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Abstract
Purpose The Coronavirus Disease 2019 (COVID-19) pandemic may cause an acute shortage of ventilators. Standard noninva-
sive bilevel positive airway pressure devices with spontaneous and timed respirations (bilevel PAP ST) could provide invasive
ventilation but evidence on their effectiveness in this capacity is limited. We sought to evaluate the ability of bilevel PAP ST to
effect gas exchange via invasive ventilation in a healthy swine model.
Methods Two single limb respiratory circuits with passive filtered exhalation were constructed and evaluated. Next, two bilevel
PAP ST devices, designed for sleep laboratory and home use, were tested on an intubated healthy swine model using these
circuits. These devices were compared to an anesthesia ventilator.
Results We evaluated respiratory mechanics, minute ventilation, oxygenation, and presence of rebreathing for all of these
devices. Both bilevel PAP ST devices were able to control themeasured parameters. There were noted differences in performance
between the two devices. Despite these differences, both devices provided effective invasive ventilation by controlling minute
ventilation and providing adequate oxygenation in the animal model.
Conclusions Commercially available bilevel PAP ST can provide invasive ventilation with a single limb respiratory circuit and in-
line filters to control oxygenation and ventilation without significant rebreathing in a swine model. Further study is needed to evaluate
safety and efficacy in clinical disease models. In the setting of a ventilator shortage during the COVID-19 pandemic, and in other
resource-constrained situations, these devices may be considered as an effective alternative means for invasive ventilation.
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Introduction

In December 2019, a novel viral pathogen, the severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2), was dis-
covered in Wuhan, Hubei province, China, with its disease

named Coronavirus Disease 2019 (COVID-19) [1, 2]. The
COVID-19 global pandemic has rapidly escalated, requiring
widespread critical care level management of patients to include
mechanical ventilation [3, 4]. The demand for invasive mechan-
ical ventilation has surpassed the supply of ventilators in many
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locations and has placed the USA in a public health emergency
as the trajectory of cases continues to rise [5, 6].

The Federal Drug Administration (FDA) has provided
emergency guidance during the crisis caused by the
COVID-19 pandemic in an effort to increase immediate ac-
cess to ventilators, with special mention regarding potential
utilization of devices typically used for treatment of obstruc-
tive sleep apnea at home, to include noninvasive positive pres-
sure ventilation (NIPPV) devices such as continuous positive
airway pressure (CPAP) and bilevel positive airway pressure
(bilevel PAP) [5]. The FDA also cautioned that design mod-
ifications are to minimize the risk of aerosolization, as SARS-
CoV-2 has demonstrated viability in the aerosolized form for
up to 3 h, and thus poses a risk for infection to health care
workers [5, 7]. Unlike conventional mechanical ventilators,
home NIPPV devices use a single limb passive breathing cir-
cuit with a calibrated intentional leak incorporated into the
system, usually on the mask itself, to prevent rebreathing
[8]. The intentional leak design of NIPPV devices could po-
tentially lead to aerosolization of the virus and expose
healthcare workers to pathogens [9]. Even with a non-vented
mask and a bacterial/viral filter placed on an expiratory port to
mitigate this, unintentional leak may still occur in the patient-
mask interface. Therefore, guidelines have cautioned against
using traditional NIPPV modalities with a face mask on crit-
ically ill patients with COVID-19 [10].

Bilevel PAP devices with back-up respiratory rates [spon-
taneous/timedmode (ST)] are commonly used at home to treat
many conditions including obstructive sleep apnea, and
chronic respiratory failure secondary to chronic obstructive
pulmonary disease, obesity hypoventilation syndrome, and
neuromuscular disease [11–14]. These devices are only ap-
proved for NIPPV with the use of a mask interface, and their
use for invasive ventilation has not been reported except by
one small study [15].

The impending predicted shortage of mechanical ventila-
tors lead us to investigate whether or not bilevel PAP ST
devices, designed for noninvasive use at home and the sleep
laboratory, could provide invasive ventilation. The objective
of this study was to demonstrate the feasibility and effective-
ness of using bilevel PAP ST with a single limb filtered respi-
ratory circuit to maintain adequate ventilation and oxygena-
tion in an intubated healthy swine model.

