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Abstract

Rationale: How to provide advanced respiratory support for
coronavirus disease (COVID-19) to maximize population-level
survival while optimizing mechanical ventilator access is unknown.

Objectives: To evaluate the use of high-flow nasal cannula
for COVID-19 on population-level mortality and ventilator availability.

Methods: We constructed dynamical (deterministic) simulation
models of high-flow nasal cannula and mechanical ventilation use
for COVID-19 in the United States. Model parameters were
estimated through consensus based on published literature, local
data, and experience. We had the following two outcomes: 1)
cumulative number of deaths and 2) days without any available
ventilators. We assessed the impact of various policies for the use of
high-flow nasal cannula (with or without “early intubation”) versus
a scenario in which high-flow nasal cannula was unavailable.

Results: The policy associated with the fewest deaths and the least
time without available ventilators combined the use of high-flow nasal
cannula for patients not urgently needing ventilators with the use of
early mechanical ventilation for these patients when at least 10% of
ventilator supply was not in use. At the national level, this strategy
resulted in 10,000-40,000 fewer deaths than if high-flow nasal cannula
were not available. In addition, with moderate national ventilator
capacity (30,000-45,000 ventilators), this strategy led to up to 25
(11.8%) fewer days without available ventilators. For a 250-bed hospital
with 100 mechanical ventilators, the availability of 13, 20, or 33 high-
flow nasal cannulas prevented 81, 102, and 130 deaths, respectively.

Conclusions: The use of high-flow nasal cannula coupled with
early mechanical ventilation when supply is sufficient results in
fewer deaths and greater ventilator availability.
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As of August 25, 2020, the global pandemic
caused by coronavirus disease (COVID-19)
has resulted in more than 23 million persons
known to be infected (1). The sickest require

hospitalization, and of those, 8-33% require
invasive mechanical ventilation (MV) for
COVID-19-associated respiratory failure
(2-4). Such demand for MV has prompted

many institutions, professional
organizations, and governments to think
“outside the box” to try to expand access to
MV by repurposing machines not typically
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used for MV (e.g., noninvasive ventilator
machines and anesthesia machines) (5-7),
calling on companies not normally in the
business of making ventilators to assist in
manufacturing (8), and even using a single
ventilator to provide MV to more than one
patient simultaneously (9).

Another potential solution being
employed in many hospitals is the use of
high-flow nasal cannula (HFNC). Before
COVID-19, HFNC was found to reduce the
need for MV in hypoxemic respiratory
failure (10-15) and reintubation
(replacement on MV) for patients liberated
from MV if used prophylactically after
extubation (15-17). Indeed, HFNC
is recommended in guidelines on
management of patients with COVID-19
and acute respiratory failure (18-20).
However, the use of HFNC may potentially
delay MV for patients who will ultimately
need MV and, in this subgroup, has been
associated with higher mortality than early
MYV (21). Moreover, both HFNC and MV
supplies may be constrained if volume of
patients with COVID-19 is high. How the
use of HFNC impacts patient outcomes
and resource use and how to optimally
use HFNC and MYV, therefore, is not
straightforward and may vary by local
resource availability.

In this study, we sought to evaluate the
impact of differing strategies to allocate
HENC and MV on I) hospital mortality
of patients with COVID-19-associated
hypoxemic respiratory failure and 2) MV
availability (i.e., MV demand relative
to supply) through simulation.
Understanding this interplay can help
inform hospital, health-system, and even
regional or national recommendations on
how to best deploy these two respiratory
support technologies.

Methods

We conducted a simulation study of HFNC
and MV use for patients hospitalized with
COVID-19. The simulation model is a
deterministic dynamical system that
captures the underlying patient flow

and resource allocation dynamics of the
system. This type of modeling approach has
been prevalently applied in healthcare
management, including the well-known SIR
(Susceptible, Infected, or Recovered) model
developed for pandemic evolution (22). The
institutional review board at Albert Einstein
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College of Medicine approved this study
(#2020-11803).

