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Editor—The mainstay of treatment for severe bilateral pneu-
monia and acute respiratory distress syndrome (ARDS) caused
by coronavirus disease 2019 (COVID-19) is positive-pressure
mechanical ventilator support.! However, ventilator
shortages have occurred owing to overwhelming patient
volumes coupled with prolonged durations of ventilator
dependence.” * Potential solutions include bag-valve-mask
ventilators and supporting two or more patients per
ventilator (ventilator splitting).

The proof of concept of ventilator splitting was first
demonstrated in 2006 by Neyman and Irvin® as a method of
ventilating multiple simulated lungs with a single ventilator.
Subsequently, this strategy was validated on four sheep in
2008 for 12 h, and on two awake humans for 10 min.*’ How-
ever, prolonged support of multiple patients per ventilator is
challenging because of the inability to compensate for vari-
ability in patient size and pulmonary compliance, which can
also vary over the course of the disease.®

COVID-19 patients typically require 10 days of mechanical
ventilatory support, and the inability to individualise tidal
volume during this time could lead to hyper- or hypo-
ventilation. Therefore, numerous national societies have
warned against splitting ventilators to support multiple pa-
tients.” In order to safely ventilate multiple patients, systems
must allow individualised control of patients’ tidal volumes
and ensure changes in one patient do not affect the other. We
present a solution affording patient-specific peak inspiratory

pressure (PIP) adjustment for multiple patients using a single
ventilator. During the preparation of this manuscript, we
became aware of the Pressure-Regulated Ventilator Splitting
(PReVentS) group solution,'® which tackles some of these is-
sues; similarities and differences are discussed.

In our design, an adjustable fixed-pressure regulator was
added at the inspiratory limb of each simulated patient’s
breathing circuit. Critically, the regulators have adjustable
diaphragms set relative to atmospheric pressure such that the
pressure for each patient is fixed; adjustments to inspiratory
pressure on the ventilator do not affect delivered PIP. Thus,
airway pressures (and consequently tidal volumes) are
modulated for each patient independently of one another.
Both Drager Apollo (Draeger Medical Inc., Telford, PA, USA)
and Medtronic Puritan-Bennett 840 (Minneapolis, MN, United
States) ventilators were used for testing; the data presented
are from a Drager Apollo (Draeger Medical Inc.).

The ventilators were separately attached to two lung sim-
ulators using Y-pieces to split standard 60-inch ventilator
circuits into parallel inspiratory configurations (Fig. 1a). The
PIP of each simulated lung was controlled by a 4116ANNKE
Pneumatic Precision Low Pressure Regulator (Fairchild Indus-
trial Products Company,Winston-Salem, NC, USA), and a
pressure gauge was attached to the end of each inspiratory
limb upstream of each simulated patient. This pressure
regulator has a sensitivity of 0.127 cm H,0 control. Connectors
to the pressure regulator (at the inlet and outlet) were 3D-


http://refhub.elsevier.com/S0007-0912(20)30503-1/sref4
http://refhub.elsevier.com/S0007-0912(20)30503-1/sref4
http://refhub.elsevier.com/S0007-0912(20)30503-1/sref4
https://doi.org/10.1016/j.bja.2020.05.002
https://doi.org/10.1016/j.bja.2020.05.002
http://refhub.elsevier.com/S0007-0912(20)30503-1/sref6
http://refhub.elsevier.com/S0007-0912(20)30503-1/sref6
http://refhub.elsevier.com/S0007-0912(20)30503-1/sref6
http://refhub.elsevier.com/S0007-0912(20)30503-1/sref6
http://refhub.elsevier.com/S0007-0912(20)30503-1/sref6
http://refhub.elsevier.com/S0007-0912(20)30503-1/sref7
http://refhub.elsevier.com/S0007-0912(20)30503-1/sref7
http://refhub.elsevier.com/S0007-0912(20)30503-1/sref7
http://refhub.elsevier.com/S0007-0912(20)30503-1/sref7
http://refhub.elsevier.com/S0007-0912(20)30503-1/sref7
http://refhub.elsevier.com/S0007-0912(20)30503-1/sref8
http://refhub.elsevier.com/S0007-0912(20)30503-1/sref8
http://refhub.elsevier.com/S0007-0912(20)30503-1/sref8
http://refhub.elsevier.com/S0007-0912(20)30503-1/sref9
http://refhub.elsevier.com/S0007-0912(20)30503-1/sref9
http://refhub.elsevier.com/S0007-0912(20)30503-1/sref9
http://refhub.elsevier.com/S0007-0912(20)30503-1/sref9
http://refhub.elsevier.com/S0007-0912(20)30503-1/sref10
http://refhub.elsevier.com/S0007-0912(20)30503-1/sref10
http://refhub.elsevier.com/S0007-0912(20)30503-1/sref10
http://refhub.elsevier.com/S0007-0912(20)30503-1/sref10
http://refhub.elsevier.com/S0007-0912(20)30503-1/sref10
mailto:fischerg@mskcc.org
https://doi.org/10.1016/j.bja.2020.07.014

