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Abstract

BACKGROUND: The optimal strategy for initial respiratory support in patients with respiratory 

failure associated with COVID-19 is unclear, and the initial strategy may affect outcomes.
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RESEARCH QUESTION: Which initial respiratory support strategy is associated with improved 

outcomes in patients with COVID-19 with acute respiratory failure?

STUDY DESIGN AND METHODS: All patients with COVID-19 requiring respiratory support 

and admitted to a large health care network were eligible for inclusion. We compared patients 

treated initially with noninvasive respiratory support (NIRS; noninvasive positive pressure 

ventilation by facemask or high-flow nasal oxygen) with patients treated initially with invasive 

mechanical ventilation (IMV). The primary outcome was time to in-hospital death analyzed 

using an inverse probability of treatment weighted Cox model adjusted for potential confounders. 

Secondary outcomes included unweighted and weighted assessments of mortality, lengths of stay 

(ICU and hospital), and time to intubation.

RESULTS: Nearly one-half of the 2,354 patients (47%) who met inclusion criteria received IMV 

first, and 53% received initial NIRS. Overall, in-hospital mortality was 38% (37% for IMV and 

39% for NIRS). Initial NIRS was associated with an increased hazard of death compared with 

initial IMV (hazard ratio, 1.42; 95% CI, 1.03-1.94), but also an increased hazard of leaving the 

hospital sooner that waned with time (noninvasive support by time interaction: hazard ratio, 0.97; 

95% CI, 0.95-0.98).

INTERPRETATION: Patients with COVID-19 with acute hypoxemic respiratory failure initially 

treated with NIRS showed an increased hazard of in-hospital death.
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COVID-19; high-flow nasal oxygen; mechanical ventilation; noninvasive respiratory support; 
respiratory failure

The optimal management strategy for patients with respiratory failure resulting from 

SARS-CoV-2 infection has undergone particular scrutiny. Intense discussion occurred in 

the published literature and on social media, particularly early in the pandemic. High 

failure rates with noninvasive positive pressure ventilation (NIPPV) during the severe acute 

respiratory syndrome coronavirus outbreak in 2003,1 concerns over aerosol transmission 

with noninvasive support strategies,2-8 proposed physiologic novelty of COVID-19,9-18 

impending ventilator shortages,19-21 and the high mortality initially reported with invasive 

mechanical ventilation (IMV)22,23 all influenced early discussions over timing of intubation 

and the usefulness of noninvasive strategies.

Publications evaluating noninvasive respiratory support (NIRS)—NIPPV or high-flow nasal 

oxygen (HFNO)—for patients with COVID-19 report disparate outcomes. Importantly, 

studies compared noninvasive strategies with each other or with conventional oxygen 

therapy, but ignored the comparison with IMV, which could minimize or eliminate 

patient self-inflicted lung injury.24 We sought to evaluate any differences early in the 

pandemic between invasive and noninvasive strategies in patients with COVID-19 with acute 

hypoxemic respiratory failure.
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Study Design and Methods

Study Design, Setting, and Participants

This was a retrospective cohort study using de-identified structured clinical data generated 

from the electronic health record (Cerner Corporation) of 26 hospitals across a large health 

care network. Data were extracted for all adult patients (≥ 18 years of age) admitted 

for acute respiratory failure with suspected (before availability of confirmatory tests) or 

confirmed COVID-19 between January 1, 2020, and September 30, 2020. We used a 

phenotyping algorithm25 to classify patients based on the sequence of respiratory support: 

(1) IMV only, (2) NIPPV only, (3) HFNO only, (4) NIPPV requiring subsequent IMV, 

(5) HFNO requiring subsequent IMV, (6) IMV extubated to NIPPV, (7) IMV extubated to 

HFNO, and (8) evidence of all three treatments but unclear ordering. The NIRS cohort 

included patients initially treated with any NIRS method (phenotypes 2, 3, 4, and 5) 

and was compared with the initial IMV cohort (phenotypes 1, 6, and 7). Subsequent 

analyses separated NIPPV and HFNO groups and included pairwise comparisons of 

initial IMV, NIPPV, and HFNO groups. We considered both CPAP and bilevel positive 

airway pressure as NIPPV, because both are provided using a noninvasive ventilator 

and not a Boussignac device. Patients receiving conventional oxygen therapy only were 

excluded. Transfers were identified as visits < 24 h apart and were combined into a single 

record. Admissions with nonsensical time courses (eg, treatment assignment after hospital 

discharge) were excluded from relevant analyses. This work adheres to the Strengthening the 

Reporting of Observational Studies in Epidemiology reporting guidelines and was approved 

by the university (Identifier: 1907780973) and health network (Identifier: 483-20-0018) 

institutional review boards.

Treatment Assignment

All patients in the eight phenotypes were included in the analyses given that criteria 

for NIRS, NIRS method, and intubation timing were determined clinically, which is 

highly heuristic, and that objective criteria for intubation are unreliable as a result.26 We 

included the cohort with unclear treatment ordering because they were part of the target 

population and excluding them potentially results in biased estimates. For the 326 patients 

of phenotype 8 (three treatments but unclear ordering), the first treatment was imputed using 

multiple imputation by chained equations (MICE).27,28 We estimated the propensity for 

each method using generalized boosted models and used inverse probability of treatment 

weighting to account for nonrandom treatment assignment.29 The variables for propensity 

score estimation included age; BMI; sex; ethnicity (non-Hispanic, Hispanic); race (White, 

all others); respiratory rate and oxygen saturation to FIO2 ratio immediately before first 

treatment; the comorbidities heart failure, COPD, neoplasm or immunosuppression, and 

chronic liver disease; vasopressor infusion before first treatment; first treatment location 

(ED, ICU, stepdown, medical or surgical unit); hospital; season of hospital admission 

(spring [before April 1, 2020], summer [April 1-July 1, 2020], autumn [on or after July 

1, 2020]); and either hours from hospital admission to first treatment (for all models except 

the time to ICU discharge alive models) or hours from ICU admission to first treatment 

(for time to ICU discharge alive models only), transformed via the Box-Cox method with 

negatives.30 Hospitals with fewer than 10 observations were grouped together. The same 
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variables additionally were included in Cox models to improve balance between groups 

further. Sample propensity score and covariate balance information are given in e-Tables 1 

and 2 and e-Figures 1 and 2.

