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BACKGROUND: Early in the coronavirus disease 2019 (COVID-19) pandemic, there was
serious concern that the United States would encounter a shortfall of mechanical ventilators.
In response, the US government, using the Defense Production Act, ordered the development
of 200,000 ventilators from 11 different manufacturers. These ventilators have different ca-
pabilities, and whether all are able to support COVID-19 patients is not evident.

RESEARCH QUESTION: Evaluate ventilator requirements for affected COVID-19 patients,
assess the clinical performance of current US Strategic National Stockpile (SNS) ventilators
employed during the pandemic, and finally, compare ordered ventilators’ functionality based
on COVID-19 patient needs.

STUDY DESIGN ANDMETHODS: Current published literature, publicly available documents, and
lay press articles were reviewed by a diverse team of disaster experts. Data were assembled
into tabular format, which formed the basis for analysis and future recommendations.

RESULTS: COVID-19 patients often develop severe hypoxemic acute respiratory failure and
adult respiratory defense syndrome (ARDS), requiring high levels of ventilator support.
Current SNS ventilators were unable to fully support all COVID-19 patients, and only
approximately half of newly ordered ventilators have the capacity to support the most
severely affected patients; ventilators with less capacity for providing high-level support are
still of significant value in caring for many patients.

INTERPRETATION: Current SNS ventilators and those on order are capable of supporting most
but not all COVID-19 patients. Technologic, logistic, and educational challenges encountered
from current SNS ventilators are summarized, with potential next-generation SNS ventilator
updates offered. CHEST 2021; 159(2):634-652
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Although the current number of mechanical ventilators
in the United States remains unknown, a 2010 survey of
US hospitals estimated approximately 62,000 full-feature
ventilators, reflecting a ratio of less than 1 ventilator per
each US ICU bed.1,2 The same assessment also identified
nearly 100,000 additional less featured positive-pressure
devices. Some of these devices had sufficient capabilities
to be useful if a surge in mechanical ventilation were
required, and others have limited utility. Until the
current coronavirus disease 2019 (COVID-19)
pandemic, no event had exhausted modern health-care
systems or mechanical ventilation capacity, so the utility
of these surge devices remained speculative and
untested. In the spring of 2020, a number of these
devices were used during the initial response to COVID-
19, and despite their use, the need for effective positive-
pressure devices were anticipated to exceed demand. In
addition to the devices held at US hospitals, thousands
of sophisticated transport ventilators were deployed
from the US Strategic National Stockpile (SNS) to assist
hospitals in need. Because many communities requested
additional ventilators simultaneously, it became
apparent that the existing stockpile of approximately
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20,000 ventilators may not be sufficient to meet national
demand. As the event rapidly unfolded, the US federal
government used the Defense Production Act to create
new ventilators under an Emergency Use Authorization
(EUA).3 Through this process, the United States ordered
approximately 200,000 ventilatorsdevices with
tremendous variation in capabilities (Figs 1 and 2).

This statement has three objectives. First, it is intended
to evaluate the ventilator requirements for COVID-19
and the performance of current SNS ventilators
employed during this pandemic. Second, this statement
will provide a comparison of devices that have been
ordered under the EUA and appropriate usage for
patient situations. Surplus devices are in consideration
for deployment to other countries, and this review will
assist those nations to appreciate the features and
limitations of the equipment received.4

Finally, the technologic, logistic, and educational
challenges of current SNS ventilators are summarized
and potential future design updates proposed.

Definition of a Ventilator
A ventilator is a device used to provide oxygenation and
respiratory support in settings in which the patient’s
own pulmonary system is compromised.5

Fundamentally, ventilator mechanics involve a mode of
operation that incorporates four basic parameters:
pressure or volume, FIO2, respiratory rate, and end-
expiratory pressure. Ventilator modes vary based on
patients’ individual physiologic needs and are set often
based on lung compliance, gas exchange, and minute
ventilation.6 In addition, standard ventilators are
expected to sense when a patient attempts to breathe
and deliver the appropriate breath accordingly. Full-
feature mechanical ventilators used to support critically
ill patients have advanced instrumentation that gather
and display data on the patient’s pulmonary mechanics.
These data inform how the ventilator’s mode and basic
parameters can be adjusted to achieve clinical
improvement and liberation from the ventilator.7,8 In
contrast, positive-pressure ventilation devices (eg,
anesthesia machines, noninvasive CPAP and bilevel
positive pressure devices, and so forth) have a limited
number of operational modes and are of limited utility
for the prolonged management of patients with COVID-
19-associated respiratory failure.

Ventilator Capabilities for Managing COVID-19

Investigators have described multiple phases of
respiratory insufficiency associated with COVID-19.9
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Ventilator Acquisitions for COVID-19
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Figure 1 – The number of ventilators initially procured from each manufacturer and total cost of each initial contract.30-33 As of August 31, 2020, the
initial order of nearly 200,000 ventilators has been decreased to approximately 130,000.34
Soon after development of respiratory distress, patients
often retain high pulmonary compliance despite poor
oxygenation. Minute ventilation in these patients is
typically high, and they may not demonstrate overt
respiratory distress despite significant hypoxemia. These
individuals may be managed with tidal volumes (VT)
above the typical 4 to 6 mL/kg ideal body weight used
for ARDS. Some patients may progress to more classic
patterns of hypoxemic respiratory failure with reduced
compliance, increased requirements for positive end-
expiratory pressure (PEEP), and optimal use of smaller
Full Function Ventilators
• Hamilton C1, C3, and T1
• GE Carescape R860
• Vyaire LTV 2 (2,200)
• GM/Ventec V+ Pro
• Phillips EV300

SNS Ventila

Figure 2 – Full-function ventilators (in white) vs ventilators for (primarily) les
transport (in green)50-63 (based on data presented in Table 3). The designati
display of pressure volume and flow waveforms, and precise delivery of a co
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tidal volumes.10-13 Operationally, COVID-19 patients
require a wide spectrum of the four different ventilator
support parameters described previously.

