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Abstract: Large animals are increasingly used as experimental models of respiratory diseases. Precise
characterization of respiratory mechanics requires dedicated equipment with specific characteristics
which are difficult to find together in the same commercial device. In this work, we describe building
and validation of a computer-controlled ventilator able to perform rapid airways occlusions during
constant flow inflations followed by a prolonged inspiratory hold. A constant airflow is provided by
a high pressure source (5 atm) connected to the breathing circuit by three proportional valves. The
combined action of three 2-way valves produces the phases of the breath. During non-inspiratory
breath phases, airflow is diverted to a flowmeter for precise feedback regulation of the proportional
valves. A computer interface enables the user to change the breathing pattern, trigger test breaths
or run predetermined breaths sequences. A respiratory system model was used to test the ability
of the ventilator to correctly estimate interrupter resistance. The ventilator was able to produce
a wide range of constant flows (0.1–1.6 L/s) with the selected timing. Errors in the measurement
of interrupter resistance were small (1 ± 5% of the reference value). The device described reliably
estimated interrupter resistance and can be useful as a measuring tool in large animal research.

Keywords: interrupter resistance; mechanical ventilation; respiratory mechanics; large animals

1. Introduction

Large animals, like sheep and pigs, are frequently used as experimental models of
respiratory diseases, such as acute lung injury, emphysema and asthma [1–3]. In many
instances, the functional impact of the disease and the effect of a therapeutic intervention
require precise characterization of the mechanics of the respiratory system and of its parts,
i.e., lungs and chest wall.

1.1. Techniques for Assessment of Respiratory Mechanics in Large Animals

Different techniques for assessing respiratory mechanics in large animals have
been described.

The least squares fit (LSF) method was originally developed for spontaneous breath-
ing [4,5], but can be readily applied during mechanical ventilation [6]. On the assumption
that the respiratory system behaves similarly to a dashpot in parallel with a spring, respira-
tory compliance and resistance can be obtained as the values which minimize the difference
between measured driving pressure and that calculated from measured flow and volume
according to the dashpot-spring model [4–6]. This approach can be implemented with a
commercial mechanical ventilator, but the mechanical description it provides is limited, as
it implicitly neglects respiratory system viscoelasticity.
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The forced oscillation technique (FOT) has been successfully used during mechanical
ventilation. In essence, it consists of the application of a pressure (or flow) wave to the
respiratory system, and of the measurement of the system response in terms of flow (or
pressure) [7]. Although FOT application during mechanical ventilation is technically
challenging [7], suited commercial devices are available for laboratory use, but only for
small or medium-sized animals [8].

The static and quasi-static properties of the respiratory system and of its parts can be
characterized using the super syringe method, which consists of a large syringe driven by
a piston able to inflate or deflate the respiratory system in steps or continuously, at fixed
velocity. This method requires disconnection of the anesthetized and paralyzed subject
from the mechanical ventilator and availability of custom-made equipment [9].

Another technique which allows a comprehensive assessment of respiratory mechan-
ics during positive-pressure mechanical ventilation is the rapid airway end-inspiratory
occlusion method [10]. As the ventilator described in this work is based on this technique,
the rapid airway end-inspiratory occlusion method will be described here in some detail.

Flow and pressure (Paw) are measured at airway opening, immediately before the
entrance of the endotracheal tube, and volume is obtained by numerical integration of
the flow. During the inspiration, the respiratory system is inflated with a constant flow
(Figure 1).

Fluids 2024, 9, x FOR PEER REVIEW 2 of 18 
 

can be implemented with a commercial mechanical ventilator, but the mechanical de-
scription it provides is limited, as it implicitly neglects respiratory system viscoelasticity. 

The forced oscillation technique (FOT) has been successfully used during mechani-
cal ventilation. In essence, it consists of the application of a pressure (or flow) wave to the 
respiratory system, and of the measurement of the system response in terms of flow (or 
pressure) [7]. Although FOT application during mechanical ventilation is technically 
challenging [7], suited commercial devices are available for laboratory use, but only for 
small or medium-sized animals [8]. 

The static and quasi-static properties of the respiratory system and of its parts can be 
characterized using the super syringe method, which consists of a large syringe driven by 
a piston able to inflate or deflate the respiratory system in steps or continuously, at fixed 
velocity. This method requires disconnection of the anesthetized and paralyzed subject 
from the mechanical ventilator and availability of custom-made equipment [9]. 

Another technique which allows a comprehensive assessment of respiratory me-
chanics during positive-pressure mechanical ventilation is the rapid airway 
end-inspiratory occlusion method [10]. As the ventilator described in this work is based 
on this technique, the rapid airway end-inspiratory occlusion method will be described 
here in some detail. 

Flow and pressure (Paw) are measured at airway opening, immediately before the 
entrance of the endotracheal tube, and volume is obtained by numerical integration of the 
flow. During the inspiration, the respiratory system is inflated with a constant flow 
(Figure 1). 