Outcomes and Data Analysis

The primary outcome was time to in-hospital death. We fit a cause-specific Cox model 

from first treatment initiation to death with hospital discharge considered a competing event. 

We conducted a sensitivity analysis excluding the patients with unclear treatment ordering. 

Because multiple potential outcomes exist—(1) death, (2) discharge alive (from hospital 

or ICU), (3) remain hospitalized, and (4) intubation (if receiving NIRS)—we modeled 

discharge alive and intubation with three additional models. First, we fit a cause-specific 

hazard model for time to hospital discharge alive with death as a competing event where 

time zero (t0) was time of first treatment initiation, and a planned sensitivity analysis 

with t0 as time of hospital entrance. Second, we fit a cause-specific hazard model for 

time-to-ICU discharge alive (from ICU admission) with in-ICU death as a competing event. 

Only visits with an ICU stay were included in the time to ICU discharge model, thus by 

nature excluding ICU-level patients outside of the ICU. The key predictor in the above 

models was initial treatment (IMV vs NIRS), and a series of secondary models separated 

NIRS into NIPPV and HFNO. For all Cox cause-specific hazard models, we estimated 

cumulative incidence curves to understand event probability accumulation, because hazard 

ratios (HRs) and relative probability estimates do not always pair in the presence of 

competing events.31 We estimated cumulative incidence curves (one per imputed data set) 

for a variety of combinations of factors. Third, we conducted a competing risks analysis 

for time-to-intubation with death as a competing event and censoring occurring at hospital 

discharge. Only patients receiving NIRS with known time to event (96.3% of records) were 

included. The competing risks analysis used a modification of Gray’s test that incorporates 

inverse probability of treatment weighting.32 Statistical significance was judged via the 

median P value approach.33 Planned competing risks sensitivity analyses were performed 

to assess preprocessing and analysis decisions (e-Table 3). Example cumulative incidence 

curves across sensitivity analyses are shown in e-Figure 3.

We assessed if the proportional hazard assumption was violated in the Cox models by 

including an interaction of time by first treatment. If the interaction (or either interaction 

in the models that split NIRS into NIPPV and HFNO) was statistically significant at α = 

0.05, we report the interaction model; otherwise, we report the proportional hazards model. 

We analyzed NIRS vs IMV differences in unweighted outcomes of mortality, intubation 

rate, duration of mechanical ventilation in patients for whom initial NIRS failed, length of 

hospital stay, and ICU-free days using the Fisher exact and Kruskal-Wallis rank sum tests 

where appropriate.

Data preprocessing is described in detail in e-Appendix 1. As a retrospective study based 

on routinely collected electonic health record data, we expected the extent of observed 

data to vary among variables.34-36 Missing data were handled by using MICE. For each 

noncompeting risks analysis with missing data, we created 50 imputed data sets using 

all variables in the propensity score, the Nelson-Aalen estimate of the available time to 
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event data, the time to event itself, and event information (eg, in-hospital death, hospital 

discharge alive, ICU discharge alive). Age, BMI, oxygen saturation to FIO2 ratio, the 

transformed time from hospital admission (or ICU admission) to first treatment, respiratory 

rate, time to event, and the Nelson-Aalen estimate of the time to event were imputed via 

predictive mean matching. Sex, ethnicity, race, the outcome event, season, first treatment 

location, and first treatment were imputed with logistic regression (two-category variables) 

or multinomial log-linear models via neural networks (more than two category variables) 

as appropriate. Raw time to event was imputed, but was not used to predict other variables 

in the MICE algorithm. Instead, for the Cox models and some competing risk models, 

temporal information was used in the prediction of other missing values via the Nelson-

Aalen estimate. For the competing risk models using the median P value inference approach, 

no outcome information was allowed to predict other variables in the MICE algorithm. We 

estimated propensity scores for each imputed data set separately. For the Cox models, the 

propensity scores from a specific imputed data set were used for inverse probability of 

treatment weighting for that data set,37 and results were combined using Rubin’s rules. For 

the competing risks analyses, the propensity scores from each imputed data set were handled 

differently depending on the inference approach. See e-Appendix 1 for further details. All 

data preprocessing and statistical analyses were carried out using R version 4.0.4 software 

(R Foundation for Statistical Computing)38 and were included the following packages: 

twang,34 survival,39,40 survminer,41 MICE,27 xtable,42 and tidyverse.43

Results

Two thousand three hundred fifty-four patients with COVID-19 met the inclusion criteria. 

Demographics for phenotype 8 are reported separately because treatment assignments may 

have varied between imputed data sets (e-Table 4). Of the 2,028 patients reliably classified, 

IMV was used as the first therapy in 947 patients (47%) and NIRS was used as the first 

therapy in 1,081 patients (53%) (Fig 1, Table 1). Of those receiving NIRS, 811 patients 

(75%) received NIPPV first and 270 patients (25%) received HFNO first (e-Table 5). Larger 

hospitals disproportionately used initial NIPPV (large hospitals, 81% [433/536]; medium 

hospitals, 70% [346/495]; and small hospitals, 64% [32/50]) (Table 1), with differences both 

between hospitals (e-Fig 4) and over time (e-Fig 5).

All-cause in-hospital mortality was 38%. For those receiving IMV first, mortality was 37%. 

For those treated with NIRS first and who never required intubation, mortality was 29%, 

but rose to 60% for those who required intubation. Also an imbalance in mortality rates was 

identified between NIPPV and HFNO (e-Table 6). Intubation rates for those treated with 

HFNO and NIPPV were 32% (87/270) and 33% (268/811), respectively.

