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BACKGROUND: The COVID-19 pandemic is creating ventilator shortages in many countries
that is sparking a conversation about placing multiple patients on a single ventilator. However,
on March 26, 2020, six leading medical organizations released a joint statement warning clini-
cians that attempting this technique could lead to poor outcomes and high mortality.
Nevertheless, hospitals around the United States and abroad are considering this technique out
of desperation (eg, New York), but there is little data to guide their approach. The overall objec-
tive of this study is to utilize a computational model of mechanically ventilated lungs to assess
how patient-specific lung mechanics and ventilator settings impact lung tidal volume (V).
METHODS: We developed a lumped-parameter computational model of multiple patients con-
nected to a shared ventilator and validated it against a similar experimental study. We used this
model to evaluate how patient-specific lung compliance and resistance would impact V under 4
ventilator settings of pressure control level, PEEP, breathing frequency, and inspiratory:expira-
tory ratio. RESULTS: Our computational model predicts V1 within 10% of experimental meas-
urements. Using this model to perform a parametric study, we provide proof-of-concept for an
algorithm to better match patients in different hypothetical scenarios of a single ventilator
shared by > 1 patient. CONCLUSIONS: Assigning patients to preset ventilators based on their
required level of support on the lower PEEP/higher Fjo, scale of the National Institute of Health’s
National Heart, Lung, and Blood Institute ARDS Clinical Network (ARDSNet), secondary to lung
mechanics, could be used to overcome some of the legitimate concerns of placing multiple patients
on a single ventilator. We emphasize that our results are currently based on a computational model
that has not been validated against any preclinical or clinical data. Therefore, clinicians considering
this approach should not look to our study as an exact estimate of predicted patient V values. Key
words: COVID-19; mass-casualty; respiratory failure; mechanical ventilation; ventilator-induced lung
injury. [Respir Care 2020;65(8):1094—1103. © 2020 Daedalus Enterprises]

Introduction

According to the World Health Organization (https://
www.who.int, Accessed May 21, 2020), the novel coronavi-
rus (SARS-CoV-2, causing the disease COVID-19) that ini-
tiated in Wuhan, China, has now been reported in 216
countries with > 4.9 million confirmed cases worldwide.
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Surgery, University of Colorado School of Medicine, Aurora, Colorado.
Mr Piccoli is affiliated with the University of Colorado School of
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The sudden surge in patients flooding ICUs around the
country has created a scarcity of mechanical ventilators,’
which has caused some centers to consider dual-patient
(and sometimes even quad-patient) ventilation during criti-
cal ventilator shortages.”* However, 6 leading medical
organizations (American Association for Respiratory Care,
The Society of Critical Care Medicine, American College of
Chest Physicians, American Society of Anesthesiologists,
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Anesthesia Patient Safety Foundation, and American
Association of Critical-Care Nurses) issued a statement on
March 26, 2020, warning practitioners not to attempt this
practice.! They list numerous important safety concerns for
ventilating multiple patients on a single ventilator and warn
that it could lead to poor outcomes and increased mortality.
They also correctly point out that previous citations experi-
menting with this technique have also cautioned against
using it.>>® Nevertheless, faced with few good options, New
York-Presbyterian Hospital and Columbia University have
distributed a protocol for this approach (Beitler JR et al.
Ventilator Sharing Protocol: Dual-Patient Ventilation with a
Single Mechanical Ventilator for Use during Critical
Ventilator Shortages, https://www.gnyha.org/wp-content/
uploads/2020/03/Ventilator-Sharing-Protocol-Dual-Patient-
Ventilation-with-a-Single-Mechanical-Ventilator-for-Use-
during-Critical-Ventilator-Shortages.pdf, Accessed June
29, 2020).