 
Figure 1. The figure shows the time course of flow (panel A), airway pressure (Paw, (panel B)) and 
volume (panel C) during a rapid occlusion after a constant flow inflation followed by a 
post-inspiratory pause and expiration. Fei: end-inspiratory flow; Pee,aw: end-expiratory airway 
pressure; Pmax,aw: airway pressure immediately before the sudden pressure drop corresponding to 
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Pst,aw: airway pressure after a 5 s inspiratory hold (post-inspiratory pause); VT, tidal volume. For the 
sake of clarity, the breath has been obtained by numerical simulation, representing the respiratory 
system according to a four element Mount’s model (shown in Figure 2), with a quasi-static elas-
tance of 20 cmH2O L−1, an interrupter resistance of 4 cmH2O s L−1, a viscoelastic resistance of 5.9 
cmH2O s L−1 and a viscoelastic elastance of 4.5 cmH2O L−1 [10]. 

Figure 1. The figure shows the time course of flow (panel A), airway pressure (Paw, (panel B))
and volume (panel C) during a rapid occlusion after a constant flow inflation followed by a post-
inspiratory pause and expiration. Fei: end-inspiratory flow; Pee,aw: end-expiratory airway pressure;
Pmax,aw: airway pressure immediately before the sudden pressure drop corresponding to the rapid
interruption of the flow; P1,aw: airway pressure immediately after the rapid interruption; Pst,aw:
airway pressure after a 5 s inspiratory hold (post-inspiratory pause); VT, tidal volume. For the
sake of clarity, the breath has been obtained by numerical simulation, representing the respiratory
system according to a four element Mount’s model (shown in Figure 2), with a quasi-static elas-
tance of 20 cmH2O L−1, an interrupter resistance of 4 cmH2O s L−1, a viscoelastic resistance of
5.9 cmH2O s L−1 and a viscoelastic elastance of 4.5 cmH2O L−1 [10].

Inspiration is then rapidly interrupted by the closure of the inspiratory valve of
the ventilator, and pressure suddenly drops from Pmax,aw to P1,aw (panel B, Figure 1).
Interrupter resistance (Rint) can be calculated as

Rint =
Pmax,aw − P1,aw

Fei
(1)



Fluids 2024, 9, 142 3 of 17

where Fei is flow immediately before airway occlusion.
In the respiratory system, Rint originates mainly from viscous pressure losses in the

airways [11], with a smaller contribution from chest wall tissues [12].
During the post-inspiratory pause, Paw slowly declines from P1,aw to Pst,aw (panel B,

Figure 1). In line of principle, the slow Paw decay during the post-inspiratory pause may
reflect two different phenomena: on one hand pendelluft, that is pressure equilibration
between units with different time-constants, and on the other stress–relaxation, deriving
from the viscoelastic properties of lung and chest-wall tissues. In healthy animals, the
contribution of pendelluft to Paw decay is negligible [13,14], and P1,aw − Pst,aw is thought
to reflect the viscoelastic properties of lung and chest wall tissues. Stress–relaxation can be
quantified in terms of additional resistance (∆R):

∆R =
P1,aw − Pst,aw

Fei
(2)

Finally, the quasi-static elastance of the respiratory system (Est) can be calculated
as follows:

Est =
Pst,aw − Pee,aw

VT
(3)

where Pee,aw is Paw at the end of the expiration, and VT is the tidal volume used for
the inflation.

Due to an excessive rise of airway resistance relative to the duration of the expiration, in
patients with respiratory diseases deflation may be incomplete, and end-expiratory volume
may be greater than equilibrium volume, so that the alveolar pressure immediately before the
subsequent inspiration is greater than that at the airway opening, reflecting the inward recoil
of the respiratory system. This pressure has been named intrinsic positive end-expiratory
pressure (PEEPi), and it is usually caused by tidal expiratory flow-limitation, a frequent
occurrence not only in the presence of chronic obstructive pulmonary disease [15,16], but
also in acute respiratory failure patients ventilated at low PEEP [17,18]. If iPEEP is present,
its value should be substituted to Pee,aw in order to calculate Est [19,20].

Additional information can be gathered by combining several maneuvers of the type
described in sequences.

Production of isovolume sequences (i.e., breaths with the same VT but different inspira-
tory durations (TI) and flows) allows a thorough characterization of the resistive properties
of the respiratory system in terms of flow-Rint relation. This relation should be studied at
isovolume because of the known volume dependence of resistance [21].

Additionally, isovolume sequences allow to further characterize respiratory system
viscoelasticity. On the assumption that the viscoelastic characteristics of lung and chest-wall
can be modeled as a Maxwell body, that is a dashpot (with viscoelastic resistance Rviscel) in
series with a spring (with viscoelastic elastance Eviscel) (Figure 2), Rviscel and Eviscel can be
obtained by interpolating the relation between TI and ∆R with the following equation:

∆R = Rviscel

(
1 − e−

TI
τviscel

)
(4)

where τviscel, the viscoelastic time constant, is the ratio between Rviscel and Eviscel.
On the other hand, the production of isoflow series (i.e., breaths with the same flow

but different inspiratory durations (TI) and VT) allows the study of the quasi-static elastic
characteristics in the whole inspiratory capacity range [9].
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Figure 2. The figure shows a mechanical analogue of the whole respiratory system, composed by
four mechanical elements [22]: a spring, representing quasi-static elastance (Est), is in parallel with a
dashpot, representing interrupter resistance (Rint) and a Maxwell body. The Maxwell body accounts
for the viscoelastic properties of the respiratory system and is made by a spring (Eviscel) in series with
another dashpot (Rviscel). The total force exerted by the model is the sum of the forces exerted by all
the elements in parallel, as the total pressure difference across the whole respiratory system is the
sum of quasi-static elastic pressure, resistive pressure and viscoelastic pressure.