NIRS vs IMV

All cause-specific Cox modeling results are presented in Table 2.44 Initial NIRS was 

associated with an increased hazard of in-hospital death (HR, 1.42; 95% CI, 1.03-1.94), 

with no significant interaction of treatment and time (e-Table 7, e-Fig 6). The sensitivity 

analysis on only patients with clear treatment ordering was consistent, but not statistically 

significant (HR, 1.33; 95% CI, 0.92-1.94) (e-Table 8, e-Fig 7). Initial NIRS also was 
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associated with an early increased hazard of leaving the hospital alive that waned with 

time, eventually reversed, and later was associated with a decreased hazard of leaving the 

hospital alive (interaction HR, 0.97; 95% CI, 0.95-0.98), (Fig 2, e-Table 9, e-Fig 8). The 

sensitivity analysis with t0 as hospital admission was similar (e-Table 10, e-Fig 9). A similar 

pattern was found between initial NIRS and initial IMV in the time to ICU discharge alive 

(e-Table 11, e-Fig 10). Initial NIRS was associated with an increased hazard of discharge 

alive from the ICU very briefly early on, but this HR decreased over time because of a 

statistically significant interaction between treatment and time (interaction HR, 0.989; 95% 

CI, 0.97-1.00), resulting in no significant differences between noninvasive and invasive 

initial support, then eventually reversing direction.

HFNO vs NIPPV vs IMV

HFNO (HR, 2.19; 95% CI, 1.57-3.04), but not NIPPV (HR, 1.32; 95% CI, 0.96-1.83), was 

associated with an increased hazard of in-hospital mortality compared with IMV, and HFNO 

showed an increased hazard of in-hospital death compared with NIPPV (HR, 1.66; 95% 

CI, 1.31-2.10) (Table 2, e-Table 12, e-Fig 11). The interactions of time and both NIPPV 

and HFNO were not statistically significant. The sensitivity analysis for patients with clear 

treatment ordering did show a statistically significant interaction between time and HFNO 

(HR, 1.05; 95% CI, 1.02-1.08), but not between time and NIPPV (HR, 1.01; 95% CI, 

0.98-1.03) (e-Table 13, e-Fig 12). Consistent with the all-patient model, an increased hazard 

of death was found for HFNO after a brief initial lack of difference between HFNO and both 

IMV and NIPPV, and the hazard for NIPPV did not differ from that of IMV.

For time to hospital discharge alive, a significant interaction was found between treatment 

and time for both HFNO (HR, 0.96; 95% CI, 0.94-0.99) and NIPPV (HR, 0.99; 95% CI, 

0.97-1.00) (e-Table 14, e-Fig 13). Increased hazards of discharge alive for both HFNO and 

NIPPV compared with IMV were found that decreased over time, but at different rates 

(HFNO faster, NIPPV slower) (Fig 3). This resulted in no significant differences between 

NIPPV and IMV at later time points, but a decreased hazard of discharge alive for HFNO 

compared with IMV. The sensitivity analysis with t0 as hospital admission was consistent, 

showing the interaction between time and HFNO as statistically significant (HR, 0.98; 95% 

CI, 0.96-1.00), the interaction between time and NIPPV is not statistically significant (HR, 

0.99; 95% CI, 0.98-1.00), and the overall pattern of effects over time quite similar, except 

for no significant difference between HFNO and IMV in the hazard of discharge alive at 

later time points (e-Table 15, e-Fig 14).

Initial NIPPV was associated with a higher hazard of ICU discharge alive than initial HFNO 

(HR, 1.85; 95% CI, 1.20-2.86), but neither was significantly different than IMV (NIPPV: 

HR, 1.27; 95% CI, 1.00-1.62; HFNO: HR, 0.69; 95% CI, 0.45-1.06) (e-Table 16, e-Fig 

15). No significant interaction was found between time and treatment for time to ICU 

discharge alive. Patients who started on HFNO first and were intubated were more likely 

to be intubated sooner than those who started on NIPPV (P < .001). All competing risk 

sensitivity analyses showed the same pattern and also were statistically significant (P < .001 

for all) (e-Table 3, e-Fig 3).
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Discussion

Our results show that early in the pandemic, initial NIRS showed both positive and negative 

consequences. Patients supported first by NIRS were more likely to experience in-hospital 

death compared with those intubated first. However, those same patients also experienced a 

greater probability of being discharged alive early on, with the probability decreasing and 

eventually reversing direction over time. In essence, patients initially treated noninvasively 

showed a higher probability of both discharge alive and death in the first month or so with 

little difference later. We found more intricate trends when exploring potential differences 

between the NIRS methods. The probability of hospital discharge alive was higher for 

HFNO than for IMV, but the association was temporal (waned and then reversed), whereas 

the probability of in-hospital death was consistently higher for HFNO than for IMV. Yet, 

patients treated first with NIPPV consistently were more likely to be discharged alive 

and were more likely to die only in the first few weeks. The opposing effects of HFNO 

and NIPPV on the hazard of death and the greater number of patients receiving initial 

NIPPV versus initial HFNO potentially explain the overall lack of difference when they are 

compared with patients receiving initial IMV and patients with unclear treatment ordering 

are left out of the analysis. These results are hypothesis generating and require further 

exploration.

These results offer several important contributions. Some studies of NIRS in patients 

with COVID-19 report improved outcomes with HFNO compared with conventional 

oxygen therapy45-47 or to NIPPV,48 whereas others report improved outcomes with NIPPV 

compared with conventional oxygen therapy49 or to HFNO.50 Yet, other studies report no 

difference in outcomes with NIRS compared with conventional oxygen therapy47,49,51-53 or 

with each other.50,51,54-56 None of these studies use IMV as a comparison, and instead use 

intubation as the primary outcome either alone or in composite with mortality.45-51,54,57,58 

We found that IMV as a comparator intervention may have been the optimal choice in the 

early pandemic, although it was not without its limitations.

Most studies are limited to patients admitted to the ICU, which carries inherent selection 

bias and confounding potentially reflected as higher intubation rates of around 50%. We 

included all patients in the primary outcome, regardless of location, because many patients 

were cared for outside of the physical ICU location or the ICU service because of pandemic-

strained resources. Additionally, studies that censor death at 28 days likely miss important 

comparisons that occur after 28 days, given the prolonged hospital course of many patients 

with COVID-19.

We found that the benefit of leaving the hospital alive has a relationship with time. 

Several potential explanations for this are possible. First, NIRS cohorts were classified by a 

phenotyping algorithm based on the first therapy, but could have crossed over between NIRS 

methods at any point with or without intubation. Crossover in those patients requires NIRS 

failing twice before intubation. Second, intubation could have been delayed for various 

reasons at the cost of worsening acute lung injury that may have benefitted from lung 

protective ventilation. Gershengorn et al58 found similar results in that the overall 46% 

failure rate on HFNO evolved from a decreased odds of failure for those receiving HFNO 
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for a short time to an increased odds of failure for those receiving HFNO for longer periods. 