Materials and methods

Respiratory circuit concept and design

We designed two single limb respiratory circuits using re-
sources commonly available in a sleep laboratory and respira-
tory therapy department, with proximal and distal filtration to
prevent aerosolization of the virus. The circuits differed in

regard to the type of passive exhalation valve used to prevent
CO2 retention and rebreathing. The first circuit (see Fig. 1)
includes in order of connectivity from device to patient: one
bacterial/viral filter (Teleflex Inc., Wayne, Pennsylvania,
USA), 6-ft corrugated tubing, one Hudson RCI Pressure
Line Adapter (Teleflex Inc., Wayne, Pennsylvania, USA) for
an oxygen (O2) supply port, an exhaust collector and positive
end-expiratory pressure (PEEP) valve (Smith Medical,
London, UK), and a second bacterial/viral filter (Teleflex
Inc., Wayne, Pennsylvania, USA), which then connects to
the endotracheal tube.

The second circuit (see Fig. 2) includes in order of connec-
tivity from device to patient: one bacterial/viral filter (Teleflex
Inc., Wayne, Pennsylvania, USA), 6-ft corrugated tubing, a
SyncVent® passive exhalation adaptor (Dräger Medical,
Lübeck, Germany), one Hudson RCI Pressure Line Adapter
(Teleflex Inc., Wayne, Pennsylvania, USA) for O2 supply
port, and a second bacterial/viral filter (Teleflex Inc.,
Wayne, Pennsylvania, USA), which then connects to the en-
dotracheal tube.

Test lung

These proof-of-concept circuits were originally tested on a 1 L
test-lung using two commercially available bilevel PAP ST
devices designed for NIPPV in the home and sleep laboratory
settings. These devices produce an inspiratory positive airway
pressure (IPAP) and expiratory positive airway pressure
(EPAP), with a timed back-up respiratory rate (RR). Both
circuits and devices generated consistent and regular delivery
of pressures to the test lung.

Animal preparation and testing

The Institutional Animal Care and Use Committee at the
Uniformed Service University of the Health Sciences ap-
proved the animal protocol. Four Yorkshire-cross swine (Sus
scrofa domesticus), 63–99 kg, were sedated with tiletamine
(6 mg/kg) intramuscularly to allow ear vein cannulation.
Following isoflurane induction and endotracheal intubation,
surgical anesthesia was initially provided with isoflurane 1–
2% in 50% O2. During ventilator testing, anesthesia was
transitioned to total intravenous anesthesia by continuous in-
fusion of propofol 2–4.4 mg/kg/h, combined with midazolam
1–4 mg/kg/h and vecuronium 0.1 mg/kg.

The Apollo® anesthesia workstation (Dräger Medical,
Lübeck, Germany) is a full feature anesthesia workstation
and E-Vent plus servo controlled high-speed piston ventilator.
The animals were mechanically ventilated with this machine
in the supine position while establishing venous access. Assist
control (A/C) volume ventilation was adjusted to achieve a
tidal volume (VT) of 6–10 ml/kg measured body weight;
PEEP 5 cmH2O was applied, and RRwas adjusted to achieve
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an end-tidal CO2 (ETCO2) of 40 mmHg during instrumenta-
tion. Isotonic sodium chloride solution was administered at a
rate of 500 ml/h to overcome insensible losses. An underbody
warmer was set at 39 °C and adjusted as needed to maintain
body temperature (36.7–39.1 °C).

Physiological measurements

A 20 g femoral artery catheter (Cook Medical, Inc.,
Bloomington, Indiana, USA) was placed percutaneously for
blood pressure measurement and arterial blood gas (ABG)
sampling. A secondary venous catheter was placed percutane-
ously in the right hind leg for fluid and drug administration.
Solid-state pressure transducer catheters (Transonic Systems
Inc., Ithaca, New York, USA) were placed in the esophagus to
continuously measure esophageal pressure (Peso) as a surro-
gate for pleural pressure and through the endotracheal tube
into the trachea to measure peak airway pressure.

VT and flow-volume loops were monitored continuously
with an in-line 1 L/min flowhead spirometer (ADInstruments
Inc. Colorado Springs, Colorado, USA). Arterial blood pres-
sure (ABP), Peso, airway pressure, RR, heart rate, fraction of
inspired O2 (FiO2), and exhaled ETCO2 concentrations were
continuously monitored and digitally recorded using

Powerlab data acquisition system (ADInstruments Inc.,
Colorado Springs, Colorado, USA). ABGs were obtained
20 min following each ventilator change and were analyzed
with an i-STAT® Handheld Blood Analyzer (Abbott Point of
Care Inc., Princeton, New Jersey, USA). All physiologic pa-
rameters were measured at baseline after a 20-min stabiliza-
tion period and 20 min after each experimental condition.