1.2. Measurements Implementation in the Laboratory Setting

All the techniques described have advantages and drawbacks, described in [7,9,10].
Their application in large animals is problematic due to the lack of specific commer-
cial equipment.

In this study, we describe a programmable, computer-controlled positive pressure
mechanical ventilator able to characterize respiratory system mechanics of large animals.
We chose to implement the rapid airway end-inspiratory occlusion method as it allows
to combine, in a single machine, the normal operation of a mechanical ventilator together
with that of a measuring instrument which offers a good characterization of both the static
and dynamic mechanical properties of the system [10].

In line of principle, a commercial mechanical ventilator for humans can be used to
this purpose; however, this approach is not without drawbacks. The level of accuracy and
precision of the pressure and flow transducers used by commercial mechanical ventilators
is enough for clinical purposes, but may be not sufficient in an experimental setting [23],
therefore additional transducers should be added to the setup [24,25]. Moreover, if the
speed of the inspiratory valve of the ventilator is not sufficient, rapid valves should be
inserted in the circuit [12,26]. Finally, only a limited number of respiratory maneuvers are
usually available in commercial ventilators. Most of the commercial devices have buttons
to introduce in the breathing pattern a post-inspiratory pause (for measurement of static
recoil) or a post-expiratory pause (for measurement of PEEPi), but, in addition to that,
changing more than one breathing pattern parameter at a time can be impossible due to
precautionary measures. This makes the production of isovolume and isoflow sequences
difficult, time-consuming and extremely tedious.

These problems have been overcome by building and validating a large animal ven-
tilator specifically designed for the rapid airway end-inspiratory occlusion method. Pro-
grammable, custom-made ventilators have been already described [27,28], but these devices
were not designed specifically for the rapid airway end-inspiratory occlusion method. Our
ventilator integrates laboratory-grade sensors, and it allows the user to perform ventilator
maneuvers well beyond the capability of a commercial ventilator. More importantly, se-
quences of maneuvers are easily programmable, reducing both the effort of the operator
and the possibility of errors. Validation will focus on dynamic measurements (Rint and ∆R),
as measurement of Est, a static parameter, is limited by the performance of the transducers
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only, while assessment of Rint and ∆R is highly dependent on the proper functioning of the
ventilator, especially in the pathological condition of the respiratory system [29].

2. Materials and Methods
2.1. Description of the Ventilator
2.1.1. Principle of Operation

The ventilator is based on the same principle of operation which has been success-
fully used to build prototypes for smaller animals, namely rats [30,31] and rabbits [32].
Practically, a high pressure source (5 atm) is connected in series with the breathing circuit
through a proportional valves group. The breathing circuit is made by three 2-way valves
(inspiratory, expiratory and exhaust valve), which produce the different phases of the
breathing cycle (inspiration, post-inspiratory pause, expiration, post-expiratory pause).
During non-inspiratory phases, the flow to be delivered to the animal in the next inspiration
is finely regulated on the basis of a feedback signal from a control flowmeter in series with
the exhaust valve.

This design solves the problem of delivering a constant, load-independent flow to
the animal. Briefly, let Pupstream be the pressure at the high pressure source and Paw the
pressure at airway opening during the inflation, and let Rprop be the resistance offered
by the proportional valves, Rbc the resistance offered by the breathing circuit and Rrs the
resistance offered by the respiratory system of the animal. During inflation, Pupstream, Rprop,
and Rbc are constants, while Paw and Rrs are variable. At each instant during the inflation,
we have the following:

F =
Pupstream − Paw

Rprop + Rbc + Rrs
(5)

The rise of Paw during the inflation tends to decrease the driving pressure and to
reduce the flow; however, as Rprop >> Rrs, and Pupstream >> Paw, the decrease in flow
during the inflation is trivial. For example, if Pupstream is 5 atm (~5000 cmH2O) and Rprop is
~3000 cmH2O s L−1, when Paw increases during inflation from 0 to 40 cmH2O, with a Rrs
of 5 cmH2O s L−1, flow decreases by just less than 1%.

2.1.2. Hardware

A schematic drawing of the ventilator is shown in Figure 3.
Filtered compressed air is delivered to 3 proportional electrovalves in parallel (DV-

PM-10-5000-73-V, Clippard, Cincinnati, OH, USA). The common outlet of the proportional
valves is connected with a T-piece, from which air can flow either though the exhaust
solenoid 2-way valve (72P9DGM, Peter Paul Electronics, New Britain, CT, USA) in series
with the control flowmeter, or to two manual 3-way stopcocks, allowing the inclusion or
the exclusion of the humidifier into the inspiratory line. The inspiratory solenoid 2-way
valve (71P9ZGM, Peter Paul Electronics, New Britain, CT, USA) is in turn in series with a
second T-piece, connected to the expiratory solenoid 2-way valve (72B11DGM, Peter Paul
Electronics, New Britain, CT, USA) and to the test flowmeter, which will be in series with
the animal. The exhaust and expiratory valves are normally closed, while the inspiratory is
normally open.