Model Description

Our model was limited to hypoxemic
patients “at risk for needing MV,”
conceptualized as requiring =6 L nasal
cannula to maintain adequate oxygenation
(independent of need for intensive care unit
admission). Patients on a ventilator before
hospital admission were not considered.
Noninvasive positive pressure ventilation
(NIPPV) was not considered in the model
for the following three reasons: I) expert
clinical guidelines for management of
COVID-19 acute respiratory failure
recommend use of HFNC over NIPPV
and the use of NIPPV only if HFNC is
not available (18-20); 2) at the limits of
resource availability, NIPPV machines
may be repurposed to provide MV
(making them unavailable to provide
NIPPV); and 3) for simplicity to allow us to
focus on the relationship between HFNC
and MV use.

In this model (Figure 1), we first
classified patients on the basis of clinical
need for advanced respiratory support.
Patients were stratified on entry into the
simulation as “urgent” or “nonurgent.”
Urgent was defined as needing MV
imminently (HFNC would be insufficient)
to avert death; nonurgent patients were
those clinicians would believe are at high risk
of needing MV but do not need it urgently
(akin to those enrolled in trials of HFNC pre-
MV). After initial respiratory support with
MV, patients could be further categorized as
“extubated” if they improved sufficiently to be
liberated from MV. Nonurgent patients
initially receiving HFNC could be
recategorized as “decompensated” if they
worsened while on HFNC and needed MV
imminently. These distinctions were necessary
as the rates of recovery, decompensation, and
death varied across them.

Patients from each clinical group above
could receive one of the following three
respiratory support modalities: HFNC, MV, or
neither (if, as appropriate, HENC or MV were
not available). Urgent patients required MV
immediately; if MV was unavailable, they died
quickly. Nonurgent patients could obtain
either HENC or MV; if neither HFNC nor MV
were available, they could remain on neither
for some time before they either recovered,
died, or deteriorated and became urgent
patients. Finally, extubated patients were
preferentially placed on HENC (15-17, 23)

but could be placed on regular oxygen if
HFNC was not available.

Patients could exit the simulation as
either recovered or dead. Recovered patients
represented those who were at risk of
respiratory failure and who survived to
hospital discharge. Dead patients were those
who were at risk of respiratory failure and did
not survive to hospital discharge (even if their
death was unrelated to respiratory failure).
Our model did not pertain to patients who
are not at risk of respiratory failure.

Model Inputs
Model parameters (Table 1) were estimated
by consensus of the clinician authors
informed by available literature for non-
COVID-19 acute hypoxemic respiratory
failure, national data for COVID-19 (24),
and data from the care of patients with
COVID-19 admitted to Montefiore Medical
Center in the Bronx, New York, from March
17 to March 30, 2020. Montefiore is an
urban academic healthcare system with
three main hospitals, including a quaternary
care center (usually 726 hospital beds), a
tertiary care center (usually 431 hospital
beds), and a community center (usually 360
hospital beds). During the time of data
acquisition at Montefiore, the rate and
duration of HFNC and MV use may have
been impacted by resource constraints, and
absolute survival rates were still unknown
(as many patients remained hospitalized).
Thus, these data were only used to inform
estimates. Point estimates were used as the
primary parameter estimate in each
simulation; simulations were then replicated
100 times each with parameter estimates
randomly drawn from within the range
provided in Table 1 (assuming a
truncated normal distribution with mean
equal to the point estimate and standard
deviation equal to half the width of the
range) to create a credible range of model
outputs.

The arrival rates of patients
(i.e., demand pattern) were derived from
retrospective and predicted mortality data.
Detailed methodology to derive the arrival
rate is provided in the online supplement.
The arrival rates were derived primarily
from estimates from the Institute for Health
Metrics and Evaluation at University of
Washington (24). To check the robustness
of the results to different demand patterns,
results were compared across arrival rates
derived from two additional projection
models (24-26).
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Figure 1. Model diagram of patient flow. Dotted lines represent choices made when advanced respiratory support is not available. *Able to receive
advanced support available to the patient type (mechanical ventilation and/or high-flow nasal cannula) if becomes available. TJump to new pathway. *For
scenarios in which HFNC is available. SThis state represents “early intubation” for scenarios in which it is available. HFNC = high-flow nasal cannula;
MV =mechanical ventilation.

