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Introduction

The use of High Frequency Percussive Ventilation (HFPV) is still debated although
this type of non-conventional ventilation has proven effective and safe in patients with
acute respiratory failure.

In the clinical practice, HFPV is not an intuitive ventilatory modality and the
absence of real-time delivered volume monitoring produces disaffection among the
physicians.

Avoiding the "volutrauma" is the cornerstone of the "protective ventilation
strategy", which assumes a constant monitoring of inspiratory volume delivered to the
patient. Currently the system capable of delivering HFPV is the VDR-4® (Volumetric
Diffusive Respirator), which provides only analog airway pressure waveform and digital
output of peak and the mean airway pressure. The latter is involved in the determination of
oxygenation and hemodynamics, irrespective of the mode of ventilation. At the present
time, the mean airway pressure, together with gas exchange analysis, are the only
parameters that indirectly guide the physician in assessing the clinical effectiveness of
HFPV. Till now, flow, volume and pressure curves generated by HFPV have never been
studied in relation to the specific patients respiratory mechanics. The real-time examination
of these parameters could allow the physicians to analyze and understand elements of
respiratory system mechanics as compliance (Crs), resistance (Rrs), inertance (Irs) and of
patient-ventilator interaction. The mechanical effects are complex and result from
interactions between ventilator settings and patient’s respiratory system impedance.

The aim of this doctoral thesis was to acquire and study volume and respiratory
parameters during HFPV in order to explain this complex patients-machine interaction and
transfer the results in clinical practice.

The first chapter defines the circuit and the basic principles of operation of the
HFPV. It also describes the main theories of gas transportation under conditions of high
frequency ventilation and the main clinical applications.

In the second chapter are described in vitro studies that characterize the intrinsic

properties of HFPV at different mechanical loads. Moreover, these studies faithfully
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describes the effect of load on the relationship between convective and diffusive volume
delivery, representing the link from bench to a new bedside HFPV use.

A proper acquisition system for measurement of pressure, flow and volume during
this particular ventilation strategy was developed and reported in third chapter. The
suitable approaches for estimation of respiratory system compliance, resistance, inertance
and endotracheal tube pressure drop were identified and proposed.

In vivo measurements and the main results of this study are reported in Chapter 4.

In Chapter 5 the results and interpretation of “mini recruitment maneuver” by
means of pressure—volume curve model are discussed.

Finally, in Chapter 6 a decision support algorithm for the optimization of HFPV
treatment, in severe hypoxemic patient, is proposed.



Chapter 1 — High Frequency Percussive

Ventilation

The high-frequency percussive ventilation (High Frequency Percussive Ventilation,
HFPV) is a ventilatory mode introduced in the early 80's by FM Bird and initially used for
the treatment of patients with acute respiratory failure secondary to pulmonary injury from
smoke inhalation and burns patients [1-7]. The introduction into clinical practice of high
frequency ventilation dates back to the early seventies [8-12]. To date, there are many
theories used to explain the transport of gas during this particular method of ventilation,
although none of them, individually, is sufficiently explanatory [13-16].

The first proposal concerns the theory of direct alveolar ventilation, also known as
bulk gas flow. This is the simplest example of alveolar ventilation, observable during
spontaneous breathing and CMV. This mechanism seems to play a predominant role
during HFPV.

The second theory concerns the facilitated diffusion. It suggests that the high
frequency pulsations increase the kinetic energy of the oxygen molecules, promoting the
diffusion of oxygen through the alveolar-capillary membrane.

The third hypothesis is commonly referred to as the Taylor dispersion that
describes the dispersion that occurs with laminar and turbulent flows in an experimental
model. In the presence of a turbulent flow, the formation of vortices occurs, resulting in an
increase of the mixing of gases between the proximal and more peripheral airways. It has
also been suggested that gas exchange occurs in the epithelium of the airways. In laminar
flow conditions, using high-frequency oscillatory ventilation (HFO), the cyclic movement
of the piston creates acceleration and deceleration phenomena. The return movement of the
piston does not affect the inertia of the molecules that are moving to the periphery with a
given axial velocity; consequently, the molecules continue to maintain their direction
towards the periphery (out of phase respect to the piston), increasing the exchange of gases

even in the presence of small tidal volumes.
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The fourth theory relates to the asymmetric profiles of velocity. During HFPV
ventilation, the inspiratory flow occupies the central part of the airways, while the
expiratory moves along the peripheral zones. The result is the simultaneous movement of
the inspiratory and expiratory flows.

The fifth mechanism specifically concerns the HFO and involves the exchange of
gases between alveolar units with different time constants. During HFO ventilation, lung
volume remains relatively constant. If the lung volume is maintained above the critical
pressure of the alveolar opening, the distribution of the gas that is obtained is more
homogeneous: this leads to a reduction of the risk of hyperinflation in high-compliance
regions and of atelectasis in those of low-compliance. The increase of gas exchange is the
result of a greater homogeneity of the lung due to a better ventilation/perfusion ratio and
relative reduction of the shunt [17].

The last proposed theory regards the increase of the ventilation through the Kohn’s
pores and Lambert’s channels, even if the amount of gas exchange between contiguous
units remains unknown.

Among the many controversial aspects regarding high-frequency ventilation
(HFV), one of these is the lack of a universally accepted classification and a precise
nomenclature [18]. Depending on the frequencies used, we can distinguish:

« HFJV: high frequency jet ventilation,

« HFFI: high frequency flow interruption (variant of the previous),

« HFO: high frequency oscillation (60-2400 cycles/min),

« HFPPV: high frequency positive pressure ventilation (60-300 cycles/min).

Notwithstanding this premise, from technical point of view all modes of high
frequency ventilation share at least three essential elements [19,20]:

* a generator of high pressure flow,

* a valve of interruption of flow,

* the connection circuit to the patient.

The HFPV can be defined as pneumatically powered, flow regulated and time
cycled ventilation that determines a controlled pressure and delivers a combination of
high-frequency subtidal volumes with low frequency breathing cycles.

The only system capable of delivering HFPV is the VDR-4® (Volumetric Diffusive

Respirator), a pressure controlled and time cycled ventilator, provided with an high
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frequency flow generator and associated with a device (phasitron) which represents the

interface between the patient and the machine [20-22].

Sliding
Mon Corngpliant Tubing “enturi f?
=N
Wantlalar
s vente //
e = |
Blender Hias Flow Expiratony
MEbUNZEOF | Gas

Humidifier

Figure 1.1 Schematic diagram of HFPV system. The high frequency circuit consists of non-compliant tubing

while the low pressure circuit has a nebulizator and humidifier connected downstream from one another [22].

The ventilator is connected to a high-pressure pneumatic generator, powered by
two normal sources of oxygen and air. From the ventilator two inspiratory circuits
originate, a high-pressure and the other at low pressure; the low-pressure circuit is
connected to the active humidification system and to nebulization. The two circuits are
connected to the phasitron, which also includes the expiratory circuit. The phasitron is also
equipped with a system for recording and real-time displaying the pressure delivered to the
patient that is measured distal to the source of pulsatile high-pressure flow, which is
located nearby the connection with the endotracheal tube.

The nebulization system is connected to a reservoir and served by an accessory
line, which delivers a high-pressure flow synchronized with that connected to the

phasitron.
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Figure 1.2 Nebulization system. Drug injection port: system for the delivery of drugs; Standard 1V refill port:
accessory line; Inflow from reservoir of regulators: connection to the reservoir; Counterpulsing flow from
Percussionator: flow from the ventilator; Augmentation tube: low-pressure inspiratory flow; Automatic refill
float: drugs containing reservoir; Nebulizer Power: accessory line (from FM Bird).

This system allows the administration as nebulized aerosol of bronchodilators and
mucolytics, to reduce the forces of cohesion and adhesion of secretions and thus
contributing to a more effective removal of secretions themselves. Together with the
humidification system, the action of the nebulization system allows to provide to the
inspiratory circuit a gaseous mixture heated with 100% humidity.

The phasitron is a device that consists of a cylinder, within which the airflow from
the high-pressure circuit imparts a movement of "coming and going" to a coaxial piston,
provided with a spring. According to the Venturi principle, the inspiratory circuit
connected to the low-pressure humidification systems and the nebulizer contributes to the
administration of the tidal volume with a value inversely proportional to the pressure
reached at the respiratory airways. When the desired pressure level is approaching, the

quote of air supplied is derived almost exclusively from the high-pressure circuit.
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Figure 1.3 Relationship between the proportions of air coming from the high pressure and low-pressure
systems (ordinate) and the airways pressure (abscissa). The increase of the latter corresponds to a reduction
of the proportions of air coming from the high and low-pressure circuits. Once the set value is reached (40
cmH,0), the plateau pressure is maintained mainly by the pulsatile system, which draws poorly by low-
pressure circuit (from FM Bird).

The phasitron is equipped with two safety valves (an inspiratory and an expiratory),
which allow to maintain the preset pressure; a third security expiratory valve is connected
to the reservoir. Thus, the circuit is permanently open to the air and allows the patient to
trigger during the entire ventilatory cycle, without adding supplementary pressure loads.

It is essential to highlight that the same circuit can either be applied both in

neonatal and pediatric as in adult patients.



Chapter 1 - High Frequency Percussive Ventilation

EXPIRATORY CIRCULATION TUBING

INSPIRATORY FAILSAFE

PROGRAMMABLE PULSATILE
i3

SERVOING GASES

PROXIMAL AIRWAY
PRESSURE MONITORING

\"“!\-_,:_ =

NS

N\
CoPYRIONT 1887 Fu BINE H\_ / \/

Figure 1.4 HFPV circuit. Programmable pulsatile servoing gases: inspiratory high-pressure circuit;
Inspiratory circulation tubing: low-pressure inspiratory circuit, Inspiratory/Expiratory failsafe:
inspiratory/expiratory safety valves; Proximal airway pressure monitoring: system for monitoring airway
pressure (from FM Bird).
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The Volumetric Diffusive Respirator allows to adjust:
* the flow ratio delivered, which generates the desired working pressure,
* inspiratory "I" and expiratory "E" times,
« the positive end-expiratory pressure "PEEP", linear rather than oscillatory,
* the percussion frequency.
Should there be an additional convective contribution, this can be administered in
tele-inspiratory phase as an additional quota of oscillatory flow, which results in an

increase of the pressure load.
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Figure 1.5 VDR-4® ventilator (from FM Bird).

By acting on the inspiratory and expiratory times, it is possible to determine a
respiratory rate equal to the conventional mechanical ventilation. Every breath is the result
of an act of CMV with superimposed micro-volumes delivered at high frequency. These
originate from the high-pressure inspiratory circuit and their progressive accumulation,
with the portion of heated and humidified flow coming from the low-pressure system,

allows to reach the desired pressure.
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Figure 1.6 Pressure curves during HFPV with inspiratory time (1) equal to 2 seconds and expiratory time (E)
of 1 second. The setting of the ventilator provides constant delivery of flow that generates the same pressure
of work in both respiratory acts. These differ only in the percussion frequency and consequently the I/E ratio.
In both acts the expiratory phase is passive. Note that between the delivery of a micro-volume and the next,
the flow is interrupted and the pressure decreases to a value that depends on the mechanical characteristics of
the thoraco-pulmonary system [22].



Chapter 1 - High Frequency Percussive Ventilation

The percussion frequency can be set by the operator in a variable range between
200 and 1100 cycles/min.

Moreover, the magnitude of the pressure variation determined by the individual
micro-volume is inversely proportional to the percussion frequency. Furthermore the wider
pressure excursion determined by each gas mini-burst, the lower the percussion frequency.
The pressure excursion is operator programmable by adjusting the inspiratory and

expiratory times (i/e ratio) of the individual micro-volume delivered [22].
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Figure 1.7 Pressure curves during HFPV. The tele-inspiratory phase of the second act has a pressure increase
caused by a supplementary flow set by the operator. This option allows, for the same inspiratory time (1), an
increase in the volume delivered due to convection [22].

The features of the phasitron and the breathing circuit allow some interesting
considerations regarding the potential of the HFPV mode.
The phasitron permits to administer the tidal volume through a succession of micro-
volumes, until the progressive attainment of a plateau pressure whose value and duration
are chosen by the operator; moreover, due to the Venturi effect, the delivered flow is
converted into pressure (and vice versa), depending on the thoraco-pulmonary impedance.
These factors allow the operator to:
* optimize the distribution of the flow, avoiding preferential ventilation,
 maintain constant values of mean airway pressure when resistive and elastic load of the
respiratory system change, without modification of the parameters on the VDR-4.
Moreover, since the circuit remains constantly open to the air, the risk of
barotrauma and/or volotrauma is limited.
The percussion frequency is a critical factor in the management of hypoxia and
hypercapnia. At low percussion frequencies (200-400 cycles/min) the convective
phenomenon is prevalent, which results in an increased wash-out of CO, , whereas at high

percussion frequencies (600-900 cycles/min) is more significant the diffusive
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phenomenon; the latter is probably due to the increased Kkinetic energy of the oxygen
molecules.

In the clinical experience of the Intensive Care Unit of the Cattinara Hospital, out
of 24 patients with acute respiratory failure , the application of a percussion frequency of
500 cycles/min achieved the best combined effect on clearance of CO;, and improvement
of hypoxia [23].

Factors determining the mean airways pressure (Pawy,) and therefore able to change
individually or in combination the gas exchange are the percussion frequency, inspiratory
and expiratory times, the plateau pressure, PEEP and the I/E ratio.

Owing to the characteristics of the low-pressure inspiratory circuit and the activity
of pneumatic air hammer determined by the micro-volumes, the administration of
aerosolized bronchodilators and mucolytics allows to thin the secretions, reducing the
forces of adhesion and cohesion and promoting their clearance.

The mobilization of secretions during HFPV is then due to three main factors :

1. the sequence of pressure peaks causes a vibration effect on the mucous membrane
and bronchial secretions,

2. the variation of the percussion frequency generates turbulence at the respiratory
Airways,

3. the high flow, combined with the percussion, promotes the mucociliary clearance.

