measurement every 2 minutes:
considering that thermodilution requires about 30 s and rebreathing about 3-4 minutes, this is a

satisfying result.

5.10 Conclusions

In conclusion, a single breath method for the non-invasive assessment of CO on mechanically
ventilated patients has been described, and a system for the realization of passive prolonged
expirations, to be connected to the patient circuit, has been designed, realized, and characterized.
An in-vivo validation of the method has been performed on post-surgery mechanically ventilated
patients receiving an F1O, (>40%) higher than air. The method showed good agreement with the
thermodilution and a precision comparable to those of other minimally invasive methods. Main
issues related to the connection to mechanical ventilator, the preservation of patient’s clinical
conditions, and the potential causes of error have been addressed. In this work it has also been
showed that, in the application of the prolonged expiration on mechanically ventilated patients,
the standardization and automation of the single breath procedure is feasible.

Even if this approach needs a further validation, it could foster the development of a new
monitoring device for the non-invasive estimation of CO, which would reduce the risks derived

from the use of catheters.
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Appendix A

When the desired quantity to be measured, the measurand q, is not directly measurable, the
MCM could be implemented to provide the PDF of q, p(q), schematically reported in Fig. 1. The
MCM formulation phase requires the following steps: 1) defining the measurand (q); 2)
determining the input quantities (xj, Xa,..., Xp); 3) defining the PDF shape and properties (i.e.,
mean and standard deviation for a gaussian PDF) of the input quantities, p(x;), p(x2),..., p(Xn),
and the number of samples (N); 4) developing the model that relates q to the input quantities,
q=q(X1, X2,...,Xn).

After the formulation phase, the PDFs of the input quantities can be propagated through the
model to obtain the p(q). The knowledge of p(q) allows for the calculation of the mean value of
q (q), the normalized standard deviation of the distribution (S4), the expanded uncertainty

associated to a general level of confidence (8q), and the relative error associated to a general

level of confidence (%q).

Figure 1 Schematic illustration of the PDFs propagation for a general number, n, of input quantities.

The following script of Matlab® R2009a (Mathworks Inc.) has been used to implement MCM

for the two parameter configurations (A and B):

% defining PDFs
N=10000;
V02=200;
Svo2=5;

hb=15;
Shb=0.15;
Sa02_A=1;
Ssa02_A=0.01;
Sa02_B=0.9;
Ssa02_B=0.009;
Sv02_A=0.6;
Ssv02_A=0.006;
Sv02_B=0.8;
Ssv02_B=0.008;
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pdfvO2=randn(1,N)*Svo2+V02;

pdfhb=randn(1,N)*Shb+hb;
pdfsa02_A=randn(1,N)*Ssa02_A+Sa02_A;
pdfsa02_B=randn(1l,N)*Ssa02_B+Sa02_B;
pdfsv02_A=randn(1,N)*Ssv02_A+SvO2_A;
pdfsvO02_B=randn(1,N)*SsvO2_B+Sv02_B;

% developing the model of PBF
PBF_A=(pdfV02./(13.8.*pdfhb.*(pdfSa02 A-pdfSv02 A)));
PBF_B=(pdfv02./(13.8.*pdfhb.*(pdfSa02_B-pdfSv02_B)));
mPBF_A=mean (PBF_A);

SPBF_A=std(PBF_A);

mPBF_B=mean (PBF_B);

SPBF_B=std(PBF_B);

% representing the results

m=[1.95:0.04:2.95];

n=[6:0.32:147];

subplot (1,2,1);

hPBF_A=histc (PBF_A,m);

bar (m, hPBF A/N,'b');

axis([1.9 3 0 0.18]);

xlabel ('PBF [L/min]','FontName','times new roman', 'FontSize', 18);

ylabel ('Relative Frequency', 'FontName', 'times new roman', 'FontSize', 18);
subplot (1,2,2);

hPBF_B=histc (PBF_B,n);

bar (n, hPBF B/N,'r');

axis([5.5 14.5 0 0.187]);

xlabel ('PBF [L/min]','FontName','times new roman', 'FontSize', 18);

ylabel ('Relative Frequency', 'FontName', 'times new roman', 'FontSize', 18);
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Appendix B

The following screenshots reports the main functions of the application developed in LabVIEW® 2010

environment.
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Data acquisition and conversion into partial pressures and STPD conditions

Breath detection
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Kim algorithm
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Godfrey algorithm
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Breathing pattern segmentation

120



Tesi di dottorato in Ingegneria Biomedica, di Stefano Cecchini,

discussa presso I'Universita Campus Bio-Medico di Roma in data 20/03/2012.

La disseminazione e la riproduzione di questo documento sono consentite per scopi di didattica e ricerca,
a condizione che ne venga citata la fonte

Quark RMR algorithm
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Shunt estimation algorithm
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