Bilevel PAP ST devices

The first bilevel PAP ST device (device 1), an OMNILab
Advanced +® (Phill ips Respironics, Murrysville,
Pennsylvania, USA), has multiple modes designed for sleep
laboratory use. This device offers enhanced features designed
to perform sleep laboratory titration studies with several ad-
vanced modes. For this study, the bilevel PAP ST mode was
utilized, which has pressure ranges EPAP 4 to 25 cmH2O and
IPAP 4 to 30 cm H2O, and RR 0–30 breaths/min. The second
bilevel PAP ST (device 2), a RemStar BiPAP S/T® (Philips
Respironics, Murrysville, Pennsylvania, USA), is designed
for home use. It provides bilevel PAP ST also with EPAP 4
to 25 cmH2O and IPAP 4 to 30 cmH2O and RR 0–30 breaths/
min. The inspiratory time was set at 1 s with rise time of 3 for
both devices.

Fig. 1 This schematic identifies
the connection of the first single
limb respiratory circuit tested. 1.
Bilevel PAP ST device. 2.
Bacterial/viral filter (Teleflex
Inc., part #1605). 3. 6-ft corru-
gated tubing. 4. Pressure line
adapter (Teleflex Inc., part
#1642). 5. Exhaust collector and
positive end expiratory pressure
valve (Smith Medical, part
#122002). 6. Bacterial/viral filter
(Teleflex Inc., part #1605). 7.
Endotracheal tube

Fig. 2 This schematic identifies the connection of the second single limb
respiratory circuit tested. 1. Bilevel PAP ST. 2. Bacterial/viral filter
(Teleflex Inc., part #1605). 3. 6-ft corrugated tubing. 4. Leakage valve

for Carina SyncVent (Dräger Medical, part #MP00224). 5. Pressure line
adapter (Teleflex Inc., part #1642). 6. Bacterial/viral filter (Teleflex Inc.,
part #1605). 7. Endotracheal tube
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Experimental protocol

On preliminary testing, there was no difference in the perfor-
mance observed between the two single limb respiratory cir-
cuits in the animal model, and the second circuit (see Fig. 2)
was chosen for the full testing protocol due to its simpler
design. Following baseline data acquisition, each device was
tested sequentially to characterize the in vivo respiratory me-
chanics of the two bilevel PAP ST devices as well as the
anesthesia ventilator. Each device was set at various IPAP
pressures ranging from 15 to 30 cm H2O with various EPAP
settings (5, 10, 15, 20 cm H2O) and a RR of 20 breaths/min.
Initially and prior to each change in EPAP, a recruitment
breath was delivered to recruit as many alveoli as possible.
At the end of the recruitment breath, the devices were
transitioned to the next higher EPAP setting. At each setting,
flow-volume loops, peak airway pressures, mean airway pres-
sures, and compliance data were acquired.

Following characterization of respiratory mechanics, the
ability of the bilevel PAP ST devices to deliver a specified
minute ventilation (VE) was evaluated. The IPAP/EPAP was
adjusted to achieve a VT of 6 ml/kg. The devices were sub-
jected to three scenarios based on different VE levels resulting
in respiratory acidosis, normocapnia, and respiratory
alkalosis.

Results

Both bilevel PAP ST devices were tested to characterize the
respiratory mechanics at varying IPAP and EPAP levels (see
Table 1). When compared to an anesthesia ventilator, both
tested devices generated lower VT at various settings.
Device 1 approximated VT closer to the anesthesia ventilator
than device 2. Device 1 provided a slightly higher measured
VT compared to the anesthesia ventilator only at the IPAP/
EPAP 30/20 cm H2O setting. Measured peak inspiratory and
expiratory flow rates were generally equal and consistent at
equivalent IPAP/EPAP levels. Using 5 L/min and 10 L/min of
oxygen, a FiO2 of 0.50 and 0.85, respectively, were achieved
using the pressure line adaptor in the single limb respiratory
circuit.

In the evaluation of the VE, the test devices’ pressure set-
tings and RR were manipulated targeting a VT of 6 ml/kg to
generate three acid-base balance conditions: respiratory acido-
sis, normocapnia, and respiratory alkalosis. These scenarios
were performed in three separate trials, one using device 1 and
two using device 2 (see Table 2).