Since 2007, the Centers for Disease Control and
Prevention, the American Association for Respiratory
Care, the Society of Critical Care Medicine, and the Task
Force for Mass Critical Care have advocated a list of
standard criteria for ventilators in case of a mass
casualty respiratory failure event similar to severe acute
respiratory syndrome (SARS) which resulted in ARDS.11
Ventilators for less severely ill
patients, NIV, or transport
• Medtronic 560
• Resmed Astral 150
• Zoll 731
• Phillips EVO
• Vyaire LTV 2 (2,150)
• Hill Rom Life 2,000
•GE/Ford/Airon pneutron
•Combat Medical Systems SAVE II

tors 

s severely ill patients (in yellow), noninvasive ventilation (NIV in red), or
on of full-featured requires the measurement of exhaled tidal volume,
nstant FIO2 from 0.21 to 1.0. SNS ¼ Strategic National Stockpile.
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TABLE 1 ] Data From the ARDSnet ARMA Trial (Day 1)12 and MGH COVID-19 Report18

Settings Day 1 MGH COVID-19

PEEP (cm H2O) 9.4 � 3.6 (6-13) 10 (8-12)

FIO2 (%) 0.56 � 0.19 (0.35-0.75) 0.70

VE (L/min) 12.9 � 3.6 (10-18) 9.1

PIP (cm H2O) 32 � 8 (20-40) 21 (19-26)a

Respiratory frequency (b/min) 29 � 7 (12-35) 20.5

aPlateau pressure.
Development of these criteria were not device- or price-
based, but rather performance-based.12 As noted
previously, infection by COVID-19 can cause
progressive hypoxemic respiratory failure characterized
by diffuse alveolar damage (clinical ARDS).13-15 The
type of ventilator needed for these critically ill patients
must be capable of ventilating patients with severe
ARDS, with respiratory system compliance between 25
and 50 mL/cm H2O, for a period of several weeks.12,16-18

In Table 1, patients treated in the ARDSnet ARMA trial
with 6 mL/kg vs 12 mL/kg predicted ideal body weight
VT are compared with patients with COVID-19 treated
at Massachusetts General Hospital.12,18 COVID-19
patients received similar initial PEEP settings but had
higher FIO2 requirements.18 The continuum of care
requires lung-protective ventilation, assuring patient-
ventilator synchrony, and adequate monitoring to
evaluate the patient’s response.

As of March 2020, the SNS previously supported by the
Centers for Disease Control and Prevention, and now
centrally by the US Department of Health and Human
Services, maintains the following ventilators (those
present in the SNS prior to 2020 include the Coviden
Puritan Bennett LP10, Vyaire CareFusion LTV 1200,
and Zoll Impact Instrumentation Univent 754)19:

$ Covidien (Puritan $ Hamilton Military T-1
ch
Bennett) LP10
$ GE CARESCAPE R860

Ventilator
$ GE/Ford pNeuton

Model A-E
$ GM/Ventec Vþ Pro
$ Hamilton C-1
$ Hamilton C-3
$ Hamilton T-1
estjournal.org
$ Hillrom Life 2000
$ Philips EV300
$ ResMed Astral 150
$ Vyaire (CareFusion)

LTV1200
$ Zoll EMVþ 731 Ventilator
$ Zoll (Impact Instrumentation)
$ Univent 754
Figure 3 – The Vyaire LTV 1200 as delivered by the SNS in “kitted”
form. See Figure 2 for expansion of abbreviation.
These ventilators are not commonly used in ICU
settings, are designed and packed to withstand delivery
by helicopter, and are delivered with an instruction card,
video or CD, and a manual (Fig 3). The website has
extensive links to training; however, because of the
rapidity of the surge of COVID-19 patients and the
novelty of the organism and its pathogenesis, there was
little time for just-in-time education in use of SNS
ventilators. Although these ventilators are intended to be
used in austere settings by non-intensivists, the
physiology of COVID-19 created challenges for the user.
These ventilators have been used by the military in
transporting critically ill patients, with prior complaints
including limited battery life, monitor display limits, and
inaudible alarms. During the Spring 2020 deployment to
meet ICU surges, additional lessons included reports of
battery pack challenges, missing hoses and tubing, and
need for equipment repair. However, when
implemented in ICUs, the challenges have not been
merely technical, as highlighted by the description from
New York (Fig 4, Table 5).20-27

EUA and Defense Production Act for Ventilators

Since the original purchase of SNS ventilators
approximately 10 years ago, the standard of care in
ICUs now includes ventilators with graphic display of
pressure and volume for evaluation of patient
637
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SNS Ventilator Lessons Learned: New York City and the LTV 1200

From late March to early April 2020, ICUs in New York City (NYC) were overwhelmed by COVID-19, with many hospitals 
running at 10 times the baseline ICU capacity and approaching maximum ventilator capacity.20 Hospitals had to move toward 
use of backup ventilator options, including the use of anesthesia ventilators in the ICUs,21-23 and were intensively discussing 
ventilator allocation protocols.24 New York was able to procure additional ventilators from the SNS, China, and the state of 
Oregon.25 A delivery of 2,500 ventilators (primarily LTV 1200s, Fig 2) was supplied by the federal government.26 However, with 
these new ventilators came novel challenges as well for hospitals with maintenance,27 lack of provider training, and comfort 
with the LTV 1200s. This led to challenges with facile management of complex and critically ill COVID-19 patients when using 
these devices. Although each ventilator included a quick start guide, a manual, and a training video, there was not time for 
just-in-time training in the overrun health system. Physicians and respiratory therapists were essentially learning on the job. 
The learning curve was made steeper by the lack of graphic pressure, flow, and volume loops on the LTV 1200s, making 
analysis of the effect of the ventilators on patients’ respiratory mechanics more difficult [personal communication T Hossain 
and V Mukherjee, August 2020]. Additionally, the alarms on the LTV 1200s seemed to be very sensitive and would go off quite 
frequently despite repeated adjustments in triggering parameters, creating a challenge for personal protective equipment 
conservation because entry into isolation rooms was required for adjustments. Physicians at some NYC hospitals also were 
concerned that the LTV 1200s may not have provided the same level of support as traditional ventilators [personal 
communication T Hossain, August 26, 2020]. For example, the LTV 1200s were limited by a maximum PEEP of 20 cm H2O, yet 
some patients with COVID-19 required higher levels. Additionally, several patients were found to have refractory hypercapnia 
on the LTV 1200s that would resolve after switching to comparable settings on a traditional ventilator [personal communication 
T Hossain and V Mukherjee, August 26, 2020]. There are important differences in full-feature ICU ventilators used routinely in 
hospitals compared with devices that are portable and typically used for transport or long-term care, which may help explain 
the differences in ventilation seen when switching between devices (Table 5). High-pressure oxygen hoses included in the SNS 
LTV 1200 ventilator cases were sometimes absent or too short, limiting positioning of the device near the patient, which in turn 
made it difficult to monitor for safe use behind a closed door. Finally, the SNS ventilators were sometimes not well maintained, 
and many not immediately functional on arrival.27 However, despite the challenges faced, the delivery of LTV 1200s from the 
SNS fortunately closed the gap of an impending ventilator shortage in NYC, but training and awareness of barriers to optimal 
use in advance of utilization would have mitigated stressful situations. 