Similar findings were reported with NIPPV, which reduced mortality only in patients with 

short hospital stays, but was associated with higher mortality in those hospitalized longer 

than 7 days.59

Several issues should be considered when generalizing and interpreting data on NIRS and 

IMV in patients with COVID-19. Early in the pandemic, early intubation often was preferred 

to avoid aerosol exposure to staff and based on the high failure rates of NIPPV during the 

severe acute respiratory syndrome epidemic in 2003. This was followed by a high mortality 

reported in patients receiving mechanical ventilation,22 and debate over the physiologic 

features seen in COVID-19 contributed to variability in mechanical ventilation (eg, high 

tidal volumes or alternative ventilator modes) or an avoidance of intubation altogether.60-65 

Simultaneously, pharmacologic treatments evolved over time, especially during the duration 

of this study,66 including convalescent plasma,67-69 corticosteroids,70-74 interleukin75-82 and 

janus kinase83-85 inhibitors, antivirals,86-89 hydroxychloroquine,86,90,91 and anticoagulation 

strategies.92-94 Finally, patient surges95 and surge capacity almost certainly contributed to 

outcomes as more patients were managed outside of traditional ICUs and facilities were 

faced with impending ventilator shortages, staffing ratio changes, and increases in traveling 

staff. However, these results are hypothesis generating for patients with non-COVID-19 

ARDS, for whom NIPPV has been shown in some studies to be associated with higher 

mortality than IMV.96

Our study also has important limitations. Because our data are limited to patients in 2020, 

the evolution of COVID-19 management may limit generalizability and potentially may 

confound treatment assignment not accounted for in our propensity models. Clinical care 

was not protocolized, and important confounding differences were likely among treatment 

assignments, settings, and failure determination among HFNO (eg, flow rates), NIPPV (eg, 

pressures), and IMV (eg, modes and settings). As our e-value calculations showed, it is 

possible that unmeasured confounders associated with both initial treatment and outcomes 

at small to moderate minimum risk ratio levels of between 1.1 and 3.4 could nullify the 

results, indicating that additional research is needed in this area. Further, results are based 

on the first assigned therapy, and symptom onset time is not available in our data set. Thus, 

crossover (and imbalanced crossover) and symptom duration may confound the findings. 

Also some necessary assumptions and simplifications were made based on the nature of 

observational data sets from electronic health records, such as considering only the first 

hospital visit requiring respiratory support. If two visits for the same patient were fewer than 

24 h apart, we assumed that a hospital transfer occurred and combined these records, yet 

we had no way to identify patients transferred from outside the health system. We attempted 

to control for confounding by inverse probability for treatment assignment weighting, 

further adjusting for potential confounders in the Cox models, and by a competing risks 

analysis in which death and intubation were competing events. Additionally, some patients 

showed evidence of all three treatments, but no clear treatment ordering, for which we 

performed sensitivity analyses to assess how dependent our results are on our specific 

inclusion, exclusion, or imputation decisions. Finally, end-of-life issues during this time 

were complex and may confound these results. Despite these limitations, our results still 
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provide a high-level overview of outcomes among respiratory support methods that were 

applied pragmatically in the early pandemic across a large health care network.

Interpretation

We found that in the early pandemic, patients intubated without a trial of NIRS showed a 

lower probability of both in-hospital death and hospital discharge alive up to 1 to 2 months. 

Studies are needed identifying optimal patients for each NIRS method and accurate early 

prediction of failure.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Funding/Support

This work was supported by an Emergency Medicine Foundation grant sponsored by Fisher & Paykel and in part by 
the National Science Foundation [Grant 1838745] and the National Heart, Lung, and Blood Institute of the National 
Institutes of Health [Grant 5T32HL007955]. J. M. M., V. S., and J. M. F. received grant support for this work by the 
Emergency Medicine Foundation.

Acknowledgments

Role of sponsors: Neither funding agency or sponsor was involved in the design or conduct of the study or 
interpretation and presentation of the results.

ABBREVIATIONS:

HFNO high-flow nasal oxygen

HR hazard ratio

IMV invasive mechanical ventilation

MICE multiple imputation by chained equations

NIPPV noninvasive positive pressure ventilation

NIRS noninvasive respiratory support

SpO2 oxygen saturation

References

1. Kamming D, Gardam M, Chung F. Anaesthesia and SARS. Br J Anaesth. 2003;90(6):715–718. 
[PubMed: 12765882] 

2. van Doremalen N, Bushmaker T Morris DH, et al. Aerosol and surface stability of HCoV-19 
(SARS-CoV-2) compared to SARS-CoV-1. N Engl J Med. 2020;382(16):1564–1567. [PubMed: 
32182409] 

3. Remy KE, Lin JC, Verhoef PA. High-flow nasal cannula may be no safer than noninvasive positive 
pressure ventilation for COVID-19 patients. Crit Care. 2020;24(1):169. [PubMed: 32326959] 

4. Miller DC, Beamer P, Billheimer D, et al. Aerosol risk with noninvasive respiratory support 
in patients with COVID-19. J Am Coll Emerg Physicians Open. 2020;1(4):521–526. [PubMed: 
32838370] 

Fisher et al. Page 9

CHEST Crit Care. Author manuscript; available in PMC 2024 April 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



5. Loh NW, Tan Y, Taculod J, et al. The impact of high-flow nasal cannula (HFNC) on coughing 
distance: implications on its use during the novel coronavirus disease outbreak. Can J Anaesth. 
2020;67(7):893–894. [PubMed: 32189218] 

6. Hui DS, Chow BK, Lo T, et al. Exhaled air dispersion during high-flow nasal cannula therapy versus 
CPAP via different masks. Eur Respir J. 2019;53(4):1802339. [PubMed: 30705129] 

7. Ferioli M, Cisternino C, Leo V, Pisani L, Palange P, Nava S. Protecting healthcare workers from 
SARS-CoV-2 infection: practical indications. Eur Respir Rev. 2020;29(155):200068. [PubMed: 
32248146] 