Experimental studies on ventilating multiple patients
using one machine have shown that this approach—if the
proper precautions are taken—could be implemented in an
emergency situation. Branson et al®> performed an experi-
ment using 2 dual-chamber test lungs to identify the impact
of resistance and compliance on tidal volume (V) in a sce-
nario where one machine would ventilate 4 lungs. This study
was used to validate the current computational model. They
reported that differences in lung compliance between simu-
lated patients had a higher impact of Vr inequality than re-
sistance. Paladino et al’ experimentally tested a 4-limb
ventilator circuit on 4 adult-sized sheep with a single ventila-
tor. Although they appeared to have some issues initializing
the experiment, all 4 sheep remained hemodynamically sta-
ble, successfully oxygenated, and ventilated for 12 h. Smith
and Brown’ successfully ventilated 2 human subjects on a
single machine and found their combined Vr to be 2.0-2.2
L. The subjects had different end-tidal partial pressure of car-
bon dioxide at 10 min after onset of ventilation (35.3 vs 37.5
mmHg). This offered proof-of-concept for clinical imple-
mentation but suggested that additional fine-tuning is neces-
sary for proper and safe ventilation.

Most importantly, these studies indicate that precautions
such as accounting for differences in lung mechanics
between patients must be taken to implement this approach.
Simply placing multiple patients on a single machine could
lead to large imbalances across individual Vr delivery and
disastrous consequences.®

Ventilation of any patient must be done with great care
to avoid ventilator-induced lung injury” that damages the
lung through the combined effects of tissue overdistention
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Current knowledge

The novel coronavirus pandemic is causing a world-
wide surge in critically ill patients requiring ventilatory
support. In many hospitals around the world, a shortage
of available ventilators has forced consideration of sup-
porting multiple patients on a single ventilator.
Multiple previous experimental studies have suggested
that this is possible.

What this paper contributes to our knowledge

Supporting multiple patients on a single ventilator
could lead to wide variations in delivered tidal volume
and result in ventilator-induced lung injury. We present
a computational model and example reference guide
for clinicians, within the context of a proposed hospital
setup where a patient is assigned to 1 of 4 ventilators
preset to a specific setting. This reference guide could
be used to assign a patient to the correct ventilator with
the intention of controlling patient-specific tidal vol-
ume based on lung mechanics.

(volutrauma),'®'* cyclic de-recruitment and recruitment of
small airways and alveoli (atelectrauma),'>'? inflammatory
effects (biotrauma),”>* and energy dissipation across
parenchymal tissue (ergotrauma).?* This is of particular
concern when attempting to ventilate multiple patients on a
single machine because ventilator adjustments are applied
to both patients, making titration to avoid ventilator-
induced lung injury challenging.

Although critically ill patients would likely require a sin-
gle ventilator, patients with stable lung function could be
assigned to share a preset ventilator in the event of a short-
age. The overall objective of this study is to provide proof-
of-concept for a graphical reference to choose the correct
ventilator for a simulated patient based on PEEP/Fjo, require-
ments and secondary to lung compliance and resistance,
resulting delivered Vr for each patient. A graphical reference
is presented for a hospital scenario of 4 preset ventilators that
could be used to support multiple patients under pressure con-
trol ventilation, assuming that the ventilator’s tidal capacity is
higher than total V1 required by all supported patients.

Methods
Model Development
We developed a computational single-compartment lung
model® that provides an estimate of pressure and volume

in the lungs for a given patient’s lung compliance and re-
sistance under pressure control ventilation. The model of a
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Fig. 1. Schematic showing single-patient ventilation (A) with corresponding single-compartment model (B). Two patients on a shared single

ventilator simulated using 2 single-compartment models (C).