Outcomes The number of deaths represents the number Resource Allocation Strategies

We had the following two coprimary of patients who were at risk for needing MV at  We considered a restrictive (base case)
outcomes: 1) the cumulative number of deaths ~ some point during their hospital stay and did ~ strategy in which HFNC was not available
and 2) MV unavailability, quantified as days  not survive to hospital discharge (including  for any patients and MV was only available
without any available MV (i.e., all are in use).  deaths not related to respiratory failure). for urgent patients. In this scenario,
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Table 1. Model parameter estimates

Literature References

34-40% (42, 43)
6.8-27.75 (10-12, 14, 33, 34, 44)
2.5-6.25 (16, 17, 23)

6.0-25.95 (10-14, 33, 34, 44)
2.8-5.3% (16, 17, 23)

33-405 (43, 45)
388 (45)
11.2-29.2 (10-12, 14, 33, 34, 44)
8.1-15.9 (15-17, 23, 44, 46)

7.0-24.3 (10-14, 33, 34, 44, 45)
4.3-7.5 (15-17, 23, 47, 48)

15 h (5 -39 h)™* (44)

1.7 h (0.1 h-14.4 h)" —

27 h (8 h-46 h)™ (44)
19 h** (47, 48)

18.8 h (7.7 h—44.7 h) —

8 d (4 d-16 d)™* (43)

Parameter Point Estimate Range* Montefiore Value
Proportion urgent patients, % 33 16-50 67.3"
Probability of death, %

Not HFNC/MV
Nonurgent 5 2-8 4
Extubated 10 6-14 12.5

HFNC
Nonurgent 4 2-6 10.3
Extubated 8 4-12 ol

MV
Nonurgent 15 10-20 44
Urgent 50 45-55
Decompensated 60 55-65 60

Probability of deterioration, %

Not HFNC/MV
Nonurgent 65 55-75 30
Extubated 15 10-20 28.1

HFNC
Nonurgent 45 35-55 443
Extubated 7.5 5-10 35.7

Time in state before
transition to next state

Not HFNC/MV
Nonurgent 20 h 15 h-25 h 20.6 h (10.9 h-55.2 h)"
Urgent 1h 05h-2h n/a’t
Extubated 12 h 8 h-16 h

HFNC
Nonurgent 48 h 24 h-72 h 23.7 h (8.1 h-59.0 h)"
Extubated 18 h 10-26 h 18.6 h (10.1 h-35.6 h)"
Decompensated 15 h 10 h-20 h

MV
Nonurgent 120 h (5 d) 72 h-168 h (3-7 d) 63.5 h (30.0 h-111.9 h)'
Urgent 240h (10d) 192 h-288 h (8-12 d)
Decompensated 288 h(12d) 240 h-336 h (10-14 d) 78.0 h (21.1 h-138.1 h)" —

Definition of abbreviations: COVID-19 = coronavirus disease; HFNC = high-flow nasal cannula; MV = mechanical ventilation; n/a =not applicable.
*For sensitivity analysis, each parameter is assumed to follow a truncated normal distribution, whose mean is equal to the point estimate and whose standard

deviation is equal to half width of the range.

TInitial support MV (of all patients ultimately requiring HFNC or MV).
*No exact data available in the literature; ~40% of non—-COVID-19 acute respiratory distress syndrome develops within 48 hours of hospitalization,
suggesting not all is “urgent;” ~34% of acute respiratory failure receive MV on hospital Day 1.
Sincludes intensive care unit, hospital, and 28-day mortality as reported by individual studies.

IFew patients extubated to HFNC who had hospital outcome determined (alive/dead) at time of analysis.

TMedian (interquartile range).

**Time to reintubation only (not time to all “next states” combined).
TDefined as patients who would not survive long without MV.

nonurgent patients remained without any
advanced support—HFNC or MV —unless
they deteriorated and became urgent; we
termed this policy “no HENC” (Table E1 in
the online supplement).

In addition to the restrictive strategy,
we considered a series of policies allowing
for more liberal use of HFNC and MV. First,
we allowed HFNC for both extubated
and nonurgent patients; we considered
prioritization of HFNC for extubated
(HFNC.y) or nonurgent (HFNConurg)
patients in two separate scenarios. Second,
we considered policies promoting “early
intubation” (19, 27) by providing MV to
nonurgent patients when available MV
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supply exceeded a threshold (MV,, denoted
=20% of total MV capacity, and MV,
denoted =10%). In these scenarios,
nonurgent patients received MV
preferentially over HFNC. This resulted

in consideration of the following six
additional policies: no HENC + MV,;
HFNCey + MV39; HENCponurg + MVsg; nO
HFNC + MV, ; HFNC,y + MV 0; and
HFNChonurg + MV 1. In all cases, access to
MYV was prioritized for urgent patients over
those clinically decompensated on HFNC.