8. Alhazzani W, Moller MH, Arabi YM, et al. Surviving Sepsis Campaign: guidelines on the 
management of critically ill adults with coronavirus disease 2019 (COVID-19). Crit Care Med. 
2020;48(6):e440–e469. [PubMed: 32224769] 

9. Gattinoni L, Chiumello D, Caironi P, et al. COVID-19 pneumonia: different respiratory treatments 
for different phenotypes? Intensive Care Med. 2020;46(6):1099–1102. [PubMed: 32291463] 

10. Gattinoni L, Chiumello D, Rossi S. COVID-19 pneumonia: ARDS or not? Crit Care. 
2020;24(1):154. [PubMed: 32299472] 

11. Gattinoni L, Coppola S, Cressoni M, Busana M, Rossi S, Chiumello D. COVID-19 does not lead to 
a “typical” acute respiratory distress syndrome. Am J Respir Crit Care Med. 2020;201(10):1299–
1300. [PubMed: 32228035] 

12. Marini JJ, Gattinoni L. Management of COVID-19 respiratory distress. JAMA. 
2020;323(22):2329–2330. [PubMed: 32329799] 

13. Tobin MJ. Basing respiratory management of COVID-19 on physiological principles. Am J Respir 
Crit Care Med. 2020;201(11):1319–1320. [PubMed: 32281885] 

14. Tobin MJ, Jubran A, Laghi F. Misconceptions of pathophysiology of happy hypoxemia and 
implications for management of COVID-19. Respir Res. 2020;21(1):249. [PubMed: 32972411] 

15. Tobin MJ, Laghi F, Jubran A. Reply to Jounieaux et al.: On happy hypoxia and on sadly ignored 
“acute vascular distress syndrome” in patients with COVID-19. Am J Respir Crit Care Med. 
2020;202(11):1599–1600. [PubMed: 32813546] 

16. Tobin MJ, Laghi F, Jubran A. P-SILI is not justification for intubation of COVID-19 patients. Ann 
Intensive Care. 2020;10(1):105. [PubMed: 32748116] 

17. Tobin MJ, Laghi F, Jubran A. Why COVID-19 silent hypoxemia is baffling to physicians. Am J 
Respir Crit Care Med. 2020;202(3):356–360. [PubMed: 32539537] 

18. Tobin MJ, Laghi F, Jubran A. Caution about early intubation and mechanical ventilation in 
COVID-19. Ann Intensive Care. 2020;10(1):78. [PubMed: 32519064] 

19. Beitler JR, Mittel AM, Kallet R, et al. Ventilator sharing during an acute shortage caused by the 
COVID-19 pandemic. Am J Respir Crit Care Med. 2020;202(4):600–604. [PubMed: 32515988] 

20. Hess DR, Kallet RH, Beitler JR. Ventilator sharing: the good, the bad, and the ugly. Respir Care. 
2020;65(7):1059–1062. [PubMed: 32606012] 

21. Gershengorn HB, Hu Y, Chen JT, et al. The impact of high-flow nasal cannula use on patient 
mortality and the availability of mechanical ventilators in COVID-19. Ann Am Thorac Soc. 
2021;18(4):623–631. [PubMed: 33049156] 

22. Richardson S, Hirsch JS, Narasimhan M, et al. Presenting characteristics, comorbidities, and 
outcomes among 5700 patients hospitalized with COVID-19 in the New York City area. JAMA. 
2020;323(20):2052–2059. [PubMed: 32320003] 

23. Grasselli G, Greco M, Zanella A, et al. Risk factors associated with mortality among patients with 
COVID-19 in intensive care units in Lombardy, Italy. JAMA Intern Med. 2020;180(10):1345–
1355. [PubMed: 32667669] 

24. Brochard L, Slutsky A, Pesenti A. Mechanical ventilation to minimize progression of lung injury in 
acute respiratory failure. Am J Respir Crit Care Med. 2017;195(4):438–442. [PubMed: 27626833] 

25. Essay P, Mosier J, Subbian V. Rule-based cohort definitions for acute respiratory failure: electronic 
phenotyping algorithm. JMIR Med Inform. 2020;8(4):e18402. [PubMed: 32293579] 

26. Yarnell CJ, Johnson A, Dam T, et al. Do thresholds for invasive ventilation in hypoxemic 
respiratory failure exist? A cohort study. Am J Respir Crit Care Med. 2023;207(3):271–282. 
[PubMed: 36150166] 

Fisher et al. Page 10

CHEST Crit Care. Author manuscript; available in PMC 2024 April 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



27. van Buuren S, Groothuis-Oudshoorn K. mice: multivariate imputation by chained equations in R. J 
Stat Softw. 2011;45(3):1–67.

28. White IR, Royston P, Wood AM. Multiple imputation using chained equations: issues and guidance 
for practice. Stat Med. 2011;30(4):377–399. [PubMed: 21225900] 

29. McCaffrey DF, Griffin BA, Almirall D, Slaughter ME, Ramchand R, Burgette LF. A tutorial on 
propensity score estimation for multiple treatments using generalized boosted models. Stat Med. 
2013;32(19):3388–3414. [PubMed: 23508673] 

30. Hawkins D, Weisberg S. Combining the box-cox power and generalized log transformations to 
accommodate nonpositive responses in linear and mixed-effects linear models. South African 
Statist J. 2017;5:317–328.

31. Putter H, Fiocco M, Geskus RB. Tutorial in biostatistics: competing risks and multi-state models. 
Stat Med. 2007;26(11):2389–2430. [PubMed: 17031868] 

32. Bhattacharjee S, Patanwala AE, Lo-Ciganic WH, et al. Alzheimer’s disease medication and risk of 
all-cause mortality and all-cause hospitalization: a retrospective cohort study. Alzheimers Dement 
(NY). 2019;5:294–302.

33. Eekhout I, van de Wiel MA, Heymans MW. Methods for significance testing of categorical 
covariates in logistic regression models after multiple imputation: power and applicability analysis. 
BMC Med Res Methodol. 2017;17(1):129. [PubMed: 28830466] 

34. Haneuse S, Daniels M. A general framework for considering selection bias in EHR-based studies: 
what data are observed and why? EGEMS (Wash DC). 2016;4(1):1203. [PubMed: 27668265] 

35. Botsis T, Hartvigsen G, Chen F, Weng C. Secondary use of EHR: data quality issues and 
informatics opportunities. Summit Transl Bioinform. 2010;2010:1–5.

