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Abstract

This study aims to resolve the unmet need for ventilator surge capacity by developing a prototype device that can alter
patient-specific flow in a shared ventilator setup. The device is designed to deliver a predictable tidal volume (VT), requiring
minimal additional monitoring and workload. The prototyped device was tested in an in vitro bench setup for its performance
against the intended use and design criteria. The ventilation parameters: VT and airway pressures, and ventilation profiles:
pressure, flow and volume were measured for different ventilator and device settings for a healthy and ARDS simulated lung
pathology. We obtained VTs with a linear correlation with valve openings from 10 to 100% across set inspiratory pressures
(IPs) of 20 to 30 cmH,0. Airway pressure varied with valve opening and lung elastance but did not exceed set IPs. Perfor-
mance was consistent in both healthy and ARDS-simulated lung conditions. The ventilation profile diverged from traditional
pressure-controlled profiles. We present the design a flow modulator to titrate VTs in a shared ventilator setup. Application
of the flow modulator resulted in a characteristic flow profile that differs from pressure- or volume controlled ventilation.
The development of the flow modulator enables further validation of the Individualized Shared Ventilation (ISV) technol-
ogy with individualization of delivered VTs and the development of a clinical protocol facilitating its clinical use during a
ventilator surge capacity problem.
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1 Background

The scenario of a potential shortage of ventilators, a ventila-
tor surge capacity problem, changed from a mere theoretical
consideration to a reality during the COVID-19 pandemic
[1]. Solutions were proposed worldwide, ranging from ad
hoc assembly of automatic resuscitators to patient alloca-
tion protocols [2, 3]. The concept of shared ventilation,
where multiple patients share the same ventilator, has been
widely discussed. It has triggered renewed research and was
even applied during the surge in the United States [2, 4].
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Several causes can give rise to mass casualty respiratory
failure, ranging from bio-terrorism involving a nerve agent
to natural disasters. Mechanical ventilation can be a bot-
tleneck for mortality in acute respiratory failure. Several
factors are crucial in this context, including the number of
patients, the onset and development of Acute Respiratory
Distress Syndrome (ARDS), and the duration of morbid-
ity [1]. Although Neyman and Irvin are commonly cited
first to have discussed shared ventilation [5], the original
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idea to increase the patient capacity of a ventilator was first
described in 1994 by Sommer et al. with an anaesthesia-
style, bag-in-the-box system in a limited proof-of-concept
[6]. In 2002, a patent was granted to Lerner for ‘multiplex
ventilation’, a system that could ventilate up to eight patients
with a single gas source, again without further scientific
elaboration or described applications [7]. In the original
2006 paper, Neyman and Irvin discussed a configuration in
which four ventilation circuits with two splitters were con-
nected to one ventilator to ventilate four artificial lungs [5].
This proof-of-concept was used in an in vivo pilot study
by Paladino et al. in 2008 to ventilate four sheep for 12 h
[8]. These preliminary results were framed within the limi-
tations, risks and potential danger of oversimplification of
this proof-of-concept and demonstrated in an initial bench
study by Branson et al. [9—11] However, despite some evi-
dence supporting the potential of a shared ventilator setup, a
joint statement against the concept of shared ventilation was
released in 2020. The arguments concerned ethical consid-
erations, safety and feasibility aspects [12].

One of the setbacks of a shared ventilator setup, the naive
system, is that patients need to be paired by similar ideal
body weight and respiratory mechanics (lung compliance

Ventilator

and airway resistance) and cannot be dynamically managed
over time. This naive system was then optimized during the
innovative momentum of the pandemic [13, 14]. The inno-
vative research tackling these shortcomings and improving
safety and feasibility, has led to a new field of circuit modi-
fications. The concept of Individualized Shared Ventilation
(ISV), in which the ventilation of two different patients can
be individualized and adapted through a modified ventila-
tor circuit to enable lung protective ventilation was estab-
lished [15-29]. The ISV circuit enables the titration of
each patient’s Tidal Volume (VT), Positive End-Expiratory
Pressure (PEEP), and Fraction of Inspired Oxygen (FiO,%).
(Fig. 1) This allows to adapt ventilation to the patient, and
not the other way around, as in the naive system. Addition-
ally, two heat and moisture exchange filters (HMEFs) and
four one-way valves should be provided to prevent cross con-
tamination and pendelluft [30, 31]. The ventilator must be
used in a pressure-controlled mode. As in volume-controlled
mode, any change in impedance (compliance, resistance)
of the patient or of the respiratory circuit will have a major
effect on volume distribution [20, 22, 25, 30].