Simulated Scenarios
We modeled the outbreak from February 4,
2020, through November 1, 2020 (in line

with Institute for Health Metrics and
Evaluation models) (24).

First, we simulated the impact of each
resource allocation strategy at the national
level. We allowed MV availability to range
from 3,000-60,000 ventilators (28, 29), and,
we considered HFNC capacity in ratios
of MV:HENC of 3:1, 5:1, and 8:1. We
then focused on major cities that were
substantially impacted by COVID-19
(Detroit, Miami, New Orleans, New York
City, and Phoenix). Because the exact
number of ventilators available in each city
was not readily attainable, we estimated that
each city had access to a fraction of the
corresponding state’s MV supply (30), in
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which the proportion was equal to the
city:state cumulated deaths ratio (as of
August 2, 2020; see online supplement).
As a robustness check, we also conducted
analyses across varying levels of ventilator
supply in each city. The policy associated
with the fewest deaths across these scenarios
was identified as the recommended policy.

We then focused on a more local,
hospital-based view. First, we compared
the recommended policy with the most
restrictive policy (no HFNC) across
hospitals of several sizes (100, 250, 500, and
1,000 beds); in each hospital, various MV
and HENC capacity levels were analyzed
(MV: 25, 50, 100, 150, 200, and 250;
MV:HFENC ratio: 3:1, 5:1, and 8:1). Second,
to understand the circumstances necessary
for HFNC use to be beneficial, we conducted
a series of tipping-point experiments in
which we considered a range of possible
values for the following two critical
parameters: I) the probability of
decompensation of nonurgent patients on
HFNC and 2) the excess duration of MV for
nonurgent patients who decompensated and
required MV (vs. direct placement on MV).
For this analysis, we considered a 250-bed
hospital with 100 mechanical ventilators
and 20 HENC (5:1 ratio).

Lastly, we assessed the robustness of the
performance of the recommended policy
compared with no HFNC to variations in all
parameter estimates over their full ranges in
Table 1.

All simulations were performed using
python. For reproducibility purposes, we

3-to-1 (MV-to-HFNC)

380

Estimated capacity

K
W W W
]
oo o
11 1

300 A
280
260
240
220
200
180
160 T T T T T I‘ T T T T T T

All patients
Cumulated deaths (K)

5 10 1520 25 30 35 40 45 50 55 60
Number of MV (K)

No HFNC

—— No HFNC + MV

have made the code and data openly
available via https://github.com/YueHu-
CU/Use-of-HFNC-in-COVID-19.

Results

National Scale

The number of cumulative deaths decreased
for all strategies as MV capacity increased
until MV availability was plentiful (Figures 2
and E1). Overall mortality decreased

with HENC use; the magnitude of this
effect was heightened when HFNC
capacity was greater. HFNCqy + MV,
and HFNC,,purg T MV consistently
outperformed other policies, resulting in up
to 20,000-80,000 fewer deaths than no
HFNC. HFNC,; + MV, was identified as
the recommended policy.

The eight policies were practically
indistinguishable in terms of MV use when
MV capacity was either limited (e.g.,
=<20,000) or abundant (=40,000; Figure
E2); with an MV capacity of 20,000, there
were 43 days (15.7%) during the epidemic
with no available MV. With midrange MV
capacity (25,000-35,000), HFNC,,; + MV;q
had notably fewer days with no MV
available—up to 25 days—compared with
no HENC. No meaningful difference was
observed in MV use between HFNC use
preferentially before intubation (HFNCponurg)
or after extubation (HFNC,).

Identical directional trends with small
variations in the magnitude of cumulative
lives saved and reduction in days without

5-to-1 (MV-to-HFNC)
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W W
)
o o
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w
3
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o
1
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160 T T T T T T T T T T T T

5 10 15 20 25 30 35 40 45 50 55 60
Number of MV (K)
— HFNCgy ----- HFNC nonurg

HFNC\ + MVyo

MYV were obtained using two alternative
prediction models (Figures E3-E5).