single patient can be applied to multiple patients connected
to a single ventilator under pressure control ventilation
because gas delivery to each patient is driven by the pressure
differential between the ventilator and the entrance of the en-
dotracheal tube for each patient (Fig. 1). Therefore, assuming
an idealized ventilator has the tidal capacity to supply all
connected patients, under pressure control ventilation the
lung mechanics of a single patient should not affect gas
delivery to another patient (based on Ohm’s laws).
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The respiratory system is assumed to behave as a single
linear compartment® that is characterized by 2 parameters:
compliance (mL/cm H,0O) and resistance (cm H,O/L/s),
which is the sum of tissue viscoelasticity and air flow resist-
ance within the lungs and the endotracheal tube.”” Given
these 2 characteristics of patient-specific lung mechanics,
which can be measured at bedside, the pressure-volume
relationship within the lungs is described by Equation (1),%
where P is the time-varying pressure at the entrance to the
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endotracheal tube (cm H,0) and V is the time-varying vol-
ume inside the lungs (L).

P(t) :éxV(t)+Rd\iTlEt) [1]

The time constant of this model (7) = RC. When com-
bining Equation (1) with a lumped-parameter model of the
circuitry running from the ventilator to the patient, we
derive the following governing equations:

V() 1 1 av(t)
P P.(t) — c X V(t) - R—— (2]
ch o Pvent(t) B Pc(t) - Ldv(t) [3]
ar ReqCeq Ceq dt

In Equation (2) and Equation (3), Py, is the pressure at
the ventilator, and Pc is the pressure in the ventilator circuit
(Fig. 1). L¢q is the ventilator circuit equipment gas inertance
(0.02 cm H,O/L/s?, computed on the basis of Guttman et
al*®), which accounts for pressure changes in phase with air
flow acceleration due to gas inertia. R, is the circuit equip-
ment resistance (3.0 cm H,O/L/s, per manufacturer instruc-
tions), which represents aerodynamic drag losses
encountered between the ventilator and the patient. Finally,
Ceq is circuit equipment compliance, accounting for both
tubing compliance and air compression (2.0 mL/cm
H>0).?” The subscript “eq” in these 3 parameters indicates
that they describe the properties of the equipment (eg, the
ventilator circuit). Equation (2) and Equation (3) were
solved using the adaptive Fehlberg method in Matlab
(MathWorks, Natick, Massachusetts).

Model Validation

Computed Vp, from the lumped-parameter model
(described above) were validated against an experiment
conducted by Branson et al.? In that experiment, a ventilator
was modified to allow attachment of 4 circuits, with each
circuit being connected to a chamber of 2 dual-chambered
test lungs. We tested 11 configurations of pressure-targeted
ventilation under various combinations of resistance and
compliance. It is important to note that Branson et al® per-
formed experiments under 16 configurations, but 3 were
under identical conditions to identify the standard deviation
of measurement noise. The final Vt values reported were
extracted from the manuscript using the WebPlotDigitizer.”®
Figure 2 shows correlation and Bland-Altman plots compar-
ing the resulting V values between the aforementioned
experiment and simulations executed under the same ventila-
tion conditions (pressure control = 10 cm H,O, PEEP = 5
cm H,O, breathing frequency = 10 breaths/min, and
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inspiratory:expiratory ratio [[:E] = 1:1) (Table 1). The model
predicted 96% of the variability in the experiments and con-
sistently overestimates V1 by a mean = SD of —24.2 =
23.12 mL.

Parametric Analysis

To evaluate Vr sensitivity to patient-lung mechanics, the
model was executed across a parameter space that included
1,600 combinations (ie, a 40 x 40 matrix) of 5 = resistance
= 30 cm H,O/L/s and 20 = compliance = 80 mL/cm H,O.
The computed Vr and end-inspiratory volume across the
entire considered parameter space was then used to gener-
ate contour plots. This range of parameters encompasses
the values reported for patients with ARDS and COVID-
19%° and patients with ARDS but not COVID-19.*°