Figure 4 – SNS Ventilator Lessons Learned: New York City and the LTV 1200. See Figure 2 for expansion of abbreviation.
response. Based on the crisis in New York, the Food
and Drug Administration (FDA) issued an EUA in
late March 2020 permitting the use of respiratory
devices not routinely used as ventilators, such as
anesthesia machines, to meet the needs of ICU
patients.3 A number of devices considered in the EUA
are purported to support recovery, whereas ICU full-
feature ventilators are triaged to the sickest patients.
On April 2, 2020, President Trump invoked the
Defense Production Act to increase production of
ventilators.28 These federal actions drew well-meaning
and skilled individuals from disciplines outside of
medicine to develop devices for a projected
mechanical ventilator shortage. This marshalling of
expertise and goodwill has provided positive results;
however, many of these devices provide limited
capabilities. Systems such as “bag squeezing” devices
rely on automatic compression of a resuscitation bag
replacing manual ventilation (a human squeezing the
bag) with precision, consistency, and without user
fatigue. The first mass respiratory failure event, the
1950s polio epidemic in Denmark, relied on manual
ventilation by volunteers.29 These devices previously
had been suggested for temporary use in limited-
resource environments, but a device incapable of
meeting patient requirements for pressure, volume,
638 Special Features
oxygen delivery, and minute ventilation is not a
solution during the COVID-19 pandemic.

There were 198,890 ventilators initially ordered by the
federal government at a cost of just over 2.9 billion
dollars.30-33 Table 2 compares the technical
specifications for each ventilator ordered, and Table 3
the indications and potential uses for COVID-19, data
also shown graphically in Figures 1 and 2. On analysis of
the technical data, ventilators may be divided into those
that have the full technical sophistication to support
severe COVID-19 patients and those that do not.
Ventilators unable to fully support severe COVID-19
patients may still be used on less severely ill patients, for
noninvasive ventilation (NIV), or as transport
ventilators.

Eleven ventilator manufacturers were initially contracted
to build 15 types of ventilators. Based on their level of
technologic sophistication, at least 58,000 of these nearly
200,000 newly procured ventilators would be considered
“full feature” ventilators capable of supporting severe
COVID-19 patients, and another 75,000 could be used
on other patients or circumstances (Table 2). Of note,
Philips Corporation was contracted to build 43,000
ventilators, which were split between two models, only
[ 1 5 9 # 2 CHES T F E B R U A R Y 2 0 2 1 ]



TABLE 2 ] Technical Assessment of Ventilators Ordered in the Current EUA Compared With the Criteria Outlined by the 2014 Mass Critical Care Task Force
Panel50-63

Criterion

Ventilator Airon AEa
Hamilton

C3 Hamilton C1 Hamilton T1 CARESCAPE R860a Life2000 Medtronic 560a

Manufacturer Airon, GE, Ford Hamilton Medical General Electric Hill-Rom Medtronic

Ventilator criteria Mandatory Features

Power source AC power with battery
back up

NO YES YES YES YES NO YES

FDA approval Adult and pediatric use NO YES YES YES YES NO YES

Minimum tidal volume 360 mL YES YES YES YES 50 mL YES

Modes of ventilation CPAP
Volume control
Assist control
SIMV

YES
YES
NO
YES

YES
NOa

YES
YES

YES
NOa

YES
YES

YES
NOa

YES
YES

YES
YES
YES
YES

NO
YES
YES
NO

YES
YES
YES
YES

Control of settings Respiratory rate
PEEP
Tidal volume
Flow or I:E
FIO2 with 50 psig inlet

YES YES
YES NO
YES

YES
YES
NOa

YES
YES

YES
YES
NOa

YES
YES

YES
YES
NOa

YES
YES

YES
YES
YES
YES
YES

YES
YES
NO
YES
NO

YES
YES
YES
YES
NO

Flow range <10 to > 80 L/min for
mandatory breaths

NO YES YES YES YES NO YES

PEEP PEEP compensation YES YES YES YES YES YES YES

FIO2 FIO2 from 0.21-1.0 NO YES YES YES YES NO NO

Operation Able to operate with high-
pressure or low-pressure
oxygen source

NO YES YES YES NO NO NO

Measurements Measure and display VT
Peak inspiratory pressure

NO
YES

YES
YES

YES
YES

YES
YES

YES
YES

NO
YES

YES
YES

Easy to set up/set
ventilation
settings/troubleshoot

Ability to read screen at a
distance, in sunlight
and low light

NO YES YES YES YES YES YES

Gas consumption Reported bias flow (L/min) 10 5 5 4 2-10 a 2-10

Audible and visible alarms
Disconnect
Apnea
High pressure
Low source gas pressure

YES
YES
NO
YES
YES

YES
YES
YES
YES
YES

YES
YES
YES
YES
YES

YES
YES
YES
YES
YES

YES
YES
YES
YES
YES

YES
YES
YES
YES
YES

YES
YES
YES
YES
YES

Costs < $13,000 YES NO NO NO NO YES YES

(Continued)
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Criterion

Ventilator Astral 150 SAVE IIa LTV -2 2200a
LTV-2
2150a EVOa EV 300 Vþ Proa EMVþ 731