Regional Scale

Similar to the national scale,

HENC, + MV consistently resulted

in the fewest deaths in each city (Figure
E6). With an MV:HFNC ratio of 5:1,
HFENC, + MV, averted 319 deaths in
Detroit, 1,033 deaths in Miami, 3,094 deaths
in New York City, 200 deaths in New
Orleans, and 1,088 deaths in Phoenix.
Moreover, HFNC,,, + MV, reduced the
period with no available MV by 5 days in
Detroit, 14 days in Miami, 7 days in New
York City, 8 days in New Orleans, and 9
days in Phoenix (Table 2). In all cities, the
difference between HFNC, + MV,, and
HFNC. + MV, in terms of MV use was
barely distinguishable (data not shown).

Hospital Level
At the hospital level, HFNC,,; + MV,
consistently led to fewer deaths than no
HENC. For example, in a 250-bed hospital
with capacity for 100 MV and 20 HENC (5:1
ratio), 367 deaths were avoided (Figures 3
and E7). Greater relative availability of
HFNC resulted in more lives saved (281 for
8:1 and 439 for 3:1), yet the magnitude
of this difference in lives saved decreased
with greater MV availability. For fixed
bed:MV:HENC ratios, the number of
lives saved increased proportionally to the
hospital size (Figure E8).

Time with no MV available under no
HFNC ranged from 0 to 224 days depending

8-to-1 (MV-to-HFNC)

Estimated capacity
g 320

All patients
Cumulated death
N
o
o
1

160 T T T T T I' T T T T T T
5 10 15 20 25 30 35 40 45 50 55 60
Number of MV (K)

HFNC nonurg + MVyo

Figure 2. Impact of use of high-flow nasal cannula on mortality in the United States. MV available for nonurgent patients as “early intubation” when =20% of
total MV capacity is available scenarios are not included on plots for simplicity; in general, they performed less well than equivalent MV, scenarios.
HFNC = high-flow nasal cannula; HFNC,,; = HFNC prioritized for extubated (over nonurgent) patients; HFNCponurg = HFNC prioritized for nonurgent (over
extubated) patients; MV =mechanical ventilation; MV;o=MV available for nonurgent patients as “early intubation” when =10% of total MV capacity is

available.
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Table 2. Impact of use of recommended policy on mortality in major cities

City Cumulative Deaths Days with No Available MV
No HFNC* HFNC oyt + MV;of Difference No HFNC* HFNC oyt + MV Difference
Detroit 1,710 1,391 -319 34 29 -5
Miami 4,763 3,730 -1,033 49 35 -14
New Orleans 856 656 —200 32 24 -8
New York City 24,843 21,749 —3,094 41 37 -7
Phoenix 6,086 4,998 —1,088 57 48 -9

Definition of abbreviations: HFNC = high-flow nasal cannula; MV = mechanical ventilation.

*No HFNC =HFNC was not available for any patients, and MV was only available for urgent patients.

THFNC ey + MV40=HFNC for nonurgent and extubated patients (extubated prioritized) with MV for nonurgent patients as “early intubation” when =10% of

total MV capacity is available.

on the hospital environment. HFNC,,; +
MV, resulted in shorter durations

(a reduction of 4-64 d) of full MV

use.

Tipping Points

As the probability of decompensation
and the excess duration of MV upon
decompensation increased, the reduction
in number of deaths of HFNC,,; + MV,
over no HFNC decreased (Figure E9A).
In the case with 0.35 probability of
decompensation and 5 days excess

MYV duration upon decompensation,
HFNC, + MV, averted 466 deaths when
compared with no HFNC for a 250-bed

hospital with 100 MV and 20 HENC

(5:1 ratio). However, in an extreme
scenario (0.7 probability of decompensation
and 15 d excess MV duration upon
decompensation), HFNC,,, + MV,
resulted in 86 more deaths when compared
with no HENC. Similarly, the number

of days with no MV available was

not consistently decreased by use of
HENC: + MV, (Figure E9B). When the
probability of decompensation and excess
MYV duration were small, HFNC, + MV,
reduced time without MV availability by up
to 88 days; however, with higher likelihoods
of decompensation and/or longer MV
durations for those who decompensated,

| MV-to-HFNC
700 [ 3-to-1
600 - EEE 5-to-1
I 8-to-1

Cumulative lives saved (vs. No HFNC)