The drainage of secretions and thus the recruitment of atelectasis is possible as a
result of three additional key factors related to the intrinsic characteristics of the HFPV:

A) The high-flow aerosol coupled to the percussion allows an effective and adequate
humidification of the airways,

B) the application of PEEP allows the maintenance of the atelectasis, recruited from high-
frequency percussive mechanism of the VDR-4%,

C) the percussion micro-volumes and the high flow allow the overcoming of mucous plugs
and their upward movement , due to the elastic return of the alveoli.

Several authors have reported their experience with HFPV in neonates with hyaline
membrane disease [24,25], in patients with neuromuscular disease [26] and in those with
acute respiratory failure following chest trauma [27]. In a pilot study on patients with
cystic fibrosis, Natale et al. [28] compared the effects of HFPV with those of conventional

chest physiotherapy. HFPV has also been studied in patients with post-traumatic
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intracranial pressure [29,30]. Gallagher et al. [31] compared techniques of CMV and
HFPV in patients with respiratory failure following sepsis and trauma. Further studies
have shown improvement in lung gas exchange at equal airway peak pressure and FiO,.
Moreover the application of HFPV was capable to maintain normocapnia, without causing
hemodynamic alterations. In 2008 Allardet-Servet et al. [32] provides new evidence to
consider HFPV as an effective protective ventilation strategy, attenuating lung injury in a
rabbit model of gastric juice aspiration.
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Figure 1.8 Probability of patients discharge as a function of postoperative days. Patients
treated with high frequency percussive ventilation (HFPV, solid line) had a 3.14-fold larger chance
of being discharged earlier than those under continuous positive airway pressure (CPAP, dotted
line), p = 0.0007 [34].

HFPV was demonstrated also applicable during surgery; to maintain gas exchange
during surgical bronchial repair in a patient with one lung [33] and to improve
perioperatively clinical evolution in pulmonary resection [34]. In the latter study 40
patients were randomized to be treated with CPAP or HFPV during surgery and in the
group treated with the HFPV gas exchange was improved, the premature mobilization of
endobronchial secretions and their elimination were promoted and finally HFPV promote a
premature discharge, reducing money costs and the risk of development of nosocomial
complications.

Recently HFPV has been inserted between the ventilatory strategies to apply in

severe hypoxemic respiratory failure [35] and in 2012 the earl short-term application of

12
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HFPV was proven to be effective in improving gas exchange in hypoxemic patients [36].
In particular, HFPV applied during 12h to severe hypoxemic patients with different
pulmonary diseases was able to significantly increase their gas exchange. Furthermore, this
finding remained unaltered from the cessation of HFPV until 12 h under subsequent CV

when the study ended.
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Figure 1.9 PaO,/FiO, versus time in hypoxemic patients. At 12 h [baseline, conventional (volume- or
pressure-controlled ventilation, CV)] the patients were either switched to HFPV (left panel, n = 35, TREAT

group) or left under CV (right panel, n = 35, CTRL group). Pa O 2 /Fi O 2 increased in TREAT patients
while it remained unaltered in CTRL [36].
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The purpose of this chapter is to describe the previous studies that are on the base
of this doctoral thesis.

The knowledge gained from the previous bench and clinical investigations was a

fundamental prerequisite to focus on the development of a new electronic system able to
calculate the viscoelastic properties of the respiratory system during HFPV.
High frequency percussive ventilation has been commercially available in Europe in early
1999 and probably, clinically used, as the first time in Italy, at the Department of
Perioperative Medicine, Intensive Care and Emergency, Cattinara Hospital, University of
Trieste. At that time only "twelve" publications were available (Pub Med selection of
research from 1980 to 1999), and only one had mentioned the respiratory system
compliance as a term of comparison between HFPV and conventional mechanical
ventilation. In this study the respiratory system compiance (Crs) was calculated through
the use of a simple data acquisition system (flow and pressure transducers with a sampling
frequency of 50 Hz)[37]. It is also important to remember that neither in this, nor in other
work available at that time was taken into consideration the volume curve during HFPV.
All studies of the considered period, including the current instruction manual of VDR-4®
(Volumetric Diffusive Respirator), report the airway pressure curve exclusively.

Flow, volume and pressure curves generated by HFPV have been critically studied
in relation to a single-compartment lung simulator with varying elastic and resistive loads
only in the year 2004 [38].

In this context, the clinical use of HFPV appeared to be extremely unintuitive and
in the larger part of the cases was used as a lifesaving technique. The majority of
physicians required a careful monitoring system that was able to describe the mechanical

response of the respiratory system during HFPV.

14
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2.1 Effects of mechanical load on flow, volume and pressure

delivered by high-frequency percussive ventilation

As aforementioned, in 2004 for the first time was evaluated how inspiratory flow,
volume and pressure curves generated by HFPV change in the face of imposed mechanical
loads [38]. For this purpose, a single-compartment lung simulator with varying elastic and
resistive loads (without viscous resistance) was used, maintaining the pre-selected
ventilatory setting in the HFPV generator.

The highest positive value of pulse flow during inspiration, inspiratory positive
peak flow (IPPF), was measured, as well as the corresponding lowest negative pulse flow,
inspiratory negative peak flow (INPF). Volume was obtained by digital integration
(trapezoidal rule) of the flow signal. The highest Paw inspiratory value Pawpeak was
determined. Mean airway pressure (Pawmean) was calculated by dividing the integral of
Paw as a function of time by the duration of the respiratory cycle (I + E). The baseline
pattern was: E = 20 cmH,0/L, R = 0 cmH,O/L/s. The flow required to establish baseline
pattern was kept constant throughout the experiment, as well as pulse frequency (500
cycles/min during inspiration, i/e ratio of 1:2.75), and convective respiratory frequency (10
breaths/min, I/E ratio of 1:1.25). Expiration was passive in all conditions, with exhalation
to ambient air through the Phasitron® exhalation valve gate. The load combinations and

mechanical parameter are reported in table 2.1.

Experimental Pawy, Pawpeap APaw Inspiratory positive Inspiratory negative Volume (I)
settings (cmH,0) (ecmH,0) (cmH, 0) peak flow (U/s) peak flow (U/s)

E=20,R=0 6.91 26.68 19.24 1.59 —1.03 0.465
E=50,R=0 7.09 26.55 18.64 1.54 —1.03 0.269
E=1000R=0 717 26.54 18.12 1.54 —1.03 0.163
E=200R=5 757 2922 2315 121 —0.78 0470
E=50.R=5 7.63 29.82 23.64 123 —0.79 0.258
E=100,R =5 1.75 28.90 22.83 122 —0.83 0.141
E=20.R=20 8.23 34.36 29.91 0.87 —0.53 0.437
E=50.R=20 8.26 34.75 30.05 0.88 —0.56 0.215
E=100,R =20 8.32 34.49 29.68 0.88 —0.59 0.129
E=20.R=50 8.60 39.06 35.27 0.56 —0.32 0.257
E=50,R =50 8.87 39.72 36.15 0.57 —0.37 0.162
E =100, R =50 8.83 39.75 35.69 0.57 —0.41 0.096
E =20, R =200 927 4484 40.73 0.33 —0.16 0.205
E =50, R =200 934 4543 41.57 0.34 —0.19 0.164
E =100, R =200 943 4543 41.02 0.34 —0.23 0.115

Table 2.1 Pressure and flow values for different loads. R (cmH,O/L/s) and E (cmH,O/L) are resistive and
elastic loads, respectively; Pawm, Pawpeak, and APaw are mean, peak, and mini-burst airway pressures,
respectively. Inspiratory positive and negative peak flows are the maximum and minimum values of flow
during inspiration [38].

15
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The main results demonstrated that all the measured parameters were sensitive to
resistive loading, while elastic loading affected solely tidal volume. Although very high
impedance values were used in the model, the highest pressure amounted solely to 45.4
c¢cmH20 when E = 100 cmH,O/L and R = 200 cmH,O/L/s. Increases in Pawpeak amounting
to 18.75 cmH,0 correspond to a rise in Pawm levels of only 2.52 cmH,0 going from the
control to the highest impedance (E = 100 cmH,O/L, R = 200 cmH,O/L/s) conditions.

These data reveal how the average Pawm values are stable under all experimental
configurations, due to the physical characteristics of the Phasitron® design. Even though
the VDR-4 flow generation setting remains unchanged, the Phasitron® near
instantaneously varies the velocity of inspiratory and expiratory oscillatory peak flows at
all resistance values.

Pawpeak and Pawmean, (Figures. 2.1, 2.2 respectively) augmented with increasing
R, but were practically insensible to the variations in E. In all instances a curvilinear

relationship with an upward convexity was found between pressures and R.

Figure 2.1. Peak airway pressure (Pawpeak) plotted against added elastic (E) and resistive (R) loads. Peak
airway pressure increases when R increases, but is almost unaffected by changes in E. For the same E a
curvilinear relationship (with an upward convexity) between Pawpeak and R was found [38].

16
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L) VAN

eSS

Figure 2.2. Mean airway pressure (Pawm) plotted against added elastic (E) and resistive (R) loads. Mean
airway pressure increases with R increment, but is almost unaffected by changes in E. For the same E a

curvilinear relationship (with an upward convexity) between Pawm and R was found [38].

Tidal volume decreased with increasing R and E (figure 2.3). Indeed, in the face of the
association of the highest R and E tidal volume fell to 24.7% of its control value.
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Figure 2.3. Tidal volume (VT) plotted as a function of elastic (E) and resistive (R) loads. Volume decreased
with increasing E and R [38].
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Figure 2.4 shows flow, volume, and Paw tracings (one breath) under four different

loading patterns; in panels A-D the values of E and R are, respectively: 20 cmH,O/l and 0
cmH0/l/s, 20 cmH0O/l and 20 cmH,0O/I/s,100 cmH,O/l and 0 cmH,O/l/s, and 100
cmH,0O/l and 200 cmH.O/l/s. The volume curve shown in figure 2.4A presents

progressively lower increases in micro-burts, which tended to become stable at end-

expiration. This phenomenon occurs much earlier in figure 2.4C, where a plateau extends

for most of the inspiration time. The volume curve in figure 2.4B presents a smaller micro-

burst and this characteristic was even more marked in figure 2.4D (higher R values).
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Figure 2.4. Flow, volume, and airway (Paw) pressures tracings (one breath) under four different loading
patterns; in panels A-D the values of E and R are, respectively: 20 cmH,0/I and 0 cmH,O/l/s, 20 cmH,0/1
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and 20 cmH,0O/1/s, 100 cmH,0/I and 0 cmH,0/I/s, and 100 cmH,0/I and 200 cmH,O/1/s. At end-expiration in
2.4D, expiratory flow does not reach zero, generating auto-PEEP [38].

As displayed in figure 2.4A, during early part of inspiration the positive peak flow is
definitely higher than the negative. This finding indicates that the quantity of air introduced
into the system is greater than the volume washed out of it. In the same figure it may be
seen that at end inspiration the absolute values of the positive and the negative peak flows
are almost identical, and the net flow approaches zero. When this phase is reached, a
plateau is evident on the corresponding volume curve, which is the same as the generated
volume. Oscillations during this phase may be useful for gas exchange, but they do not
increase the inspired volume. In figure 2.4C, the phase with positive and negative peaks
having the same width is reached much earlier during inspiration (greater duration of the
plateau phase in the volume curve). Under the extreme conditions displayed in figure 2.4D,
flow oscillations are definitely low in amplitude, and flow generation may occur with a
minimum gas requirement by the low-pressure circuit, delivering small mixing sub tidal

volumes during the entire physiological period of exhalation.

In conclusion this study demonstrated:

1) Flow, volume and pressure values depended fundamentally on the value of R, but
their shapes were modified by R and E. Although peak Paw increased 70.3% in
relation to control value, mean Paw augmented solely 36.5% under the same
circumstances (maximum of 9.4 cmH,0). Intrinsic properties of the HFPV device
may explain this results. As retrogressive intrapulmonary pressures increase, the
venturi system, due to its fluidic entrainment characteristics, may progressively
reduce the quantity of entrainment gases until the quantity of flow generated by the
high-pressure circuit is prevailing, which is demonstrated by the fall in inspiratory

peak flow from 1.6 to 0.33 I/s as resistance rises from 0 to 200 cmH,O/I s.

2) A simple morphological analysis of flow, volume and pressure curves may provide
useful information about the mechanical loading of a lung simulator driven by
HFPV. These signals reveal the physical effect of the imposed loads on the output

of the ventilatory device, secondary to constant alterations in pulmonary dynamics.
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These curves were shown to result from mechanical characteristics of the model, as

well as from properties inherent to the ventilator itself.

2.2 Mechanical loads modulate tidal volume and lung washout

during high-frequency percussive ventilation

Latter in 2006 were evaluated the effects of mechanical loading on the tidal volume
and lung washout during HFPV [33].

In the previous study was reported the elastance and resistance dependence of flow,
volume and pressure curves generated during HFPV. Nevertheless, considering that the
HFPV device generates a tidal volume based on intermittent positive pressure ventilation
associated with a superimposed continuous pulmonary washout of gas by means of high-
frequency pulsatile mini-volumes, further analysis of the responses of these ventilation
waveforms to imposed loads is still wanted. Therefore, was important from the clinical
point of view, to evaluate the effects of mechanical resistive and elastic loading on tidal
volume and lung washout during HFPV.