Manufacturer ResMed Combat Medical Systems Vyaire
Philips

Respironics Ventec Lifesystems Zoll

Ventilator
criteria

Mandatory features

Power source AC power with battery
back up

YES YES YES YES YES YES YES YES

FDA approval Adult and pediatric use YES NO YES YES YES YES YES YES

Minimum tidal
volume 50 mL

YES 200 mL YES YES YES YES YES YES

Modes of
ventilation

CPAP
Volume control
Assist control
SIMV

YES
YES
YES
YES

NO
YES
YES
NO

YES
YES
YES
YES

YES
YES
YES
YES

YES
YES
YES
YES

YES
YES
YES
YES

YES
YES
YES
YES

YES
YES
YES
YES

Control of settings Respiratory rate
PEEP
Tidal volume
Flow or I:E
FIO2 with 50
psig inlet

YES
YES
YES
YES
NO

YES
YES
YES
NO
NO

YES
YES
YES
YES
YES

YES
YES
YES
YES
YES

YES
YES
YES
YES
NO

YES
YES
YES
YES
YES

YES
YES
YES
YES
YES

YES
YES
YES
YES
YES

Flow range <10 to >80 L/min for
mandatory breaths

YES NO YES YES YES YES YES YES

PEEP PEEP compensation YES YES YES YES YES YES YES YES

FIO2 FIO2 from 0.21-1.0 NO NO YES YES YES YES YES YES

Operation Able to operate
with high-pressure
or low-pressure
oxygen source

NO NO YES NO NO YES YES YES

Measurements Measure and display VT
Peak inspiratory pressure

YES
YES

NO
YES

YES
YES

YES
YES

YES
YES

YES
YES

YES
YES

NO
YES

Easy to set up/set
ventilation settings/
troubleshoot

Ability to read screen at
a distance, in sunlight
and low light

YES NO YES YES YES YES YES YES

(Continued)
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TABLE 2 ] (Continued)

Criterion

Ventilator Astral 150 SAVE IIa LTV -2 2200a
LTV-2
2150a EVOa EV 300 Vþ Proa EMVþ 731

Manufacturer ResMed Combat Medical Systems Vyaire
Philips

Respironics Ventec Lifesystems Zoll

Gas consumptionb Recorded bias flow (L/min) 2-15 0 0-10 0-10 0

Audible and visible alarms
Disconnect
Apnea
High pressure
Low source gas pressure

YES
YES
YES
YES
YES

YES
YES
NO
YES
NO

YES
YES
YES
YES
YES

YES
YES
YES
YES
NO

YES
YES
YES
YES
NO

YES
YES
YES
YES
YES

YES
YES
YES
YES
YES

YES
YES
YES
YES
YES

Costs <$13,000 YES YES NO NO YES NO NO NO

Recalls vendor must disclose all recalls on ventilator and equipment in the past 3 years. End User Training Program: These three criteria are part of our initial specifications but could not be verified for all devices.
aDenotes developed under emergency use authorization (EUA).
bGas consumption requires testing; instead we report bias flow (flow during the expiratory time); Hamilton ventilators do not operate in volume control; adaptive pressure is used where the clinician can set the tidal
volume and the ventilator increases or decreases the pressure to maintain the desired minimum volume.
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one of which was a feature ventilator; and Vyaire
Corporation was contracted to build 22,000 ventilators,
again split between two models, only one of which is a
full-feature ventilator. Public records do not specify the
number of each ventilator ordered, thus precluding
knowledge of the total number of full-function
ventilators ordered.

Since the time of the initial orders, some of these orders
have been significantly reduced (August 31, 2020).
Vyaire will deliver only 4,000 of an initial order of
22,000; Hamilton up to only 4,518 of 25,574; and
Phillips only 12,300 out of 43,000, for a total reduction
of 69,576 ventilators.34,35 Nonetheless, understanding
the functionality of all types of ventilators ordered will
inform their best use.

Consensus groups have recommended positive-pressure
ventilation surge device capabilities for mass respiratory
failure.11,36,37 Newly purchased stockpile ventilators will
remain in storage and on-demand for short notice in
critical emergency situations. Ventilators require iterative
preventive maintenance, and many require ongoing
battery charging to maintain their readiness. Because
nearly 200,000 ventilators (now down to 130,000) will not
come from a single vendor, most will not have
interchangeable parts, and most will require massive
stockpiling of spare parts for maintenance, which in and of
themselves have a storage lifespan. It is therefore important
to buy the correct number and type of ventilators, and to
ensure future maintenance and parts fulfillment.38

Ventilators that have full feature support capable of
supporting the spectrum of potential COVID-19
patients include Hamilton (C3, C1, and T1), General
Electric (Carescape R860), Vyaire (LTV 2200), Phillips
(Trilogy EV300), and General Motors/Ventec Life
Systems (VOCSN Vþ Pro). The EUA has a number of
noteworthy provisions (Fig 5), but purchasers should be
aware of the limited requirements of manufacturers to
support these devices over time.

The PREP Act provides liability immunity for
manufacturers of ventilators and other devices under the
EUA (Fig 5).39,40 Evidence for effectiveness includes
those devices that “may be effective.” An example is the
EUA approval of “splitters” to allow multiple patients to
be ventilated using a single ventilator, but these
“plumbing solutions” fail to take into account the
physiologic issues that create a potentially dangerous
technique that should only be attempted by experts
under regulatory approval.36,41 In the absence of an
EUA, likely none of these “splitters” could prove safe
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and otherwise would not obtain FDA approval. If the
manufacturer fails to submit additional safety and
procedural document 510K in a timely manner after
expiration of the EUA, the devices will become
nonsupported and a liability for the recipient.