Results

Figure 3 shows simulation results for 4 simulated
patients with differing lung compliance and resistance:
Patient 1: compliance = 15 mL/cm H,O, resistance = 10
cm H,O/L/s; Patient 2: compliance = 60 mL/cm H,O, re-
sistance = 10 cm H,O/L/s; Patient 3: compliance = 15
mL/cm H,O, resistance = 17 cm H,O/L/s; and Patient
4: compliance = 60 mL/cm H,0O, resistance = 17 cm
H,O/L/s. These simulations were carried out using a
PEEP of 5 cm H,0, a pressure control level of 10 cm H,O
above the set PEEP, an L:E of 1:2, and a breathing fre-
quency of 20 breaths/min. Using this terminology, the
inspiratory pressure delivered by the ventilator (relative to
the atmosphere) is PEEP + pressure control. The tubing
running from the ventilator to the patients was considered
to have resistance (R.q) of 3 cm H,O/L/s, gas inertance
(Leg) 0f 0.02 cm H,O/L/s?, and a circuit compliance (Ceq)
of 2 mL/cm H,0. The model accurately predicts expected
trends in inspiratory/expiratory flow, Vr, and ventilator
pressures. As expected, increasing compliance causes an
increase in Vr and end-expiratory volume when holding
ventilator pressure, resistance, and PEEP constant.
Increased resistance causes delayed filling, which can also
be estimated by the time constant, 7 = RC. A time con-
stant is the duration of time required to fill or empty 63%
of the lungs®' after a step change in pressure. As is well
known in clinical practice and is shown by these simula-
tions, patients with a higher 7 require longer expiratory
time to avoid breath-stacking (auto-PEEP).*

Figure 4 and Figure 5 show contour plots of Vr and total
end-inspiratory volume, respectively, for 4 ventilator
groups: (1) pressure control of 15 cm H,O, PEEP of 5 cm
H,O0, breathing frequency = 10 breaths/min, [:E = 1:2; (2)
pressure control of 14 cm H,O, PEEP of 10 cm H,O,
breathing frequency = 20 breaths/min, I:E = 1:2; (3) pres-
sure control of 16 cm H,O, PEEP of 14 cm H,O, breathing
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Fig. 2. Comparison analysis between experiments reported by Branson et al® and simulations results. A: Correlation analysis between meas-
ured and simulated tidal volume. B: Bland-Altman plot, with consistent bias (black line) and 1.96 SD (gray lines).

Table 1.  Simulation and Experimental Lung Compliance and Resistance Values Compared for Model Validation

Compliance, mL/cm H,O Resistance, cm H,O/L/s Experimental Tidal Volume, mL/kg Simulated Tidal Volume, mL/kg % Error
20.00 1.84 541.64 500.00 7.69
33.33 1.84 320.49 300.00 6.39
25.00 1.84 417.66 400.00 4.23
16.67 1.84 629.56 599.96 4.70
14.29 1.84 762.39 699.80 8.21
20.00 1.84 553.95 500.00 9.74
20.00 3.13 500.66 499.94 .14
20.00 1.44 539.12 500.00 7.26
20.00 4.21 516.46 499.75 3.23
20.00 1.84 537.53 500.00 6.98
16.67 3.13 591.24 599.65 1.42
25.00 1.44 418.20 400.00 4.35
14.29 4.21 681.06 696.30 2.24

Experimental values were obtained from Reference 2.

frequency = 20 breaths/min, I:E = 1:2; (4) pressure control
of 14 cm H,0, PEEP of 16 cm H,0, breathing frequency =
20 breaths/min, I:E = 1:2.

These 4 groups were chosen based on bedside observa-
tions of patients with ARDS and COVID-19 currently

1098

being treated at the University of Colorado Anschutz
Medical Campus. Recall that the pressure control level is
applied on top of the PEEP so that the inspiratory pressure
applied by the ventilator (relative to atmospheric pressure) is
PEEP + pressure control. Each plot also shows a region
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Fig. 3. Four simulated patients at different values of lung resistance (R) and compliance (C). Each patient was simulated using pressure control =
10 cm H,O + PEEP 5 cm H,0, breathing frequency = 20 breaths/min, and an inspiratory:expiratory ratio = 1:2. Modeling results show that
increased compliance causes increased end-inspiratory and end-expiratory volumes. Increased resistance delays filling, and an increased time

constant (r = RC) could result in auto-PEEP.