In trial 1, device 1 was programmed to deliver an IPAP of
23 cmH2O and an EPAP of 10 cmH2O. These pressures were
maintained throughout all three scenarios. To induce respira-
tory acidosis, the RR was programmed to 10 breaths/min and
an ABG revealed respiratory acidosis, with pH 7.31, and

PaCO2 of 61.9 mmHg with ETCO2 of 65 mmHg. Next, the
RR was increased to 20 breath/min in an effort to reach
eucapnia. ABG revealed a pH 7.43, and a PaCO2 45 mmHg
with ETCO2 at 43 mmHg. Next, the RR was increased to 25
breaths/min to induce respiratory alkalosis, and an ABG re-
vealed a pH 7.45, and a PaCO2 44.7 mmHg with ETCO2

38 mmHg.
In trial 2, device 2 was programmed to deliver an IPAP of

20 cmH2O and an EPAP of 10 cmH2O. To induce respiratory
acidosis, the RR was programmed to 15 breaths/min and an
ABG was obtained. This caused a respiratory acidosis with a
pH 7.38, and PaCO2 51.9 mmHg with ETCO2 51 mmHg.
Next, the IPAP was decreased to 18 cm H2O and the RR
was increased to 20 breaths/min in an effort to reach eucapnia.
An ABG revealed a pH 7.41, and a PaCO2 47.9 mmHg with
ETCO2 51 mmHg. Next, the IPAP was increased to 25 cm
H2O and the RR was increased to 30 breaths/min to induce
respiratory alkalosis, and an ABG revealed a pH 7.53, and a
PaCO2 34.9 mmHg with an ETCO2 30 mmHg.

In trial 3, device 2 was programmed to deliver an IPAP of
23 cmH2O and an EPAP of 10 cmH2O. To induce respiratory
acidosis, the RR was programmed to 10 breaths/min and an
ABG revealed a respiratory acidosis with a pH 7.35, and a
PaCO2 of 55.1 mmHg with ETCO2 55 mmHg. Next, the RR
was increased to 20 breath/min in an effort to reach eucapnia.
An ABG revealed a pH 7.43 and a PaCO2 44.8 mmHg with
ETCO2 44 mmHg. Next, the IPAP was increased to 25 cm
H2O and the RR was increased to 22 breaths/min to induce
respiratory alkalosis, and an ABG revealed a pH 7.45 and a
PaCO2 42.4 mmHg with an ETCO2 42 mmHg.

Discussion

In the current study, we demonstrated the feasibility of non-
invasive home and sleep laboratory bilevel PAP ST devices to
provide invasive ventilation with two different single limb
passive breathing circuits with an intentional leak. These de-
vices were able to maintain both adequate ventilation and
oxygenation. Furthermore, both devices were able to induce
respiratory alkalosis. This is the first study using an animal
model to evaluate the ability of NIPPV home and sleep labo-
ratory devices to provide invasive ventilation in the context of
the current COVID-19 pandemic.

Mechanical ventilators are complex and expensive medi-
cal devices that require specialized training for safe and ef-
fective use. Positive pressure is delivered via a respiratory
circuit that connects ventilator tubing to either an endotra-
cheal tube or a noninvasive mask interface. Most conven-
tional mechanical ventilators use a double-limb respiratory
circuit, composed of inspiratory and expiratory limbs. The
limbs attach to a ventilator and contain one-way valves that
prevent rebreathing and CO2 retention. These limbs meet at
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a Y-connector distally that then connects to an endotracheal
tube. Humidification and filtration can be connected within
the circuit at various locations [8, 16]. A critical shortage of
medical resources is projected during the COVID-19 pan-
demic [6]. When ventilators are unavailable, bilevel PAP ST
devices could be used with endotracheal intubation, but it
must be understood that they were not approved to be used
in this way and would be used under a special FDA excep-
tion during this crisis situation [5].

One potential concern for using bilevel PAP ST devices
invasively is that these devices were not designed to overcome
the resistance of an endotracheal tube. In this study, we found
that the intratracheal pressures were fairly consistent with the
use of the bilevel PAP ST devices and were comparable to

those obtained with an anesthesia ventilator, so the added
resistance of an endotracheal tube compared to a mask inter-
face did not affect significantly the functionality of these de-
vices. There was also concern that the FiO2 that could be
achieved with bleed-in O2 adaptors would be severely limited.
However, the bilevel PAP ST devices were able to maintain a
FiO2 of 0.5 and 0.85 with an O2 bleed-in rate of 5 L/min and
10 L/min, respectively, and thus, oxygenation does not appear
to be a severe limitation of these circuits and devices.