How Many Ventilators Are Needed

In determining how many additional ventilators are
needed to meet the surge capacity demands of COVID-19
across the United States with variable waves of disease,
the assumption that the entire country will be
simultaneously impacted may be flawed. During the
initial 2020 COVID-19 pandemic wave, the United States
has not in fact run out of ventilators, although several
regions of hot spots have come remarkably close to
implementing triage protocols for ventilator allocation, as
alluded to in the New York experience.37 For analysis, we
may consider an extreme worst-case second-wave
scenario with the 1918 influenza pandemic as a model, in
which the second wave is five times6 worse than the first
wave.38 (No current models predict such a number.) This
would bring the number of critically ill patients to a total
of approximately 500,000 who could require mechanical
ventilation. This vastly exceeds the amount of staff and
space available to support these patients and likely would
result in crisis triage implementation.

A more realistic model would have the second wave
similar to the first, admittedly with a slightly easier
course, given the medical community is now familiar
with the disease, with well-tested protocols for managing
these patients. Because the United States is quite diverse
in terms of population density and outbreaks, disease
incidence will not be homogenous. To supplement a hot
spot with a smaller increase in ventilator inventory, we
would require a much smaller number of full-feature
ventilators (approximately 10,000-15,000). Importantly,
it is not the cumulative number of ventilators required
across the duration of the pandemic, but the concurrent
number in use that is the relevant goal. The two key
variables are not the total number of cases but rather the
rate of new ventilator-dependent patients admitted and
their length of stay. A surplus, if supplied to regions
approaching crisis triage levels, could be supplied by
doubling the current US ventilator inventory by an
additional 50,000 to 75,000 full-featured ventilators.

All patients afflicted with COVID-19 respiratory failure
would not need a ventilator on the same day. The
current pandemic has placed demands on local
resources in epicenters (New York, Boston, Seattle, New
Orleans, and now Phoenix and Miami), whereas other
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TABLE 3 ] Ventilator Indications and Potential Use in COVID-19 Patients, and Approximate Cost per Unit Ventilator
Delivered50-63

Ventilator Intended Indicationsa Potential Use in COVID-19

Estimated Cost per Ventilator
(Based on Total Expense of
Contract and Total No. of

Ventilators Ordered)

GE/Ford/Airon pNeuton is a pneumatic ventilator.
Electrical power is not required for
patient ventilation. pNeuton has
been

specifically designed for patient
support during transport and non-
critical care unit mechanical
ventilation. It may be used during
intra and inter-hospital transport,
in aircraft, on ambulances, in
emergency rooms, MRI, and other
radiology suites.

Use for transport from facility to
facility or ED to ICU

$6,700

Hamilton C1 The HAMILTON-C1 ventilator is
intended to provide positive-
pressure ventilatory support to
adults and pediatrics, and
optionally infants and neonates.

Intended areas of use:
In the intensive care ward,

intermediate care ward,
emergency ward, long-term
acute care hospital, or in the
recovery room

During transfer of ventilated patients
within the hospital

Use in the hospital for definitive
care of patients with COVID-19

Transport as required

$25,000-$30,000

Hamilton C3 The HAMILTON-C3 ventilator is
intended to provide positive-
pressure ventilatory support to
adults and pediatrics and
optionally infants and neonates.

Intended areas of use:
� In the intensive care ward, inter-

mediate care ward, emergency
ward, long-term acute care
hospital, or in the recovery room

� During transfer of ventilated pa-
tients within the hospital

Use in the hospital for definitive
care of patients with COVID-19

Transport as required

$25,000-$30,000

Hamilton T1 The HAMILTON-T1 ventilator is
intended to provide positive-
pressure ventilatory support to
adults and pediatrics, and
optionally infants and neonates.

Intended areas of use:
� In the intensive care ward, inter-

mediate care ward, emergency
ward, long-term acute care
hospital, or in the recovery room

� For emergency medical care
� During transport within and

outside the hospital
� During transfer by rescue vehi-

cles, fixed-wing aircraft,
helicopter, or ship

Use in the hospital for definitive
care of patients with COVID-19

Transport as required

$25,000-$30,000

General Electric
CARESCAPE
R860

The CARESCAPE R860 ventilator is
designed to provide mechanical
ventilation or support to neonatal,
pediatric, and adult patients

Use in the hospital for definitive
care of patients with COVID-19

Transport as required

$30,000

(Continued)
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TABLE 3 ] (Continued)

Ventilator Intended Indicationsa Potential Use in COVID-19

Estimated Cost per Ventilator
(Based on Total Expense of
Contract and Total No. of

Ventilators Ordered)

weighing 0.25 kg and above.
The CARESCAPE R860 ventilator is a
microprocessor-based,
electronically controlled,
pneumatically driven ventilator
that includes integrated
monitoring of FIO2, airway
pressure, flow, and volume.

The system is designed for facility
use, including within-facility
transport, and should only be used
under the orders of a clinician.

Hill Rom Life2000 The Life2000. Ventilator is intended
to provide continuous or
intermittent ventilatory support
for the care of individuals who
require mechanical ventilation.

The ventilator is intended for use by
qualified, trained personnel under
the direction of a physician.
Specifically, the ventilator is
applicable for adult patients who
require the following types of
ventilatory support:
� Positive-pressure ventilation,

delivered invasively (via ET
tube) or noninvasively (via
mask)

� Assist/control mode of
ventilation

The ventilator is suitable for use in
institutional settings.

Use to provide NIV before
intubation

Not for use in critically ill patients

$6,000

Medtronic 560 The Puritan Bennett 560 Ventilator is
indicated for the continuous or
intermittent mechanical
ventilatory support of patients
weighing at least 11 lb (5 kg) who
require mechanical ventilation.
The ventilator is a restricted
medical device intended for use by
qualified, trained personnel under
the direction of a doctor. It is
essential to read, understand, and
follow these instructions before
use.

The ventilator is suitable for use in
institutional, home, and portable
settings. It is not intended for
use in Emergency Medical
Service (EMS), such as an
emergency transport.

Use in hospital for less severely
ill or recovering patients

$8,600

ResMed Astral
150

The Astral 100/150 provides
continuous or intermittent
ventilatory support for patients
weighing more than 11 lb (5 kg)
who require mechanical
ventilation.