To individualize the VT, two types of valves were
described and integrated into a variety of devices [25]. On

P-Mode: Settings

ISV-protocol
—

Individualized
Shared
Ventilation

Fig.1 Schematic illustration of Individualized Shared Ventilation
(ISV) setup. The ISV system operates with a ventilator in pressure-
controlled mode. It features a split inspiratory (INS) and expiratory
(EXP) circuit, facilitated by two T-pieces, four one-way valves, and
two heat and moisture exchange filters, directing airflow to each
patient. Within the inspiratory circuit for each patient, tidal volumes
(VT) are individualized by a prototyped device, the flow modulator.
On the expiratory circuit, an inline Positive End-Expiratory Pressure
(PEEP) valve allows for patient-specific PEEP settings. Oxygen con-
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centration can be individualized through an additional oxygen flow
in the respective patient’s inspiratory circuit. The ISV system ena-
bles individualized ventilation parameters for each patient, including
desired VT, PEEP, and Fraction of Inspired Oxygen (FiO,%), inde-
pendent of the contralateral patient. Each ISV breath cycle exhibits a
unique pressure, flow, and volume profile. Physicians can achieve the
desired ventilation parameters by configuring the ventilator and ISV
circuit according to a predefined ISV protocol. Created using BioRen-
der.com
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the one hand, flow control valves (FCV) influence the cross-
sectional area and consequently the tubing resistance. This
was achieved by various valve types, including needle, ball
and diaphragm valves. On the other hand, there are pres-
sure-relief valves (PRV) that open when a certain pressure
is exceeded and remain closed if not. This was achieved by
a spring load. The performance of these devices is crucial
for clinical implementation and the development of a clinical
protocol [22]. The need for additional monitoring and car-
ing staff workload increases if these devices deliver unpre-
dictable or difficult-to-adjust VTs. Furthermore, the risk for
ventilator induced lung injury (VILI) increases when these
devices are inaccurate or poorly refined, or if a small adjust-
ment on the device induces large changes in VT.

To decrease the barrier to clinical implementation and to
maximize patient safety, ISV needs to deliver appropriate
medical care. Therefore, there was a clear unmet medical
need for a device capable of accurately and predictably indi-
vidualizing VTs during ISV for different lung pathologies.

The primary aim of this study was to develop a prototype
valve in bench with predictable generated VTs and with
small incremental steps within a clinically relevant range.
This study covers the research and development phase of
a new prototyped device, its performance testing and the
description of its ventilation profiles during ISV in a bench
setup.

2 Methods
2.1 ISV bench setup

The ISV bench setup, as described in Fig. 2, consisted of an
ICU-ventilator Driger Savina 300 (Driger, Liibeck, Ger-
many), set in a pressure-control mode (PC-AC) for different
set inspiratory pressures. The ISV-circuit was attached and
made from standard adult 22 mm tubes, two HMEFs, two
T-pieces and four one-way valves (Intersurgical, Berkshire,
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Fig.2 Schematic representation of the in vitro Individualized Shared
Ventilation (ISV) bench setup. The configuration comprises an Inten-
sive Care Unit (ICU) ventilator (Savina Driger) operating in pressure-
controlled mode, integrated with an ISV circuit. Within this circuit,
a prototype flow modulator is inserted on the inspiratory limb. This
assembly is connected to a Citrex H5 measuring device, which is
subsequently interfaced with LabVIEW software. The configurations
for both the ventilator and the flow modulator were established based
on the protocols of the various bench tests. Test lungs are employed