shaded light blue, which indicates a potential for auto-PEEP
(where the absolute value of end-expiratory flow was > 0.05
L/s). In this scenario, failure to recognize auto-PEEP may
lead to barotrauma, hemodynamic instability, and unneces-
sary vasopressor therapy. See the supplementary materials at
http://www.rcjournal.com for additional simulation results
for a breathing frequency of 12 breaths/min and I:E = 1:4.

Discussion

We created a computational model that relates pressure
control ventilation settings (ie, pressure control, PEEP,
breathing frequency, I:E) to patient-lung volume on the ba-
sis of patient-specific respiratory mechanics (resistance and
compliance). The purpose of this study is to offer insights
into ventilating 2 patients on a single ventilator in a setting
where there are 4 groups of ventilators with pressure con-
trol settings that are based on the required level of support
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on the lower PEEP/Fjo, ARDSNet scale. However, we
stress that the final settings for these ventilator groups will
likely require adjustments as additional clinical data
becomes available for patients with COVID-19, or this
approach could be used for a more stable and better charac-
terized patient cohort in order to free up ventilators for
patients with COVID-19.

Lung Volume, Ventilator Settings, and Patient-Specific
Lung Mechanics

The computational parametric study shows proof-of-con-
cept contour plots that could be used to assign a patient to a
preset ventilator group on the basis of that patient’s lung
mechanics (resistance and compliance) and desired Vr.
Contour plots in Figure 4 and Figure 5 show that the V at
low 7 (ie, low resistance and compliance) is more depend-
ent on compliance but becomes more dependent on
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Fig. 4. Contour plots showing ranges of estimated tidal volumes for various resistance (R) and compliance (C) values (patient-specific lung
mechanics) evaluated for 4 ventilator settings with different PEEP and pressure control levels. In all cases, the breathing frequency is 20
breaths/min, and the inspiratory:expiratory ratio is 1:2. Light blue shading indicates that the end-expiratory flow was > 0.05 L/s, which indicates
incomplete expiration (ie, auto-PEEP). A: PC of 15 cm H,O + 5 cm H,0 of PEEP, B: PC of 14 cm H,O + 10 cm H,O of PEEP, C: PC of 16 cm
H>0 + 14 cm H,0 of PEEP, and D: PC of 14 cm H,O + 16 cm H,O of PEEP.

resistance as compliance increases (ie, as the contour plots
become more horizontal). This is because high resistance
reduces the large inspiratory flows necessary to deliver
high V to the compliant lung, and this effect is exacerbated
for shorter inspiratory durations (see the supplementary
materials at http://www.rcjournal.com). Increased resist-
ance also increases the likelihood for auto-PEEP. The de-
pendence of Vt on resistance presents a pathway to patient-
specific V adjustments through the use of a variable flow
resistor on the inspiratory circuit.® In addition, ventilator
groups 2 and 4, which both had the same pressure control
setting but different PEEP, revealed almost identical Vr
values, but ventilator 4 had significantly increased end-
inspiratory volume, which is almost entirely dependent on
compliance.

1100

Modeling and Implementation Considerations

This study is designed for pressure control ventilation,
where the gas volume delivered to each patient is dictated
by the pressure gradient between the ventilator and the
lung. Therefore, assuming that the ventilator can provide
adequate V- and flows to support all patients (this must be
experimentally confirmed for each machine), the lung
mechanics of a single patient should not impact gas deliv-
ery to other patients sharing that ventilator. This assumes
an absence of respiratory drive achieved through deep seda-
tion or neuromuscular blockade to prevent spontaneous
breathing efforts. Consequently, considering a scenario
where multiple groups of ventilators are preset with differ-
ent pressure control configurations, the challenge is to
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Fig. 5. Contour plots showing ranges of estimated end-inspiratory volume for various resistance (R) and compliance (C) values (patient-specific
lung mechanics) evaluated for 4 ventilator settings with different PEEP and pressure control levels. In all cases, the breathing frequency is 20
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PEEP, C: PC of 16 cm H,0 + 14 cm H,0 of PEEPR, and D: PC of 14 cm H,O + 16 cm H,0 of PEEP.