Use in hospital for less severely
ill or recovering patients

$12,500

(Continued)
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TABLE 3 ] (Continued)

Ventilator Intended Indicationsa Potential Use in COVID-19

Estimated Cost per Ventilator
(Based on Total Expense of
Contract and Total No. of

Ventilators Ordered)

The Astral device is intended to be
used in home, institution/
hospital, and portable
applications for both invasive
and noninvasive ventilation.

Combat Medical
Systems SAVE
II

The SAVe IIþ is designed to be used
in prehospital, field hospitals,
outpatient environments,
hospitals, ICUs, transport
environments, or any other
health-care environment requiring
the use of a ventilator. The SAVe
IIþ can be used in lieu of a bag
valve mask (BVM) in the
prehospital environment or during
interhospital and intrahospital
transport. It is a simplified
ventilator that is designed to
support a wide range of situations
and environments.

Transport
Not for use in critically ill patients

$7,500

Vyaire LTV 2 2200 The LTV2 Series ventilators are
intended to provide continuous or
intermittent ventilator support for
the care of the patients requiring
mechanical ventilation. The
ventilator is a restricted medical
device intended for use by
qualified, trained personnel under
the direction of a physician.

Specifically, the ventilator is suitable
for adult and pediatric patients
weighing at least 5 kg (11
pounds) who require the
following types of ventilator
support:

� Positive-pressure ventilation,
delivered invasively or
noninvasively

� Assist/Control, SIMV, CPAP, or
NPPV modes of ventilation

The ventilator is suitable for use in
institutional, home, or transport
settings.

Use in the hospital for definitive
care of patients with COVID-19

Transport as required

$18,500

Vyaire LTV 2 2150 The LTV2 Series ventilators are
intended to provide continuous or
intermittent ventilator support for
the care of the patients requiring
mechanical ventilation. The
ventilator is a restricted medical
device intended for use by
qualified, trained personnel under
the direction of a physician.

Specifically, the ventilator is suitable
for adult and pediatric patients
weighing at least 5 kg (11 pounds)
who require the following types of
ventilator support:

Limited use for COVID-19 owing
to inability to maintain a
constant FIO2. Only has a low-
flow oxygen inlet (no blender).
FIO2 fluctuates with minute
ventilation.

Transport as required

$18,500

(Continued)
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TABLE 3 ] (Continued)

Ventilator Intended Indicationsa Potential Use in COVID-19

Estimated Cost per Ventilator
(Based on Total Expense of
Contract and Total No. of

Ventilators Ordered)

� Positive-pressure ventilation,
delivered invasively or
noninvasively

� Assist/Control, SIMV, CPAP, or
NPPV modes of ventilation

The ventilator is suitable for use in
institutional, home, or transport
settings.

Phillips EVO The Trilogy Evo ventilator provides
continuous or intermittent
positive-pressure ventilation for
the care of individuals who require
mechanical ventilation. Trilogy
Evo is intended for pediatric
through adult patients weighing at
least 2.5 kg. The ventilator can
measure, display, record, and
alarm SpO2, FIO2, CO2, and pulse
rate data when integrated with the
appropriate accessories. The
ventilator is suitable for use in
institutional, home, and
nonemergency transport settings
such as wheelchair or personal
vehicle. It may be used for both
invasive and noninvasive
ventilation.

Use in hospital for less severely ill
or recovering patients

Transport

$4,000

Phillips EV300 The Trilogy EV300 ventilator
provides continuous or
intermittent positive-pressure
ventilation for the care of
individuals who require
mechanical ventilation. Trilogy
EV300 is intended for pediatric
through adult patients weighing at
least 2.5 kg. The ventilator can
measure, display, record, and
alarm SpO2, FIO2, CO2, and pulse
rate data when integrated with the
appropriate accessories. The
ventilator is suitable for use in
institutional, home, and
nonemergency transport settings,
for example, wheelchair or
personal vehicle. It may be used
for both invasive and noninvasive
ventilation. The Trilogy EV300
ventilator is intended to be used:
� In institutional environments
� While attached to a roll stand or

sitting on a flat surface such as a
table or nightstand

� While transporting patients
within and between facilities,
such as an automobile or com-
mercial aircraft

Use in the hospital for definitive
care of patients with COVID-19

Transport as required

$16,000

(Continued)
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TABLE 3 ] (Continued)

Ventilator Intended Indicationsa Potential Use in COVID-19

Estimated Cost per Ventilator
(Based on Total Expense of
Contract and Total No. of

Ventilators Ordered)

General Motors
Ventec Life
Systems Vþ Pro

VOCSN Vþ Pro Unified Respiratory
System is intended to provide
continuous or intermittent
ventilatory support for the care of
individuals who require
mechanical ventilation. It may be
used in invasive and noninvasive
applications. VOCSN is intended
for pediatric through adult patients
weighing at least 5 kg. It is
intended for use in home, hospital,
institutional, and transport
settings, including portable
applications.

Use in the hospital for definitive
care of patients with COVID-19

Transport as required

$16,000

Zoll 731 Each model of the ZOLL 731 Series
of ventilators is indicated for use in
the management of infant
through adult patients
weighing $5 kg with acute or
chronic respiratory failure or
during resuscitation by providing
continuous positive-pressure
ventilation. ZOLL Ventilators are
appropriate for use in hospitals,
outside the hospital, during
transport and in severe
environments where they may be
exposed to rain, dust, rough
handling, and extremes in
temperature and humidity.

Use in hospital for less severely ill
or recovering patients

Transport

$18,000

aFrom the manual.
cities had reduced ventilator usage because of public
health directives in place regarding elective surgeries and
social distancing. Sharing ventilators between health
systems from cities minimally impacted and cities under
duress should be explored. As New York struggled for
ventilators, hospitals in the center of the country had
ventilators standing idle; 400 ventilators in Seattle were
able to be returned to the SNS.42 Given the generally
milder spectrum of COVID-19 infection among
children, pediatric hospitals have been relatively spared
The Public Readiness and Emergency Preparedness (PREP) A

The PREP Act authorizes the Secretary to issue a declaration to p
(covered persons) against any claim of loss caused by, arising out
distribution, administration, or use of medical countermeasures (c
declaration, covered countermeasures are any antiviral, any other 
vaccine, used to treat, diagnose, cure, prevent, or mitigate COVID
therefrom, or any device used in the administration of any such pr
such product. 85 Fed. Reg. 15,198, 15,202 (March 17, 2020).

