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Abstract

The present paper describes the functional features of an advanced lung ventilation system (ALVS) properly designed for the optimization
of conventional dual-controlled ventilation (DCV), i.e. with pressure-controlled ventilation with ensured tidal or minute volume. Considering
the particular clinical conditions of patients treated with controlled ventilation the analysis and synthesis of ALVS control have been performed
assuming a linear respiratory mechanics. Moreover, new airways pressure waveforms with more physiological shape can be tested on simulators
of respiratory system in order to evaluate their clinical application. This is obtained through the implementation of a compensation procedure
making the desired airways pressure waveform independent on patient airways resistance and lung compliance variations along with a
complete real-time monitoring of respiratory system parameters leading the ventilator setting. The experimental results obtained with a lung
simulator agree with the theoretical ones and show that ALVS performance is useful for the research activity aiming at the improvement of

both diagnostic evaluation and therapeutic outcome relative to mechanical ventilation treatments.

© 2006 IPEM. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

As it is well known, artificial lung ventilation plays a fun-
damental role in several health critical applications, with main
clinical indications in anaesthesia, particularly during long
lasting operations, in Intensive Care Units and in the respira-
tory insufficient syndrome [1].

Thus, since the introduction of artificial respiration in the
clinical practice, the design and the functional features of
lung ventilators have been undergone a continuous evolution
and improvement till today [2,3]. The recent developments
of ventilators technology have provided electro-mechanical
devices able to perform the automatic control of artificial ven-
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tilation through a microprocessor feedback acting between
preset and actual measured values of basic physical param-
eters [4-6]. Nevertheless, the crucial still unsolved question
is the optimal choice of ventilation modality and parameter
setting to be applied to the specific patient and pathology
[7.8].

Nowadays most clinicians select the technique and param-
eter settings to be adopted for the ventilation treatment among
the conventional modalities included in the own ventilator
options without taking advantages of real state of the art.
The existing gap between the technology outcomes currently
available on ventilators and their implementation in the clin-
ical practice comes from different historical and cultural
reasons [9].

Firstly, it should be pointed out the lack of a scientific
communication channel connecting effectively the clinical
environment with the physical and engineering fields. More-
over, the clinical training and experience of medical staff
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usually does not provide an adequate knowledge of physics
as well as of technology involved in the mechanics of lung
ventilation. Such widespread situation brings about three sub-
stantial main drawbacks. The first drawback consists in the
strong slowing down of research and development activ-
ity applied to the field. The second drawback is the lack
of consensus working protocol between different personnel
involved in testing and evaluating both the clinical results
and the adopted research approach. The last, but of course
most relevant drawback, is the negative effect on the patients
which otherwise could take advantages of the improved and
advanced procedures applied to the clinical practice.

In order to overcome such problems, a new idea should
be found out. This purpose can be reached through a strong
effort towards a multidisciplinary approach based on a close
joining of competence activity between biophysicists, bio-
engineering and clinical physicians. This cooperation may
also lead to the design guidelines for optimal and advanced
ventilators as well as to their laboratory and clinical develop-
ing and testing.

The present paper deals with the design description
and functional features of an advanced lung-ventilator
system (ALVS) conceived for analysis and control of
improved artificial ventilation modalities. Besides that, prop-
erly developed procedures for the optimization of respiratory
flow, airways and endoalveolar pressure waveforms during
assisted/controlled ventilation, useful in the research and clin-
ical activity, will be defined and discussed.

2. State of the art and research requirements for
assisted/controlled ventilation

Controlled ventilation should be applied to the patient
when his spontaneous breathing is absent or forbidden for
the whole duration of the treatment. Controlled ventilation
includes all that ventilation modalities in which the breath-
ing control is completely carried out by an external machine,
i.e. the ventilator [10].

When spontaneous breathing is present, even if below the
standard physiological level, assisted/controlled ventilation
is required for the patient. Assisted/controlled ventilation
is so called because it includes all the ventilation modali-
ties in which the ventilator supplies the patient with con-
trolled breathing only after a long lasting interval of apnea
(assisted ventilation) or at detection of a very weak effort of
spontaneous breathing (triggered ventilation) [11]. Thus, in
assisted/controlled ventilation the control of breathing is par-
tially held by the ventilator, anyway allowing the patient the
possibility of spontaneous breathing at his will or capability
[10,11].

The controlled breathings supplied to the patient during
controlled or assisted/controlled ventilation can be classified
considering different approaches [10]. The most practical and
consequently most diffused approach is based on the physical
parameters controlled during the inspiration by the pneumatic

generator irrespective of load (respiratory characteristics of
patient) variations or fluctuations [12].

If during the inspiration the generator supplies the load
(lungs) with a pre-established volume (tidal volume) or
applies a pre-established pressure to the load (airways), the
controlled breathing is defined as volume-controlled ventila-
tion (VCV) or pressure-controlled ventilation (PCV), respec-
tively [12].

In current ventilators used in the clinical practice for con-
trolled breathing of patient, the VCV or the PCV are mainly
implemented with constant inspiratory flow or airways pres-
sure, respectively [13]. Such strong limitation in waveform
modeling of physical parameter controlled by the ventila-
tor, resulting from simplified hardware and software design,
reduces drastically the functional versatility of the ventilator
performances.

As a result, among the wide variety of inspiratory wave-
forms potentially applicable to the patient treated with
assisted/controlled ventilation, the square shape is the only
option practically employed in the clinical environment. The
square shape results since at the end of inspiration time in the
VCV or in the PCV the flow is abruptly reversed (Fig. 1a)
or the airways pressure is abruptly reduced to its lowest
value required and preselected for the end of expiration time
(Fig. 1b), respectively. Thus, for the controlled breathing of
patient the current choice is only between conventional VCV
and PCV, i.e. between respiratory flow and airways pressure
square waveform, respectively [13].

Until few years ago the VCV has been mainly adopted,
with the exception of neonatology field where the PCV is
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Fig. 1. (a) Square waveform of respiratory flow (¢rgs) and (b) airways
pressure (Paw) as a function of time (#) in conventional volume-controlled
ventilation (VCV) and pressure-controlled ventilation (PCV). The continu-
ous and dotted lines denote inspiration and expiration, respectively.
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preferred since tidal volume control is too much critical [14].
Such situation has been correlated with the clinical assump-
tion that considers the control of tidal volume or of minute
volume (volume delivered in a minute) as the most relevant
parameter for adult ventilation treatment [13]. This assump-
tion does not take into account the lower physiological char-
acter of VCV as well as the high level of intrinsic risk for the
patient or functional failure of tidal volume computation.

As it is well established, the mechanics of physiologic
breathing is controlled by impressing the proper time varia-
tions of transpulmonary pressure for producing the required
time variations of respiratory flow and hence of lung volume
(and not vice versa) as a function of current value assumed by
patient’s airways resistance and lung compliance [15]. The
transpulmonary pressure is the difference of pressure existing
between airways and intrathoracic levels.

Moreover, over long periods of treatment with VCV an
overestimated tidal volume can cause the rupture of pul-
monary alveoli (risk of “volutrauma”), in particular for
reduced lung compliance, whereas an insufficient tidal vol-
ume can lead to hypoxia [13].

Finally, the VCV has no capability in providing for pneu-
matic losses that might occur along the ventilation circuit due
to tidal volume measurement at upstream level.

Considering the previous drawbacks, the PCV should be
preferable even if the method of measuring and controlling
the pressure at the airways level, while eliminating the risk
of rupturing the alveoli (‘“barotrauma”), can easily lead to
hypoxia for reduced tidal volume due to the frequent forma-
tion of catarrh in the patient’s upper airways or in patients hav-
ing high airways resistance (acute bronchial asthma attack,
bronchial spasms, etc.) [12]. In such case, during the inspi-
ration time, the constant value of pressure set for airways
pressure is quickly reached, due to the considerable dynamic
drop in pressure which occurs between the patient’s airways
and alveoli, without, however, guaranteeing the patient a suf-
ficient degree of ventilation [12].