to simulate both healthy and Acute Respiratory Distress Syndrome
(ARDS) lung pathologies in circuit 1, featuring an airway resistance
of 5 mbar/L/s and respective compliances of 60 and 25 mL/mbar. In
circuit 2 the test lung always had a fixed airway resistance of 5 mbar/
L/s and compliance of 60 mL/mbar. Data and associated metadata
for each ISV ventilation cycle were collected, categorized by lung
pathology and specific ISV settings. This includes ventilation param-
eters as functions of the ISV settings, as well as ventilation profiles
for pressure, flow, and volume. Created using BioRender.com
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UK). The lung pathology was simulated with two artificial
test lungs, Smart Lung 2000 (IMT analytics, Buchs, Swit-
zerland) by setting their airway resistance and elastance. The
prototyped device was placed in each inspiratory part of the
ISV-circuit while in front of each test lung an ISO certified
measuring device, Citrex H5 (IMT analytics, Buchs, Swit-
zerland) was inserted to measure the pressure drop across
the prototyped device, the airway pressure and flow, and
calculate the ventilation parameters. Data collection was
facilitated by a National Instruments PXI system, utiliz-
ing LabVIEW software (National Instruments, Austin, TX,
USA). The system interfaced with the Citrex HS via a serial
connection, sampling data at a frequency of 50 Hz. Follow-
ing quality control by the researcher, the data, along with
associated metadata, were stored in a dedicated database.
Each data file is assigned a unique test-ID and encompasses
distinct tidal cycles, all of which maintain consistent settings
for the ventilator, prototyped device, and test lungs.

2.2 Prototype design and development

The objective of the bench phase was to design and develop
a prototype valve. This medical device was intended to meet
specific design criteria and the intended use. The intended
use of the device was defined as to individually regulate VTs
in an ISV ventilator circuit, with an intensive care unit (ICU)
ventilator in a pressure-controlled mode, when a ventilator
surge capacity problem occurs. Once integrated into the ISV
setup, the device will enable a physician to ventilate two
patients simultaneously, independently, and accurately. Fur-
thermore, it will allow for the management of their ventila-
tion requirements over time using a single ventilator (Fig. 1).
Furthermore, we a priori defined that the device should
meet the following design creteria: the device should allow a
predictable and accurate regulation of VTs by manipulating
airflow with a rotatory element. The ideal scenario would
involve a linear relationship between the device’s settings
and the resulting VT. This regulation should be achieved
with small incremental steps within a clinically relevant VT
range. The clinically relevant range for an adult was defined
based on a 30 kg minimum weight and a lung protective
ventilation strategy using VT ranging from 6 to 8 mL/kg
ideal body weight, resulting in a clinically relevant VT range
of 180 mL to 720 mL. Additionally, the device should be
designed for ease of independent operation. Modulations on
the device should only affect the ipsilateral patient. Finally,
the device’s production process should be rapid, scalable,
and cost-effective, while also adhering to the regulations for
a Class Ila medical device. In this phase, 3D-printing tech-
nology was chosen so that the design could easily be adapted
to advancing insights. Notwithstanding, it was envisioned
that the prototype was scalable and could be produced via
injection modelling while maintaining its performance.
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Several off-the-shelf valves were considered as well as
the designs described by Levin and Sorg [21, 22]. However,
none of which fully met the above design criteria, and we
thus worked out a new concept to meet all design criteria and
the intended use. This novel concept diverges from the exist-
ing valves commonly used in Flow Control Valves (FCV)
and does not rely on the working principles of Pressure
Gated Valves (PGV) [25, 26]. Therefore, the basic concept
of FCV was revised and a prototyped device was designed.

Existing valves and prototyped devices were tested in the
ISV bench setup (Fig. 2). All potential valves and devices
were screened and tested for their potential to meet the
design criteria. The delivered VT for each 10% valve open-
ing increment was plotted and evaluated for its linearity as
shown in Additional file 1: Figure S1. The ventilator setting
was: an inspiratory pressure (IP) of 20 cmH,0, a PEEP of 5
cmH,0, a flow acceleration of 90 mbar/sec and FiO, 0.21.

Various new device types and geometric variants were
designed and fabricated using 3D printing technology. Of
these, 2 types were eventually retained based on expert opin-
ion and preliminary test results. These 2 types underwent
further development and optimization through incremental
changes aimed at enhancing device characteristics. The final
focus was on achieving a linear effect in airflow manipula-
tion while meeting all secondary design criteria.

Ultimately, one specific design was selected based on its
linear response, desired range of VTs, and ease of manufac-
turability (Fig. 3). Subsequently, the final prototype under-
went performance testing to evaluate its suitability for the
intended use, utilizing an in vitro bench setup.