Figure 5 – The Public Readiness and Emergency Preparedness (PREP) Act.3

chestjournal.org
and could (and have) lend full-feature devices with adult
capabilities, along with trained critical care staff, to adult
hospitals.

Pediatric Capability
Children constitute approximately 25% of the US
population, and infants and younger children cannot be
supported by many mechanical ventilators designed for
adults. In recognition of this, the 2014 CHEST Mass
Critical Care Guidelines11 recommended stockpiled
ct 

rovide liability immunity to certain individuals and entities 
 of, relating to, or resulting from the manufacture, 
overed countermeasures). Under the March 10, 2020 
drug, any biologic, any diagnostic, any other device, or any 
–19, or the transmission of SARS-CoV–2 or a virus mutating 
oduct, and all components and constituent materials of any 

9,40
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TABLE 4 ] Technologic, Logistic, and Educational Challenges Encountered With Current SNS Ventilators, and
Potential Next-Generation SNS Ventilator Updates

Challenges Encountered With Current
SNS Ventilators During COVID-19 Pandemic

Potential Design Updates for Next-Generation SNS Ventilators
Based on COVID-19 Pandemic Current Challenges Encountered

COVID-19 patients develop
severe ARDS and were at
times not able to be fully
supported by an SNS ventilator

SNS ventilators should have a full
suite of features and compatible
supplies to closely match the likely
expected deployment and implementation
of their use, including severe ARDS

Logistic difficulties with SNS
ventilators included short or
absent gas hoses, insufficient
amount of compatible disposable
supplies, and some ventilators
arrived damaged or requiring
maintenance before they could
be used.

SNS ventilators should include power cords
and gas hoses long enough for use in
most environments, standardized size,
disposable elements, and easy
maintainability; and standard reliable
maintenance and upkeep while housed
in the SNS.a

Health-care professionals
were not familiar with SNS
ventilators, had difficulty
setting them up, and did
not have time to use the
training materials.

� Ventilator design should ensure that
end-users are able to quickly and easily
understand its use, with accompanying
rapid-training materials for “just in time”
education and programmed verbal setup
instructions (similar to an automatic external
defibrillator, or AED).

� Health-care organizations should consider
maintaining a small inventory of
SNS-designated ventilators to provide
their professionals ongoing experience with them.

SNS ventilators were more
difficult to use because
they did not have graphics
display information, could
not connect to medical records,
and had difficult-to-hear alarms

SNS ventilators should incorporate:
� An intuitive touchscreen interface
� Graphic displays of pressure, volume,

and flow
� Functionality to connect to varied electronic

health records, easily audible alarm systems,
and operable remotely wirelessly from outside
a patient room.

New SNS ventilators are not
all able to be used with
pediatric patients

All future SNS ventilators must
be designed to support pediatric patients

When sharing ventilators
with international partners,
compatibility with their
current infrastructure is not
always taken into account

The United States should publish manuals
and educational materials in the language
of each international partner, with assured
compatibility with their existing supplies and
capacity for maintenance and repairs

aAfter purchase of the LTV-1200 devices from Vyaire, the company was purchased by Becton-Dickson, and the contract for maintenance was transferred to
a third party. This transition resulted in litigation, during which time maintenance tasks were in limbo.
equipment for mass disasters, and pandemics should be
adaptable to the needs of critically ill children. Most
importantly, in recognition of the central role of
ventilator support in the provision of critical care, the
guidelines recommended that US FDA approval be
obtained for stockpiled mechanical ventilators intended
for use in infants and children. Typically, these
ventilators will have adjustable (1) tidal volumes (that
can be decreased to 30-50 mL total) and (2) flow triggers
that can be adjusted to be more sensitive so as to detect
and trigger an infant’s breath. Pediatric considerations
648 Special Features
for stockpiled mechanical ventilators were detailed by
the Pediatric Task Force for Emergency Mass Critical
Care in 2011 and are consistent with the above
recommendations.43

Of ventilators currently considered for (or already
receiving) federal funding, multiple ventilators are not
FDA-approved for pediatric use (Table 2) because their
tidal volumes cannot be lowered sufficiently to ventilate
the much smaller lungs of a child. These ventilators
would be entirely unusable for most pediatric patients.
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TABLE 5 ] Comparison Between Full Feature ICU Ventilator Compared With a Portable Ventilator Regarding
Potential Sources of Decreased Tidal Volume (VT), Which May Help Explain the Differences in
Ventilation Seen When Switching Between Devices (From Figure 4)50-63

Potential Factors Associated
With Decreased Tidal Volume ICU Full Feature Ventilator Portable Ventilator

Humidification ICU ventilators typically have a heated
humidifier attached for conditioning
inspired gases.

Switching to a portable ventilator using a
heat and moisture exchanger (HME) adds
dead space to the circuit. The volume of
these devices is typically 20-60 mL. At tidal
volumes typically used for ARDS, this
decreases the effective tidal volume (VT)
by 10%-20%.

Solution: increase VT on transition to
portable ventilator, and verify new set tidal
volume is indeed equivalent to ICU
ventilator VT.

Compressible volume
compensation

ICU ventilators typically compensate for
the loss of volume in the circuit
secondary to tubing compliance.

As an example, if set VT is 450 mL and the
peak pressure is 30 cm H2O and with
normal circuit compliance is 2-3 mL/cm
H2O, then 90 mL could potentially be
lost in the circuit reducing the volume
delivered to the patient to 360 mL. The
ICU ventilator would increase the VT by
90 mL (540 mL) to assure the patient
receives the full 450 mL. VT

The transport ventilator does not
compensate for compressible volume loss
in the circuit due to tubing compliance.

In the example, the effective VT on the
portable ventilator is then 90 mL less than
on the ICU ventilator. At a respiratory
frequency of 20 breaths/min, this is a
decrease in the minute ventilation of
almost 2.0 L.