Tidal volume and lung washout were determined as described below: for each
inspiration, the flow signal was divided into a positive component with oscillation peaks
above the zero-flow reference value, and a negative component with oscillation peaks
below this value. As shown in figure 2.5, the mathematical integration of the positive
component as a function of time yielded the cumulative pulsatile in-volume (Vin), while
the integration of the negative component provided the cumulative pulsatile out-volume
(Vout). Tidal volume (VT) resulted from Vin —Vout. We defined as total cumulative
pulsatile volume (Vtot) the sum of Vin and Vout. Since the study was performed under a
constant inspiration time (TI), the ratio VT/Vtot indicates the percentage of the pulsatile

volume used to expand the model during inspiration in all instances.
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Figure 2.5 Volume and flow during inspiration modelled using resistance equal to 0 cmH,O/l s and elastance
of 20 cmH,0O/1. The flow signal was divided into a positive component with oscillation peaks above the zero-
flow reference value and a negative component with oscillation peaks below this value (lower panel). Upper
panel: the mathematical integration of the positive component as a function of time yielded the cumulative
pulsatile in-volume (Vin) (upper thin line), while the integration of the negative component provided the
cumulative pulsatile out-volume (Vout) (lower thin line).Tidal volume (VT) resulted from Vin —Vout (thick
line). In both panels the interrupted lines represent zero values. Vtot, total cumulative pulsatile volume (=Vin
+ Vout). Lower panel: at the beginning of inspiration, flow is mainly inspiratory (above zero), but as
inhalation progresses it develops a progressively higher expiratory component (below zero) [33].

A peculiar mechanism involved in the lung ventilation by HFPV is related to its high
turnover of gas in the lung: figure 2.5 shows that tidal volume (0.465 I, Table 2.2)
corresponds to 25.6% of the total cumulative percussive volume (Vtot). In other words,
1.82 | are pumped in and expired off the lung during percussive ventilation, washing CO,
out of it and moving O, in. The balance between the in-volume and the out-volume (VT)
remains in the lung (Table 2.2). This could be an important mechanism when the time

allowed for diffusive ventilation is short.
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Experimental settings Vin (1) Vout (1) Viet (1) Vr (1) V1/Vige (%) Totatean/T1 (%) Pawy, (cmH>O) Pawypeay (cmH;0)

E=20.R=0 1.14 0.676 1.82 0.465 25.6 20.6 6.91 26.68
E=50.R=0 1.04 0.774 1.82 0.269 14.8 359 7.09 26.55
E=100.R=0 1.01 0.848 1.86 0.163 8.7 63.1 7.17 26.54
E=20.R=5 0.92 0.454 138 0.470 34.1 123 1.57 29.22
E=50,R=5 0.87 0.611 148 0.258 17.4 374 7.63 29.82
E=100.R=5 0.80 0.663 147 0.141 9.6 58.8 7.75 28.90
E=20.R=20 0.68 0.317 1.0 0.363 36.3 0 8.23 3436
E=50,R=20 0.61 0.339 1.03 0.215 20.9 36.6 8.26 3475
E=100. R=20 0.57 0.445 1.02 0.129 12.6 54.8 8.32 3449
E=20.R=50 043 0.174 0.61 0.257 425 0 8.60 39.06
E=50.R=50 040 0.238 0.64 0.162 254 325 8.87 39.72
E=100. R=50 040 0.305 0.71 0.096 13.6 46 8.83 39.75

Table 2.2 Mechanical parameters and load combination during high-frequency percussive ventilation. VValues
are means of three determinations in each condition. S.D. was negligible. R (cmH,O/I/s) and E (cmH,O/l) are
resistive and elastic loads;Vin, Vout and Vtot are in, out, and total cumulative pulsatile volumes, respectively;
VT, tidal volume; TI, duration of inspiration; Tplateau, duration of constant lung volume at end-inspiration;
Pawm, Pawpeak are mean and peak pressures, respectively [33].

Figure 2.6 summarizes the effects of R and E on VT/Vtot, which increases with R
but falls with E. Indeed, it can be seen in Fig. 3 that the smallest values of VT/Vtot (8.7%)
were found when R = 0 and E = 100 cmH,0/I.

Sl YOMNAN

Fig. 2.6. Effects of resistive and elastic loads (R and E, respectively) on the ratio tidal volumef/total
cumulative pulsatile volume (VT/Vtot).The ratio increases with R but falls with E [33].

In figure 2.7A iso-elastance (E=20 cmH,O/l) volume curves are displayed as a
function of inspiratory time. From top to bottom R corresponded to 0, 5, 20, and 50
cmH,O/l/s. A tele-inspiratory plateau was reached in the first two conditions only, as

shown in Table 2.2. One can also see in figure 2.7A and Table 2.2 that VT is preserved in
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the first three conditions, while Vtot decreases progressively down to approximately one-
third of the baseline condition as R increases. Under iso-elastance conditions, and for any
of tested R values, both Vin and Vout fell with augmenting R (Table 2.2). In Fig. 2.7B iso-
resistance (R = nil) volume curves are plotted against inspiratory time. From top to bottom
E amounted to 20, 50 and 100 cmH,O/I. Tidal volume decreased with increasing E, but
Tplateau/TI increased and VT/Vtot decreased (Table 2.2). Under these conditions, and for
any value of R, Table2.2 also shows that Vin falls and Vout augments with increasing E.

R=20
R=50

Volume ()

p— E=20
@
E E=50
° 0.2
> E=100
0.1
1]

0 0.4 0.8 1.2 16 20 2.4
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Figure 2.7. PanelA shows iso-elastance (E=20 cmH,O/I) volume curves displayed as a function of inspiratory
time. From top to bottom R corresponds to 0, 5, 20, and 50 cmH,O/I s. In panel B iso-resistance (R = 0
cmH,0) volume curves are plotted against inspiratory time. From top to bottom E amounted to 20, 50 and
100 cmH,0O/I1 [33].

In figure 2.8 it may be seen that Pawpeak is inversely proportional to Vtot (Pawpeak =

46.07-11.12 Vtot; r =—0.985, p < 0.0001), whereas Fig. 2.9 shows that Pawm is also
related to Vtot (Pawm = 9.703-1.42Vtot; r =—0.981, p<10-6), even though the gentle slope

indicates a substantially stable Pawm under the present experimental conditions
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Figure 2.8. Linear regression between pressure in the model and cumulative pulsatile volume (Vtot) for the
12 experimental conditions (solid circles). Peak pressure in the model (Pawpeak) is inversely proportional to
Vtot. Solid line, regression line; broken lines, 95% interval of confidence; r, regression coefficient
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Figure 2.9. Linear regression between pressure in the model and cumulative pulsatile volume (Vtot) for the
12 experimental conditions (solid circles). Mean pressure in the model (Pawm) is shown to be inversely

related to Vtot. Solid line, regression line; broken lines, 95% interval of confidence; r, regression coefficient
[33].

In conclusion this study demonstrated:

1. The elastic or resistive loading modulates the mechanical characteristics of the
HFPV device but in such a way that washout volume and time allowed for diffusive
ventilation vary agonistically.

2. A peculiar mechanism involved in the lung ventilation by HFPV is related to its
high turnover of gas in the lung.

3. Peak and mean airway pressures are inversely related to Vtot, although the latter to
a lesser extent (slopes = 11.12 and 1.42 cmH,O/I, respectively).
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Actually, we know that high-frequency percussive ventilation provides tidal volume as the
difference between its pulsatile in- and out-volumes. Clearly, some amount of gas is
washed out of the lungs throughout inspiration. Thus, HFPV would improve gas exchange
as a result of both convective and diffusive mechanisms. Volutrauma phenomena is close
related to convective volume delivered to the lung (VT). Tidal volume (VT) generation
under HFPV is sensitive to loading but its changes are more important than those in Vtot.
As a result, VT/Vtot decreases with increasing E and decreasing R. As a consequence,
performance of the HFPV device vary according to the physiological/physical feedback of
the model (or patient), but the interaction between loads, ventilator and Vt is poorly
detectable by pressure monitoring.

The figures 2.10 and 2.11 describe a poor correlation between VT and Peak and mean
airway pressures (r = - 0.47 and r = - 0.54, respectively).
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Fig. 2.10. Linear regression between pressure in the model and Tidal volume (VT) for the 12 experimental

conditions (solid circles). Peak pressure in the model (Pawpeak) is scarcely proportional to VT. Solid line,

regression line; broken lines, 95% interval of confidence; r, regression coefficient.
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VT (1)

Fig. 2.11. Linear regression between pressure in the model and Tidal volume (VT) for the 12 experimental
conditions (solid circles). Mean airway pressure in the model (Pawm) is scarcely proportional to VT. Solid
line, regression line; broken lines, 95% interval of confidence; r, regression coefficient.

Considering the three dimensional graph (figure 2.12) it can be seen that in a range
of 8.2-8.3 and 34.4-34.5 cmH,0 for PAWm and Ppeak respectively, VT varies from 0.437
to 0.129 litres. These volume variations depend on changes in resistive and elastic
mechanical loads. This figure clearly demonstrated the intrinsic limits of PAWm and

Ppeak monitoring.
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Figure 2.12. Tidal Volume (VT) plotted against Peak (Ppeak) and Mean airway pressure (PAWmMm) for the
total experimental conditions. Tidal VVolume is poorly affected by pressures. In a small range of peak and
mean pressures a significant variation of VT was found.
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Chapter 3 - Measurements during HFPV

The respiratory parameters during the high frequency percussive ventilation (HFPV)
are determined by high frequency pulsatile oscillations of pressure and flow respiratory
signals. The present measuring devices widely used during low frequency conventional
mechanical ventilation are not designed for monitoring of respiratory parameters
undergoing this particular high frequency ventilation. In this case the conventional devices
may not be accurate enough especially due to transducer response time and low sampling
frequency. In clinical practice, HFPV is not an intuitive ventilatory modality and the
absence of real-time delivered volume monitoring, in the era of low-volume protective
ventilatory strategy, produces disaffection among physicians.

In order to carry out a more reliable online characterization and monitoring of HFPV it
IS necessary to increase sensitivity and response time of the measuring system to overcome
the fast variation of the respiratory parameters. For this reason innovative acquisition and
elaboration systems, suitable for this particular ventilation modality, were developed.
These systems are based on the use of pressure transducers of new generation with high
sensitivity and reduced response time and acquisition and elaboration DSP systems with

large bandwidth and high resolution.
3.1 Pressure, flow and volume measurement during HFPV

The absolute value of pressure in the upper respiratory tract of the patient, with a
magnitude of some tens of H,O centimeters, is measured by unipolar pressure transducer.
This measure is not critical and it is performed using suitable conditioned transducer.
Firstly the pressure was measured with (142PC05D, Honeywell, USA), while in later
applications has been used a higher range transducer (ASCXO01DN, Honeywell, USA)
(figure 3.1). The ASCXO01DN transducer measures pressure in the range of 0-70 cmH,0

and has a response time of 0.1 ms.
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Figure 3.1 The ASCXO01DN differential and gauge pressure transducer.

The flow is quantified by using a Fleisch pneumotachograph (figure 3.2), which
converts the flow in a differential pressure, subsequently measured by high sensibility

differential pressure transducer. The typical values of flow, expressed as a liter per second,

are converted by pneumotachograph in a differential pressure measured in centimeters of

H,0. The pneumotachograph used in all applications was Fleisch (Type 2, Switzerland)

with following characteristics:

Type

Maximum flow

Advisable flow

Inside diameter

Length

Dead space

2

3L/s

25L/s

28 mm

60mm

35mm

Table 3.1Technical characteristics of Fleisch pneumotachograph

Figure 3.2 Schematics of cross sections of Fleisch pneumotachograph

The choice of pressure transducer was based on the features comparison of different

amplified differential low pressure sensors (Table 3.2).

Manufacturer Model Pressure Range Response Time
Sensym ASDX001D44D +70 cmH,0 2.73-1.11ms
Sensirion SDP1000-L025 +0.25 cmH,0 40 ms
Sensor Technics HCLA02X5DB +2.5 cmH,0 0.5ms
All Sensors 0.25INCH-D-4V +0.63 cmH,0 0.5ms

Table 3.2 Comparison of differential pressure transducers
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High sensitivity, low pressure range and fast response transducer 0.25INCH-D-4V (ALL
SENSORS, USA) was chosen for this application. The amplified line of this low pressure
sensor is based upon a proprietary technology able to reduce all output offset or common
mode errors. This model provides a ratiometric 4 volt output with superior output offset
characteristics. Output offset errors, due to temperature changes, as well as position
sensitivity and stability to warm-up and to long time period, are all significantly improved
when compared to conventional compensation methods. The sensor uses silicon,
micromachined, stress concentration enhanced structure which provides a very linear

output to measured pressure.

Figure3.3 Low differential pressure transducer 0.25INCH-D-4V

The reliability of new acquisition device based on proposed sensors and DSP system with
12 bit resolution 200 kHz A/D converter was verified and results were compared with
device commonly used in conventional mechanical ventilation Gas Flow Analyzer VT+
(BIO-TEK, USA) [39]. The block diagram (Figure 3.4) illustrates the structure of the new

acquisition device.
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In order to verify the reliability of the new device a procedure was established for
measuring the volume. This procedure employed a 3-litre calibrating syringe (Fukuda
Sangyo, Japan) and a manually simulated respiratory cycle of approximately 12 acts per

minute for 120 seconds. The volume was calculated by integrating the flow; this operation,
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described in [40] introduced a maximum error of 3% that can be considered satisfactory
and within the accuracy of the employed instruments.

After the verification of the device reliability, a test bench was set up. The flow output
of the high frequency percussive ventilator (VDR-4®, Percussionaire Corporation, USA)
was connected through a laboratory measurement system Gas Flow Analyzer VT+ and a
Fleisch pneumotacograph (Type 2, Lausanne, Switzerland) to the lung-simulator (SMS,
Medishield, UK) with variable resistive and elastic loads. The pressure and flow
measurements were carried out for 240 seconds, setting up on the VDR-4® a respiratory
frequency of 15 cycles minute™ with I/E 1:1 and a percussive frequency of 800 cycles
minute™ with working pressure of 25 cmH,0. Mechanical resistance of 0 cmH,O L™ s and
compliance of 20 mL c¢cmH,O™ was set on the lung-simulator. The acquired data was
digitally filtered with a low-pass third order Butterworth IIR filter with a cut-off frequency
of 400 Hz. The laboratory measurement system VT+ supplies directly the measured
volume, while the volume measured by the new instrument was calculated by integration
of the flow signal. The measured signals were evaluated considering a single respiratory
act.