The expiratory port of the ventilator is connected with two manual 3-way stopcocks,
allowing the connection of the animal to the ambient, or to a drum where the pressure
can be adjusted to positive values (to produce positive end-expiratory pressure), or to a
second tank in which the pressure can be adjusted to negative values, both by means of
flow-through systems.

The humidifier consists of a plexiglass chamber (19.7 × 8.1 × 5.0 cm) containing
polyurethane foam semi-immersed in distilled water. During operation air flows on water
surface, without bubbling. This system, although less efficient than a bubbling device in
terms of humidification, adds minimal noise to the flow signal.
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Figure 3. The figure shows a schematic drawing (panel A) and a photograph (panel B) of the
ventilator. The 2-way valves are shown in the unpowered state. PNTtest, test pneumotachometer;
PNTctr, control pneumotachometer. For a detailed description, see the text.

Flow is measured with Fleisch flowmeters (no. 3) coupled with differential pressure
transducers (DP45 Validyne; Northridge, CA, USA, or model 270, Hewlett-Packard, Palo
Alto, CA, USA) connected to 13-4615-35 carrier amplifiers (Gould Electronics, Valley View,
OH, USA). Pressures are measured with 8507C-2 transducers (Endevco, San Juan Capis-
trano, CA, USA) connected to 13-4615-58 universal amplifiers (Gould Electronics, Valley
View, OH, USA). Valves are operated by a DAQ card (PCI 6035E, National Instruments,
Austin, TX, USA) via a custom-built power supply, which provides 12VDC for 2-way valves
and 0–10 VDC for the proportional valves. The DAQ card also receives the control flow
signal (for feedback regulation of the flow) and Paw signal (to stop inhalation if a safety
threshold is exceeded) from the amplifiers. The PCI 6035E is controlled by a custom-built
LabView program (version 6, National Instruments, Austin, TX, USA) with a user-friendly
interface (see 2.1.4. Software).

2.1.3. Production of the Breathing Pattern

The different phases of the breathing cycle are shown in Figure 4.
During inspiration, the inspiratory valve is open, while the exhaust and expiratory

valves are closed. Air flows from the high pressure source through the proportional
valves and the inspiratory valve into the animal. Paw is measured continuously (with a
sampling frequency of 200 Hz) and compared to a safety threshold. If the safety threshold
is exceeded, the ventilator automatically switches to the next non-inspiratory phase to
avoid barotrauma.

During the post-inspiratory or expiratory pause, inspiratory and expiratory valves
are closed, and the exhaust valve is open, letting air flow through the control flowmeter.
During this phase, the voltage to proportional valves is controlled in two steps: (a) initially,
if the flow is to be changed relative to the previous inspiration, by a feedforward regulation
based on previous proportional valves calibration, and (b) later, with a feedback mechanism
based on the signal from the control flowmeter, enabling precise flow adjustment for the
subsequent inspiration despite of proportional valves hysteresis.
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During expiration, the inspiratory valve is closed and the exhaust and expiratory
valves are open, allowing air to flow from the animal to the expiratory port of the ventilator.
Feedforward and feedback regulation of proportional valves take place similarly as in the
post-inspiratory or expiratory pause.

In order to coordinate opening and closing of the different valves during the transition
from a breath phase to another, the delays of each 2-way valve have been measured
applying a constant pressure (10–50 cmH2O) at the inlet of the valve and recording the flow
at the outlet together with the command signal from the PCI 6035E while the valve was
switched on and off. This information has been integrated in the control software in order
to adjust command signals to each valve during the transition from one breath phase to
another, taking into account the effective time needed for a valve to change state.

Fluids 2024, 9, x FOR PEER REVIEW 7 of 18 
 

lation if a safety threshold is exceeded) from the amplifiers. The PCI 6035E is controlled 
by a custom-built LabView program (version 6, National Instruments, Austin, TX, USA) 
with a user-friendly interface (see 2.1.4. Software). 

2.1.3. Production of the Breathing Pattern 
The different phases of the breathing cycle are shown in Figure 4. 

 
Figure 4. The figure shows airflow during the different phases of a breath, in the case the humidi-
fier has been included in the inspiratory line. Feedforward and feedback control of the flow is pos-
sible during non-inspiratory phases only. 

During inspiration, the inspiratory valve is open, while the exhaust and expiratory 
valves are closed. Air flows from the high pressure source through the proportional 
valves and the inspiratory valve into the animal. Paw is measured continuously (with a 
sampling frequency of 200 Hz) and compared to a safety threshold. If the safety threshold 
is exceeded, the ventilator automatically switches to the next non-inspiratory phase to 
avoid barotrauma. 