COVID-19 Correspondence | e367

¢ Pressure
N regulator
J'\l < * Pressure
. «
O gauge c
Check valve
Test lung 1 ‘
n Pressure
[ regulator
!
N < X Pressure
1 . (‘) gauge
Check valve
Test lung 2

Lung 2 tidal volume

800
Q
g 700
3 600
S
2 500
<
2 400
o
o 300
S 200
-
100 i
0
10 ml/cm H,0 20 ml/cm H,0 50 ml/cm H,0
Lung 2 compliance = Trial 1
Trial 2
Trial 3
i Trial 4
700 Trial 5
600
500
400
300
200
100
0 = sl ||

25cm H,0 35cmH,0 40cm H,0 Occluded
Lung 1 inspiratory pressure

Fig. 1. (a) Circuit regulating inspiratory pressure to individualise tidal volumes in a dual-patient, one ventilator system (MSK Octopus).
Tidal volume of lung 2 when varying (b) lung 2 compliance and (c) lung 1 inspiratory pressure, as measured by Respironics NICO,.

printed with biocompatible Stratasys MED610 (Stratasys,
Rehovot, Israel). Inspiratory HEPA filters (SafeStar 55, Draeger
Medical Inc., Telford, PA, USA) were placed proximal to the
lungs to eliminate potential mixing of contaminated expira-
tory gas between patients. The ventilator was programmed in
pressure-control mode with an inspiratory pressure of 40—50
mm Hg to ensure that sufficient pressures entered each
regulator. Inspiratory time was set at 1 s and PEEP of 5 cm H0.
A Respironics NICO2 (model 7600; Respironics Inc., Murrys-
ville, PA, USA) in-line sampler was used to obtain lung volume
and pressure measurements. The test lungs (Ingmar Medical
Quick Lung; Ingmar Medical, Pittsburgh, PA, USA) were set to a
compliance of 20 mL cm H,0 ™! during.

To ensure safety for a dual-patient system, it is necessary to
verify that (a) the regulator settings are maintained under
different operating conditions within one circuit and (b)
changes in one lung circuit do not affect the other. To verify (a),
we measured PIP as the same-circuit lung compliance was
varied. To verify (b), we sampled lung pressure and tidal volume
in one lung circuit while varying the pressure in the other cir-
cuit. Inboth tests, lung 2 parameters were measured. For (a), we
varied the compliance of lung 2 with a fixed regulator PIP setting
of 25 cm H;0. As compliance was reduced in the test lung, the
observed pressure remained fixed at 25 cm H,0, whereas the
tidal volume decreased accordingly. Figure 1b shows the
observed tidal volumes as a function of compliance. For (b),
lung 2 PIP was observed as we varied the PIP of lung 1. Figure 1c
demonstrates that changing the inspiratory pressure

conditions for lung 1 did not significantly change the tidal
volume for lung 2. This was true even when lung 1 was
completely and suddenly occluded, simulating cough or
bronchospasm.

Using two lung simulators placed in parallel as described,
we were able to adjust two inspiratory pressures indepen-
dently and achieve physiologic tidal volumes in multiple
model lungs of different compliances and sizes. Allowing the
inspiratory pressure to be independently modified may permit
two or more patients to be connected to a single ventilator
without depending on matching of patients’ lung compliances
and sizes. By controlling the pressure in each circuit, appro-
priate tidal volumes can be achieved, whereas lung compli-
ance varies between patients, changes over time, or both (e.g.
with developing acute respiratory distress syndrome).

We have not used this circuit on patients. We recommend
that patients be sedated and paralysed for utilisation of this
method. In addition, we only tested the adjustment and regu-
lation of inspiratory pressure in relation to tidal volume.
Although individualised PEEP was not the focus of this test,
expiratory limb 4116 ANNKE regulators could achieve individ-
ual PEEP control. The PReVentS preprint discloses pressure-
regulating valves on both the inspiratory and expiratory limbs
to adjust PIP and PEEP. In their system, a pressure difference
within the circuit will increase and decrease with varying input
pressures. However, it may be advantageous to use regulators
that allow a fixed absolute pressure setting relative to atmo-
sphere, which does not change as other parameters are
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modified. Post-market modification of valves from AMBU bags
(AMBU Inc, Columbia, MD, USA) may be more susceptible to
failure during use compared with our use of commercial pres-
sure regulators (produced under ISO standards).

Our data do not cover the full range of clinical parameters.
For our studies, inspiratory times were kept fixed, although in
actual patients, inspiratory times may be intermittently
adjusted. Furthermore, this scheme is not intended as a per-
manent solution for ventilating multiple patients, and should
be used only with hospital administration approval and
acknowledgement of the unique ethical considerations during
a crisis (such as the COVID-19 pandemic).'>*? Although the
COVID-19 pandemic inspired our designs, it may have utility
in other mass casualty scenarios such as natural disasters,
terrorist attacks, and battlefield medicine. Future versions
should aim to extend to more than two patients per ventilator.
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