The acquired values of pressure (figure 3.5), flow (figure 3.6), and calculated volume
(figure 3.7) are depicted in figures 3.5, 3.6 and 3.7, respectively. The figures show that the
sampling frequency of VT+ 50Hz is not adequate in the case of high frequency percussive
ventilation, while the sampling frequency of new device also based of new generation
sensors produces better results. Moreover, VT+ generates an unacceptable error in volume
measurement (figure 3.7). Therefore, for a correct assessment of the respiratory parameters
and the volumes exchanged in the high-frequency percussive ventilation, is required a wide

bandwidth measurement system.
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Figure 3.5 Pressure signal measured with new device (full line) and VT+ device (dotted line), during one
respiratory cycle (top panel) and a particular (bottom panel) [39].
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Figure 3.6 Flow signal measured with new device (full line) and VT+ device (dotted line), during one
respiratory cycle (top panel) and a particular (bottom panel) [39].
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Figure 3.7 Volume measured with new device (full line) and VT+ device (dotted line), during one

respiratory cycle under high frequency percussive ventilation [39].

3.2 In vitro measurements of respiratory mechanics during
HFPV

Respiratory mechanics describes the mechanical behavior of the respiratory system
exposed to pressure, flow and volume variations induced by respiratory muscles or by
mechanical ventilation support. The simple three element Dorkin model is used every day
clinical practice to describe respiratory mechanics, because of immediate physiological
interpretation of its parameters and its sensitivity to changes in lung mechanics. This model
can be applied both during conventional and high frequency ventilation. Dorkin’s model

approximates the respiratory mechanics function by the following motion equation [41]:
P,=E-V+R-V+I-V+P,

where P, is the pressure applied to the respiratory system, V is the pulmonary volume, 7
is the airflow and 7 is volume acceleration; P, represents the mouth pressure when V ,
and 7 are zero. The resistance R, elastance E and inertance | parameters describe
respectively the viscous, elastic and inertial mechanical properties of respiratory system.

The E - V term corresponds to the pressure necessary to balance elastic forces, the R - V

33



Chapter 3 — Measurements during HFPV

term corresponds to the pressure necessary to overcame the frictional forces, while the
product | - 7 corresponds to the pressure necessary to overcome the system’s inertia (i.e.
the inertance of the respiratory system). Finally, Paw - Po represents to the sum of the
resistive, elastic and inertial pressure drops of the respiratory system.

Paw and 7 may be measured directly at the patient’s mouth with a pressure and flow
transducer, respectively. Volume and volume acceleration can be calculated by integration
and derivation of the airflow signal, respectively. On the other hand, E (elastance), R
(resistance) and | (inertance) are not directly measurable.

The estimation of resistive and elastic parameters of the respiratory system during
mechanical ventilation is of great importance to detect lung dysfunctions and to evaluate
the effect of treatment [42-43]. The end inflation occlusion method is commonly used for
the estimation of respiratory mechanics parameters, in patients undergoing conventional
mechanical ventilation with constant inspiratory flow [42-43]. This method requires a
constant flow, resulting inapplicable during HFPV, characterized by high frequency
pulsatile flow. An alternative method is the parametric identification based on non-invasive
measurements of flow and pressure signals with a three elements Dorkin model. Therefore,
in order estimate these parameters parametric identification approach was applied in vitro
both on conventional and high frequency percussive ventilation [44]. The parameters were
estimated in different ventilator and experimental setups, starting from measured pressure

and flow signals.
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Figure 3.8 Schematic diagram of the experimental setup [44].
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The schematic diagram of experimental setup is shown in figure 3.8. The high
frequency percussive ventilation was provided by (VDR-4®, Percussionaire, USA), while
conventional ventilation was provided by (SERVO-i®, Maquet, Germany). The flow
output of the ventilator was connected to a lung simulator (ACCU LUNG, Fluke
Biomedical, USA) through a Fleisch pneumotachograph (Type 2, Lausanne, Switzerland)
linked to a differential pressure transducer (0.25 INCH-D-4V, All Sensors, USA) for the
measurement of airflow. The pressure measurement was performed by (ASCXO01DN,
Honeywell, USA) transducer. In order to interface pressure transducers, appropriate
conditioning boards were designed and produced at Biomedical Instrumentation and Signal
Processing Laboratory at University of Trieste. Each conditioning board mounts a pressure
transducer and an eighth-order Butterworth low-pass filter (Maxim MAX291), with
programmable —3 dB cut-off frequency (from 62 Hz to 100 kHz). The low-pass filter
allows us to reduce the high-frequency noise that mainly affects the flow signal. The noise
generated by turbulence in the pneumotachograph may introduce error in the volume
estimation, as a result of the integration of noisy signal. However, low pass filtering with
cut-off frequency in aforementioned range does not affect the percussive signal. The
highest percussive frequency is 15 Hz (equal to 900 cycles min™'). A connector block
connects the conditioning boards to a data acquisition board PCI-6023E (National
Instruments, Austin, USA). The acquisition board gets up to 200 kHz sampling and 12 bit
resolution on eight differential analogue inputs. The integrated pulse generator is used to
set the cut-off frequency of the on-board low-pass filter in conditioning boards. Pressure
and flow measurements for each experimental setting were carried out for 60 s, while the

sampling frequency was 2 kHz.

35



Chapter 3 — Measurements during HFPV

4‘ X

et Vol

P, ' i
F VLY VL |

-
s ."

transducer (right panel), with corresponding conditioning boards.

The lung simulator was set up according all possible combinations of mechanical
resistance (R) of 5, 20 and 50 cmH,O L™' s and compliance (C) of 10, 20 and 50 mL
cmH,0™" (corresponding to elastance values of 100, 50 and 20 cmH,0 L, respectively).
The lung simulator presents an inertance which can be considered negligible. The accuracy
of the fixed resistance was 20% up to 2 L s ', and the accuracy of the fixed compliance
was 10% up to 500 mL of tidal volume.

The SERVO-i® ventilator respiratory frequency was set up to 12 cycles min™ with I/E
1:1 and the working pressure was set up to 30 cmH,O with positive end-expiratory
pressure (PEEP) = 0. During SERVO-i® measurements selected cut-off frequency of the
on-board low-pass Butterworth filter was 125 Hz.

The HFPV ventilator VDR-4® was set up to respiratory frequency of 12 breaths min*
with I/E 1:1 while the percussive frequency was progressively increased from 300 to 900
cycles min™t. The working pressure was 20 cmH,O with PEEP = 0. The expiratory phase
was completely passive. The selected cut-off frequency of the on-board low-pass
Butterworth filter was of 500 Hz.

In order to monitor pressure, flow and volume signals and estimate respiratory
parameters a suitable elaboration system was developed and implemented in software
which performs the following operations: The pressure and flow signals are acquired
during a respiratory cycle and the exchanged volume within the cycle is calculated by

integrating the flow with a trapezoidal rule. The computation of flow acceleration is
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performed by the modified smooth noise Lanczos differentiator described by the following
equation:

Vi = f; (16-V, +V,, —10-V, ;—6-V, , +9-V, )

il Ao
2

A single respiratory cycle is determined by three characteristic points identified on the
pressure curve: a pressure-rise trigger point, a flow inversion point that demarks the
transition between inspiratory and expiratory phase and a pressure-fall trigger point. The
breath cycle is identified by considering the samples in the period from m, samples before
the pressure-rise trigger until m; samples after the pressure-fall trigger. The respiratory
mechanic parameters of previously described Dorkin model are estimated by applying the
multiple linear regression (MLR) approach [45] on data acquired during the inspiratory
phase of the analyzed respiratory cycle. The N acquired flow samples ¥ together with
corresponding volume V and volume acceleration ¥ are used to build the first three
columns of an [N x 4] matrix A, while fourth column is composed of 1’s. The
corresponding N acquired samples of pressure P,y are used to create an [N x 1] vector B.

The estimation of the parameter vector 8 was defined as:

0=(AT><A)71><AT><B

with
E
R
0=
|
I:)O
v, Vv, V1]
vV, V, V, 1
A=| : : S
VN—1 vN—l \7N—l 1
|V, Vy V., 1]
R
PZ
B=| :
I:)N—l
_PN_
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The computation time for the estimation of mechanical parameters is less than 1 s. The
estimated values are calculated during expiratory phase and displayed on graphical user
interface alongside pressure, flow and volume curves. Moreover, by implementing the
estimated parameters to aforementioned motion equation the estimated pressure curve was
constructed and superimposed onto the measured one. The mean square error is between
the measured and the modeled pressure curve was calculated in order to verify the validity
of the model. These operations are repeated for each respiratory cycle. Figure 3.9 shows
the graphical user interface with the acquired pressure, flow and volume curves together
with the estimated respiratory mechanic parameters during a single respiratory cycle.
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Figure 3.9 Graphical user interface with the acquired pressure, flow and volume curves together with the
estimated respiratory mechanic parameters during a single respiratory cycle. From to bootom: measured
pressure (red) superimposed on estimated pressure (blue) curve, measured flow and computed volume
during a single high-frequency percussive respiration cycle [44].
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Table 3.3 reports the mean and SD of estimated resistance R and elastance E values,
undergoing conventional ventilation, together with corresponding % relative estimation
errors (AR% and AE%) and normalized mean square error (NMSE) between the measured
and the estimated pressure. The obtained estimated inertance | values were negligible. The

mean and SD values were calculated over 12 successive respiratory cycles.

Rtest lung Etest lung Restimated AR Eestimated AE NMSE
mean £ 1SD % mean £ 1SD %
(cmH,0 L™ s) (cmH,0 L™) (cmH,0 L™ s) (cmH,0 L™)
5 20 5.9+£0.02 18.9% 24.4 +0.07 22.0% 0.03
20 20 22.2+0.25 11.1% 19.9 + 0.06 —0.2% 0.12
50 20 67.1+0.83 34.2% 18.6 +0.14 —7.1% 0.94
5 50 5.1+£0.04 2.3% 60.1+£0.12 20.2% 0.09
20 50 17.4+£0.04 -13.2% 58.5+0.12 17.0% 0.18
50 50 60.5+0.75 21.0% 51.2+£0.28 2.3% 1.02
5 100 3.4+£0.09 -33.0% 125.7+£0.31 25.7% 0.22
20 100 146+0.11 —26.8% 118.7 £0.64 18.7% 0.23
50 100 46.4£0.10 —7.2% 111.2+0.35 11.2% 0.38

Table 3.3 Resistance and elastance values estimated during conventional ventilation provided by the
SERVO-i® ventilator. Pressure and flow measurements were carried out for 60 s (mean and SD values were
calculated over 12 successive respiratory cycles) [44].

The values of estimated parameters during the conventional mechanical ventilation are
very similar to the values set on the lung simulator. The lows standard deviation values
indicate the good repeatability of this indirect measurement. Moreover, low NMSE shows
that the model adequately estimates the behavior of the lung simulator. Jackson et al.
obtained a similar level of accuracy (i.e. 20% of set values) during the measurement of
respiratory mechanics compared to the known values of a neonatal lung simulator [46].
The results of resistance and compliance estimation of a lung model using the occlusion
technique has also been reported (worst case —22% for compliance and +189% for
resistance) [47].

In Table 3.4 are reported the mean and SD values of estimated resistance R and elastance
E, during HFPV ventilation, together with corresponding % relative estimation errors
(AR% and AE%) and normalized mean square error (NMSE). Also in this case the
estimated inertance | values were negligible. The mean and SD values were calculated over

12 successive respiratory cycles.
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Rtest lung Etest lung Restimated AR Eestimated AE NMSE
mean £ 1SD mean £ 1SD
(cmH,0 L™ s) (cmH,0O L™) (cmH,0 L™ s) % (cmH,0 L™) %

5 20 49+0.16 -1.3% 21.9+£0.19 9.4% 2.8

20 20 13.7+0.16 -31.7% 23.6 £0.51 18.0% 4.7
50 20 37.2£0.56 —25.7% 31.7+£1.42 58.6% 22.9
5 50 5.0£0.07 —0.70% 54.8 £ 1.66 9.6% 5.9
20 50 14.7 +0.26 —26.4% 52.1+0.78 4.2% 10.0
50 50 42.2£0.70 —15.6% 62.1+1.45 24.1% 37.8
5 100 4.9 + 0.06 —1.4% 116.4 +£5.37 16.4% 5.3
20 100 13.2+0.15 —33.7% 116.9 +4.27 16.9% 9.9
50 100 41.2 £0.63 —17.6% 109.8+£1.84 9.8% 36.5

Table 3.4 Resistance and compliance values estimated during HFPV provided by the VDR-4® percussive
ventilator (f,= 450 cycles min™). Pressure and flow measurements were carried out for 60 s (mean and SD
values were calculated over 12 successive respiratory cycles) [44].

The estimation errors of the nominal resistance and elastance values within 20% range
are retained acceptable in respiratory mechanics measurements [46].

Analyzing the estimation results, it is possible to make a distinction between three
different cases:

e R=5cmH,0 L's;
e R=20cmH,0 L's
e R=50cmH,0 L's

In the first case, referring to the mean frequency of 450 cycles min™ (table 3.4), the
mean square errors were low and the resistance and elastance estimation presented
acceptable errors, smaller than 1.4% and 16.4% of their nominal values, respectively.

In the case of R= 20 cmH,0 L's, the R and E estimation errors were higher than those
in case of R=5 cmH,0 L™'s, < 33.7% and <18.0%, respectively.

On the other hand, in the case of 50 cmH,O L's, the mean square errors between
measured and model estimated pressure were significantly higher. This fact indicates
difficulty for used the model to reproduce experimental data in these conditions.

The comparison between the lung simulator set parameters and the corresponding
estimated parameters at four different percussive frequencies (300, 500, 700 and 900
cycles min?) is reported in the figure 3.10. The results showed the clear dependence of

estimated parameters on percussive frequency.