During the post-inspiratory or expiratory pause, inspiratory and expiratory valves 
are closed, and the exhaust valve is open, letting air flow through the control flowmeter. 
During this phase, the voltage to proportional valves is controlled in two steps: (a) ini-
tially, if the flow is to be changed relative to the previous inspiration, by a feedforward 
regulation based on previous proportional valves calibration, and (b) later, with a feed-
back mechanism based on the signal from the control flowmeter, enabling precise flow 
adjustment for the subsequent inspiration despite of proportional valves hysteresis. 

During expiration, the inspiratory valve is closed and the exhaust and expiratory 
valves are open, allowing air to flow from the animal to the expiratory port of the venti-
lator. Feedforward and feedback regulation of proportional valves take place similarly as 
in the post-inspiratory or expiratory pause. 

In order to coordinate opening and closing of the different valves during the transi-
tion from a breath phase to another, the delays of each 2-way valve have been measured 
applying a constant pressure (10–50 cmH2O) at the inlet of the valve and recording the 
flow at the outlet together with the command signal from the PCI 6035E while the valve 
was switched on and off. This information has been integrated in the control software in 
order to adjust command signals to each valve during the transition from one breath 
phase to another, taking into account the effective time needed for a valve to change state. 

Figure 4. The figure shows airflow during the different phases of a breath, in the case the humidifier
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2.1.4. Software

A custom-built LabView program controls 2-way and proportional valves, and allows
the operator to enter (a) the calibration factors for the control flowmeter and for airway
pressure, (b) the calibration factors of the proportional valves, (c) the delays of the 2-way
valves, and (d) the parameters of feedforward and feedback regulation. Acquisition of
the offsets of Paw and control flow is made when the ventilator is running, the former at a
specific command, the latter automatically when a breath with TI > 2.5 s is performed. The
operator should specify the breathing pattern which will be generated by the ventilator in
the absence of other commands. While the ventilator is operating, the user can generate
the test breaths which can be delivered individually or as sequences. The operator can also
pause the ventilator, which will stop at the end of the next expiratory phase.

2.2. Data Acquisition

All signals, including activation/deactivation command signals to the inspiratory and
exhaust valves produced by the PCI 6035E DAQ card, have been recorded at 1000 Hz by
16-bit DAQ Card (NI PCIe-6361, National Instruments, Austin, TX, USA) and analyzed
with custom-built programs offline. Volume has been obtained by numerical integration of
the flow signal.

Water saturation of the air delivered by the ventilator has been measured with a
humidity probe (DKRF473, Driesen + Kern GmbH, Bad Bramstedt, Germany).



Fluids 2024, 9, 142 8 of 17

2.3. Validation Procedure

To validate the ventilator, we used a pneumatic model of the respiratory system
made by an artificial trachea (a plexiglass cylinder with 2.1 cm internal diameter), two in-
terchangeable resistances, and a rubber balloon surrounded by a plastic envelope. The
resistances were built by filling a plexiglass cylinder with a variable number of capillary
tubes (internal diameter ~1.4 mm) in parallel. Because of the different number of capillary
tubes in parallel, one resistance (higher resistance, HR) offered more resistance than the
other (lower resistance, LR). The ventilator was connected to the model either via a n◦10
endotracheal tube, as it will be performed with the animal, or via a direct connection. Pres-
sure was measured through a lateral port between the test flowmeter and the endotracheal
tube or between the flowmeter and the connector (Paw). Pressure was also simultaneously
measured inside the rubber balloon (Pbal).

In the absence of intrinsic resistive behavior of the rubber balloon, the pressure dif-
ference Paw − Pbal reflects the resistance of all elements in series between the two sites
where Paw and Pbal are sampled, and can be used, together with the corresponding flow, in
order to assess the reference resistance (Rref) to which the value measured with interrupter
technique can be compared. Practically, Paw, Pbal, and flow were measured between 15 and
5 ms before Pmax,aw (P5–15,aw, P5–15,bal, and F5−15, respectively), so that

Rref =
P5–15,aw − P5–15,bal

F5–15
(6)

In the same line of reasoning, reference additional resistance (∆Rref) was assessed
as the difference between the pressure inside the balloon at the instant of Pmax,aw (Pbal at
Pmax,aw) and at the end of the post-inspiratory pause (Pst,bal), divided by end-inspiratory
flow, as shown by the following equation:

∆Rref =
PbalatPmax,aw − Pst,bal

F5–15
(7)

Baseline ventilation consisted of VT 0.4 L, TI 1.0 s, duration of the post-inspiratory
pause (TpIp) 0.3 s, duration of expiration (TE) 1.5 s.

Three isovolume sequences were produced with or without the endotracheal tube,
with LR or HR, at two levels of positive end-expiratory pressure (PEEP, 1 and 15 cmH2O).
Each sequence was made by seven test breaths characterized by the same VT and TE
as in baseline ventilation, TI between 0.25 and 3.0 s, TpIp 5 s. During all recordings the
humidifier was included in the inspiratory line to simulate the real configuration during
animal experiments.