36. van der Lei J Use and abuse of computer-stored medical records. Methods Inf Med. 
1991;30(2):79–80. [PubMed: 1857252] 

37. Granger E, Sergeant JC, Lunt M. Avoiding pitfalls when combining multiple imputation and 
propensity scores. Stat Med. 2019;38(26):5120–5132. [PubMed: 31512265] 

38. RC Team. R: A Language and Environment for Statistical Computing. R Foundation for Statistical 
Computing, 2020.

39. Therneau TM. A Package for Survival Analysis in R. R Package Version 3.1–12. 2020.

40. Therneau T, Grambsch P. Modeling Survival Data: Extending the Cox Model. 1 ed. Springer; 2000.

41. Kassambara A, Kosinski M, Biecek P. survminer: drawing survival curves using ‘ggplot2.’ R 
package version 0.4.9.2021. Comprehensive R Archive Network website, 2021. https://CRAN.R-
project.org/package=survminer

42. Dahl DB, Scott D, Roosen C, Magnusson A, Swinton J. xtable: Export tables to LaTeX or HTML. 
R package version 1.8–4. 2019.

43. Wickham H, Averick M, Bryan J, et al. Welcome to the tidyverse. J Open Source Softw. 
2019;4(43):1686.

44. VanderWeele TJ, Ding P. Sensitivity analysis in observational research: introducing the e-value. 
Ann Intern Med. 2017;167(4):268–274. [PubMed: 28693043] 

45. Ospina-Tascon GA, Calderon-Tapia LE, Garcia AF, et al. Effect of high-flow oxygen therapy vs 
conventional oxygen therapy on invasive mechanical ventilation and clinical recovery in patients 
with severe COVID-19: a randomized clinical trial. JAMA. 2021;326(21):2161–2171. [PubMed: 
34874419] 

46. COVID-ICU Group for the REVA Network, COVID-ICU Investigators. Benefits and risks of 
noninvasive oxygenation strategy in COVID-19: a multicenter, prospective cohort study (COVID-
ICU) in 137 hospitals. Crit Care. 2021;25(1):421. [PubMed: 34879857] 

47. Demoule A, Vieillard Baron A, Darmon M, et al. High-flow nasal cannula in critically iii 
patients with severe COVID-19. Am J Respir Crit Care Med. 2020;202(7):1039–1042. [PubMed: 
32758000] 

48. Wang JG, Liu B, Percha B, et al. Cardiovascular disease and severe hypoxemia are associated with 
higher rates of noninvasive respiratory support failure in coronavirus disease 2019 pneumonia. Crit 
Care Explor. 2021;3(3):e0355. [PubMed: 33655216] 

Fisher et al. Page 11

CHEST Crit Care. Author manuscript; available in PMC 2024 April 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://CRAN.R-project.org/package=survminer
https://CRAN.R-project.org/package=survminer


49. Perkins GD, Ji C, Connolly BA, et al. Effect of noninvasive respiratory strategies on intubation 
or mortality among patients with acute hypoxemic respiratory failure and COVID-19: the 
RECOVERY-RS randomized clinical trial. JAMA. 2022;327(6):546–558. [PubMed: 35072713] 

50. Grieco DL, Menga LS, Cesarano M, et al. Effect of helmet noninvasive ventilation vs high-flow 
nasal oxygen on days free of respiratory support in patients with COVID-19 and moderate to 
severe hypoxemic respiratory failure. JAMA. 2021;325(17):1731. [PubMed: 33764378] 

51. Bouadma L, Mekontso-Dessap A, Burdet C, et al. High-dose dexamethasone and oxygen support 
strategies in intensive care unit patients with severe COVID-19 acute hypoxemic respiratory 
failure: the COVIDICUS randomized clinical trial. JAMA Intern Med. 2022;182(9):906–916. 
[PubMed: 35788622] 

52. Frat JP, Quenot JP, Badie J, et al. effect of high-flow nasal cannula oxygen vs standard oxygen 
therapy on mortality in patients with respiratory failure due to COVID-19: the SOHO-COVID 
randomized clinical trial. JAMA. 2022;328(12):1212–1222. [PubMed: 36166027] 

53. Crimi C, Noto A, Madotto F, et al. High-flow nasal oxygen versus conventional oxygen therapy 
in patients with COVID-19 pneumonia and mild hypoxaemia: a randomised controlled trial, 78(4). 
Thorax. 2023:354–361. [PubMed: 35580898] 

54. Beran A, Srour O, Malhas SE, et al. High-flow nasal cannula versus noninvasive ventilation in 
patients with COVID-19. Respir Care. 2022;67(9):1177–1189. [PubMed: 35318240] 

55. Duan J, Chen B, Liu X, et al. Use of high-flow nasal cannula and noninvasive ventilation in 
patients with COVID-19: a multicenter observational study. Am J Emerg Med. 2021;46:276–281. 
[PubMed: 33046296] 

56. Menga LS, Cese LD, Bongiovanni F, et al. High failure rate of noninvasive oxygenation strategies 
in critically ill subjects with acute hypoxemic respiratory failure due to COViD-19. Respir Care. 
2021;66(5):705–714. [PubMed: 33653913] 

57. Arina P, Baso B, Moro V, Patel H, Ambler G, Group UCL Critical Care COVID-19 Research 
Group. Discriminating between CPAP success and failure in COVID-19 patients with severe 
respiratory failure. Intensive Care Med. 2021;47(2):237–239. [PubMed: 33196858] 

58. Gershengorn HB, Pavlov I, Perez Y, et al. High-flow nasal cannula failure odds is largely 
independent of duration of use in COVID-19. Am J Respir Crit Care Med. 2022;205(10):1240–
1243. [PubMed: 35176213] 

59. Ashish A, Unsworth A, Martindale J, et al. CPAP management of COVID-19 respiratory 
failure: a first quantitative analysis from an inpatient service evaluation. BMJ Open Respir Res. 
2020;7(1):e000692.