40




Chapter 3 — Measurements during HFPV

a0 1
30 |
20

10

Estimated Mean Resistance [EF=20 cmH,0/1]

" RF=50

/ RF=20
F=300 / RE=5
F=5C0 y
F=700
=900
Estimated Mean Resistance [EF=50 cmH,0/1]
31 )
i 24
2 12 | ¥ 2 ’ 12
ii;ll 11
;EE:'I i;:l' i:::' ‘ /' RF=s0
F=300 o —— /' Re=s
F=500 ~—/
F=700
F=900
Estimated Mean Resistance [EF=100 cmH,0/I]
33
e I 25
Bt 12 2
gl
»f el &
s b ; : RF=50
- . b b 5 RF=20
F=300 . o . W/ g5

F=900

150 77

100 7

-

50

0 -

150 77
100 T

s0

200 7

150
100
50 1

o+

Estimated Mean Elastance [RF=5 cmH,0/(l/sec)]

110 11 i
51 .
alylal
b ; EF=100
e EF=50
=300 B T EF=20
F=500 4
F=700
F=900

13 114 ™ R
58 :
Iss I60 ' 60 l
27 =
EF=100
: EF=50
=300 i £F=20
F=500
F=700
F=900

£=300 S5
F=500 ~ —{

Figure 3.10 VDR-4: R mean and E mean values at different percussive frequencies [44].

Even if the results are probably affected by the intrinsic limit of the lung model, as

frequency dependence and a nonlinear behavior at the highest resistance, the possibility to

have real-time respiratory parameter monitoring is useful from the clinical point of view. It

is important to point out that the lung elastance is the main factor to avoid volutrauma

during pressure controlled ventilation logic [48]. For this reason the accurate estimation of

elastance obtained by the computerized system is very important to correctly set the

ventilator. In the present investigation, our mathematical model constantly overestimates
the elastance, avoiding the hazard of hyperinflation during HFPV. On the other hand, the

resistance underestimation seems to have a limited impact on volume delivery.
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3.3 Invitro estimation of endotracheal tube pressure drop

Endotracheal tube (ETT) is routinely used in clinical practice to connect the artificial
ventilator to the airway of a patient undergoing mechanical ventilation (figure 3.11).

Figure 3.11 Endotracheal tube (from Medical dictionary)

However, its presence contributes an extra mechanical burden to the respiratory system
[49-50]. The airway pressure supplied by ventilator represents the sum of the endotracheal
tube pressure drop (APtt) and the pressure dissipated to inflate lung. From the clinical
point of view, it is of paramount importance to take into account the real amount of
pressure dissipated by endotracheal tube to avoid baro and volutrauma [51].

Several approaches have been developed to estimate the mechanical characteristics of
the various kinds of endotracheal tubes. Under certain conditions, e.g., laminar low flow,
the pressure-flow relationship characterizing endotracheal tubes may be considered linear

[52-53], and the pressure drop can be calculate by following equation:

AP (1) = Ryype - V(1)

where V(t) is airflow while Rype represents linear tube resistance.
However, in most cases a non-linear pressure-flow relationship has been found. In such

cases this relationship has been generally described as:

APLr(t) = Ky - V(1) + K, - V2 (1)
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or

APrr(t)=a-Vo (1)

where V(t) represents flow, K; and K, are the Rohrer’s constants [54], and a and b are
constants that define the power function [51][55-57].
Moreover, another approach to estimate in vitro adult and neonatal APyt was proposed

by Blasius that suggested a formula for circular tubes Prr [58-59]:

AP (t) = Ky - VI (1)

where, V(t) represents the flow and Ky, is the constant that depends on the inner geometry
of the tube and the physical properties of the gas [58-59].

During high frequency ventilation (HFV) the aforementioned approaches do not
properly describe the pressure-flow relationship in endotracheal tubes possibly because of
the turbulence and the presence of mechanical inertance (I). In fact, the latter was taken
into consideration under high-frequency oscillatory ventilation (HFOV) [60]. The pressure

drop due to inertial effects can be defined as follows:

AP, (1) = 1- V(1)

where V represents the volume acceleration.
In order to characterize in vitro the mechanical behavior of endotracheal tubes under

HFPV, the modelling of pressure-flow relationship under different working pressures,

percussive frequencies, and added mechanical loads was performed [61].

3.3.1. Material and methods

The experimental setup used in this study [61] is shown in figure 3.12. A physical

model of respiratory system was provided by a single-compartment lung simulator (ACCU
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LUNG, Fluke Biomedical, Everett, WA, USA). In our measurements the lung simulator
was set according to all the combinations of resistive loads (R), namely, 5 and 20 cmH,O
L™ s and elastic loads (E): 20, 50, and 100 cmH,0 L™

VENTILATOR

Pan

TT

LUNG
SIMULATOR

Figure 3.12 Experimental set-up. Paw and Ptr pressures measured before and after the endotracheal tube
(TT), respectively. V, pneumotachograph [61].

The lung simulator was connected to a no. 2 Fleisch pneumotachograph (Lausanne,
Switzerland) linked to a differential pressure transducer (0.25 INCH-D-4V, All Sensors,
Morgan Hill, CA, USA) for the measurement of airflow. Its other extremity was attached
to a tube with a sideport for the measurement of endotracheal pressure (Ptr) by means of a
differential pressure transducer (ASCXO01DN, Honeywell, Morristown, NJ, USA).
Endotracheal tube sizes 6.5, 7.5 and 8 (Rusch, Milan, Italy) were indwelled into the
artificial trachea. Their cuffs were inflated to avoid leaks. These tubes sizes were chosen
because they are the most frequently used in adolescent and adult patients. Another
differential pressure transducer followed (ASCX01DN, Honeywell, Morristown, NJ, USA)
for the measurement of airway pressure (Paw). Finally, a high-frequency percussive
ventilator (VDR-4®, Percussionaire Corporation, Sandpoint, ID, USA) was linked to the
circuit.

The VDR-4® ventilator was set to deliver a pulse inspiratory/expiratory (i/e) duration
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ratio of 1:1, and inspiratory and expiratory duration (TIn and TEX) ratio of 1:1 [33][38].
The tele-inspiratory work pressure (Pwork), i.€., peak inspiratory pressure measured by the
VDR-4® ventilator, was progressively increased in 5-cmH,0 steps from 20 to 45 cmH,0,
resulting in different airflow rates. The percussive frequency was set to 300, 500 and 700
cycles/min. Measurements were performed for all 108 possible combinations of loads,
frequencies, and work pressures for each ETT size. Each measurement setting included
three respiratory cycles. The signals were sampled at 2 kHz by a 12-bit acquisition board
(PCI-6023E, National Instruments, Austin, TX, USA) and fed into a low-pass second order
Butterworth filter (cut-off frequency 35 Hz).

Volume acceleration (V) was calculated by numerical differentiation of the air flow
using low-noise Lanczos differentiator. AP+t was calculated by subtracting Ptr from Paw
during the inspiratory phase exclusively.

The endotracheal pressure drop was characterized during the inspiratory phase of the
breathing cycle by parametric identification of coefficients pertaining to the three proposed
models, defined according to the following equations:

Model 1: APr(t) = Ryype - V(1) + - V(1)

Model 2: AP (t) = K, - V(1) + K, - V2 (1) +1- V(1)

Model 3: AP (1) =Ky, - VAP (6) +1- V(1)

Model 1 is characterized by linear resistive [Rube:V(t)] and inertial [I-V(t)] terms.
Model 2 takes into consideration Rohrer’s approach [Ki-V(t) + K- V4(t) ] and inertance
[I-V(t)]. In Model 3 the pressure drop caused by friction is represented by the non-linear
Blasius component [Ky-V"(t)] and the inertial term [I-V(t)]. In this study we assumed
that coefficients include both distributed and concentrated pressure drops. The latter takes
into account the connectors and the effect of abrupt changes in cross sectional area [62-63].
The least squares method was used to estimate the coefficients pertaining to the different
models. The estimation of the parameter vectors 6,, 6, and 65 for the three Models was

defined as:
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o = (AT X A)_l x A" xB i=1,2,3
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The matrix elements V,, , Vn, APttn, where n = 1,2, ... N is the sample index , N is the
number of acquired samples for each experimental setting and tube.
As indicator of the adequacy of the model used to describe the measured system, the

residual root mean square error (RMSE) was calculated:

RMSE = \/ZII(\I—_(:)L[APTTm (k:\—l)_ APTTe (kT )]2

where APttm and APt represent the measured and estimated APrr, respectively, N is the
number of samples, and T represents the sampling period.
Endotracheal tubes display an inertial fluid dynamic component proportional to the

volume acceleration (V), particularly evident during HFV, which also consumes energy in
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terms of pressure drop. In addition to the estimated inertance with aforementioned method,

its theoretical value based on fluid dynamics laws was also calculated:
| = pL A?

where p is the gas density, L the tube length and A the cross-sectional area [64].

The RMSE and inertance pertaining to the three models were compared. The
normal distribution of the data and the homogeneity of the variances were assured by the
Kolmogorov-Smirnov (with Lilliefors’ correction) and Levene median tests, respectively.
One-way ANOVA was then applied and since statistically significant values were found,
Bonferroni’s post hoc test was used to assess differences among the three models. a = 5%.

Statistical analysis was performed using Statistica 6.1 software (StatSoft, Vigonza, Italy).

3.3.2 Results and Discussion

Three measurements were done in each condition (108 for each model). The
reproducibility of the estimated parameters was assessed as the median and range of the
corresponding coefficients of variation, as listed in table 1. Model 2 presented the broadest
range of variability, whereas model 3 displayed the narrowest range. Inertance data were

similar in the three models.

Constants Tube 8 Tube 7.5 Tube 6.5

Model 1
R (cmH,0 L*s) 0.0065 (0.0003-0.0662) 0.0055 (0.00001-0.046) 0.0034 (0.0002-0.0560)
I (cmH,0 L* s%) 0.0106 (0.0001-0.2016) 0.0055 (0.0003-0.217) 0.0105 (0.00045-0.215)
Model 2
Ki(cmH,0 L?s 0.0827 (0.0058-6.8510) 0.1004 (0.0002-11.62) 0.0871 (0.0023-10.0)
K, (cmH,0 L?s?) 0.0445 (0.0048-0.8230) 0.0263 (0.0002-4.456) 0.0229 (0.0001-5.110)
I (cmH,0 L™ s?) 0.0105 (0.00001-0.2011) 0.0055 (0.0006-0.2157) 0.0106 (0.0003-0.214)
Model 3
K, (ch1—|7250 L 0.0065 (0.0004-0.0300) 0.006 (0.0001-0.060) 0.0034 (0.0001-0.0588)
st
I (cmH,0 L*s%) 0.0105 (0.00001-0.2012) 0.0055 (0.0006-0.2160) 0.0106 (0.0003-0.214)

Table 3.5 Reproducibility of the estimated parameters. Values are expressed as median and (range) of
coefficients of variation of the measurements of three consecutive breaths for each model considering the
possible 108 settings in each one. R, resistance. I, inertance. K; and Kj, are Rohrer’s constants. K, Blasius’
constant. [61]
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RMSE was measured in all 108 possible combinations of loads, frequencies, work
pressures for each ETT sizes. In all instances model 1 presented RMSE values significantly
higher than those in models 2 and 3 (table 2), and no significant difference was detected
between models 2 and 3. Correlation coefficients between gathered curves and fitted data

are very similar among the three methods.

Model Tube 8 Tube 7.5 Tube 6.5
RMSE (cmH,0)

1 1.097+0.38 1.661+0.57 1.720+0.57

2 0.915+0.29 1.330+0.35 1.330+0.30

P =0.00011 P < 0.00001 P < 0.00001

3 0.933+0.28 1.400+0.38 1.038+0.32

P =0.00062 P =0.00007 P < 0.00001

Correlation coefficient

1 0.964 (0.895 - 0.994) 0.958 (0.886 - 0.990) 0.970 (0.911 - 0.991)
2 0.974 (0.906 - 0.995) 0.969 (0.893 - 0.993) 0.980 (0.916 - 0.994)
3 0.973 (0.906 - 0.995) 0.970 (0.895 - 0.993) 0.981 (0.914 - 0.995)

Table 3.6 Root mean square errors and correlation coefficients between
experimental and fitted curves. Mean + SD of 108 different experimental
conditions (three measurements per condition) of root mean square errors (RMSE)
and median (range) of correlation coefficients. Model 1 assumes a linear
relationship between pressure and flow; model 2 introduces a flow-dependent
quadratic equation; and model 3 incorporates the term V™. P values describe
difference between models 2 and 3 versus model 1. No significant difference was
detected between models 2 and 3. [61]

Figure 3.13 depicts the mean and standard deviations of estimated inertance in the three
models plotted against Pwork Obtained for all 108 possible combinations of loads and
frequencies. Inertances (1) were similar in the three models [0.081 + 0.005, 0.096 + 0.0006
and 0.095 + 0.0007 cmH,0 L™ s? (mean + SD) for tubes 8, 7.5 and 6.5, respectively], but
significantly different among tube sizes (P < 0.002). Furthermore they were very close to |
calculated based on fluid dynamics, i.e., 0.081, 0.097 and 0.111 cmH,O L™ s? for tubes 8,
7.5 and 6.5, respectively.
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Figure 3.13 Inertance (I) plotted versus working pressures for different endotracheal tubes. Each data point is
the average of 18 estimated model constants encompassing two and three resistive and elastic loads,
respectively, and 3 percussive frequencies. Bars, £SD. Open squared, circles and triangles represent tubes 6.5,
7.5, and 8.0, respectively.