Data were analyzed offline. For each condition, the three breaths with the same TI and
flow were ensemble averaged in order to reduce the noise. For each breath, a custom-built
LabView program allowed the measurement of TI, TpIp, TE, VT, Pee,aw, Pmax,aw, P1,aw (see
below), Pst,aw, Fei, P5–15,aw, P5–15,bal, F5−15, Pbal at Pmax,aw and Pst,bal.

As shown in Figure 5, sudden interruption of the flow produces oscillations which
prevent the direct identification of P1,aw.

This problem is usually circumvented by interpolation of a small segment of the
Paw decay immediately after the oscillations, and by back-extrapolating the interpolating
function to the time of Pmax,aw [29]. With this technique, estimation of P1,aw is better the
smaller the time-interval between Pmax,aw and the beginning of the Paw segment used
for interpolation is. To reduce this time interval, we attempted to eliminate part of the
oscillation with the procedure illustrated by Figure 6, panel A.
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Figure 5. The figure shows flow (panel A), airway and balloon pressures (panel B) and volume
(panel C) during a test breath recorded at 1 cmH2O positive end-expiratory pressure during ventila-
tion of the model through the n◦10 endotracheal tube (compare with Figure 1). Rapid interruption of
the inspiratory flows produces a high-frequency vibration which precludes an easy identification
of P1,aw.

The first three oscillations of the artifact were discarded, because they were not sym-
metrical. For all remaining oscillations, peaks and valleys were identified (white squares
and dots in Figure 6, respectively). Each pair of two consecutive peaks was interpolated
and the values of the interpolating lines at the time of the valleys in between (black squares)
were calculated. The pressures existing in the absence of the artifact at those instants were
calculated as the averages of the calculated values and the relative valleys (crosses). The
same procedure was performed on each pair of consecutive valleys and peaks in between.
The rebuilt segment was resampled by linear interpolation at 1000 Hz and substituted with
the original Paw tracing. This procedure allowed to anticipate the start of the segment to be
interpolated, and consequently to reduce the distance covered by the back-extrapolation to
Pmax,aw, which amounted to 55 ± 1 ms in all conditions (Figure 6, panel B).

Once data were collected, Rint and calculated according to Equation (1), and ∆R,
calculated according to Equation (2), were compared with their reference values (see
Equations (6) and (7)).

2.4. Statistical Methods

Analyses were performed using SPSS 29 (SPSS Inc., Chicago, IL, USA), and Sigmaplot
12.5 (Systat Software Inc., San Jose, CA, USA).

Analysis of variance was used to detect differences among experimental conditions.
Relationships between variables were assessed by means of linear or nonlinear regression
analysis. Agreement between measured and reference values was evaluated using Bland–
Altman plots. Results are given as mean ± SD (standard deviation). The level for statistical
significance was taken at p < 0.05.
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(Panel B) shows the interpolation and back-extrapolation procedure. The vertical dotted line shows
the time at which Pmax,aw occurs. The two vertical broken lines delimit the segment which has been
interpolated with a second order polynomial. This function has been back-extrapolated and its value
at the time of Pmax,aw is P1,aw. The simultaneous value of Pbal (Pbal at Pmax,aw) is considered the
reference against which P1,aw is compared when calculating ∆R, as, in the absence of any resistive
behavior of the balloon and of leakage during the closure of the inspiratory valve, Pbal at Pmax,aw and
P1,aw should be the same.

3. Results
3.1. Technical Characteristics

The ventilator was able to reproduce the breathing pattern set through the operator
interface. The average difference between set and measured values of TI, TpIp, TE, VT were
9 ± 6 ms, −8 ± 1 ms, 17 ± 3 ms and 12 ± 24 mL. The greater error in TE probably depends
on the fact that the program controlling the ventilator performs most of the operations
necessary to produce the next breath at the end of the expiration.

Insertion of the humidifier in the inspiratory line did not enhance noise in inspiratory
flow, and caused water saturation of air delivered by the ventilator to rise from 18 ± 1 to
58 ± 8%. Warming of the humidifier to ~38◦C increased saturation further to 95 ± 1%. With
the addition of the humidifier, the acoustic compliance of the circuit of the ventilator be-
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tween the inspiratory, exhaust and proportional valves rose from 0.07 to 0.42 mL cmH2O−1,
corresponding to a volume increase in the same compartment from 69 to 427 mL, requiring
some adjustments of the feedback parameters.

3.2. Validation

At PEEP1, balloon volume and elastance (Est) were 0.88 ± 0.04 L and 19 ± 2 cmH2O L−1,
respectively. These parameters increased with PEEP15 application to 2.04 ± 0.03 L and
57 ± 6 cmH2O L−1, respectively.

Depending on the flow, Rref ranged between 2 and 6 cmH2O s L−1 in the presence
of the endotracheal tube (blue circles, panels A and B, Figure 7), and between 2 and
3 cmH2O s L−1 in the absence of it (blue circles, panels C and D, Figure 7). The difference
between HR and LR was rather small, amounting to 0.2–0.4 cmH2O s L−1. PEEP level had
no effect on Rref (P > 0.168).
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Figure 7. Reference resistance (Rref) (blue circles) and interrupter resistance (Rint) (triangles) mea-
sured with and without the endotracheal tube inserted in the circuit (ET, (panels A and B); and
no ET, (panels C and D), respectively), in the presence of the higher or lower resistance (HR,
(panels A and C); and LR, (panels B and D), respectively). Measurements were performed at low
(1 cmH2O) (yellow triangles) and high (15 cmH2O) PEEP (orange triangles). For Rref, results at
different PEEP levels were pooled.