The solution of the best choice between current avail-
able conventional waveforms for assisted/controlled venti-
lation consists in the implementation of the so-called dual-
controlled ventilation (DCV), i.e. the pressure-controlled
ventilation with ensured tidal or minute volume [16,17].

The conventional DCV is a special form of PCV in which
the constant level of inspiratory airways pressure is not kept
on the pre-selected value but it is automatically regulated
by feedback control for delivering during the selected inspi-
ration time either the tidal volume required or, considering
the breathing frequency selected, the minute volume pre-
established [18].

Is the conventional DCV the final solution for waveform
optimization in assisted/controlled ventilation? Not yet.

Two functional improvements should be pursued to the
purpose. The first improvement consists in a different
advanced approach for the breathing control of DCV with
square waveform as airways pressure excitation. Instead of
arbitrary pre-established parameters, the ventilation control

takes into account the current respiratory characteristics of
patient and his diagnostic evaluations, both obtained from
a monitoring system [19,20]. The second improvement con-
sists in a more realistic approximation of the airways pressure
waveform to physiological transpulmonary pressure wave-
form. The optimization of such excitation waveform for
patient (airways pressure waveform) would allow to reach
a more physiological reaction waveform of patient (respira-
tory flow and endoalveolar pressure waveforms). Moreover,
such reaction fits better the current value assumed by patient’s
airways resistance and lung compliance as well as its phys-
iopathological fluctuation during the treatment [21].

In this regard, the smoothing of upward and downward
slopes at the beginning and at the end of inspiration is the
most relevant change to be applied on square airways pressure
waveform. It allows, indeed, the elimination of the respiratory
flow vertical transitions occurring at the beginning of both
inspiration and expiration.

The present work deals with the design requirements
implemented in the ALVS for performing both the above-
mentioned functional improvements along with the theo-
retical treatment and experimental tests relative to the first
one. Moreover, the performance of a compensation proce-
dure developed to let the selected airways pressure waveform
become stable and insensitive from the patient’s breathing
characteristics, will be discussed.

3. The design of the advanced lung ventilation system
(ALVS) for waveform optimization of DCV

The chance of an improved DCV available in the clini-
cal practice has been enough explained in Section 2. In such
context, “improved” means as far as possible similar to phys-
iological breathing pattern together with extremely flexible
in adapting to individual patients’ requirements, pathologies
and their evolution.

The lung-ventilator system (LVS) is the result of the cou-
pling between a breathing machine (lung ventilator) and
human lungs [22,23]. The interaction of a ventilator device
(generator) with the respiratory system of a human being
(load) treated with assisted/controlled ventilation, can be
effectively studied adopting a proper fluidodynamic model.
The characterization of such model should be carried out
taking into account the behavior of every component making
up the LVS along with their pneumatic coupling during the
breathing process.

As a result, the model should be well suited for studying
the steady states as well as the transient evolution assumed by
the LVS during the ventilation process [24]. The ALVS has
been conceived and developed in our research laboratory in
order to perform the waveform optimization of DCV parame-
ters (airways and endoalveolar pressure, respiratory flow and
lung volume).

The ALVS main functional units, shown in the Fig. 2
together with their physical connection, are represented by
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Fig. 2. The advanced lung-ventilator system (ALVS). The STFGS, TVAPS and DRSS units are pointed out along with significant ventilation parameters

considered in the text (¢veN; PEXT; $RES; Paw(D); RExT (D).

the implementation of the following three devices:

(1) stationary and transient flow generator stabilizer
(STFGS);

(2) time-varying airways pressure stabilizer (TVAPS);

(3) dynamic respiratory system simulator (DRSS).

The ALVS design has been carried out in order to put into
practice the DCV including the following functional perfor-
mances:

(1) capability of applying to the patient’s airways any pres-
sure waveform of clinical interest during both the inspi-
ration and the expiration time;

(2) insensitivity of such waveform in shape and intensity to
the load (respiratory parameters of patient) fluctuations
or variations;

(3) capability of monitoring pressure waveform (airways and
endoalveolar), respiratory flow and lung volume as a
function of time together with the lung volume-airways
(endoalveolar) pressure and respiratory flow-lung vol-
ume loops, as well as power of calculating the current
value of inspiratory and expiratory airways resistance,
static and dynamic lung compliance and respiratory
work;

(4) compatibility of spontaneous breathing activity of
patient by flow or pressure support ventilation with
assisted/controlled breathing or/and triggered ventila-
tion.

As it is clear from Fig. 2, the points (1) and (2), i.e. the
application of the pre-established airways pressure waveform
(Paw(?)) and its keeping irrespective of the current value
assumed by any other pre-set parameter as well as of load
(airways resistance and lung compliance) fluctuations or vari-
ations, can be achieved by means of a steady flow (¢gxT)
crossing a time-varying fluidodynamic resistance (Rgxt(?)).
Regulation and control of the steady flow and of the fluido-
dynamic resistance are implemented inside the STFGS and
the TVAPS, respectively.

The Fig. 3 shows the coupling between the STFGS,
the TVAPS and the DRSS and their internal configura-
tions including the monitoring system and two on—off flow
switches (S1 and S2). The monitoring system, required to
fulfill the above-mentioned point (3), consists of two trans-
ducers for forward or ventilation (¢vgn) and backward or
external (¢gxT) flow measurement together with two trans-
ducers for airways (Paw) and endoalveolar (Pga) pressure
measurement.

The STFGS consists of the series between a variable pres-
sure generator (Pg) and its time-varying resistance (Rg).

The TVAPS implements a time-varying resistance
(RexT(?)) placed between airways and ground (atmospheric)
level.

The DRSS includes a variable resistance (Rp) connected
in series with a variable elastic compliance (Cp) simulating,
respectively, the airways resistance and the lung compliance
of a wide variety of patients and pathologies. The adopted
simulator device is extremely simple, but it is adequate for
treating all patients’ cases with homogeneous respiratory fea-
tures (see Section 5).

The STFGS has been specially designed for independent
stabilization of the flow crossing the TVAPS (¢gxT) both in
stationary and in transient conditions. Stationary and tran-
sient conditions occur when the respiratory flow (¢rgs), i.e.
the flow crossing Rp, equal to the difference between ¢vgn
and ¢gxT is zero or not, respectively, on account of zero or
non-zero difference between Paw and Pga pressure, respec-
tively.

During stationary conditions the STFGS delivers to the
TVAPS the steady flow (¢gxTo=¢vEN0) required for the
control and the stabilization of pre-established positive end
expiratory airways pressure (PEEPgxT) on account of each
previous monitored expiration. ¢ygn control and PEEPExT
control and stabilization irrespective of load fluctuations or
variations are actually carried out through the regulation of
Pg and equilibrium Rg (Rgp) values along with lowest avail-
able Rgxt value (RgxT0), if both the following conditions are
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Fig. 3. Internal configuration of the STFGS, TVAPS and DRSS units including the monitoring system of the ALVS. The components crossed with folded
arrows are devices whose characteristic parameter output can be varied according to input setting control.

verified:
Rco > RexTo e
PG > PEEPgxT 2)

The conditions (1) and (2) establish that the value of
Rgo and Pg should be considerably greater than Rgxto and
selected PEEPgxT values, respectively.

Considering both the conditions (1) and (2), the follow-
ing relations apply for independent control of ¢yvgn and
PEEPEgxT:

Pg

PEXTO = PVENO = —— 3)
Rco

PEEPexT = REXTOPEXTO = &REXTO 4)
Rgo

Therefore, considering that RgxTo is a fixed parameter, the
control of both the desired ¢ygn and the selected PEEPgxT
values is performed via Pg and Rgo regulation under both
conditions (1) and (2).

The transient conditions are correlated to the presence of
non-zero ¢rgs during both inspiration (¢ns) and expiration
(¢Exp), occurring when Paw is increased from PEEPgxT up
to its maximum value (Pgp) and soon after decreased down
to the same PEEPEgxT value, respectively.