60. Laier-Groeneveld G, Kurz B, Criée C-P, HasenfuB G. Late breaking abstract—high volume, low 
PEEP and passive hyperventilation without sedatives instead of low tidal volume, high PEEP and 
deep sedation in COVID19. Eur Respir J. 2020;56:3431.

61. Ibarra-Estrada MA, Garcia-Salas Y, Mireles-Cabodevila E, et al. Use of airway pressure release 
ventilation in patients with acute respiratory failure due to coronavirus disease 2019: results of a 
single-center randomized controlled trial. Crit Care Med. 2021;50(4):586–594.

62. Mahmoud O, Patadia D, Salonia J. Utilization of airway pressure release ventilation as a rescue 
strategy in COVID-19 patients: a retrospective analysis. J Intensive Care Med. 2021;36(10):1194–
1200. [PubMed: 34231408] 

63. Zorbas JS, Ho KM, Litton E, Wibrow B, Fysh E, Anstey MH. Airway pressure release ventilation 
in mechanically ventilated patients with COVID-19: a multicenter observational study. Acute Crit 
Care. 2021;36(2):143–150. [PubMed: 33940775] 

64. Kyle-Sidell C. COVID-19 lung injury and “typical” acute respiratory distress syndrome: the danger 
of presumed equivalency. Ann Am Thorac Soc. 2020;17(9):1171–1172. [PubMed: 32432895] 

65. Rola P, Farkas J, Spiegel R, et al. Rethinking the early intubation paradigm of COVID-19: time to 
change gears? Clin Exper Emerg Med. 2020;7(2):78–80. [PubMed: 32521584] 

66. Prats-Uribe A, Sena AG, Lai LYH, et al. Use of repurposed and adjuvant drugs in hospital patients 
with covid-19: multinational network cohort study. BMJ. 2021;373:n1038. [PubMed: 33975825] 

67. Abani O, Abbas A, Abbas F, et al. Convalescent plasma in patients admitted to hospital 
with COVID-19 (RECOVERY): a randomised controlled, open-label, platform trial. Lancet. 
2021;397(10289):2049–2059. [PubMed: 34000257] 

Fisher et al. Page 12

CHEST Crit Care. Author manuscript; available in PMC 2024 April 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



68. Abdelhady H, Abdelrazik M, Abdi Z, et al. Effect of convalescent plasma on organ support-free 
days in critically ill patients with COVID-19. JAMA. 2021;326(17):1690. [PubMed: 34606578] 

69. Simonovich VA, Burgos Pratx LD, Scibona P, et al. A randomized trial of convalescent plasma in 
Covid-19 severe pneumonia. N Engl J Med. 2021;384(7):619–629. [PubMed: 33232588] 

70. Angus DC, Derde L, Al-Beidh F, et al. Effect of hydrocortisone on mortality and organ support in 
patients with severe COVID-19: the REMAP-CAP COVID-19 corticosteroid domain randomized 
clinical trial. JAMA. 2020;324(13):1317–1329. [PubMed: 32876697] 

71. Corral-Gudino L, Bahamonde A, Arnaiz-Revillas F, et al. Methylprednisolone in adults 
hospitalized with COVID-19 pneumonia: an open-label randomized trial (GLUCOCOVID). Wien 
Klin Wochenschr. 2021;133(7-8):303–311. [PubMed: 33534047] 

72. Dequin PF, Heming N, Meziani F, et al. Effect of hydrocortisone on 21-day mortality or 
respiratory support among critically ill patients with COVID-19: a randomized clinical trial. 
JAMA. 2020;324(13):1298–1306. [PubMed: 32876689] 

73. Group RC, Horby P, Lim WS, et al. Dexamethasone in hospitalized patients with Covid-19. N Engl 
J Med. 2021;384(8):693–704. [PubMed: 32678530] 

74. Tomazini BM, Maia IS, Cavalcanti AB, et al. Effect of dexamethasone on days alive and ventilator-
free in patients with moderate or severe acute respiratory distress syndrome and COVID-19: the 
CoDEX randomized clinical trial. JAMA. 2020;324(13):1307–1316. [PubMed: 32876695] 

75. Group RC. Tocilizumab in patients admitted to hospital with COVID-19 (RECOVERY): 
a randomised, controlled, open-label, platform trial. Lancet. 2021;397(10285):1637–1645. 
[PubMed: 33933206] 

76. Gupta S, Wang W, Hayek SS, et al. Association between early treatment with tocilizumab and 
mortality among critically ill patients with COVID-19. JAMA Intern Med. 2021;181(1):41–51. 
[PubMed: 33080002] 

77. Hermine O, Mariette X, Tharaux PL, et al. Effect of tocilizumab vs usual care in adults 
hospitalized with COVID-19 and moderate or severe pneumonia: a randomized clinical trial. 
JAMA Intern Med. 2021;181(1):32–40. [PubMed: 33080017] 

78. Investigators REMAP-CAP, Gordon AC, Mouncey PR, et al. Interleukin-6 receptor antagonists 
in critically ill patients with Covid-19. N Engl J Med. 2021;384(16):1491–1502. [PubMed: 
33631065] 

79. Rosas IO, Brau N, Waters M, et al. Tocilizumab in hospitalized patients with severe COVID-19 
pneumonia. N Engl J Med. 2021;384(16):1503–1516. [PubMed: 33631066] 

80. Rosas IO, Diaz G, Gottlieb RL, et al. Tocilizumab and remdesivir in hospitalized patients with 
severe COVID-19 pneumonia: a randomized clinical trial. Intensive Care Med. 2021;47(11):1258–
1270. [PubMed: 34609549] 

81. Salama C, Han J, Yau L, et al. Tocilizumab in Patients Hospitalized with Covid-19 Pneumonia. N 
Engl J Med. 2021;384(1):20–30. [PubMed: 33332779] 

82. Stone JH, Frigault MJ, Serling-Boyd NJ, et al. Efficacy of tocilizumab in patients hospitalized with 
Covid-19. N Engl J Med. 2020;383(24):2333–2344. [PubMed: 33085857] 

83. Guimaraes PO, Quirk D, Furtado RH, et al. Tofacitinib in patients hospitalized with Covid-19 
pneumonia. N Engl J Med. 2021;385(5):406–415. [PubMed: 34133856] 