25 50
Total mechanical ventilator capacity

100

150 200 250

Figure 3. Impact of use of recommended policy on mortality across hospital scenarios with differing
resource constraints. Modeled using a 250 bed hospital; comparing recommended policy, HFNCgy; +
MV;o (HFNC for nonurgent and extubated patients [extubated prioritized] with MV for nonurgent
patients as “early intubation” when =10% of total MV capacity is available), versus restrictive policy,
No HFNC (HFNC was not available for any patients and MV was only available for urgent patients).
Columns = point estimates based on point estimates for parameters from Table 1; bars = the 95%
credible range (2.5%-97.5% percentile) of performance derived from 100 simulations using
parameters randomly sampled from their full range, assuming a truncated normal distribution whose
mean is equal to the point estimate and whose standard deviation is equal to half the width of the range
(Table 1). HFNC =high flow nasal cannula; MV = mechanical ventilation.
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HFNC,,; + MV, led to up to 56 additional
days without MV availability.

Sensitivity Analysis

In a series of simulations using the
full ranges of parameter estimates,
HENC,, + MV, always resulted in
fewer deaths than no HENC across
the credible ranges of performance,
although the reduction magnitude
varied (Table E2). The impact of
HENC,y + MV, on MV use was less
consistently positive.

Discussion

Our simulations suggest that at the national,
regional, and hospital levels, the use of
HENC for patients with respiratory failure
due to COVID-19 will result in increased
population-level survival and increased
availability of mechanical ventilators across
almost all scenarios. Moreover, we found
that adding an early intubation strategy to
HENC when there is at least 10% ventilator
supply not in use can save lives without
significantly decreasing systemwide MV
availability. Notably, the use of an early
intubation strategy without the use of HFNC
provided less mortality benefit than using
HENC alone unless MV capacity was very
high (greater than 40,000 nationally).
Finally, across plausible ranges of
both risk of decompensating on HFNC
and excess days of MV for those who
decompensated, use of HFNC resulted in at
least a reduction of 1.6 days (0.6% of d) with
no available MV.

Our findings suggest that it is of
paramount importance for clinicians
to gain comfort with HFNC. Moreover,
administrators and policymakers must
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consider amending protocols to not only
allow, but actually advocate for, the use of
HEFNC for patients with COVID-19 with
significant hypoxemia who, without this
option, would be placed on MV. Much press
has appropriately surrounded concerns over
insufficient MV capacity (31, 32). Relatively
little light has been shown on capacity
constraints for HFNC, however. Institutions
should consider acquiring more HFNC set-
ups, which, anecdotally, exist in far fewer
numbers than ventilators at most hospitals.

The value of HFNC for use in acute
hypoxemic respiratory failure (unrelated to
COVID-19) has been extensively studied. Of
eight meta-analyses published since 2017,
five concluded that HFNC was associated
with reduced rates of MV compared with
conventional oxygen therapy or NIPPV in
the setting of acute hypoxemic respiratory
failure (10, 12, 14, 15, 33), whereas the
remaining three found no difference in
the rates of subsequent MV (11, 13, 34).
Those meta-analyses that evaluated death
consistently found no difference with the
use of HFNC (10, 11, 13, 33, 34). Four meta-
analyses evaluated the use of HFNC after
liberation from MV (15-17, 23); all but one
demonstrated a reduction in the need for
reintubation and reinitiation of MV (23). No
meta-analysis of HFNC use, either before or
after MV, found HFNC to be associated with
worse outcomes.

Use of HENC in patients without
COVID-19 is likely less common than the
evidence would suggest it should be for
several reasons. First, there is concern that
if HFNC causes delays in initiation of
MYV, such delays might be associated with
higher odds of mortality (21). Second, in
many institutions, use of HENC requires
investment of additional resources (e.g.,
involvement of a respiratory therapist and/
or admission to an intensive or intermediate
care unit). Finally, many hospitals simply do
not have enough HENC set-ups to use it for
all patients with hypoxemia. With infectious
pathogens with droplet or airborne spread,
concern exists about potential exposure risk
associated with using HFNC. However,
newer evidence should alleviate this worry
(35, 36), and, as such, institutions that
initially disallowed use of HENC for
COVID-19-associated respiratory failure
have begun to permit it (37).