The desired Paw(?) is obtained during inspiration and
expiration by RgxT increasing from RgxTto up to its maxi-
mum value (Rixr) and soon after decreasing down to the
same RgxTo value, respectively.

For the same reasons described above in the stationary
case, both the following conditions should be verified:

RGo > Rixr Q)
Pg > Par (6)

Considering that Rfixr and Pgp values are obviously
greater than RgxTto and PEEPgxT values, respectively, both
the conditions (1) and (2) can be neglected.

According to both the conditions (5) and (6) the following
relation applies for Pgj control:

% Pg
Pgr = Rpxt®ExT0 = —— Rpxr (7
Rao

During both inspiration and expiration the presence of
non-zero ¢Rrgs, if not compensated, would bring about a fluc-
tuation of ¢gxTt around ¢gxTo value and in turn a Paw(?)
distortion if compared to that resulting from the product of
¢ExTo value with selected Rgxt waveform (Rgxt(?)).

In summary, ¢gxt fluctuation alters significantly Paw(?)
which is intended to be applied and makes it dependent on
the respiratory characteristics of patient (Rp; Cp).

In order to maintain across the TVAPS the same level
of steady flow (¢gxT0) also during transient conditions, the
STFGS puts into practice a compensation procedure as fol-
lows.

The ¢pxT is kept steady on controlled ¢gxto value by
modeling the ¢yven waveform (¢ven(#)) around ¢yvgeno value
on account of the instantaneous ¢rgs and Pga values as well
as Rext/Rp ratio. The modeling of ¢ven(f) intensity and
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shape during breathing is performed through the regulation
around Rgo value of Rg.

As aresult of theoretical treatment of the ALVS working
principle, the analytical expression of Rg waveform (Rg(?))
required to successfully perform the compensation procedure
during both inspiration and expiration has been determined
within Section 4.1.

For an optimal matching between stationary and transient
conditions the choice of ¢vgNg value and, as per relation (3),
the choice of Pg and Rgo values should takes into account
the maximum level expected for both ¢ins and ¢pxp.

The compensation procedure just described acts during the
controlled breathing itself and it is based on feedback pro-
cess minimizing the difference between current monitored
and selected Paw(#). The compensation procedure, provid-
ing for steady and stabilized ¢gxT level during all the time
of ventilation, makes possible the desired shape of Paw(f)
excitation during both inspiration and expiration through an
identical shape of RgxT(f).

The shape regulation of RgxT(f) above RgxTo level, pro-
ducing the desired Paw(?) is carried out considering the
following relation:

Paw (1) = ¢ExTOREXT(?) (8

The intensity of RgxT(?) is controlled via feedback process
minimizing the difference between required and measured
tidal or minute volume delivered to the patient (dual control).

The feedback processes implemented for the compensa-
tion procedure and the tidal or minute volume control (DCV)
are treated and described in Section 4.

The above-mentioned point (4) can be easily met with
the implementation of particular Rgxt(#). For instance, the
patient can be treated with the conventional CPAP (contin-
uous positive airways pressure) or BILEVEL/BIPAP (two
levels of continuous positive airways pressure) ventilation
setting RgxT on a single constant value for all the time or on
two different constant values for two consecutive time inter-
vals, respectively. If required, the compensation procedure
can be applied in these cases also.

The flow switches S1 and S2 are always kept “ON”, allow-
ing a continuous airflow crossing the TVAPS. This eliminates
the transient effects on flow switching providing the optimal
ventilation control as well as the spontaneous breathing com-
patibility.

The STFGS and the TVAPS can be disconnected at any
time from the DRSS (patient) by switching “OFF” S1 and S2,
respectively. By proper assessment of S1 and S2 closure time
[25] the flow interruption technique is extremely useful for
the instantaneous monitoring of static lung compliance and
of both inspiratory and expiratory airways resistance as well
as for the detection of intrinsic or auto positive end expiratory
pressure [26].

This opportunity is particularly advantageous when non-
linear or unsteady respiratory mechanics is involved. More-
over, the flow interruption technique is the only procedure

available for the monitoring of effective patient’s respiratory
parameters when more physiological waveforms as airways
pressure excitation are employed [27]. Thus, in these both
cases the results of theory developed in Section 4 cannot be
applied to the purpose.

4. Theory of DCV optimization

The present chapter deals with the theory of DCV opti-
mization developed for research and clinical applications.
The theory is based on analytical treatment of the physical
model implemented by the ALVS design.

The electrical-equivalent network of the ALVS (Fig. 3)
used for analyzing and solving the theoretical problem is
shown in the Fig. 4.

The rightness of the adoption of such model comes from
the equivalent behaviour exhibited by fluidic and electrical
circuits within the conditions and hypothesis defining the
present work.

In this regard the basic hypothesis on respiratory mechan-
ics from which the theoretical treatment will be here devel-
oped are described and discussed as follows.

The first hypothesis consists in considering the drop
of pressure (AP) across any fluidic resistance (R) linearly
dependent on flow (¢), according to the following relation:

AP = R¢ ®)

The validity of (9) implies that R is not dependent on ¢,
according to ideal laminar flow condition. With the exception
of the airways resistance (Rp) belonging to the DRSS, all the
ALVS resistances have been designed to operate in laminar
flow condition. Considering that the flow condition across Rp
is generally unpredictable, as well as ¢Rrgs is a time varying
quantity inside each single breathing, the real determination
of effective Rp value is not an easy task. Nevertheless, the
dependence of Rp on breathing time can be approximated
with a bilevel (two constant levels) function representing
the effective average value of Rp assumed during inspiratory

dns (R i;x’l‘)
Paw Oexp(REXT0) _Rixs Pra
R l / Re J/
WA g
dexT

Y

Rixr — C
P / e "
RF,XT\
Rexro

Fig. 4. Electrical-equivalent network of the ALVS.
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and expiratory time, named inspiratory (RNs) and expiratory
(Rexp) airways resistance, respectively [19,28]. Practically,
Rins and Rgxp correspond to the value of Rp obtained from
(9) in which the average airflow values during inspiration
(¢?NS) and expiration (¢%Xp) are considered, respectively. As
it will be pointed out later (Section 4.3), ¢\g and pdyp equal
the ratio of tidal volume (VTp) to inspiratory (TT) and expi-
ratory (TE) times, respectively.

The second hypothesis consists in considering over the
whole duration of each single breathing the lung volume (Vp)
linearly dependent on endoalveolar pressure (Pga ), accord-
ing to the following relation:

Vp = CpPga (10)

Cp represents the proportional constant of the Vp—Pgx rela-
tionship called static lung compliance [29]. With reference
to the time variation inside each single breathing the relation
(10) implies that the ratio between Vp waveform (Vp(#)) and
Pga waveform (Pga(?)) is not dependent on time but can be
assumed constant, according to the following relation:

_ Vp(1)
? Pea(D)

The approximations just introduced on Rp (RiNs, RExP)
and Cp, neglecting their time variation inside of each single
breathing, are reasonable considering the particular phys-
iopathologic and clinical condition occurring when DCV is
applied to patient. Thus, the respiratory system of an healthy
anaesthetized or severely brain injured patient in most cases
exhibits a steady and reproducible response to controlled ven-
tilation treatment over time intervals shorter than or equal to
the breathing periods normally selected [29-31]. Moreover,
according to the relation (10), the Vp—Pga relationship can
be assumed linear inside the breathing dynamics involved
which is considerably reduced on account of small tidal vol-
umes required [32,33].

Morphologic and physiopathologic modification of
patient’s respiratory system, drug therapy, changing of clini-
cal staff options on ventilation parameters setting as PEEPgxT
or tidal volume can induce Rp or/and Cp variations during the
controlled ventilation treatment [27,34]. Nevertheless, such
variations can be detected if we compare two different breath-
ings as a whole, considering they do not involve the transient
response inside of the single breathing but only the steady
condition of the system reached at the end of both inspiration
and expiration times.