Figure 3.14 shows the mean and standard deviations of the estimated parameters
pertaining to the three proposed models plotted against Pwerk Obtained for all 108 possible
combinations of loads and frequencies. The results obtained for the three endotracheal
tubes are depicted. Rupe, K1 and K; values depended on Pwerk, Which was not the case for
the Ky value. Furthermore, Rype, K1 and K; values presented higher variabilities than the K,

parameter.
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Figure 3.14 Estimated model constants plotted against working pressure (Pwork). (@) linear model (#1), Rupe,
Newtonian flow resistance. (b and c) model #2, K; and K,, Rohrer’s coefficients. (d) Blasius’ constant, K,
(model #3). Each data point is the average of 18 estimated model constants encompassing two and three
resistive and elastic loads, respectively, and 3 percussive frequencies. Bars, + or — SD. Open squares, circles
and triangles represent tubes 6.5, 7.5, and 8.0, respectively. [61]

In Figure 3.15 pulsatile flow, Paw, Ptr and AP+t (= Paw - Ptr) tracings during one
inspiration (R = 5 cmH,O L™ s; E = 50 cmH,O L™*; percussive frequency = 300
cycles/min; Pwok = 25 cmH,0 and tube size = 8) are shown. APt is represented as
measured and also calculated with models 1, 2 and 3. To facilitate identification of the four
AP1t curves one mini-burst (identified in the third tracing from top to bottom was
expanded and depicted as a fourth tracing). It can be seen that models 2 and 3 closely fitted

the experimentally registered APyt curve.
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Figure 3.15 Flow and pressures tracings during one inspiration under high-frequency percussive ventilation.
Panel (a) shows pulsatile flow; panel (b) displays Paw (black) and Ptr (red); in panel (¢) AP+ is represented
as the measured curve (black) and also calculated with models 1 (green), 2 (blue) and 3 (red); panel (d)
shows one APyt mini-burst identified in panel (c). [61]

Medians and ranges of the 108 measured pressure drops across each tube (AP+t) during
the inspiratory phase of the mini-bursts were also calculated: 9.28 (4.95-12.93), 9.48 (5.05-
13.47), and 10.04 (5.62-16.97) cmH,0 for tubes 8, 7.5 and 6.5, respectively.

From the clinical point of view the real time estimation of endotracheal tube

contribution to pressure losses within the breathing system is of paramount importance.

51



Chapter 3 — Measurements during HFPV

Frequently the physician can only assess the pressure delivered by the ventilator, usually
measured before the tubing ensemble (endotracheal tube included) linking the ventilator to
the patient. This pressure does not represent that actually delivered to the patient. If the
latter pressure is too high, barotraumas may ensue [65]. Thus, a tool that can provide
information about the endotracheal tube flow-dependent resistance during HFPV and that
could also be implemented in future monitoring systems is wanted.

Three simple common models relating APyt and flow were tested. Model 1 assumes a
linear relationship between pressure and flow; model 2 introduces a flow-dependent
quadratic equation; and model 3 incorporates the term V*'. Inertance is included in all
three models since the ventilatory mode is based on high-frequency pulsatile flow. Using
two and three diverse resistive and elastic loads, respectively, three percussive pressures,
and six working pressures, 108 different combinations were generated, and three breathing
cycles were measured in each one of them. The smallest variability among the
measurements of the estimated parameters was presented by model 3, while model 2
depicted the broadest range of results (Table 3.5).

To the experimental pressure and flow curves the three aforementioned models were
fitted using the least square method. The similarity between the correlation coefficients
(Table 3.6) would suggest that the three models adequately fitted the experimental data.
However, considering that RMSE is a measure of the differences between values estimated
by a model and the values actually observed in an experiment, we used it to evaluate the
goodness of our fittings. Table 3.6 shows that Model 1 presented significantly higher
RMSE than Models 2 and 3, and that the latter did not differ between them. Thus, the
former is not as accurate as the latter, possibly due to turbulence, a term not included in
Model 1, as previously reported [58-59] [64]. Furthermore, Models 2 and 3 seem to present
the same predictive power. Following the parsimony principle we have to consider Model
3 more convenient than Model 2 [66]. Model 2 is frequently used in respiratory physiology
to describe pressure-flow relationships. Blasius’ formula was used to determine the effect
of mucus deposition on the effective diameter of endotracheal tubes in patients [59], and to
calculate in vitro the pressure drop along pediatric endotracheal tubes under constant flow
[58]. The latter study reports that a linear model can adequately describe flow-pressure
relationship under laminar flow, but when turbulence ensues, Blasius’ formula represents a

better descriptor of the system [58]. On the other hand, in a pediatric study with high-
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frequency oscillation, Blasius’ and Rohrer’s formulas resulted inaccurate to calculate
pressure drop across endotracheal tubes based on measured flows [60]. Hence, our study
fitted experimentally generated pressure and flow signals with a linear and two non-linear
models and estimated Rine K1, Ko, Ky and 1.

The estimated coefficients are plotted against Pwork (figure 3.16). The wider the tube
the smaller is the SD in all instances and the smaller are the estimated coefficients, except
for K;. The large variability of estimated Rohrer’s coefficients has also been previously
reported [60]. Additionally, K, does not depend on Pwok, in opposition to the other
coefficients. Finally, Ky presents the smallest SD. Indeed, the overall meanszSDs were
5.57+0.34, 7.4620.84; and 10.51+0.87 cmH,0 L™ " for tubes 8.0, 7.5 and 6.5,
respectively. The corresponding coefficients of variation were 0.061, 0.11, 0.08. The
median values did not differ appreciably from the means. It should be stressed that each
point represents data collected with two resistive and three and elastic loads, and three
pulsatile frequencies, i.e., each point is a lumped value. Taken together these results
strongly suggest that estimated K, is the most robust resistance-related coefficient
calculated in our study.

Other models [57] under conventional mechanical ventilation take into consideration
the asymmetry between inspiratory and expiratory phases, expressed by their exponents
K2. In HFPV each inspiration comprises many mini-bursts, which in our case presented
frequencies amounting to 300, 500 and 700 cycles/min. Each mini-burst represents one
mini-inspiration and a mini-expiration [33][38]. In their study [57] the results are
expressed considering inspiration and expiration separately. In our case, we have
inspiratory and expiratory phases in each mini-burst plus the whole cycle inspiration and
expiration, which would result in a series of values possibly difficult to be handled and
understood in clinical practice. Furthermore, the aforementioned models do not take into
consideration inertance, which represents an important mechanical component in high-
frequency ventilation, as seen in Figure 4.

Because inertial forces are negligible during tidal breathing they are usually
disregarded in curve fitting [67]. However inertance may became important during fast
breathing, which is the case in HFPV. For this reason we included an inertial term in our
models, as also reported in other studies [44][60][64][68-69]. In figure 3.16 the measured

APt was split into its inertance-dependent (AP+tl) and resistive-dependent (APtTR)
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components. The former plays a major role during rapid changes in APrt, whereas the
latter responds for the slower variations in AP, corresponding to the phases where gas
accelerations are high and small, respectively. Once again there is no single value for the

contributions of either | or R to APtr, This finding applies to all settings.
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Figure 3.16 The measured AP+t (black line) and its inertance-dependent (blue line APl) and resistive-
dependent (green line APttR) components are shown for two complete mini-bursts (R =5 cmH,0 L™ s; E =
50 cmH,0 L*; percussive frequency = 300 cycles/min; Pyor = 25 cmH,0 and tube size = 8). [61]

In the present study the estimated inertances did not vary among the models, thus
rendering inertia not responsible for the differences in fitting the models to the
experimental data using the same tube. However, possibly due to geometric factors
[64][68-69], inertance varied in the present work according to tube size.

Considering that for each tube size only Model 3 is characterized by two constant
coefficients (resistance- and inertia-dependent), it may be very useful for the clinician:
using two constants and the flow value he/she may be able to estimate the average pressure
lost owing to the endotracheal tube as:

AP11(t) =5.57 V:">(t) + 0.081 V(t) (tube 8)
APt (t)=7.46 VE"(t) + 0.096 V(t) (tube 7.5)
AP77(t) = 10.51 V2"(t) + 0.095 V(t) (tube 6.5)
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This study present some limitations: (a) results were gathered under HFPV; (b)
resistive and elastic loads, pulsatile frequency were constrained within specific ranges; (c)
clinical limitations may also arise: curvature of the tube, its partial blockage due to mucus

and/or condensed water vapour, and connectors.

3.4 In vivo data acquisition system during HFPV

The measurements on patients undergoing HFPV were performed with a device
suitably designed for bedside measurements during this particular high frequency modality.
The flow and pressure measurements were performed with aforementioned transducers:
Fleisch pneumotachograph (Type 2, Lausanne, Switzerland) linked to a differential
pressure transducer (0.25 INCH-D-4V, All Sensors, USA) for the measurement of airflow
and pressure transducer (ASCX01DN, Honeywell, USA) for pressure measurement. The
volume and volume acceleration were calculated by numerical integration and
differentiation of flow, respectively. In order to interface transducers new conditioning
boards were designed and produced at Biomedical Instrumentation and Signal Processing
Laboratory at University of Trieste. Conditioning boards in addition to transducers mount a
DC/DC converter for power supply of sensors and a second-order Butterworth low-pass
filter. The filters were designed using Sallen-Key configuration and the cut-off frequency
was 300Hz. The acquisition board NI USB-6009 (National Instruments, Austin, USA)
connected to PC notebook was used for analogue to digital conversion of pressure and flow
signals. The signals were sampled at 2kHz with 14-bit resolution. The visualisation and
registration of acquired data was managed by suitable graphical user interface. The
acquisition device was supplied using power supply output on NI-USB-6009 which was
supplied by PC notebook battery. Thus, there was no risk of electrical injury.

The VDR-4® output was connected to endotracheal tube of intubated patient trough a
Fleisch pneumotachograph and a sideport for pressure measurement. To prevent water
vapour condensation in the duct system, the apparatus was heated for five minutes before

and during use, by small heating element built round the pneumotachograph apparatus.
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Figure 3.17 The final prototype of bedside acquisition system. In respect to a patient privacy, in this figure
the application is represented on anatomical simulator.
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High Frequency Percussive Ventilation

4.1 Material and methods

The HFPV treatment was applied in patients admitted to the Intensive Care Unit of
the Department of Perioperative Medicine, Intensive Care and Emergency, Cattinara
Hospital, University of Trieste.

During the first 12 h after admission to the Intensive Care Unit (ICU) the patients
underwent conventional mechanical ventilation in volume controlled mode (VCM).This
conventional ventilatory modality is based on preselected VT delivery that in accordance
to protective ventilatory strategy is limited to 6-8 ml/kg predicted body weight (PBW). The
predicted body weight was calculated using the equations suggested by “The Acute
Respiratory Distress Syndrome Network™ [70]:

For males PBW =50 + 0.91 - (centimeters of height -15.4)

For female PBW = 45.5 + 0.91 - (centimeters of height -152.4)

During VCM the PEEP and FiO, were selected to obtain arterial oxygen saturation (SaO,)

of 90% or more.

After 12 hours of VCM arterial blood gas was analyzed and the patients that present
PaO,/FiO, of 200 or less or greater than 200 but with an increase below 20% in relation to

the admission value were shifted to HFPV, as non-responders to VCM.
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4.4.1 High Frequency Percussive Ventilation protocol

HFPV was substituted for VCM in non-responder patients and has been applied for
12 hours. HFPV was set up similarly to VCM i.e. inspiratory:expiratory time (1:E) ratios,
Pawmean and PEEP were equaled. To obtain the same Pawmean, the following
adjustments were made on a VDR-4®: during inspiration a pulsatile flow with a percussive
frequency of 500 cycles min™® and a pulse inspiratory and expiratory ratio (i and e
respectively) of 1 was used.

After 10 minutes stabilization period the acquisition system was connected in order
to measure pressure, flow and volume.

The first aim was to verify if the tidal volumes were similar in both ventilatory
strategy, at the same mean airway pressure. In case of violation of protective ventilatory
strategy (i.e. 6-8 mL/Kgpsw) tidal volume was modified accordingly by acting on VDR-4®
flow knob. After that a safety VTmL/Kgesw Was reached the respiratory parameters were
measured by acquisition system. At the present time, the mean airway pressure is the only
parameter that allows an indirect comparison between VCM and HFPV treatment set up
[36][71].

Beside the airway pressure, flow and volume measurements, the Rrs, Crs, Irs and
endotracheal pressure drop APyt values were also estimated by using the aforementioned
MLR approach on RCI Dorkin model and Blasius equation, respectively.

Since the flow is the dependent variable, it changes as the features of the respiratory
system change: the HFPV will constantly adjust flow as resistance or compliance change,
with the hazard of uncontrolled tidal volume delivery. Respiratory resistance and
compliance changes occur stochastically during the treatment. The airway resistance
mainly depends on the presence of secretions. The mobilization of secretions is a
recognized, but not immediate, feature of HFPV. On the other side, the elastic properties
can suddenly change when alveolar recruitment or de-recruitment occur. From a clinical
point of view alveolar de-recruitment must be avoided and frequently recruitment
maneuver are necessary to keep the lung open. Presently it is not possible to evaluate the
intrinsic recruitment effect during HFPV. Thus second aim of the thesis was to produce a
respiratory system perturbation as “mini recruitment maneuver” and verify respiratory
system response. To avoid arbitrary pressure increment was used for each patient the own

AP+t value.
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After optimization of tidal volume was performed a pressure perturbation as a mini
recruitment maneuver. The effects of this pressure increment on the respiratory system are
referred to measured initial conditions. The perturbation pressure input was performed by
acting on pulsatile flow rate (F-knob) present on VDR-4®. As a consequence a working
peak pressure increased by APyt value. At this point, a novel estimated VT, Crs’, Rrs’,
Irs” and APyr parameters were recorded and compared with the corresponding starting
point values.

During the following 12 hours the patients were ventilated under these conditions
and every 4 hours blood samples were collected for gas analysis. Intermediate gas analysis
samples were available at the discretion of the physician in charge of the patient. At the
end of 12 hours of HFPV treatment a new measurement of respiratory parameters was
performed. After this recording the protocol ends and the patients returned to CVM.

This study was performed during a standardized HFPV clinical protocol without
interfering with patients care and under the supervision of a physician not involved in the
study. The information obtained by the data acquisition and the consequent ventilator set
up variations were applied in agreement with the physician. The study posed no added risk
to the patient and did not interfere with usual patient care.

Thus, 10 patients (8 male) aged between 60 and 83 years were prospectively
studied. The VCM was setup as reported in table 4.1. The tidal volume per predicted body
weight (VT/PBW), positive end-expiratory pressure (PEEP), respiratory system
compliance (Crs), and Pawmean Were also determined 10 minutes before changing to HFPV

using the same acquisition device used for further HFPV measurements.