∆Rref did not change in the presence and in the absence of the endotracheal tube
(P = 0.652), or with the higher or the lower resistance (P = 0.855), but it increased 3-fold
from low to high PEEP (P < 0.001) (Figure 8).

Measured Rint and ∆R closely followed their respective reference values in all condi-
tions (Figures 7 and 8). In all instances, a significant difference of Rint between HR and
LR was detected (P < 0.020). The agreement between reference and measured values are
shown in the Bland–Altman plots in Figure 9.

The average deviation of Rint from its reference values was 0.010 ± 0.122 cmH2O s L−1

(P = 0.625), corresponding to an insignificant bias of 1 ± 5% of the reference values and to
a 95% confidence interval of −9 + 10%. In contrast, the average deviation of ∆R from its
reference values was significant (−0.057 ± 0.103 cmH2O s L−1, P < 0.001). In percentage of
the reference values, the bias corresponded to −5 ± 10% and the 95% confidence interval
to −25 + 16%. It should be noted, however, that at low PEEP, the stress–relaxation of the
model was much smaller than that measured in large mammals, so the effective percentage
error of ∆R will be reduced when the ventilator is used with biological specimens. If
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only values at high PEEP are considered, the bias becomes −0.016 ± 0.090 cmH2O s L−1

(P = 0.369), corresponding to a percentage error of 1 ± 5% with a 95% confidence interval
of −8 + 10%.
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angles) assessed with and without the endotracheal tube inserted in the circuit (ET, (panels A and B);
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Measurements were performed at low (1 cmH2O) and high (15 cmH2O) PEEP.
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4. Discussion

The mechanical characteristics of the model used to test the ventilator were in the
same order of magnitude of those measured in large mammals, including sheep, pigs
and humans [26,33–37]. In this respect, ∆R represents an exception, as at low PEEP
stress–relaxation in the model was minimal, much less than that measured in pigs or
humans [26,37]. Retrospectively, an electropneumatic system as recently proposed could
have been of help for ventilator testing [38]. Nevertheless, the model we used can still
provide a useful estimation of the error inherent to our application of the interrupter
technique, if the low PEEP ∆R data, which do not have any correspondence with actual
biological values, are excluded from the calculation of percentage errors.

The ventilator was successful in detecting a small difference (<0.5 cmH2O s L−1)
between lower and higher resistance, and there was a good agreement between measured
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interrupter resistance and its reference (95% confidence interval between −9 and 10%), as
well as between additional resistance and its reference (−8 and 10%), despite the number
of possible confounding factors which may interfere with these measurements, especially
in the presence of a high Est [29].

A leakage at the level of the circuit between the inspiratory and expiratory valve and
the test flowmeter (see Figure 3) has fatal effects on the ability of the ventilator to assess ∆R,
as it would increase the fall of Paw during the post-inspiratory pause. We measured the
leakage by increasing the pressure in the circuit up to 50 cmH2O, and found it negligible
(<0.005 mL s−1).

Ideally, the closure of the inspiratory valve should be instantaneous [39]. Even in
the presence of an ideal valve, however, a finite sampling frequency can lead to an un-
derestimation of the resistive pressure drop from Pmax,aw to P1,aw, as Pmax,aw is inevitably
underestimated by an amount which depends on the sampling frequency (SF) and on the
rate of rise of Paw (a function of flow and Est), and P1,aw is overestimated by an amount
which depends on SF and on the rate of Paw decay (dPaw/dt) after the occlusion. This can
be represented by the following equation:

Rint − Rref = − 1
2SF Flow

(
Flow Est −

dPaw

dt

)
(8)

In the present experimental settings (SF 1000 Hz) this kind of error is unsubstantial,
being in all conditions less than 0.05 cmH2O s L−1.

Another possible error is related to the redistribution of air in the system when flow is
suddenly interrupted, and pressure equalizes in the whole system, so that a small amount
of air, contained in the upstream parts of the model, flows downstream where the pressure
is lower. In this case, the measured resistive pressure drop should be less than the actual
one. This possibility was investigated by simulating a worst case scenario in which all the
system upstream the outlet of the endotracheal tube was at Pmax,aw and immediately after
the interruption pressure equalizes everywhere at P1,aw. Also in this case, the error was
insignificant (<0.05 cmH2O s L−1).

More serious sources of error stem from the finite closing (and opening) time of the
2-way valves. The problem is 2-fold.

First, at the end of inspiration it is important that the exhaust valve opens only after
closing of the inspiratory valve is complete. If this does not happen, part of the inspiratory
flow will be diverted to the exhaust port, decreasing the flow actually delivered to the
model. This possibility has been prevented by estimating the delay between the command
to each valve and its complete closure or opening, and by compensating any difference in
closing/opening time with the control program.