The Rp or/and Cp variations between different breathings
as a whole do not represent any problem to the ALVS func-
tional performances since the ventilation control is optimized
through the implementation of a specific closed-loop proce-
dure adapting automatically the setting of inspiratory and
expiratory times to the current value of both Rp or/and Cp
and hence to the current value of respiratory time constant
(Section 4.3). The detection and the measurement of any Rp
or/and Cp variation occurring during the ventilation treatment

(11)

is carried out by a diagnostic monitoring system dedicated to
the purpose (Section 5).

Therefore, if a considerable change of inspiratory and
expiratory times can be tolerated, the proposed method of
ventilation control is theoretically available for most clinical
conditions and patient’s pathologies.

The effects of non-linearity on Rp or/and Cp behavior,
occurring inside a single controlled breathing, cannot be
ignored from a theoretical and experimental point of view if
a certain amount of spontaneous breathing activity is present
or in special clinical condition for which — instead of the
square waveform — more refined waveforms as airways pres-
sure excitation are applied in DCV, in order to attain specific
therapeutic aims as alveolar recruitment [27,35-38].

The consequences of such effects on ALVS performances
go beyond the subject of the present work and will be deeply
investigated in the future when our research will be devoted
to assisted/controlled ventilation with more physiological
waveforms as airways pressure excitation along with sponta-
neous ventilation modalities.

Thus, considering all the above-mentioned considerations
and in particular the relations (9)—(11), the electrical poten-
tial, current, charge, resistance and capacity of electrical
circuits can be replaced by pressure, flow, volume, resis-
tance and compliance of fluidic circuits, respectively. More-
over, theorems and methods usually employed for solving
electrical network problems are available and in particular,
Kirchhoff’s laws give a powerful theoretical instrument to
the purpose.

Observing the patient (DRSS) configuration it appears as
an integration circuit leading to the well-known relationship
between Paw excitation and Pga or ¢rgs reaction.

4.1. Transient behavior of ALVS between two levels of
airways pressure excitation

From Fig. 4, it is easy to understand how the inspiration
and expiration can be both carried outby ALVS. Keeping con-
stant Pg and Rg on their proper values required for PEEPgxT
control (stationary conditions) the inspiration and the expira-
tion can be triggered by switching RgxT from a lower (RgxT0)
to an upper (Rfxy) value and vice versa, respectively.

For a square waveform as airways pressure excitation
RexTt must be kept on Rfxr and Rgxto value until the end of
inspiration and expiration, respectively.

The transient reaction of ALVS as a function of time during
inspiration and expiration can be studied through the appli-
cation of an appropriate method to the network of Fig. 4. The
method based on transformation of Kirchhoff’s equations
from time (f) to Laplace (s) variable domains and vice versa
(antitransformation) offers the best choice to our purpose.

Concerning the inspiration time, the application of both
Kirchhoff’s laws to the network of Fig. 4 leads to the follow-
ing three equations:

OVENI(S) = PEXTI(S) + PIns(s) (12)
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Pg "
P RGovENi(s) + RExT9EXTI(S) (13)
PG 1 PEEP
— = Rgéveni(s) + <RINS + ) dINs(s) + — T
s Cps
(14)

The ratio PEEPgxT/s of the Eq. (14) takes into account the
stationary conditions occurring at the beginning of inspiration
time and thus at the end of last expiration time for which both
the relations (3) and (4) can be applied. Considering that,
the endoalveolar end expiratory pressure (PEEPToT) can be
assumed equal to the stationary PEEPgxT value, according
to the following expression:

Pgai(0) = PEEPToT = Pawi(0) = PEEPExT (15)

The unknown functions ¢iNs(s), ¢veni(s) and ¢pxTi(s)
can be determined combining properly the three Eqgs.
(12)—(14). The solution relative to ¢yns(s) assumes the fol-
lowing expression:

B 1
NS (s) = — (16)
o; s+ aj
where
Bi = PG Rixt — PEEPExT(RG + Rixr) A7)
®; = RcRgxt + RGRINs + RgxtRINS (18)
R R}
g = ~G 1 Rexr (19)
Cp()[i

Considering the relation (4) and occurring the condition
RExt > RExTo it is easy to demonstrate from (17) that g; is
always a positive quantity.

According to the Laplace’s antitransformation of (16), the
function ¢ns(?) assumes the following expression:

diNs(?) = %e_“‘t (20)

1

The inspiratory time constant (7ins), defined as the recip-
rocal of the pole a;, from (19) it assumes the following
expression:

1 CPOli

TINS = —

= — 21
ai Rg + REXT @D

Going on with the same approach the following inspiratory
flow and pressure waveforms can be obtained:

P + REXT(,Bi/ai)e_ait

i) = 2

@vENI(D) Ro + Recr 22)
PG — Rg(fi/a;)e™ "

i) = 23
¢ExTi(?) Ro + Rexr 23)
Pawi(1) = Rgx@exTi(1) = (PG - RGﬂie_“i’> _ Rixr

% R + Rexr
24

PG Rixy — Bie™

Peai(t) = Pawi(t) — R 1) =
Eai(f) Awi (1) INsPINS () Ro + Ry

(25)

Considering both the relations (11) and (25) the inspiratory
waveform of lung volume (Vp;(f)) results in the following
expression:

Cp
(26)

Vpi(t) = Peai(t)Cp = (PG Rixr — Bie™ ™)

Assuming Rg constant in time and set on the equilibrium
value (Rgo) required for PEEPgxT control together with con-
sidering the condition (4) and the relation (5), the expressions
(17)—-(26) can be adequately approximated with the follow-
ings, respectively:

Bi = PG(RgxT — REXTO) 27

o = Rgo(Rixt + RiNs) (28)
1

a; (29)

"~ (Rixr + Rins)Cp

* J—
Me*(l/(REXTJrRINS)CP) (30)

¢INs () = dvENO
REXT + RINS

TINS = ali = (Rixr + Rins)Cp 31
dVENI(?) = PVENO (32)
EXTiI(1) = PVENO — PiNs (1) (33)
Pawi(t) = P1 — Rgxréins(t) (34)
Peai(t) = Pa1 — (Rgxr + Rins)$iNs (1) (35)
Wi(#) = [Por — (RExt + RiNs)@ins(£)]1Cp (36)

The inspiratory waveforms of ventilation parameters (30),
(32)-(36) along with of ALVS components output (Pg; Rg;
RexT) are reported in the Fig. 5 with continuous lines.

Concerning the expiration time, the application of both
Kirchhoff’s laws to the network of Fig. 4 leads to the follow-
ing three equations:

OVENe(8) = PEXTe(S) — PEXP(S) 37
P
TG = RGPvENe(s) + REXTOPEXTe(S) (38)

Pg 1 Pgr
— = RgoveNe(s) — | Rexp + = | dexp(s) + —
K Cps s
(39)

The ratio Pgy/s of the Eq. (39) takes into account the sta-
tionary conditions occurring at the beginning of expiration
time and thus at the end of last inspiration time for which
both the relations (3) and (7) can be applied. Considering
that, the endoalveolar end inspiratory pressure (Pgae(0)) can
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Fig. 5. Time-waveform of ventilation parameters (¢veN; @EXT; PrRES: VP; Paw; Pea) and of ALVS components output (Pg; Rg; RgxTt) in uncompensated
dual-controlled ventilation with square waveform as airways pressure (Paw ) excitation. The inspiration and expiration waveforms are reported with continuous

and dashed lines, respectively. See text.

be assumed equal to the stationary Pgr value, according to
the following expression:

Pepe(0) = Pawe(0) = Par

The unknown functions ¢gxp(s), dvENe(s) and PpxTe(s)
can be determined combining properly the three Eqgs.
(38)—(40). The solution relative to ¢gxp(s) assumes the fol-
lowing expression:

(40)

Be 1
PEXP(S) = — 41
Qe S+ ae
where
Be = Pc1(RG + Rexto) — P RexTo 42)
e = RGRex10 + RGRexp + RexToREXP (43)

_ Rg + Rexro

44
Crate (44)

de
Considering the relation (7) and occurring the condition
Rixt > RexTo it is easy to demonstrate from (42) that B is
always a positive quantity.
According to the Laplace’s antitransformation of (41), the
function ¢gxp(f) assumes the following expression:

Pexp(t) = &e_ae[ (45)

e
The expiratory time constant (tgxp), defined as the reciprocal
of the pole a., from (44) it assumes the following expression:

1 Cpa’e
TEXP = —

= P (46)
ae  Rg + Rexro
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Going on with the same approach the following expiratory
flow and pressure waveforms can be obtained:

PG — Rexto(Be/ote)e %!