The group encompassed patients presenting chest trauma (n = 2), sepsis (n = 3),

bacterial pneumonia (n = 4), neurogenic pulmonary edema (n = 1).
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Patient Age VT/PBW PEEP Crs PaWmean
(years) mL/Kg (cmH,0) | (mL/cmH,0) | (cmH,0)

1 65 7,33 6 22,9 10

2 74 6,25 5 32 14

3 75 7,18 5 43,5 15

4 77 6,43 7 42,0 12

5 66 5,97 5 30 12

6 83 5,56 6 29,0 11

7 72 6,50 12 46,9 17

8 60 6,13 8 27 10

9 75 6,14 13 27,0 9

10 69 6,41 12 50,0 15

Median 73 6.33 6.5 31 13
(13" 1QT) | (66-75) | (6.13-6.50) | (5-12) (27-43.5) (11-15)

Table 4.1 Demographic and respiratory parameters of patients population during Volume Controlled Mode

4.2 Results

The tidal volume comparison, at the same Pawmean, between VCM and HFPV is reported in
table 4.2.

VT VCM VT HFPV VT/Kgpgw VCM VT/Kg HFPV
(mL) (mL) (ML/Kgpew) (ML/Kgpaw)
440 530 7.33 8.83
500 520 6.25 6.50
610 630 7.18 7.41
450 620 6.43 8.86
400 390 5.97 5.82
500 840 5.56 9.33
520 480 6.50 6.00
380 415 6.13 6.69
510 490 6.14 5.90
500 420 6.41 5.38

Table 4.2 Comparison of tidal volume and VT/Kgeew delivery, between VCM and HFPV at the same
Pawmean. In red are marked the patients that exceeded the upper safety volume limit.

In 30% of studied patients was detected that VT exceeded the upper safety limit of 8
mL/Kgpsw as shown in table 4.2. In two cases the upper limit was 10% exceeded (8.83 and
8.86 mL/Kgesw), While in third case the increment was more important reaching 9.33
mL/Kgesw. In all three cases VT was immediately decreased to safety range by acting on

flow knob.
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The volume delivered for the predicted body weight during VCM presented a
median and range values of 6.33 (5.55-7.33) mL/Kgpsw, While in case of HFPV the
corresponding values were 6.59 (5.38-9.33) mL/Kgpsw (Table 4.3).

Median Min Max 1% quartile 3 quartile
VT VCM (mL) 500 380 610 440 510
VT HFPV(mL) 505 390 900 420 620
VT/KgrewVCM (ML/Kg) 6,33 555 733 6,13 6,50
VT/KgrawHFPV (mL/Kg) 6,59 5,38 9,33 5,90 8,83

Table. 4.3 The median, range and 1¥ - 3" quartiles values of tidal volume and VT/KgPWB during VCM and

HFPV

It is important to point out that during the transition from VCM to HFPV at the

same mean airway pressure the tidal volume delivery can significantly change. Finally for

a more intuitive comprehension the results are presented by box and whisker plot in figure

4.1

9.0
85
8.0
7.5

7.0

Volume (mL/Kgegy)

6.5
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5.0

Fig 4.1 Tidal volume delivered (VTmL/KgpswVCM and VTmL/KgpewHFPV) during both ventilations are
expressed as median, minimum, maximum and 1% 3" quartiles. The red line represent the safety volume

limit.
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Once achieved the safety volume range, the APt was estimated, and the pressure
increment perturbation was applied. In table 4.4 are reported the comparison between the

respiratory parameters before and after the application of APyt increment.

Patient Rrs Rrs’ Crs Crs’ VT \VAN ACrs
(cmH,0 L™ s) | (cmH,0 L™ s) | (mL/cmH,0) | (mL/cmH,0) | (ML/Kgesw) | (ML/Kgpew) | (%)
1 12 11,5 25 31 6,5 7,9 24,0
2 18,2 17,8 40,3 41,8 6,5 7,5 3,7
3 15,6 14,9 442 49 7,41 8 10,9
4 18 18 55,8 52,6 71 7,7 -5,3
5 13 14 31 33 5,9 6,1 6,5
6 18 16,5 39 44 6,6 7.6 12,8
7 17 18,3 47,4 53,6 6 6,7 13,1
8 10,7 12 27 29 6,9 7.2 7.4
9 8,8 9,2 27,6 37 5,9 7.8 34,1
10 11 11,5 50,2 61,3 5,38 6,6 22,1
Median 14,3 14,45 39,65 42,9* 6,5 7,55#
(1*-3"1QT) | (11,2-17,8) | (11,6-17,5) | (28,5-46,6) | (34-51,7) (5,9-6,8) (6,8-7,7)

Table 4.4 Comparison between the respiratory parameters before and after the application of AP+t increment;
Crs-Crs” and VT-VT’ differed significantly * p = 0,016 and # p = 0,005 respectively. ACrs (%) represent
compliance variation.

After the application of pressure perturbation, as a mini recruitment maneuver, the
respiratory system compliance and delivered tidal volume varied significantly (p = 0,016
and 0,005 respectively) while the respiratory airway resistance remained constant. In all
cases except one the ACrs% was positive (from 3,7 to 34,1%) suggesting an potential
alveolar recruitment. The ACrs% increment greater than 10% was retained clinically
significant considering the amount of pressure variation applied. Therefore the six patients
can be identified as recruitment cases. On the other side, in only one patient ACrs% was
negative suggesting a potential alveolar over-distention. An intermediate behavior
characterized by the compliance increment lower than 10% occurred in three patients. In

these cases the perturbation maneuver did not affected compliance.

For each of three aforementioned patient categories are reported below the most
representative cases with corresponding curves and estimated respiratory parameters

together with a brief clinical opinion.
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4.2.1 Recruitment case

The initial respiratory parameters obtained before the APty applications are

reported in table 4.4 and figure 4.1. The VT is in a safety range and Crs is low as expected

in a patient suffering from sepsis. The application of pressure increment produced a

concomitant increase of tidal volume and compliance. In this case the pressure perturbation

amounted of 6 cmH,O with consequential poor Pawmen increment, although the
VTmL/Kgpsw moved from 5.9 to 7.8 VTmL/Kgpsw.

Pressure
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Figure 4.2 Recruitment case: pressures, flow and volume tracings during one inspiration recorded at the
beginning of HFPV. In the top panel are depicted measured airway pressure (blue line), estimated tracheal

pressure (red line) and estimated AP+t (black line).

Rrs Crs Pawmean Peak VT VTmL/Kgpew AP+
(cmH,0/Ls™) | (mL/ecmH,0) | (cmH,0) | (cmH,0) | (mL) (ml/Kgpsw) (cmH,0)
8.8 27.6 9.1 34 490 5.9 6

Table 4.5 Recruitment case: respiratory mechanics parameter relative to figure 4.2 obtained at the beginning

HFPV
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Figure 4.3 Recruitment case recorded after AP+t increment. Airway pressure, flow and volume tracings
during one inspiration

Rrs’ Crs’ PaWmean” | Peak’=Paw+ AP | VI? | VI'mL/Kgpaw
(cmH,0/Ls™) | (mL/cmH,0) | (cmH,0) (cmH,0) (mL) [ (ml/Kgpaw)
9.2 37 9.6 40 650 7.8

Table 4.6 recruitment case recorded after APt increment. Respiratory mechanics parameter relative to figure
4.3.
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Figure 4.4 Recruitment case recorded after 12 hours. Airway pressure, flow and volume tracings during one
inspiration

Rrs” Crs” PaW,can® Peak” VT” | VT”mL/Kgpsw

(cmH,0/Ls™) | (mL/cmH,0) | (cmH,0) | (cmH,0) | (mL) (mI/Kgpaw)

9.5 38 9.5 39 655 7.9

Table 4.7 Recruitment case recorded after 12 hours Airway pressure, flow and volume tracings during one
inspiration.

4.2.2 Over-distension case

The respiratory parameters corresponding to initial condition are reported in table
4.8 and figure 4.5. The application of pressure increment produced a Crs decrement while
VT increased. In this case, for safety reason, the APyt pressure increment was removed and

the patient was ventilated with the previous HFPV setup until the end of treatment.
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Figure 4.5 over-distension case: pressures, flow and volume tracings during one inspiration recorded at the
beginning of HFPV. In the top panel are depicted measured airway pressure (blue line), estimated tracheal
pressure (red line) and estimated AP+t (black line).

Rrs Crs Pawmean Peak VT VTmL/Kgpew APiube

(cmH,0/Ls™) | (mL/cmH,0) | (cmH,0) | (cmH,0) | (mL) (MI/Kgppw) (cmH,0)

18 55.8 11 34 565 7.1 4

Table 4.8 Over-distension case: respiratory mechanics parameter relative to figure 4.5 obtained at the
beginning HFPV.
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Figure 4.6 Over-distension case: airway pressure, flow and volume tracings during one inspiration recorded

after AP+t increment.

Rrs’ Crs’ PaWmean” | Peak’= Paw+ APype | VT? | VI mL/Kgpaw
(cmH,0/Ls™) | (mL/cmH,0) | (cmH,0) (cmH,0) (mL) | (mI/Kgpsw)
18 52.6 12 38 615 7.7

Table 4.9 Over-distension case: respiratory mechanics parameter relative to figure 4.6, obtained after APyt
pressure increment, during HFPV.

67



Chapter 4 — In vivo measurements during HFPV

— Pressure

O, 40

I

5

E' 20F

2

§ 0 L L L L

o 0 05 1 1.5 2 25
Flow

[
-
-
-
-

1)
7
2,
z OF T
o
o
19 05 1 15 2 25
) Volume )
0,7 T T T T T
=
2 04f
>
S
> ,
0 05 1 15 2 25

Time [s]

Figure 4.7 Over-distension case: airway pressure, flow and volume tracings during one inspiration recorded
after 12 hours.

Rrs” Crs” PaW,can® Peak” VT” | VT”mL/Kgpsw

(cmH,0/Ls™) | (mL/cmH,0) | (cmH,0) | (cmH,0) | (mL) (mI/Kgpaw)

17.4 58 11 35 580 7.0

Table 4.10 Over-distension case: respiratory mechanics parameter relative to figure 4.7, obtained at the end
of HFPV treatment.

4.2.3 Linear case

The respiratory parameters corresponding to initial condition are reported in table

4.11 and figure 4.8. The application of pressure perturbation produced a VT increment
together with a small increase in Crs.
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Figure 4.8 Linear case: pressures, flow and volume tracings during one inspiration recorded at the beginning
of HFPV. In the top panel are depicted measured airway pressure (blue line), estimated tracheal pressure (red
line) and estimated AP+t (black line).

Rrs Crs PaWean Peak VT | VTmL/Kgpew APt

(cmH,0/Ls™) | (mL/cmH,0) | (cmH,0) | (cmH,0) | (mL) (mI/Kgppw) (cmH,0)

18.2 40.3 14 32 520 6.5 4

Table 4.11 Linear case: respiratory mechanics parameter relative to figure 4.8 obtained at the beginning
HFPV.
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Figure 4.9 Linear case: airway pressure, flow and volume tracings during one inspiration recorded after APt

increment.

Rrs’ Crs’ PaWmean” | Peak’= Paw+ APupe | VT’ | VI'mL/Kgpsw
(cmH,0/Ls™) | (mL/cmH,0) | (cmH,0) (cmH,0) (mL) (mI/Kgpaw)
17.8 41.8 15 36 600 7.5

Table 4.12 Linear case: respiratory mechanics parameter relative to figure 4.9, obtained after APyt pressure

increment, during HFPV.

70



Chapter 4 — In vivo measurements during HFPV

Pressure

o
o
)

N
(=]
!

(=)
o

Pressure [cmHZO]

0.5

[EY

Flow

=
=
=
=
=

Flow [L/s]
o
!

0 0.5

[EEN

Volume

Volume [L]
o
SN
!

0 0.5 1 1.5 2 2.5
Time [s]

Figure 4.10 Linear case: airway pressure, flow and volume tracings during one inspiration recorded after 12
hours.

Rrs” Crs” PaW,can® Peak” VT” | VT”mL/Kgpsw

(cmH,0/Ls™) | (mL/cmH,0) | (cmH,0) | (cmH,0) | (mL) (mI/Kgpaw)

14.2 42 14 35 635 7.9

Table 4.13 Linear case: respiratory mechanics parameter relative to figure 4.10, obtained at the end of HFPV
treatment.

4.3 Gas exchange analysis

Blood gas analysis were recorded before and during the HFPV treatment. In figure
4.11 PaO,/FiO, ratio is reported in ten patients underwent “mini recruitment maneuver”
performed at the beginning of HFPV trial. The reported samples are corresponding to ICU
admission (initial observation), HFPV enrollment (after 12 hrs), four, eight and twelve
hours of HFPV treatment, respectively. The data were compared with the mean (+ SD)

values of 35 patients (control group) obtained in the previous HFPV study [36] based on

71



Chapter 4 — In vivo measurements during HFPV

constant Pawnean @s described in chapter 1. As expected gas exchange did not differ from
initial observation and HFPV enrollment. The slopes of the mean values between ICU
admission and HFPV enrollment were similar although our population presented lower
initial values. Is important to point out, that during the following four hours, a different
behavior should be described between the two considered populations. In control group the
slope of PaO,/FiO, was 10 hrs™ while in mini-recruitment group was 12 hrs™. This slight
but important increment should be considered clinically relevant because obtained in
accordance with the protective ventilatory strategy. However these preliminary results
should be confirmed in future study.
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Figure 4.11 PaO,/FiO, ratio corresponding to ICU admission (initial observation), HFPV enrollment (after 12
hrs), four, eight and twelve hours of HFPV treatment, respectively. Dotted lines represent the mean and 1SD
values in each sampling moment, for case (red line) and mean+SD values (black line). of 35 patients,
obtained in the previous HFPV study based on constant Pawsn (control group) The exact PaO,/FiO, values
are represented with blue circles.
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The main result of this study is the discrepancy between VT delivery, at the same
PaWmean, during VCM and HFPV in 30% of studied populations (Table 4.2). In these
patients the VT exceeded the upper safety limit of 8 mL/Kgpsw. For this reason Pawmean

cannot be considered a reliable parameter of volume variations.