assign an incoming patient to the correct group to maintain
safe lung volumes.**** Although the contour plots pre-
sented in this manuscript could be used as a guide, the final
patient V1 would need to be confirmed at the bedside using
a respiratory profile monitor (eg, NM3 monitor, Phillips
Healthcare, Amsterdam, The Netherlands).

Under steady-state pressure control ventilation, the lung
mechanics of one patient should not substantially affect gas
delivery to other patients on that shared ventilator. However,
several exceptions must be considered. First, acute changes
in 1 patient (eg, pneumothorax, kinked endotracheal tube,
rapid change in lung function) could interfere with flow dis-
tributions to the other patients until the ventilator regulates
itself back to the set pressure control configuration. This
response should be investigated for different clinical ventila-
tors in future experimental studies. Furthermore, the shape of
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the delivered pressure waveform could change with the total
impedance of the combined patients because no ventilator is
a perfect pressure controller.

Second, although inertia is included in the current model,
the value for L, is low enough that it does not significantly
contribute to air flow dynamics during ventilation.
However, our model does reveal that if L. is large enough
(ie, > 2 cm H,O/L/s?, which can be seen in higher ventila-
tion frequencies and smaller tracheal tubes®), there could
be a scenario where the tracheal pressure is lower than
PEEP in a single patient during expiration. Therefore, the
expired air from 1 patient, flowing through the expiratory
tubing back to the ventilator, could theoretically be drawn
into another patient by inertial effects. Again, the model
would suggest that this possibility exists in cases of high-
flow inertia, which is not likely to occur in adults.
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Third, it is critical that the sum of Vt to all 4 patients
does not exceed the tidal capacity of the ventilator. For
example, the experiment performed by Smith and Brown’
with only 2 patients would have exceeded the 2-L tidal
capacity of the Hamilton-G5 SW 2.8x ventilator.

Limitations

The serious clinical limitations of utilizing a single venti-
lator for multiple patients has been extensively outlined in
previous clinical and experimental studies.'*® Our study
had several limitations of its own. Figure 4 and Figure 5 are
derived from a purely mathematical model, which has only
been validated against a single experimental study that was
performed using a single type of ventilator and artificial
lungs.”> Therefore, additional validation experiments will
need to be performed in in vitro, animal, and clinical studies.

Also, we used a single-compartment model to represent
the acutely injured lung. This simplification was done to
allow comparison of results to the limited measurements of
lung function that are available from clinical ventilators.
Although this representation describes the important fea-
tures of lung mechanics, namely the elastic and resistive
properties, it does not account for volume-dependent stiff-
ening at high lung volumes. It also does not account for the
time- and pressure-dependence of alveolar de-recruit-
ment.*® Although these factors are not explicitly simulated,
they are represented in lung compliance.

Conclusions

The computational modeling approach presented in this
study could serve for rapidly evolving research on the feasi-
bility of sharing 1 ventilator between > 1 patient. In vitro
and in vivo experiments suggest that this may not be impos-
sible, but great care must be taken to avoid ventilator-
induced lung injury and other potentially catastrophic com-
plications. We present a hypothetical graphical guide for a
scenario in which 4 ventilators are set at different pressure
control, PEEP, breathing frequency, I:'E ratio, and the
resulting delivered V1 based on patient-specific resistance
and compliance. Although we believe our findings may
be helpful to develop a better understanding of the limita-
tions of the shared ventilator concept, we strongly caution
against applying them to patient care at this time.
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