1) = 47
PVENe(?) Ro + Rexto 47
Pc + RG(ﬂe/ae)e_aet
e(t) = (48)
YEXT RG + RexTo0

Pawe(t) = REXTOPEXTe(!)

Be _q ,) REXTO
= ( Pg+ RgSe ! | ——EXT0 (49)
( e RG + RgxTto
Pepc(t) = Pawe(?) + RexpPexp(?)
PGR —aet
_ P EXTO + Be € (50)

RG + RgxTo

Considering both the relations (11) and (50) the expiratory
waveform of lung volume (Vpe(?)) results in the following
expression:

Vpe(t) = Peac(t)Cp
Cp
= (PGRexto + Be &%) — (51)
¢ R + RexTo

Assuming Rg constant in time and set on the equilibrium
value (Rgo) required for PEEPExT control together with con-
sidering the condition (4) and the relation (7), the expressions
(42)—(51) can be adequately approximated with the follow-
ings, respectively:

Be = Pc(RExt — RexT0) (52)
ae = Rgo(RexTo + REXP) (53)

1
de =
(RexT0 + RExp)Cp

(54)

k
Me—(t/(REXT0+REXP)CP) (55)

@Exp(t) = GVENO
Rext0 + REXP

1
TEXP = - = (RexTto + Rexp)Cp (56)
dVENe() = PVENO (57)
@ExXTe(!) = PvENO + PEXP(?) (58)
Pawe(t) = PEEPgxT + REXTO®EXP() (59)
Pgae(t) = PEEPExT + (REXTO + REXP)®PEXP() (60)

Vpe(t) = [PEEPExT + (REXT0 + REXP)PEXP(1)]CP (61)

The expiratory waveforms of ventilation parameters (55),
(57)—-(61) along with of ALVS components output (Pg; Rg;
RexT) are reported in the Fig. 5 with dashed lines.

Finally, the respiratory time constant (trgs), defined as
the sum of ting and Tgxp, can be obtained considering both
the relations (31) and (56):

TRES = TINS + TExP = (RExt + ReExto + Rins + Rexp)Cp
(62)

4.2. Compensation procedure

The rationale of the compensation procedure is the elimi-
nation of Paw (7) distortion occurring during patient’s breath-
ing activity.

As introduced in Section 3, the compensation procedure
consists in keeping for all the time of ventilation the flow
crossing the TVAPS (¢gxT) on a steady and stabilized level
(¢EXT = GVENO)-

The analytical expression of Paw(f) distortion occurred
when ALVS is set for inducing a square waveform as Paw
excitation has been carried out in Section 4.1. In particular, the
expressions (34) and (59) relate to inspiratory (Paw;(#)) and
expiratory (Pawe(?)) non compensated Paw (7), respectively.

The elimination of Paw(?) distortion is essential not only
for carrying out the real Paw(?) intended to be applied but
particularly since it allows the useful implementation of the
results available from simplified theory. This is very advanta-
geous for the correct determination of critical parameters as
respiratory characteristics of patient (diagnostic parameters),
respiratory time constant as so on, all together providing for
the optimization setting of ventilation treatments.

The analytical treatment and the working principles of
the compensation procedure performed by the ALVS will
be presented here in the case of advanced DCV with square
waveform as Paw excitation.

The compensated variables will be denoted with a specific
apex character (A).

Referring to the Fig. 4, the condition to be satisfied during
the inspiratory time is the following:

Pg
PExTi = R = HVENO (63)
GO

From the condition (63), the following expression results:

PG

—— = RExTHVENO (64)
Rgo

P 1§Wi = REXT¢1§XT1 = Rexr

The second Kirchhoff’s law applied in the Laplace domain
(s) to the DRSS (patient) circuit assumes the following
expression:

PEEPgxT

P\ 1 + Cps
“AWE a PiNs(s) = —— =0 (65)

s Cps

The solution of the Eq. (65) consists in the following
expression:

Rfxt — REXTO 1
Rins s+ (1/RinsCp)

Pins(8) = dVENO (66)

The expression (66) in the time (f) domain assumes the
following expression:

%
Rext — REXTO e~/ RinsCp) (67)

dins (D) = PVENO
Rins
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From (67), the compensated inspiratory time constant
(t{ng) results as follows:

Tins = RinsCp (68)

The first Kirchhoff’s law applied to the airways node pro-
duces the following equation:

PvENi(D) = PExTi + Pins() = GVENO + Bins () (69)

Combining (67) with (69) the following expression
results:

Rixr — Rext0\ _
PvENi(t) = PVENO (1 4+ ZEXT - TEXT0 ) o —(/RinsCp)
Rins

(70)

The second Kirchhoff’s law applied to the left loop (gen-
erator circuit) of the network of Fig. 4 produces the following
equation:

PG — RG;(D¢vENi (1) — Paw; =0 (71)

where Réi(t) is the Rg waveform to be implemented for per-
forming the compensation procedure during inspiratory time.
From (64), (70) and (71) it assumes the following expression:

RinsRGo
Rins + (Rfixt — REXTO)

Réi(t) — e~ (t/RinsCp) (72)
Referring again to the Fig. 4, the condition to be satisfied
during the expiratory time is the following:

Pg
PEXTe = Rao = PVENO (73)

From the condition (73), the following expression results:

G
Piwe = REXTO®EXT: = REXTORiGO = Rextopveno  (74)
The second Kirchhoff’s law applied in the Laplace domain
(s) to the DRSS (patient) circuit assumes the following
expression:

Pawe n (1 + Cps Pai

) PExp(s) — - (75)

K Cps

The solution of the Eq. (75) consists in the following
expression:
RExt — RexTO 1
Rexp s+ (1/RexpCp)

The expression (76) in the time (#) domain assumes the
following expression:

(76)

Ptxp(s) = PVENO

REXT — RexTo e~/ RexpCp) (77)

Pexp() = dVENO
Rexp

From (77), the compensated expiratory time constant
(tfxp) results as follows:

Thxp = RexpCp (78)

The first Kirchhoff’s law applied to the airways node pro-
duces the following equation:

PVEN() = DExTe — PExXP(1) = DVENOD — PExp(1) (79)

Combining (77) with (79) the following expression
results:

Rixt — Rexto
PVENe() = PVENO (1 _ ZBXT - TEAT0 ) o —(/RexpC)
Rexp
(80)

The second Kirchhoff’s law applied to the left loop (gen-
erator circuit) of the network of Fig. 4 produces the following
equation:

PG = RGe(D$vEN() — Phwe =0 81
where Ree(t) is the Rg waveform to be implemented for per-
forming the compensation procedure during expiratory time.

From (74), (80) and (81) it assumes the following expression:

Rexp Rco
Rexp — (RExt — REXTO0)

Rée(l) — e~ (t/RexpCp) (82)

Finally, the compensated respiratory time constant (T{pg)
can be obtained considering both the relations (68) and (78),
as follows:

TREs = Tins T Texp = (RINs + Rexp)Cp (83)

In conclusion, through the implementation of (72) and (82)
during the inspiration and expiration time, respectively, the
STFGS keeps ¢exT on a steady value over time insensitive to
both shape and intensity of ¢rgs waveform (¢prgs(?)). In such
a way, a perfect square waveform as Paw excitation stable
and insensitive to the load (DRSS/patient) characteristics (Rp;
Cp) can be carried out by the TVAPS.