The “mini recruitment maneuver” was applied on 10 patients during the trial. The
pressure increment in six of them (2 chest trauma, 3 sepsis and 1 pneumonia) resulted in
transition from low to significantly higher values (>10%) of Crs without overcoming the
safety volume zone (Table 4.4). This behavior is characteristic for alveolar recruitment and
could be described in pressure — volume (P-V) curve by translation from low inflation zone
(Figure 4.2 and Table 4.5) to linear zone (Figure 4.3 and Table 4.6). In the five of six

patients the etiology of the acute hypoxemia is not related to direct lung injury.

On the other hand, in one patient with stiff lungs (Figure 4.5 and Table 4.8) due to
bilateral pneumonia the pressure increment produced an increase in VT and at the same

time, a decrease in Crs, resulting an undesired over-distention (Figure 4.6 and Table 4.9).

Finally the other three patients (2 pneumonia and 1 neurogenic pulmonary edema)
(Figure 4.8 and Table 4.11) presented an intermediate respiratory mechanics behavior
corresponding to linear part of P-V curve. In this case a volume increment resulted in poor
compliance variation (Figure 4.9 and Table 4.12) as expected in subjects suffering

hypoxemia due to primitive lung lesions.

5.1 Interpretation of “mini recruitment maneuver” by

pressure—volume curve model

The variations of respiratory mechanics should be physiopathologically understood
by considering the pressure volume relationship during mechanical ventilation. The

pressure-volume curve shows that the pressure-volume tracing (P-V) of the respiratory
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system is not linear; rather, in general it is sigmoidal in shape with two extremities where
Crs is smaller and a relatively linear intermediate zone in which Crs is greater. The three
segments of the inspiratory arm of the curve are separated by lower inflexion point (LIP)
and upper inflexion point (UIP) that allow us to identify the pressures at which recruitment
and de-recruitment begin and end (figure 5.1). Accordingly, it has been postulated that
tidal ventilation (VT) should occur in the central zone of the P-V tracing, between the two
inflexion points. [72].

UIP

LIP

Figure 5.1 Inspiratory limb of a P-V curve. LIP and UIP represent lower and upper inflation point
respectively. [72]

Several studies have demonstrated that the inspiratory limb of P-V curve is parallel
to both aeration and recruitment curves. For inspiratory pressures between 0 cmH,0O and
the inspiratory LIP, the increase in lung volume is mainly due to aeration of normally
poorly aerated areas. When airway pressure increases above the LIP, recruitment starts.
Therefore, the LIP reflects the onset of recruitment of non-aerated areas in the lung. It has
been reported that the presence of an LIP in the curve indicates significant potential for
recruitment. As detecting these potential could have important consequences for patient
management, it is tempting to speculate that P-V curves could be useful tool at bedside.
From the clinical point of view the elements of particular interest provided by P-V curve
are the LIP, UIP, the inflation maximum curvature and total respiratory system
compliance. At the beginning the P-V curve is flat and reflects very low compliance (LIP),

the following segment is characterized by a steeper slope that represents the maximum
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compliance (Crsmax). At the end of inflation (UIP) when the respiratory system is
completely distended, the decrease in compliance suddenly approaches zero. Recruitment
pressures have a Gaussian distribution that is responsible for the steeper part of the curve,
with the inspiratory UIP reflecting the end of these massive recruitment. However, some
recruitment takes place at pressures higher than this point. It is useful to detect the UIP to
obtain an upper pressure ventilator limit to avoid overdistension, although some studies
suggest that the UIP might indicate the end of alveolar recruitment and not necessarily the
beginning of overdistension. The LIP occurs at the beginning of lung inflation, where
alveoli are less distensible and require high insufflation pressures to reopen. The
application of positive and expiratory pressure (PEEP) values chosen slightly above than
LIP pressure value prevents end expiratory alveolar collapse and avoids shear stress trauma
caused by periodic alveolar opening and closing. In the linear part of P-V curve the ratio
between volume and pressure variations is almost constant. In these conditions tidal

volume ventilation is desirable to minimize ventilatory induced lung injury.

It is important to point out that the P-V curve represents a dynamic phenomenon
that reflects alveolar distension of open units and recruitment of previous closed lung units.
As depicted in figure 5.2 there is a close correlation between the P-V curve and the
radiologic images, confirming the clinical relevance of the viscoelastic respiratory system

parameters estimation.

Volume (ml) 1400 {
172004

1000 4

Figure 5.2 Computed tomographic scan images were obtained while tracing the curve in static conditions.
Note that recruitment only starts when airway pressure is higher than the lower inflection point (LIP) of the
inspiratory limb and continues up to the maximum pressure reached, even above the upper inflection point
(UIP) modified from [73].
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Our results suggest that is of paramount importance to use an appropriate
acquisition and elaboration system during HFPV to avoid volutrauma. Moreover, a
standardized and safe recruitment maneuver during HFPV is not available. The clinical
studies reports that HFPV acts as pressure controlled logic promoting alveolar recruitment
[36][71]. This phenomenon is particularly evident after at least 12 hours of continuous
treatment[36].From a clinical point of view the possibility to early optimize the pressure
volume relationship can improve the beneficial effect of HFPV, minimizing iatrogenic
lung damage.

Nevertheless, it is important to point out that the choice of VT mL/Kgpgw Should
not be “blind” but always is mandatory consider the heterogeneity of underlying lung
injury typically present in these patients. In other words, it is essential that tidal volumes
should be titrated based on Crs, in patients with Acute Lung Injury (ALI) and Acute
Respiratory Distress Syndrome (ARDS).

Important study indicate that although some patients, such as those with poor Crs
and high airway pressures, would benefit from very low tidal volume, others with less
severe lung injury may require larger volumes to maintain ventilation and avoid alveolar
collapse during conventional mechanical ventilation [74].

Deans et al. have demonstrated that the effect of changing tidal volume on mortality
is dependent on starting pulmonary compliance (figure 5.4). The authors examined the pre-
randomization compliance of patients in the ARMA trial that randomly assigned 861
mechanically ventilated patients with ARDS to receive initial VT of 6 or 12 mL/Kg. In this
case the data analysis revealed that before randomization, tidal volume was titrated based

on pulmonary compliance (figure 5.3) [74-75].
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Figure 5.3 Relationship between pre-randomization pulmonary compliance and tidal volume. Panel A shows
a significant relationship between tidal volume and lung compliance pre-randomization. Lower tidal volumes
were administered to patients with less compliant lungs. Panel B, modeling of the relationship between
compliance and tidal volume reveals that the best predictive relationship is biphasic. In patients with less
compliant lungs, there is a direct linear relationship between compliance and tidal volume; however, in
patients with more compliant lungs, there was no relationship between tidal volume and compliance. Tidal
volume remained relatively constant over this range of pulmonary compliance. [74-75]

Interestingly, the mortality effect of changing tidal volume was significantly associated

with pre-randomization lung compliance (p = 0.003 for interaction) (figure 5.4).
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Figure 5.4 The effect of changing tidal volume on mortality is dependent on pulmonary compliance. There is
a significant interaction between pulmonary compliance and mortality rate in the ARMA trial (p =0 .003). In
patients with lower pulmonary compliance, raising tidal volume increased mortality compared with lowering
tidal volume (filled circles; 42% vs. 29%). In contrast, in patients with higher pulmonary compliance, raising
tidal volume decreased mortality compared with lowering tidal volume (unfilled circles; 21% vs. 37%) [74-
75].
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Patients with more compliant lungs did poorly if tidal volumes were lowered. In
contrast, those with relatively less compliant lungs did well if tidal volumes were lowered.
This finding is consistent with the philosophy that parameters of mechanical ventilation
should be titrated based on surrogates of disease severity [76-80].

At the present time, the above mentioned clinical considerations are routinely used
during conventional mechanical ventilation.

Unfortunately, these important recommendations cannot yet be applied in the
sickest patients not responding to CMV.

Therefore, in order to comply with these important recommendations, and with the
aim to early optimize HFPV treatment, an algorithm based on results of this study is

proposed.
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optimization of HFPV treatment

The algorithm based on the tidal volume (VT), viscoelastic respiratory system
parameters (Crs, Rrs, Irs) and endotracheal tube pressure drop (AP+t) estimated values is
proposed. The decisional flow diagram of proposed algorithm is represented in Figure 6.1.

Ten minutes after the beginning HFPV at the same mean airway pressure as VCM
the VT, Crs, Rrs, Irs and APyt values are estimated. In particular, VT and Crs are
considered as starting point. If the measured VT is over the safety range of 6-8 mL/Kg of
predicted body weight (PBW) the decrease of the working pressure is mandatory as well as
to repeat the measure until the safety volume is reached.

If the patient presents a measured tidal volume in the safety range the “mini
recruitment maneuver” should be considered. The effects of this pressure increment on the
respiratory system are referred to measured initial conditions. To avoid arbitrary pressure
increment we propose to use the previous defined APyt value by acting on pulsatile flow
rate (F-knob) till a working peak pressure increases by APrt value. At this point, a novel
values of VT’, Crs’, Rrs’ and Irs’- parameters are estimated and compared with the

corresponding starting point values.
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Figure 6.1 Flow diagram representation of the algorithm based on results of this study.
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The following possibilities should be considered:

1. VT’> VT and Crs’ > Crs. This case contemplates the alveolar recruitment effect
due to pressure increment, theoretically described by shift from LIP to linear zone
on the P-V curve (figure 6.2).

UIP

/)

P

Figure 6.2.The arrow indicates the translation between lower and linear zone on pressure-volume curve (red

circles)
2. VT’> VT and Crs’ = Crs. The pressure increment produces a VT rise without
affecting respiratory system elastic properties. Thus the ratio between pressure and

volume variations is almost constant and corresponds to the linear part of P-V

curve (figure 6.3).

UIP

LIP

P

Figure 6.3. In the linear part of P-V curve (reed circles) the ratio between volume and pressure variations is
constant as a consequence the slop represented by Crs is almost constant .
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3. VI’> VT and Crs’ < Crs. This is a typical example of lung overdistension. The
pressure increment produces a sudden decrease in P-V curve slope due to the
transition from linear to UIP zone (figure 6.4).

! &

UIP

LIP

Fl

Figure 6.4. In the upper part of P-V curve (reed circles) the ratio between volume and pressure variations is
not constant as a consequence the slop represented by Crs changes suddently .

4. VT’< VT and Crs’ = Crs. In this case VT decrement is not related to Crs and a
resistive effect on volume should be advocated. The additional pressure applied is

probably counterbalanced by the increment of resistive component.

5. VI’< VT and Crs’ < Crs. This example describes a case of sudden increase in

respiratory system impedance or a VDR-4® pressure power supplies limitation.

Once identified which of these possibilities is verified the following steps (see Figure 6.1

in which the algorithm is represented as a flow diagram) should be considered:

In case VT’> VT and Crs’ > Crs consider if the VT value is 6-8 mL/Kgpgw (depending on
the lung pathology):
- If VT’> 8 mL/Kgesw the convective volume decrease by positive PEEP

increment is mandatory. The approximated PEEP level should be calculated as:

82



Chapter 6 - Proposed algorithm for the optimization of HFPV treatment

PEEP = AVT/Crs’ where AVT corresponds to a desired volume decrement in
order to reach 6-8 mL/Kgpsw. After the PEEP application a new measurement
of the volume is necessary.

- If VT’ is in the safety range (6-8 mL/Kgesw) gas exchange and a new
respiratory mechanics measure should be considered after 30 minutes.

Also in case of VT’> VT and Crs’ = Crs a verification if VT’ is in the safety range should
be considered.

- If VT’>8 mL/Kgpesw then a decrease of the working pressure toward the starting
point level or a decrease of the convective volume by positive PEEP increment is
appropriate.

- Otherwise, if VT’ is in the safety range (6-8 mL/Kgpsw), @ new gas exchange and

respiratory mechanics measure should be considered after 30 minutes.

When VT’> VT and Crs’ < Crs an immediate decrease of the working pressure toward the
starting point level is mandatory. A new gas exchange and respiratory mechanics measure

should be considered after 30 minutes.

In the case of VI’< VT and Crs’ = Crs it is possible to consider patient or respiratory
circuit resistance increment as bronchospasm or secretion inside endotracheal tube.
Consider to use bronco-dilatation therapy and remove the secretion by suction.

Finally, when VT’< VT and Crs’ < Crs a condition of selective bronchial intubation or
hypertensive pneumothorax could be considered. Perform endotracheal tube repositioning

and chest drain insertion, respectively.

6.1 Conclusion

At the present time the use of HFPV is increased, nevertheless the monitoring state
of art is still based on mean airway pressure and gas exchange analysis. From the bench
studies it is known that volume delivery and mean airway pressure do not change
accordingly. For this reason a suitable acquisition system for measurement of pressure,

flow and volume during HFPV was developed. Thereafter the acquisition prototype was
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modified in order to be available to the bedside and suitable signal elaboration for
estimation of respiratory mechanics (Rrs, Crs, Irs) and endotracheal tube pressure drop
(APtT) was performed. The possibility to measure respiratory signals during HFPV and
estimate corresponding parameters have opened a new horizon in clinical monitoring.

In conclusion, as a result of in vivo measurements, this thesis describes and
provides for the first time the application of a decision support algorithm, based on the
viscoelastic respiratory system properties during HFPV. The most representative examples
were described suggesting the paramount importance of a proper monitor system during
HFPV.

This algorithm represents the result of a pilot study performed in a small sample
size population. Accordingly, we cannot exclude that the results could partially depend on
different etiologies of lung injury. The decision support algorithm should be tested and
optimized in future randomized study.

The clinical message of this study should be addressed bearing in mind all of the

aforementioned limitations.
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