Interestingly, device 1 achieved higher VTs than device 2 at
various pressure settings. Device 1 is a newer, multi-function
device designed for sleep laboratories, and device 2 is a sim-
pler bilevel PAP ST designed for home use. In the VE chal-
lenge, tachypnea was needed to achieve eucapnia. This is

Table 1 Comparison of
respiratory mechanics of the
bilevel PAP ST devices and the
anesthesia ventilator

Variables Device 1 Device 2 Anesthesia ventilatora

IPAP/EPAP 15/5 (cm H2O); RR 20 (breaths/min)

Measured VT (ml) 377 306 416

Measured PIP/PEEP (cm H2O) 15/6.5 13/7 15/7

Measured PIF (L/s) 0.44 0.37 0.39

Measured PEF (L/s) 0.37 0.31 0.37

Ti (s) 1.09 1.04 1.43

IPAP/EPAP 20/10 (cm H2O); RR 20 (breaths/min)

Measured VT (ml) 365 307 420

Measured PIP/PEEP (cm H2O) 20/12 18/12 18/12

Measured PIF (L/s) 0.44 0.39 0.41

Measured PEF (L/s) 0.34 0.31 0.39

Ti (s) 1.07 1.06 1.06

IPAP/EPAP 23/10 (cm H2O); RR 20 (breaths/min)

Measured VT (ml) 441 371 460

Measured PIP/PEEP (cm H2O) 20.5/11 20.5/10.5 23/13

Measured PIF (L/s) 0.51 0.47 0.49

Measured PEF (L/s) 0.40 0.34 0.42

Ti (s) 1.08 1.05 1.31

IPAP/EPAP 30/15 (cm H2O); RR 20 (breaths/min)

Measured VT (ml) 474 396 500

Measured PIP/PEEP (cm H2O) 30/17 28/17 31/18

Measured PIF (L/s) 0.59 0.51 0.55

Measured PEF (L/s) 0.45 0.38 0.5

Ti (s) 1.06 1.04 1.30

IPAP/EPAP 30/20 (cm H2O); RR 20 (breaths/min)

Measured VT (ml) 300 252 269

Measured PIP/PEEP (cm H2O) 31/21 29/21 30.5/22

Measured PIF (L/s) 0.44 0.42 0.42

Measured PEF (L/s) 0.38 0.35 0.33

Ti (s) 1.05 1.04 1.10

IPAP inspiratory positive airway pressure, EPAP expiratory positive airway pressure, RR respiratory rate, VT tidal
volume, PIP peak inspiratory pressure, PEEP peak end expiratory pressure, PIF peak inspiratory flow, PEF peak
expiratory flow, Ti inspiratory time
aUsing standard dual limb respiratory circuit in pressure control mode
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clinically relevant, as higher RRs may be required to maintain
adequate VE, and as we identified, different devices may per-
form differently at the same pressure and rate settings.

Because these devices would only be considered for inva-
sive use in resource-constrained situations, there is an impli-
cation that during use, one or more parts of the respiratory
circuit will be unavailable. The single limb circuits used in
this study were constructed from parts that are usually readily
available commercially and were not especially manufactured
for the study. Potentially, adequate replacements for the circuit
components could be rapidly manufactured as needed. Both
tested circuits performed well, but we felt that the SyncVent
passive exhalation adapter was simpler to use. The exhaust
collector and PEEP valve assembly had to be adjusted with
changes in the EPAP setting, whereas the SyncVent passive
exhalation adapter did not need any additional adjustments.

To our knowledge, only one study has reported the use of a
bilevel PAP ST device designed exclusively for NIPPV for
invasive ventilation. In an observational study performed in
India, 20 patients with COPD exacerbation and reduced level
of consciousness, who could not afford the use of a standard
mechanical ventilator, were intubated and placed on a bilevel
PAP ST (BiPAP S/T) [15]. Therapy was successful in 85% of
the patients, defined as gaining full consciousness and being

discharged home. All responders had improvement at 2 h of
therapy, compared to the non-responders, who did not. The
duration of ventilation for responders was 3.8 (2.7 to 5.0)
days, while length of hospitalization was 8 (5 to 15) days.

A similar study was conducted in Pakistan with endotra-
cheal intubation utilizing a Stellar 150 device (ResMed, San
Diego, California, USA) (personal communication, author), a
more advanced device compared to a bilevel PAP ST [17].
This device is approved for noninvasive and invasive use at
home and in healthcare settings. This study described 44 con-
secutive patients with severe COPD exacerbation with re-
duced level of consciousness. Thirty-one (70.5%) patients
responded to therapy. All responders had improvement at
2 h of therapy, compared to the non-responders, who did not
[17].