2.3 Bench-test of the prototyped device

The primary aim of the experimental bench study was to
evaluate the performance of the prototyped device, where
performance is defined as the accurate and independent
delivery of VTs with limited incremental steps in the ISV
circuit. This performance was assessed using two evidence-
based simulated lung pathologies and various ventilator
settings, as depicted in Fig. 2. Additionally, the pressure,
flow, and volume waveforms were recorded to characterize
specific mechanical ventilation properties.

2.4 Different bench tests

(1) Determine VTs and airway pressure (Paw) as function
of percentage of the prototyped device opening by dif-
ferent set inspiratory pressures (IPs) for a test lung with
normal and increased elastance.

The VT and Paw in both circuits were assessed at IPs of
20, 25, and 30 cmH,0 in relation to the opening percentage
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a)

Fig.3 The flow modulator. a) The device comprises two main com-
ponents: a body housing (A) equipped with an inlet (1) and an outlet
(2), and a valve (B). The valve is cylindrical in shape, with taper, and
rotates around its longitudinal axis within the housing (A). b) The air-
flow is captured (3) and tangentially directed through an aperture (4)
towards a spirally arranged three-dimensional groove (5) located on

of the prototyped device, with both artificial lungs set at the
same elastance. This test was conducted at 10% intervals
for each valve opening. The prototyped device in the con-
tralateral circuit was set at a fixed 100% (fully open). The
ventilator settings included a respiratory rate of 15/min, a
flow acceleration of 90 mbar/s, and an inspiratory-to-expir-
atory (L:E) ratio of 1:2. The artificial lungs were configured
as depicted in Fig. 2 for both normal and high elastance
conditions.

(2) Determine the pressure, pressure drop, flow and volume
profiles when using ISV in a test lung with normal and
increased elastance.

The primary function of every ICU ventilator is to deliver
a specific VT, establish a set PEEP, and FiO, in either a
pressure- or volume-controlled mode. The delivery of these
ventilation parameters is associated with specific pressure,
flow, and volume profiles within a predefined time inter-
val. The core function of the prototyped device in ISV is to
deliver predictable and accurate VTS in a pressure-controlled
mode. The individualized VTs for each patient result from
the interaction between pressure-controlled ventilation and
the prototyped device, as influenced by airway resistance
and lung compliance.

2.5 Data analysis

Measurements of flow, pressure, and pressure drop were
directly obtained, while additional ventilation parameters
were computed using the Citrex H5 device. Each bench test
was conducted over a series of 35 tidal cycles, yielding a low
observed standard deviation that was considered clinically
insignificant. Data visualization was carried out using the

the circumferential side wall of the valve body. A scale ranging from
0 to 100% (B) is marked on the device, indicating the transition from
fully closed to fully open. Depending on the inspiratory pressure (IP)
and lung characteristics, the position of the valve (B) relative to the
housing (A) will deliver a predictable tidal volume (VT)

Python library Matplotlib. Subsequently, linear regression
analyses were conducted using the Scipy library in Python.
Two types of regression analyses were performed: one uti-
lizing all available data and another excluding valve open-
ings higher than 90%. The linear functions for these analyses
were derived based on the intercept and slope obtained from
the regression.

3 Results

3.1 Performance

The prototyped device demonstrated a linear relationship
within the clinically relevant VT range of 180 to 720 mL,
as illustrated in Fig. 4. Linearity remained consistent even
under conditions simulating high elastance test lungs. The
Pearson’s correlation coefficient was 1.0 (p <0.01) across
all IPs within the 10-100% valve opening range for the low
and high elastance test lung. Except for an IP of 20 cmH20,
the correlation coefficient was 0.97 (p <0.01) in the high
elastance test lung. When the valve opening range was con-
fined between 10% and 90%, a correlation coefficient of 0.99
(p <0.01) was obtained for the IP of 20 cmH,0, in the high
elastance test lung.