Pressure ventilation ICU ventilators deliver pressures relative
to (above) PEEP.

As an example, if PEEP is 10 cm H2O and
the set pressure during pressure
support or pressure control is 20 cm
H2O, then peak pressure would be
30 cm H2O.

In bilevel devices and some portable
ventilators, the pressure is absolute, and
not set above PEEP.

In the example, with settings of peak
pressure of 20, this includes added PEEP
and would therefore be only 10 cm above
PEEP or expiratory pressure—a pressure
difference of 10 cm H2O vs 20 cm H2O
compared with the ICU ventilator.

Cumulative effect Set VT ¼ delivered VT. The combination of the three factors above,
which may each individually be only slight,
can make a large difference in the
delivered minute ventilation, reducing
carbon dioxide elimination.
Pediatric critical care practitioners historically use
significantly more noninvasive mechanical ventilation in
comparison with adult critical care medicine, in part to
avoid the higher risks associated with pediatric
intubation and mechanical ventilation. In initial reports,
some adults with COVID-19 also fare better with the use
of high-flow nasal oxygenation and noninvasive
ventilation strategies, thus avoiding the risks associated
with intubation and invasive mechanical ventilation.18

Therefore, it is likely important for both children and
adults to consider mechanical ventilators that may be
adapted to noninvasive mechanical ventilation modes
(such as CPAP and bilevel pressure ventilation) or high-
flow nasal cannula.
chestjournal.org
Fortunately, acute COVID-19 critical illness appears to
be relatively rare and less severe in the pediatric
population.44-46 However, we are beginning to discover a
new inflammatory condition in children associated with
prior asymptomatic COVID-19 infection: Multisystem
Inflammatory Syndrome in Children (MIS-C). These
patients typically present with some element of septic
and cardiogenic shock and often require mechanical
ventilation.47 How many of these children we should
expect as time passes and pediatric infection rates rise
remains unclear. If we were to have a large enough surge
of MIS-C patients, we would require pediatric-adaptable
mechanical ventilators to support them. Regardless of
whether MIS-C becomes a problem that surpasses
649
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current pediatric ventilator resources, we do have a duty
to steward our limited resources and prepare wisely for
future mass disasters and pandemics that may have a
very different pediatric risk profile. Saving the lives of
children must be part of our strategic national vision.

Surplus Ventilators to Other Countries

Low- and middle-income countries (LMICs),
including the countries to the south of the United
States, are facing multiple challenges associated with
COVID-19. Mexico, for example, lacks sufficient
quantity of ventilators and has limited access to
purchase ventilators from the global marketplace,
mainly because of two reasons: (1) Mexican
institutions arrived late to place orders from different
companies to purchase ventilators and therefore were
behind the queue of wealthier countries that
anticipated their needs earlier; and (2) The ventilators
accessible to Mexico are quite different compared with
those purchased by the United States. Mexico can only
purchase small transport ventilators or those originally
designed to be noninvasive ventilators that have been
modified to use as invasive ventilation.

According to recent social media from the acting
administrator for the United States Agency for
International Development,48 ventilators are currently
being sent to countries such as Ecuador, El Salvador,
Vietnam, Honduras, and the Caribbean. LMICs
routinely struggle with shortages of oxygen supplies
and funding for nurses and physicians. Sophisticated
or difficult-to-use ventilators will further challenge the
recipients of donated equipment who may have less
experience with the devices offered.49 Gaps in
knowledge, use, training, tech support, and re-supply
of tubing should be considered before donation of
surplus ventilators to LMICs, because they may not
meet the needs of COVID-19 patients in foreign
countries.
Conclusions
COVID-19 induces a wide spectrum of acute lung
disease, including ARDS physiology with varying
degrees of hypoxemia and abnormal compliance. The
current SNS ventilators (especially the LTV 1200) were
able to support most, though perhaps not all, patients
with severe COVID-19 ARDS lung disease. As described
in Table 4, there were many technologic, logistic, and
educational challenges encountered, with potential next-
generation SNS ventilator updates listed alongside.
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Determining the “right” number of SNS ventilators was
also a challenge. The Federal Emergency Management
Agency has currently issued orders for 15 different
ventilators and devices that together with current SNS
ventilators should meet US current and projected
ventilator needs even with a severe second pandemic
phase. In addition, all geographic regions are unlikely to
be affected simultaneously, and the potential for a
national ventilator-sharing strategy should continue to
be further evaluated. However, stockpiling,
maintenance, and training of health-care staff for this
many devices in the long term is untenable; the pre-
pandemic SNS had three different ventilator types,
which seems a reasonable standard.

Our current COVID-19 pandemic data and experience
along with described SNS ventilator challenges should
inform next-generation SNS ventilator development,
with potential updates noted in Table 4. New ventilator
models should be easy to set up and initiate use; include
“cutting edge” technologies such as user friendly,
intuitive interfaces that are easily and quickly
understood; offer graphic displays of pressure, volume,
and flow waveforms for rapid pulmonary mechanics
interpretation; interface with electronic health records;
include easily audible alarm systems; and be operable
remotely wirelessly to obviate the constant need for
donning personal protective equipment to enter a
patient’s room. Next-generation SNS ventilators must all
be compatible for use on pediatric patients.

To sustain continuous technologic advancement from
events such as the COVID-19 pandemic, SNS ventilators
should continually be reevaluated through multiyear
cycles with new, updated ventilators added yearly, older
ventilators either repurposed or sold, and all ventilators
undergoing routine scheduled maintenance to optimize
readiness for deployment. Sufficient stockpiling of spare
ventilator parts needs to be contracted at the time of
purchase to ensure that stockpile ventilators remain
usable over time.

Finally, as the body of knowledge and experience grows
from the COVID-19 pandemic, assimilating it should
combine input from the best experts from the critical
care scientific community along with skilled ventilator
engineers and incorporate an ongoing iterative and
dynamic quality improvement process for SNS
ventilators. Input from SNS ventilator end-user
communities is also necessary, including the US military
and national disaster management systems, among
others.
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