Second, a finite closing time of the inspiratory valve interferes with the measurement
of Rint, as, while the valve is closing, air moves to the model, raising the pressure depending
on flow and on Est, so that P1,aw is overestimated. The published correction methods to
overcome this issue are based on the knowledge of the compliance of the respiratory system
and of the flow profile during closure [39–41]. Because of technical limitations in the direct
assessment of a very fast flow transient during closure [40], the best solution to assess
the flow profile during closing is to gather this information indirectly, provided that it is
possible to instantaneously measure the position of the valve plunger and to determine the
flow–pressure relation in all intermediate positions between open and closed state [39,40].
This is impossible to do with a commercial valve like 71P9ZGM, in which plunger position
cannot be measured or controlled. However, indirect evidence suggests that the effective
closing time of in situ 71P9ZGM was rather short.

Panel A of Figure 10 shows the flow recorded during closing of the isolated inspiratory
valve when the pressures upstream and downstream were 20 and 0 cmH2O, respectively.
The delay between the generation of the closing signal (time 0, vertical line) and the
complete closure of the valve was rather long (~28 ms), also relative to that of the other
valves (11–12 ms). Apparently, flow did not decrease linearly with time immediately after
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the closing command, but rather remained almost constant or slightly decreased until a
sudden fall to zero. Panel B of Figure 10 shows two hypothetical time-conductance relations,
one linear and one half-bell shaped [29]: the corresponding flows (when upstream pressure
is constant) are indicated by the circles of Panel C of the same figure. It is clear that the
shape of flow shown by panel A is not compatible with a more or less gradual decrease in
conductance starting from time 0, and this suggests that either the valve started to close
some ms after the closing command or the initial change of conductance was modest. In
addition, when the valve is mounted in the ventilator, the pressure upstream is not constant,
and the changes in flow before complete closure tend to be minimized. Indeed, as the flow
is proportional to the inverse of the sum of all the resistances in series (the high resistance
offered by the three proportional valves plus the lower one offered by the inspiratory valve,
see Equation (5)), during closure the pressure upstream to the inspiratory valve increases,
limiting the decrease in inspiratory flow until the resistance offered by the inspiratory valve
is very high (compare circles and squares in panel C of Figure 10).
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Figure 10. (Panel A): time course of flow generated by a constant pressure upstream of the inspiratory
valve during the closure of the valve. The vertical line indicates when the closing command is
delivered to the valve. (Panel B): hypothetical time course of valve conductance when conductance
decreases linearly in time (continuous line) up to zero or when the time-conductance relation has
a half-bell shape [29] (dotted line). (Panel C): the time courses of conductance shown by panel B
have been used to calculate flow during inspiratory valve closure when upstream pressure was
constant (circles) or when it was variable (squares), as it is the case when the valve operates inside
the ventilator.

Operatively, Pmax,aw was taken at the instant after which Paw falls suddenly, which
corresponds to the flow before its rapid decline to zero (Fei). If so, effective closing time
(from Pmax,aw to zero flow) becomes very short, and probably the effect of leakage on P1,aw
becomes negligible.

Finally, another factor interfering in the assessment of P1,aw (and therefore of Rint and
∆R) is represented by high frequency pressure oscillations after the rapid interruption,
which prevent a direct measurement of this parameter. In our settings, the duration of the
oscillations was greater than previously reported [29]. The presence of the endotracheal
tube is a major contributor to the genesis of the oscillations, as it provides an inertance
which is one order of magnitude greater than that of the other parts of the system. Indeed,
when the model did not include the endotracheal tube the persistence of the oscillations
was markedly reduced. An additional reason for this phenomenon is probably the great
rate of decrease in flow during the closure of the inspiratory valve, when it works inside the
ventilator with a variable pressure upstream, as the greater the deceleration is, the greater
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the inertial pressure that will be produced. Whatever the reason, oscillations represent a
problem, since the longer the duration of the back-extrapolation is, the greater the error
in P1,aw estimation, if the shape of the rate of Paw decay is not known a priori. This issue
was solved by reconstructing Paw as shown in Figure 6, so that the duration of the back-
extrapolation was brought back to reasonable limits. A drawback of this approach is the
necessity to use a high sampling frequency in order to follow faithfully the transients.

5. Limitations

The prototype is still under development, and efforts are being made to reduce the
physical dimensions of the apparatus (in particular of the humidifier), and to improve the
stability of the high pressure source, which may be responsible of some residual inaccuracies
of the flow. At the moment, the maximal inspiratory flow which can be delivered to the
animal is ~ 2.2 L s−1, sufficient for most applications. Addition of other proportional valves
in parallel can raise this limit. A major limitation of the present design is that expiration
is completely passive, and, therefore, flow during expiration cannot be controlled. This
feature prevents the assessment of the deflation pressure–volume relation of the respiratory
system at low flows.

6. Conclusions

Despite these limitations, the device described in this work offers the possibility
to ventilate a large animal during anesthesia and paralysis, while assessing respiratory
mechanics in terms of interrupter resistance, additional resistance and elastance. Although
the safety level of the ventilator is not high enough to be used in humans, it affords
considerable protection against overdistention, and can be used continuously for hours in
the experimental settings.
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