While bilevel PAP ST devices cannot generate peak pres-
sures higher than 30 cm H2O, they appear to be capable of
maintaining andmanipulatingVE in this model. These devices
could be used to ventilate patients invasively prior to the onset
of severe ARDS. It is worth noting that hypoxemic respiratory
failure associated with COVID-19 is a heterogeneous process
[18]. Therefore, it may be premature to dismiss using NIPPV
devices generating lower pressures as there may be a greater
role for these devices as our understanding of COVID-19

Table 2 Bilevel PAP ST device
trials with data to assess control of
minute ventilation

Hypoventilation Normal ventilation Hyperventilation

Trial 1

Prescribed IPAP/EPAP (cm H2O) 23/10 23/10 23/10

RR (breaths/min) 10 20 25

Measured PIP/PEEP (cm H2O) 24/10 22.5/10 20/8.5

pH 7.31 7.43 7.45

PaCO2 (mmHg) 61.9 45.0 44.7

ETCO2 (mmHg) 65 43 38

Trial 2

Prescribed IPAP/EPAP (cm H2O) 20/10 18/10 25/10

RR (breaths/min) 15 20 30

Measured PIP/PEEP (cm H2O) 17/10 16/10 22/12

pH 7.38 7.41 7.53

PaCO2 (mmHg) 51.9 47.9 34.9

ETCO2 (mmHg) 51 51 30

Trial 3

Prescribed IPAP/EPAP (cm H2O) 23/10 23/10 25/10

RR (breaths/min) 10 20 22

Measured PIP/PEEP (cm H2O) 22/12 22/10 21/7.5

pH 7.35 7.43 7.45

PaCO2 (mmHg) 55.1 44.8 42.4

ETCO2 (mmHg) 55 44 42

Trial 1 was performed using device 1. Trials 2 and 3 were performed using device 2

IPAP inspiratory positive airway pressure, EPAP expiratory positive airway pressure, RR respiratory rate, PIP
peak inspiratory pressure, PEEP peak end expiratory pressure
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physiology evolves. Unusually, long periods of ventilation in
COVID-19 patients have been reported, and bilevel PAP ST
devices could also be utilized invasively in a post-ARDS set-
ting when attempting to wean from the ventilator to allow
conventional ventilators to be allocated to more severe and
critically ill ARDS cases [19].

Other single limb circuit designs could potentially be used
other than the ones that we tested. If required in a resource-
poor condition, the key principles to consider when construct-
ing these circuits are that all exhaled air must be filtered and
the exhalation port or valve leak must be adequate to prevent
rebreathing of CO2.

This was a proof-of-concept design that was intended to
show the feasibility of using bilevel PAP ST devices for inva-
sive ventilation in an animal model. There are limitations to
both this study design and to the practical application.
Regarding the study design limitations, we used a healthy
swine model. It is unknown if the performance of the bilevel
PAP ST devices would be comparable in a swine model or
human with ARDS, which limits the generalizability of these
findings. A future study of bilevel PAP ST in a diseased/
ARDS model is warranted.

There are four important limitations to the practical applica-
tion that clinicians should consider when using bilevel PAP ST
devices as standard ventilators. First, these devices do not usually
have an internal battery, and an uninterrupted power supply is
recommended as back-up. Second, they are not meant for con-
tinuous uninterrupted use. It is not well known how the devices
will performwhen used continuously formany days or how long
theywill functionwithout needing replacement when used under
those conditions. Third, alarms are usually not included on these
devices, requiring closer monitoring of these patients. Use of
continuous pulse oximetry, telemetry, ETCO2 monitoring, and
airway pressure monitoring would provide an extra layer of safe-
ty. A flow sensor in the circuit, adjacent to the patient, could
provide a source for an alarm. Fourth, VT cannot be measured
directly, unlike conventional mechanical ventilators, unless an
external measuring device is used.

The proposed circuit has shown feasibility in an animal
model and may be considered as an alternative method of
providing adequate ventilation and oxygenation if all conven-
tional ventilator options have been exhausted. Further studies
in animal models of ARDS and in humans would provide
more information of the utility of these devices in the current
COVID-19 pandemic and beyond. Given the FDA emergency
use authorization and the scarcity of ventilator options during
the COVID-19 pandemic, we felt it necessary to provide these
early findings to the medical community.
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