In the context of a pandemic such as
COVID-19, our priorities must shift slightly.
No longer can our focus be solely on how to

help an individual patient survive and
thrive. We must also consider how
potentially constrained resources (e.g.,
ventilators) should be allocated. The benefits
of providing a ventilator to one patient must
be balanced against the risks that that
ventilator will not be usable by the next
patient. As such, any strategy that can
extend the availability of ventilators without
negatively impacting the outcomes of
treated patients must be considered.
Notably, we found that the relationship
between ventilator availability and
cumulative deaths is nonlinear; specifically,
at low MV capacity, the addition of a few
ventilators has great impact on population-
level survival, whereas when capacity is
already substantial, adding more ventilators
produces less benefit. Moreover, different
ratios of HENC:MV capacity shift these
nonlinear relationships. Knowing where a
given community is in both the MV and the
HENC capacity continua is essential to
allowing optimal determination of the
clinical and cost-effectiveness of procuring
additional machines.

Although not explicitly investigated in
our simulations, there are some potential
downstream benefits of increasing use of
HENC for COVID-19. A simulation study
of HENC both before and after MV in the
United Kingdom demonstrated significant
cost savings associated with its use (38).
Similarly, simply avoiding MV is likely to
produce cost and resource savings. First,
medications required to facilitate MV (e.g.,
analgesics and anxiolytics) have a direct
monetary cost that would be avoided;
moreover, shortages of sedatives are a
concern that could be mitigated against
by lowering demand for these products.
Second, complications of MV, such as
delirium, are known to be associated with
increased financial costs (39, 40). Third, it is
known that patients with COVID-19 who
require intensive care unit admission have
longer hospital lengths of stay than patients
who do not. Because MV use is a central
reason for intensive care unit admission in
this epidemic (41), it is plausible that the
avoidance of MV through the use of HFNC
may allow for shorter hospital lengths
of stay. As such, financial costs may be
reduced, and resources may be more
appropriately allocated.

The strengths of our study stem from
its reliance on evidence-based parameter
estimates revised by clinicians with firsthand
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knowledge of the trajectory and prognosis
of patients with COVID-19-associated
respiratory failure. However, these
parameter estimates also represent our
study’s largest potential limitation. Despite
the use of best available evidence coupled
with thoughtful adjustment, it is possible
that one or more of our estimates deviates
substantially from their true values. The
robustness of our findings across the range
of considered values, however, lessens the
likelihood that our results are grossly
inaccurate. In addition, our simulation is
limited by its simplicity; inclusion of the use
of NIPPV as an alternative to HFNC or MV
may have changed our findings and would
represent a more complete picture of the
impact of deploying any and all available
resources as they were intended to be used.
Similarly, factors such as time to turnover
of ventilators (between patients) and
availability of clinicians to readily assess
patients for deterioration, which may vary
between hospitals, were not included.
Finally, several limitations related to

our model parameter estimates exist.

First, as access to ventilators likely varies
substantially across the United States, our
estimates of available ventilators in each of
the cities simulated is assuredly imperfect.
Second, as our estimation of MV supply was
based on local mortality rates, we must
consider the possibility that mortality rates
were impacted by either actual or perceived
mechanical ventilator scarcity. Third, we
allowed clinicians’ willingness to use MV
early (in, for example, the HFNC,,, + MV,
scenario) to be constant irrespective of
patient severity of illness or how much MV
capacity remained; this assumption likely
represents a simplification of the impact of
scarcity.

Using a range of plausible parameter
estimates, we found that the use of HFNC
was associated with improved population-
level patient survival and availability of
ventilators. These findings held true at the
national level and across hospitals of 100-
1,000 beds with access to 25-250 ventilators.
Administrators and policymakers both
nationally and at the individual hospital
level should focus efforts on increasing the
availability of HFNC and on advocating for
its use for COVID-19-associated respiratory
failure. M
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