The effects on waveform shape and intensity of ventilation
parameters induced by the application of the compensation
procedure when a square waveform as airways pressure exci-
tation is selected will be described in the next chapter (Section
4.3).

With the same working principles just described, the com-
pensation procedure can be successfully applied to let any
Paw(?) of experimental or clinical interest become stable and
insensitive to the load.

In order to approach a more physiological Paw(#) shape
if Paw is linearly increased during inspiratory time, it is pos-
sible to demonstrate that, after about three inspiratory time
constants, Pga increase is linear in time with the same slope
selected for Paw.

When the Paw(f) shape is changed during the breathing
time the ventilation control is dependent on the final state
reached by the system before the change as well as on current
Paw ().



270 F. Montecchia et al. / Medical Engineering & Physics 29 (2007) 259-276

N _ Rins (Par)
.
™ Rexr (PEEPxr)

T _ s (Par)

dres <

IDEAL SQUARE dexe (PEEPext)
WAVEFORM
PRESSURE

GENERATOR

Fig. 6. Equivalent circuit of an ideal square waveform pressure generator
connected to the patient’s airways.

4.3. Compensated square waveform as airways pressure
excitation

As described in Section 3, the conventional PCV consists
in the application to patient’s airways of two different con-
stant and stabilized pressure levels during inspiration (Pgy)
and expiration (PEEPgxT). Such perfect square waveform as
P aw excitation could be carried out by connecting the patient
with an ideal square waveform Paw generator like that real-
ized by the combination of STFGS with TVAPS (Section
4.2). The equivalent circuit of such Paw generator connected
to the load (DRSS/patient) is shown in the Fig. 6.

In controlled breathing condition both Rins and Rgxp as
well as Cp can be assumed as constant parameters. Thus, in
summary, referring to the Fig. 6, given the same Cp value,
during inspiration and expiration Paw is on the upper (Pgy)
and lower level (PEEPEgxT), Rp assumes its inspiratory (RNs)
and expiratory (Rgxp) value, while ¢1ns and ¢gxp denote the
inspiratory and expiratory ¢rgs components, respectively.

In Section 4.2, the analytical expression of flow wave-
forms and time constant during inspiration (¢{g(1), dfxr; (1),
$YENi(1): Ting) and expiration (¢gxp(t), Pexre()s PYENe(D):
Tfxp) have been obtained as a result of the theoretical treat-
ment of compensated square waveform Paw excitation.

4.3.1. Inspiration time
Taking into account both the relations (4) and (7), the
expression (67) can be arranged as follows:

Pgr — PEEPEXT) o—(t/TiNg)

84
Rins (&

Pins (1) = (

The application of the second Kirchhoff’s law to the circuit
of Fig. 6 provides the following equations:

P]é\Ai(t) = P,{A‘\Wi(t) — RINS(bIANS(t) (85)

By inserting both the (64) and (84) into the (85), the fol-
lowing equation results:

PLai(t) = dvENO[ Riixr — (Rixt — RExTo)e ™/ RinsCP)]

= Pg1 — (Pgr — PEEPgxy)e™/Tins) (86)

The analytical expression of compensated waveform of
inspiratory lung volume (V{;(7)) can be determined consid-
ering both the Eq. (86) and the relation (11), as follows:

V(1) = Cppvenol Rixr — (Rixt — Rexto)e !/ RinsCp)]

= Cp[Pa1 — (Pgi — PEEPgxT)e~"/TiNs)] (87)

According to (11), the initial value of V4:(7) (V{5 (0)), cor-
responding to the functional residual capacity (FRC), can be
obtained by setting =0 in (87):

V4 (0) = FRC = CpPEEPgxT (88)

If the upper (Pgp) level of Paw square waveform is kept
for an inspiration time (TI) of about five times II?\IS (TI =
STﬁ\IS), then as it is well known, (84), (86) and (87) become,
respectively:

Pg1 — PEEP
GI EXT) S5~ 0 (89)

Rins

PiNs(5Tins) = (

PLai(5Ting) = Po1 — (Par — PEEPxT)e > = Pg; (90)

Vi (5tins) = Cpl Par — (Po1 — PEEPgxT)e ] ~ Cp Par
o1

Therefore, the measurement of the time required for reaching
the end of transient inspiration time (TI"), i.e. for observing
a ninety nine per cent (99%) reduction of ¢{\g with regard
to its initial value (¢{x(0)) is useful for the determination of
T{\s as stated by the following expression:

. T
TINS = ? (92)

®ins(0) can be detected as the initial (peak) value of ¢\ (1),
according to the result obtained by setting r=0 in (84):

His(0) = T 93)
INS

According to (90), a time of inspiration (TI) equal (or
greater) to TI" is powerful also for the determination of the
real peak value of Pf, reached at the end of inspiration, as it
equals Pgj.

According to (69), quANS(t) can be detected by the ALVS
monitoring system as the difference between ¢{py; (1) and
Pexri(®)-

Considering that ¢{s(?) is defined as the time derivation
of V(1)

dVA®)

diNns() = i

(94)

VPAi(TI) can be determined through the time integration of
(84) from 0 to TI, according to the following expression:

TI
VE(TI) = VE(0) + ; dins(t) df = FRC + Viiip; 95)
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The equivalence between the second and the third mem-
bers of (95) takes into account the relation (88) as well as the
definition of inspiratory tidal volume (V{jp;), as follows:

TI
Vi = Pins(D) dr (96)
The detection of V{yp, is performed by the ALVS moni-
toring system through the implementation of (96).
Considering the set of expression (11), (88), (90), (95) and
(96) with a time of inspiration equal to TI", the following
relation results:

A%
CA VTIDi

_ - 97
P ™ Pgi — PEEPExT O

where VTAIT)i’ according to (96), is the tidal volume collected
during an inspiration lasting a time equal to TI".

Once Cp has been determined by means of (97), FRC and
RiNs can be obtained from (88) and (68) along with (92),
respectively.

The expression (93) provides an alternative way for the
determination of RiNs.

4.3.2. Expiration time
Taking into account both the relations (4) and (7), the
expression (77) can be arranged as follows:

Pgr — PEEPEXT> o1/ i)

(98)
Rexp

PExp(t) = (

The application of the second Kirchhoff’s law to the circuit
of Fig. 6 provides the following equations:

Phac() = Pawe(®) + Rexpdpxp(?) (99)

By inserting both the (74) and (98) into the (99), the fol-
lowing equation results:

Phae(t) = ¢vENO[REXTO + (Risxr — RExTo)e ™/ REXPCP)]
= Ppac(t)=PEEPgxT+(Pa1 — PEEPExT)e "/ TExp)
(100)

The analytical expression of compensated waveform of
expiratory lung volume (VPAe(t)) can be determined consider-
ing both the Eq. (100) and the relation (11), as follows:

Vin(1) = Cpdvenol RexTo + (Rixt — Rexro)e !/ RExeCr)]
= CpPpp(1)
= Cp[PEEPgxT + (Po1 — PEEPExt)e ™ ¢/xp)]
(101)

According to (11), the initial value of V(1) (V§.(0)) can
be obtained by setting =0 in (101):

Vie(0) = VE(TI*) = Cp P (102)

If the lower (PEEPgxT) level of Paw square waveform
is kept for an expiration time (TE) of about five times {yp

(TE = 5tfxp), then as it is well known (98), (100) and (101)
become, respectively:

Pgr — PEEPgxT\ _
bExp(STExp) = () e ~0 (103)
Rexp
Piae(5tixp) = [PEEPExT + (Po1 — PEEPExT)e ]
~ PEEPgxT (104)
V5(5tfxp) = Cp[PEEPexT + (P61 — PEEPgxT)e ]
~ CpPEEPgxT = FRC (105)

Therefore, the measurement of the time required for reach-
ing the end of transient expiration time (TE"), i.e. for observ-
ing a ninety-nine per cent (99%) reduction of ¢fyp with
regard to its initial value (¢]§XP(O)) is useful for the deter-
mination of tfyp, as stated by the following expression:

N TE*
TEXP = 5 (106)
¢gxp(0) can be detected as the initial (peak) value of ¢ppyp (1),
according to the result obtained by setting =0 in (98):

Pg1 — PEEPgxT
Pins(0) = ————— (107)
INS
Combining (93) with (107) the following expression
results:

Rexp  #ins(0)
Rins  ¢pxp(0)

So, from (108), the ratio between two monitored quan-
tities provides the evaluation of Rgxp/RiNs ratio useful for
diagnostic purpose.