A linear relationship was observed between the airway
pressure and the valve opening across the three different
levels of Inspiratory Pressure (IP), as illustrated in Addi-
tional File 1: Figure S2. This linearity was maintained in
both normal and high compliance test lung settings, with
the linearity being more pronounced in conditions of high
elastance. The pressure within the circuit never surpassed
the pressure settings configured on the ventilator (IP).
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3.1.1 Pressure drop and flow across the prototyped device

The pressure drop across the prototyped device was inversely
correlated with the valve opening (Fig. 5). An increase in
pressure drop was associated with a decrease in airway
pressure and reduced VT delivery (Fig. 4). Conversely,
a decrease in pressure drop upon valve opening led to an
increase in airway pressure, without surpassing the IP con-
figured on the ventilator (Fig. S2).

The pressure drop across the prototyped device was also
influenced by lung elastance, decreasing with increased
elastance, as seen in ARDS conditions.

Hence, the pressure drop across the prototyped device
was affected by both the valve opening and lung compliance.
At higher levels of lung elastance, the flow was observed to
be lower. A similar reduction in flow was noted with smaller
valve openings. A quadratic relationship was observed
between the pressure drop across the prototyped device and
the flow when operating in a pressure-controlled mode dur-
ing ISV. This quadratic relationship persisted even when
altering the valve opening with the prototype device. It was
noted that the device induced variations in airway pressure
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Fig.6 Pressure-Volume Loop of a Flow-Modulated Breath. The PV-
loop was plotted for five valve openings (20%, 40%, 60%, 80%, and
100%) in Circuit 1 (solid line) and Circuit 2 (C2, dotted line) under
conditions of low (blue) and high (red) lung elastance. The PV-loop
shrinks with smaller valve openings, resulting in lower VTs. Under

as a function of both lung compliance and valve opening,
even under pressure-controlled ISV ventilation conditions.

3.1.2 PV-loop

In the circuit where the valve opening of the prototyped
device was modulated within a range of 20-100%, both the
pressure and the delivered VT were observed to decrease.
(Fig. 6) In the contralateral circuit, where no modifications
were made to the prototyped device, a stable delivered VT
was maintained despite alterations in the neighboring cir-
cuit. A similar phenomenon was noted under high elastance
conditions. In these conditions, the PV-loop, across varying
valve openings but with consistent ventilator settings, pro-
duced areduced VT.

3.2 ISV-breath

In our test circuit, an ICU ventilator operating in pressure-
controlled mode was utilized. Despite this configuration, the
observed ventilation profile in both the modulated and the
unmodulated circuit diverged from conventional modes of
ventilation, displaying features more commonly associated
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conditions of higher lung elastance, with consistent ventilator set-
tings, the PV-loop also shrinks, leading to reduced VTs. Hence, when
lung elastance increases, the delivered VT decreases, yet the pressure
does not exceed the IP set on the ventilator
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Fig.7 Time Evolution of Pressure, Flow, and VT for an ISV Cycle.
The pressure, flow, and volume profiles are plotted for a normal
(blue) and high (red) elastance test lung with an IP of 25 cmH,0
across five valve openings (20, 40, 60, 80, and 100%). Circuit 2 is
represented in black along with its 95% confidence interval, showing
significant variation during the transition from inspiration to expira-
tion. The ventilation profiles diverge from traditional modes of venti-
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lation, with the volume profile resembling that of volume-controlled
ventilation despite being pressure-controlled. The inspiratory phase
of the flow profile features a plateau phase, a characteristic influenced
by the prototyped device installed on the inspiratory circuit. The ISV
profile is maintained across various valve openings as well as under
different conditions of lung elastance
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with volume-controlled ventilation. Figure 7 offers an in-
depth illustration of the unique flow, pressure, and volume
profile observed in the ISV circuit. The ventilation profiles
for an IP of 20 and 30 cmH,0 are shown in Additional file 1:
Figure S3 and S4. The prototyped device was employed on
the inspiratory circuit and resulted in a plateau phase during
the inspiratory flow. These profile characteristics were main-
tained across various valve openings and under conditions
of elevated elastance, such as in ARDS. Consistently, altera-
tions to the valve opening in one circuit did not influence the
other circuit. In Circuit 2, the 95% confidence interval was
plotted, revealing variation primarily during the transition
between inspiration and expiration.