According to (104), a time of expiration (TE) equal (or
greater) to TE" is powerful also for avoiding intrinsic or auto
positive end expiratory pressure (PEEPAyT0) consisting in a
value of Pga at the end of expiration (PEEPToT) greater than
PEEPgxT (PEEPAUTO = PEEPTOT — PEEPEXT).

According to (79), ¢}/g\xp(t) can be detected by the ALVS
monitoring system as the difference between ¢pyr.(f) and
PVENe(D)-

Considering that ¢pyp(?) is defined as the negative time
derivation of Vg (7):

(108)

AV (8)

Ppxpt) = — o

(109)

VPAe(TE) can be determined through the time integration of
(98) from 0 to TE, according to the following expression:

TE
Vi (TE) = V5.(0) + A Pexp()dt = CpPo1 — Viipe

(110)

The equivalence between the second and the third mem-
bers of (110) takes into account the relation (102) as well as
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the definition of expiratory tidal volume (VTAlDe), as follows:

TE
Viipe = Ppxp(t)dr (111)

The detection of V{jp. is performed by the ALVS moni-
toring system through the implementation of (111).

(110) and (111) compared with (95) and (96) take in to
account the opposite direction of ¢ yp With respect to that of
diNss since ¢{\g and ¢pyp are considered positive and nega-
tive quantities, respectively. For this reason, Vi, established
by (111) should be considered negative but of an absolute
value equal to that of positive V{j,, established by (96).

As a global result of a controlled breathing lasting a time
equal to the sum TI" + TE", the following relation should
occurs:

Viibi = — Viibe (112)

where VTAIT)e’ according to (111), is the tidal volume dis-
charged during an expiration lasting a time equal to TE".

Rgxp can be obtained from (78) along with (106) or in
alternative way from (107).

The waveform of ventilation parameters (¢pgpN. PExT
®REs> Vs Paw» PLy) and of ALVS components output (Pg,
Rg, Rgxt) for a square waveform as Paw excitation with TI
and TE equal to 5t{\g and 5tfxp, respectively, are reported
in the Fig. 7.

The waveforms layout carried out with or without the
application of the compensation procedure is represented in
the Fig. 7 with continuous or dashed lines.

As it is clear observing the Fig. 7, a real Paw square
waveform is obtained by modeling Rg waveform during
inspiration and expiration times according to (72) and (82),
respectively (Section 4.2)

4.4. Tidal or minute volume control in conventional DCV

In conventional DCV the operator at the beginning of
assisted/controlled ventilation treatment arbitrarily sets the
value of the following parameters: PEEPgxT (cm H,O), FR
(acts/min), I:E and Vp or Vyn (D).

FR is the frequency of breathing defined as follows:

1 1
~ TR TI+TE
where TR is the breathing period equals to the sum TT+ TE.

I:E denotes the following a dimensional ratio:

TI
1 E=— (114)
TE

Once both FR and I:E have been set, from (113) and (114)
TI and TE are determined in seconds as follows:

FR

(113)

— M (115)
FR[1 + (I : E)]
60
TE = ——— (116)

FR[1 + (I : E)]

Vmin denotes the so-called minute volume, i.e. the volume
delivered to the patient for every minute, which is given by
the following expression:

Wy = FRVtp (117)

Thus, in conventional DCV the regulation of both upper
(Pgr) and lower (PEEPgxT) Paw levels provides for the con-
trol of required Vrp or VN during pre-established TI and
TE.

All that neglects very relevant and critical ventilation
parameters as real value assumed by Pga at the end of both
inspiration and expiration as well as RiNs, Rgxp and Cp.

4.5. Tidal or minute volume control in advanced DCV

The results obtained in Section 4.3 can be summarized as
follows.

The first controlled breathings (about 20 for statisti-
cal improvement) must be devoted to diagnostic evalua-
tion, keeping Paw on Pgr and PEEPgxt values for the
time required to the vanishing of ¢Ns (TI*) and quXp(TE*),
respectively.

In such a way TI" and TE" evaluation provides for the
determination of both {yg and t{xp and hence of optimal TI
and TE to be selected as follows:

TI =TI* = 5‘[]?\15 = 5R1N5CP (1 18)

TE = TE* = 5t{yp = SRexpCp (119)
TI R

I N E = —— = INS (120)
TE  Rexp

TR =TI + TE = 5Cp(Rins + Rexp) (121)

60 12
FR (122)

T TR~ Cp(Rins + Rexp)

Of course, the choices TI>TI" and TE > TE" keep all the
diagnostic and therapeutic advantages described in Section
4.3, but both determine a reduction of FR with respect to the
value established by (122).

So that, (122) provides the high cut-off threshold for FR
below which the optimal condition of breathing control is
retained.

The monitoring of both ¢ns and ¢gxp together with
P and PEEPgxT regulation allow the determination and
the automatic control of Rins, Rexp, Cp and Vrip or VMmN,
according to the following expressions:

Vrip

Cp=— 1O 123

P = PG — PEEPExT (123)
Pgr — PEEPgxT rﬁ\IS

Rins = T a0 Cp (124)
INS P
Pg1 — PEEP 0

Rexp = — EXT _ CEXP (125)

¢]§xp(0) CP
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Fig. 7. Time-waveform of ventilation parameters (¢veN; @EXT; PrRES; VP; Paw; Pea) and of ALVS components output (Pg; Rg; RgxT) in advanced dual-
controlled ventilation with square waveform as airways pressure (Paw) excitation occurring with (continuous lines) or without (dashed lines) the application

of the compensation procedure. See text.

TI
Vi = dins(1)dr = Cp(Pgr — PEEPExT) (126)
Pgi — PEEPgxT
Vmin = FRVrp = 12 () (127)
Rins + Rgexp

(126) and (127) point out that Vip and VN are independent
on Rp (RiNs; Rexp) and Cp, respectively.
5. Experimental results

The functional performance of the following three ALVS
components assumes a relevant role for the experimental con-

trol of ventilation process:

(a) proportional valve;
(b) respiratory system simulator (DRSS);
(c) monitoring system.

The proportional valve, consisting in an airflow regulator,
has been properly designed for simulating the airflow resis-
tance (Rg) of the STFGS. The regulation of the flow level
crossing the valve is actuated by the variation of its pipe geo-
metrical configuration. The internal geometry of the pipe can
be changed through the displacement of a piston along its
longitudinal axis carried out by a stepping motor controller.
The longitudinal profile of the piston has been selected in
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Fig. 8. Picture of the proportional valve included in the ALVS.

order to keep the airflow inside the pipe in accordance with
the laminar configuration (Section 4), even with the higher
working pressure. The airflow as a function of the piston posi-
tion is quite linear in the working range from 0.2 to 120 I/min.
The sensibility of airflow regulation inside the linear range
reaches 1.5 1/min with the working pressure of 500 cm HO.
These functional features are well suited for stationary con-
trol of ventilation process. Moreover, the hystheresis effects
lower than 12% as well as the response time to the required
piston displacement of the order of 100 ms allow the transient
control during the breathing time through the compensation
procedure (Section 4.2). The Fig. 8 shows a picture of the
proportional valve realized.

The DRSS consists of the LUNG SIMULATOR by SMS
Healthcare (UK) connected to a regulation—calibration sys-
tem properly designed to expand the range of Rp and Cp
simulation as well as to calibrate the DRSS in the working
condition considering a linear approximation model. As a
result, DRSS can simulate the following discrete distribution
of airways resistance (Rp) and lung compliance (Cp) values:

(a) Rp=0, 5, 10, 20, 50, 100, 200cm H,Os1~! calibrated
inside the airflow range 0.1-21/s;

(b) Cp=10,20,25,50ml/cm H,O calibrated inside the FRC
and V1ip ranges 0-0.11 and 0.1-11, respectively.

The inertia of the DRSS mechanical framework does not
allow the reproduction of Rp and Cp transient variation occur-
ring during the breathing time. Nevertheless, DRSS repre-
sents an adequate experimental device for studying the steady
state condition occurring after any Rp or/and Cp variation.
Thus, it exhibits a quite linear Vp—Pga relationship if the
value of both FRC and V1yp fits the clinical range normally
adopted for DCV treatment.

The monitoring system of ALVS includes two pressure
sensors Honeywell 40PC Series (£50 mmHg) connected
with the DRSS for the measurement of both airways and
endoalveolar pressures along with two airflow sensors Hon-
eywell AWM700 Series (0200 I/min) inserted in the STFGS
and TVAPS for the measurement of both ventilation and
external airflows. The functional features of both the above-
mentioned sensors fit well to the experimental requirements
of the present work. In particular, the measurement error

affecting the real time monitored pressure and airflow is about
5%.

In order to check the theoretical results obtained in Section
4, a great number of laboratory tests have been performed
with ALVS.

The first group of experimental tests, planned for evalu-
ating the solution proposed in Section 4.4, demonstrates that
ALVS successfully provides the compensation procedure for
advanced DCV with square waveform as Paw excitation if
the FR does not exceed the value of about 20 acts/min. This
result is consisted with controlled breathing of adult or child
patient.

The second group of experimental tests was devoted to the
attempt of the optimal control of breathing and the theoretical
results carried out in Section 4.3. To the purpose, the DRSS
was initially set for simulating a typical healthy adult patient
with the following characteristics and requirements:

REXP =20 cmHQO S 1_1 ,
FRC = 50ml

RlNS = lOcmHQOsl_l,
Cp =25ml/cm H,0,

The error affecting the simulation of Rp and Cp values is
about 10 and 15%, respectively.

According to (88) and (118)—(122), on account of the
reported experimental error the following results have been
detected:

PEEPgxT = 2.1 cm H,O, rﬁqs =0.24s,
thxp = 0.51s, TI = 1.20s, TE = 2.55s,
l1:E=1:2.125, TR = 3.75s, FR = 16 acts/ min

The I:E and maximum FR values are both well suited for
controlled breathing of adult patient.

Moreover, according to (127), a value of
Pg1=17.5cmH,0 ensuring the required Vyn of 6.001 has
been monitored.

Thus, according to both (126) and (127), V1ip =0.38 1 has
been obtained.

According to (122), (126) and (127), for a given Pgp
(17.5cm H,0), Cp variations occurring during the ventila-
tion treatment modify both FR and V1p but do not affect
Vmin. In order to check such theoretical result, Cp has been
changed assuming the value of 20 or 30 ml/cm H,O. Such
changes account for a slight restrictive process or increased
lung elastance, respectively. According to the theory devel-
oped (Section 4) and to the available DRSS only the steady
state after the Rp or Cp changes is considered. With the same
Vmin of 6.001, FR becomes 20 or 13 acts/min while VTip
becomes 0.30 or 0.46 1, respectively.

Otherwise, RyNs or/and Rgxp variations do not affect Vrp
but modify Vyn, on account of FR changing. In order
to check such theoretical result, Rinys and Rgxp have been
changed assuming the value of 15 or 5cmH,O0s17! and of
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25 or 15ecmH,0s17!, respectively. Such changes account
for a significant obstructive process or decreased airways
resistance. With the same Vp of 0.381, FR becomes 12 or
24 acts/min while Vv becomes 4.58 or 9.10 1, respectively.

In the last case, in order to keep the same VN of 6.00 1 and
FRC of 16 act/min with unchanged Vyn of 0.301, according
to (127), the adjustment of Pgy on 22.0 and 12.3 cm H,O has
been required, respectively.

Finally, if the control of V1ip is required apart from VN,
(126) has to be considered and FR can be reduced to more
advisable value maintaining the same optimal condition of
breathing. As a matter of fact, the value of Pgy ensuring the
required Vip of 0.501 has been monitored as follows:

Pgr = 22.2cmH,0

and the reduction of FR below the cut-off value of 16 acts/min
has retained the same condition of breathing.

6. Conclusions

The design guidelines of an advanced lung-ventilator sys-
tem (ALVS) have been carried out in order to reach the fol-
lowing improvements over conventional assisted/controlled
ventilation:

(a) dual-controlled ventilation (DCV) optimization with
square waveform as airways pressure excitation in anaes-
thetized or severely brain injured patient for which a
linear respiratory mechanics is considered;

(b) adaptive loop control of DCV which accounts the current
respiratory characteristics of patient and his diagnos-
tic evaluations both obtained from advanced monitoring
system instead of arbitrary pre-established parameters
setting;

(c) more realistic approximation of the airways pressure
waveform to physiological transpulmonary pressure
waveform;

(d) implementation of a compensation procedure developed
to let the selected airways pressure waveform become
stable and insensitive from the patient’s respiratory char-
acteristics.

The experimental results obtained with a versatile lung
simulator agree with the theoretical ones and show that ALVS
performs the optimization of DCV control when steady con-
dition as well as linear respiratory mechanics are considered.
This is useful for the research activity aiming at the improve-
ment of both diagnostic evaluation and therapeutic outcome
relative to mechanical ventilation treatments.

In particular, the experimental tests show that it provides
the functional features described hereafter.

Through the implementation of a compensation procedure
which stabilizes the flow across the resistance controlling the
airways pressure applied to the patient, ALVS behaves like
an ideal pressure generator. This makes possible any airways

pressure waveform of clinical interest during both inspiration
and expiration through an identical shape of such resistance
waveform, eliminating the dependence of load (respiratory
system parameters) fluctuations or variations.

The optimization of breathing control in DCV with square
waveform as airways pressure excitation, is carried out set-
ting the time of inspiration and expiration at about five times
the inspiratory and expiratory time constant, respectively. In
this case, concerning the lung volume control, the according
experimental and theoretical results point out that the tidal
or minute volume are independent on airways resistance or
lung compliance, respectively.

The last results are very interesting for clinical applica-
tion because an increase of airways resistance (obstructive
process) or a reduction of lung compliance (restrictive pro-
cess) does not affect the control of tidal or minute volume,
respectively.

The setting of the optimal time of both inspiration and
expiration is implemented through a diagnostic procedure
performed real-time by the ALVS monitoring system pro-
viding also the waveform of pressure (airways and endoalve-
olar), respiratory flow and lung volume as a function of time
together with the lung volume-airways (endoalveolar) pres-
sure and respiratory flow-lung volume loops, as well as the
current value of inspiratory and expiratory airways resis-
tance, static and dynamic lung compliance and respiratory
work.

The presence of a continuous flow inside the ventila-
tion circuit allows the compatibility of spontaneous breath-
ing activity of patient by flow or pressure support ven-
tilation with assisted/controlled breathing or/and triggered
ventilation.

The favourable results of the present work establish the
rationale for clinical test employing advanced DCV with
square waveform as airways pressure excitation and sug-
gest new theoretical, experimental and clinical studies in
the field of assisted/controlled ventilation with more phys-
iological waveforms as airways pressure excitation. More-
over, non-linearity effects on respiratory mechanics should
be investigated in order to expand the application of the pro-
posed approach to a wider range of patient treated with DCV
or with assisted ventilation modalities including spontaneous
breathing activity.
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