4 Discussion

We successfully developed a prototype of a valve that could
produce a predictable and titratable VT in a shared venti-
lator setup, by modulating airflow. With the modification
of the ventilation circuit, we observed a distinctive ventila-
tion profile. The resulting ventilation profiles in both the
flow-modulated and nonmodulated circuit did not match the
typical pattern of a pressure-controlled ventilation mode,
with different PV-loop and pressure, flow, and volume wave-
forms, indicating that this modified circuit has its own char-
acteristics and limitations.

The potential to modify delivered TVs, and its novel ven-
tilation pattern persisted in this bench testing in test lungs
with normal and high elastance.

The prototyped device is a new concept of controlling
VTs during mechanical ventilation, and was designed to
offer temporary care during a ventilator surge capacity
problem without the need of patient matching. The linear
relationship between flow modulator opening and delivered
VT for different inspiratory pressures and lung pathologies
gives the potential to a high degree of predictability and
accuracy. Prior to its application in clinical practice, this
novel tool will need to be supplemented by a clinical proto-
col, which will guide the physician in delivering the desired
ventilation parameters.

4.1 Performance

The flow modulator had a linear relationship with the VTs
delivered with the three different set inspiratory pressures
and set test lung elastance. Furthermore, over the broad
spectrum of flow modulation, small and predictable differ-
ences in resulting VTs could be achieved.

Flow modulation in one circuit did have an effect in the
contralateral circuit. Although, when these results are framed
in the light of a clinical situation, a high degree of independ-
ence is present without clinically relevant repercussions on

the contralateral patient. A possible explanation is the inte-
gration of the flow modulator into the inspiratory limb of
the circuit. Chatburn et al. described an alternative design to
overcome this problem [30], by integrating valve into a split-
ter device. This does not meet the design criteria of intuitive
ease of use by the operator and potentially introduce errors.

Previously, two major groups of devices to titrate VTs
in ventilator sharing were described [26]. FCV reducing
the cross-sectional area with different types of valves and
PGV, which uses a spring load. Both operating principles
involve setting and changing resistance, FCV by influenc-
ing the cross-section, PGV by influencing the spring load.
Implementing this in a shared ventilator setup with pressure-
controlled ventilation creates the possibility to individualize
VTs. The flow resistance for PGV decreases with increasing
flow and the pressure drop across the valve is independent
from it [26]. The VT can therefore only be controlled by
changing the pressure set by the valve or the ventilator and
hence change the inspiratory pressure of the patient.

Flow across a channel with reduced cross-sectional area
can on the other hand be characterized by the Darcy-Weis-
bach equation:

P2

L
Ap =fp=—,
p pr

. (M

where by Ap is the pressure-loss, f the Darcy-Weisbach

friction coefficient, p the mass density of air, L the length
of the channel D the hydraulic diameter of the channel(i.e.
the ratio of four times its cross-sectional area A to its perim-
eter) and v the average speed of the flow [32]. Depending
on the flow regime, several empirical correlations have
been proposed for the Darcy-Weisbach friction coefficient
in Eq. 1. The turbine driven incompressible, unsteady oscil-
lating flow reaching the flow modulator is of turbulent nature
given the bellow tubing and numerous junctions, connectors,
and filters on its pathway. Over the short length of the flow
modulator and neglecting the effect of gravity, Bernoulli’s
principle can be rewritten to yield a bounding value on the
pressure-loss.

1 QO

Ap = —
P =3P

@

Hence the existence of a quadratic and inherent relation-
ship between the pressure-loss across a flow valve at con-
stant opening and the flow for a steady flow, as opposed to
an other theoretical hypothesis proposing a linear relation-
ship [26]. Our bench data supports the quadratic relationship
between flow and pressure drop when influencing the cross-
sectional diameter (Fig. 5).
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4.2 Mechanical power

The mechanical power is an overarching variable which
includes the other mechanical ventilation parameters: VT,
plateau pressure, PEEP, and flow, which can lead to VILI.
Our novel flow profiles had a pronounced plateau phase
during inspiration. These profiles were associated with low
mechanical power and energy delivery to the lung tissue
during mechanical ventilation [33]. As a result, the flow
modulator may enable further research into lung protective
ventilation by flow modulation on the expiratory circuit or
both to minimize mechanical power during mechanical ven-
tilation [34].

4.3 Integration of the prototyped device into ISV:
validation and ISV-protocol

A shared ventilator setup is a clinical process and not just a
mechanical act of splitting a ventilator with a modified cir-
cuit. The limited real-world experience with shared ventila-
tion highlights the critical importance of a clinical protocol
[35]. Furthermore, Raredon et al. stated that there are two
major criteria to provide safe and reliable care when per-
forming ventilator sharing: predictable control and patient
independence [26].

The ISV technology can be further developed to be
applied safely. For this, the development of a clinical shared
ventilator protocol is indispensable in which the perfor-
mance is documented, and the operator can correctly set
up and handle the ICU ventilator and flow modulator. The
flow modulator and clinical protocol could be a part of the
arsenal for healthcare workers in the domain of pre-hospital
care, emergency medicine, and intensive care, when they are
confronted with a ventilator surge capacity problem.

The performance of the flow modulator and properties of
the ISV waveform suggest the end of the shared ventilation
paradigm. The idea of ventilating two patients in a pressure
control mode with a modified circuit should switch towards
providing ISV with the flow modulator using an ISV proto-
col. ISV is a new ventilation technique to provide individual
respiratory support when a ventilator surge capacity problem
occurs. Clinical implementation will depend on developing
an ISV protocol and validating the performance of the flow
modulator in ISV against the intended use of a ventilator
surge capacity problem in bench and in vivo.

4.4 Limitations

Ultimately, the shared ventilator setup is always inferior to
a single ventilator per patient setting. We aimed to develop
a device that could allow the clinician to temporarily miti-
gate some risks during a ventilator surge capacity setting.
This study focused on developing a new concept of flow
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modulation, by generating modifiable and predictable VTs
in a shared ventilator setup without patient matching. This
is a necessary step to facilitate the further development of a
safe and clinically usable shared ventilator setup.

Further scenarios need to be evaluated prior to a clini-
cal implementation. First, we still need to fully evaluate the
impact of additional PEEP modulation. During brief test-
ing in our setup, the added PEEP valve did not affect the
expiratory flow on the other ventilator circuit or did it impact
inspiratory flow on any circuit. Second, performance of the
prototype in other ventilator settings needs to be exam-
ined. It seems that the effect of the flow modulator can be
bypassed by a long inspiratory time, where an equilibrium
settles on the inlet and outlet of the prototyped device. When
integrating and testing the prototyped device into the ISV
system, the limits of inspiratory time should be explored and
established. In this study, individualization of FiO, was not
examined with the flow modulator; however, based on our
prior research, an additional sidestream of 100% oxygen in
the shared ventilator circuit may facilitate this [16].

In the bench testing, only one ICU ventilator, Dréiger
Savina 300, was used. When validating the prototype, its
performance should be tested on different ICU ventilators.
It was already shown that even within ventilators there is a
difference in performance, which will correlate with the ISV
technology [36]. This highlights the importance of an ISV
protocol that can encompass these differences.

The artificial lungs we used are limited in simulating
lung pathologies with three different lung compliances and
four different airway resistances. This limits us in simulat-
ing categorical lung pathologies. A more sophisticated lung
simulator in which a spectrum of airway resistances and lung
compliances could be set is needed to further evaluate the
limitations of this technology.

One further limitation of a shared ventilator, in the set-
ting of ventilator surge capacity, is the concurrent need for
separate respiratory system monitoring. Patient safety is cur-
rently only guaranteed when individual VTs and delivered
pressures are measured. However, with the performance of
the flow modulator and the development of a clinical ven-
tilation protocol, we hope to eventually reduce the need for
advanced monitoring, when software models can accurately
predict the individual patient’s VTs with minimal input from
a monitor.

5 Conclusions

Almost four years after the start of the COVID-19 pandemic,
there is still an unmet medical need for a medically graded
solution to tackle a ventilator surge capacity problem. We
present the design of a flow modulator device to titrate VTs
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in a shared ventilator setup without patient matching. Its
performance was tested in a bench setting, whereby the flow
modulator can deliver independent, titratable and accurate
VTs for different settings of airway resistance and lung com-
pliance. The flow modulation results in a new characteristic
ventilation profile.

The development of the flow modulator enables further
development of shared ventilator setup technology and the
development of a clinical protocol facilitating its clinical use
during a ventilator surge capacity problem.
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