84. Kalil AC, Patterson TF, Mehta AK, et al. Baricitinib plus remdesivir for hospitalized adults with 
Covid-19. N Engl J Med. 2021;384(9):795–807. [PubMed: 33306283] 

85. Marconi VC, Ramanan AV, de Bono S, et al. Efficacy and safety of baricitinib for the treatment of 
hospitalised adults with COVID-19 (COV-BARRIER): a randomised, double-blind, parallel-group, 
placebo-controlled phase 3 trial. Lancet Respir Med. 2021;9(12):1407–1418. [PubMed: 34480861] 

86. Pan H, Peto R, et al. ; WHO Solidarity Trial Consortium. Repurposed antiviral drugs for 
COVID-19—interim WHO Solidarity Trial results. N Engl J Med. 2021;384(6):497–511. 
[PubMed: 33264556] 

87. Ader F, Bouscambert-Duchamp M, Hites M, et al. Remdesivir plus standard of care 
versus standard of care alone for the treatment of patients admitted to hospital with 
COVID-19 (DisCoVeRy): a phase 3, randomised, controlled, open-label trial. Lancet Infect Dis. 
2022;22(2):209–221. [PubMed: 34534511] 

Fisher et al. Page 13

CHEST Crit Care. Author manuscript; available in PMC 2024 April 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



88. Beigel JH, Tomashek KM, Dodd LE, et al. Remdesivir for the treatment of Covid-19—final report. 
N Engl J Med. 2020;383(19):1813–1826. [PubMed: 32445440] 

89. Spinner CD, Gottlieb RL, Criner GJ, et al. Effect of remdesivir vs standard care on clinical status at 
11 days in patients with moderate COVID-19. JAMA. 2020;324(11):1048. [PubMed: 32821939] 

90. Group RC, Horby P, Mafham M, et al. Effect of hydroxychloroquine in hospitalized patients with 
Covid-19. N Engl J Med. 2020;383(21):2030–2040. [PubMed: 33031652] 

91. Self WH, Semler MW, Leither LM, et al. Effect of hydroxychloroquine on clinical status at 14 days 
in hospitalized patients with COVID-19. JAMA. 2020;324(21):2165. [PubMed: 33165621] 

92. REMAP-CAP Investigators, ACTIV-4a Investigators, ATTACC Investigators, et al. Therapeutic 
anticoagulation with heparin in critically ill patients with Covid-19. N Engl J Med. 
2021;385(9):777–789. [PubMed: 34351722] 

93. Lemos ACB, Do Espirito Santo DA, Salvetti MC, et al. Therapeutic versus prophylactic 
anticoagulation for severe COVID-19: a randomized phase II clinical trial (HESACOVID). 
Thromb Res. 2020;196:359–366. [PubMed: 32977137] 

94. Paranjpe I, Fuster V, Lala A, et al. Association of treatment dose anticoagulation with in-hospital 
survival among hospitalized patients with COVID-19. J Am Coll Cardiol. 2020;76(1):122–124. 
[PubMed: 32387623] 

95. Kadri SS, Sun J, Lawandi A, et al. Association between caseload surge and COVID-19 survival in 
558 U.S. hospitals, March to August 2020. Ann Intern Med. 2021;174(9):1240–1251. [PubMed: 
34224257] 

96. Bellani G, Laffey JG, Pham T, et al. Noninvasive ventilation of patients with acute respiratory 
distress syndrome. Insights from the LUNG SAFE study. Am J Respir Crit Care Med. 
2017;195(1):67–77. [PubMed: 27753501] 

Fisher et al. Page 14

CHEST Crit Care. Author manuscript; available in PMC 2024 April 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Take-home Points

Study Question:

What are the outcomes in patients with COVID-19 associated acute respiratory failure 

early in the pandemic when supported initially by noninvasive respiratory support (NIRS) 

compared to invasive mechanical ventilation?

Results:

NIRS was associated with both an increased hazard of death and also an increased 

probability of early hospital discharge alive.

Interpretation:

NIRS presented both positive and negative consequences early in the COVID-19 

pandemic, both increasing the risk of death and the probability of early discharge alive.
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Figure 1 –. 
Strengthening the Reporting of Observational Studies in Epidemiology Statement flow 

diagram. Eligible visits are associated with patients ≥ 18 years of age who were admitted 

for acute respiratory failure and had either suspected or confirmed COVID-19 identified 

between January 1, 2020, and September 30, 2020, received invasive mechanical ventilation 

or noninvasive respiratory support, and for whom this was the first visit of this type in 

that period. Three hundred twenty-six participants had evidence of high-flow nasal oxygen, 

noninvasive positive pressure ventilation, and invasive mechanical ventilation, but were 

unable to be classified reliably by the phenotyping algorithm because of nonsensical time 

stamps for timing of therapies. See text and e-Appendix 1 for further description and 

demographics of this group. “Additional exclusions” includes four participants who were 

excluded because of nonsensical hospital discharge time stamps and an additional group of 

patients excluded only from the model assessing time to ICU exit. HFNO = high-flow nasal 

oxygen; NIPPV = noninvasive positive pressure ventilation.

Fisher et al. Page 16

CHEST Crit Care. Author manuscript; available in PMC 2024 April 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2 –. 
A, B, Graphs showing model-estimated cumulative incidence curves for NIRS vs IMV for 

hospital discharge alive (A) and in-hospital death (B) for the following covariate values: 

female sex, not Hispanic or Latino, White race, hospital A, summer hospital admission, 

and continuous covariates set at their median or most frequent values (age, 63 years; SpO2 

to FIO2 ratio, 100; respiratory rate, 22 breaths/min; BMI, 31.69 kg/m2; transformed hours 

from hospital admission to first treatment, 6.02; vasopressor before treatment, no; heart 

failure, no; COPD, no; neoplasm or immunosuppression, no; chronic liver disease, no; first 

treatment location type, ICU). Each imputed data set generates a pair of curves (one for 

IMV, one for NIRS). C, Estimated time-varying hospital discharge alive hazard ratios for 

NIRS vs IMV with pointwise 95% CIs. Estimates show the probabilities of being discharged 

alive for NIRS and IMV trending together around 45 to 60 days and the corresponding 

probabilities for in-hospital death trending together around 30 to 60 days, depending on the 

specific covariate combination. IMV = invasive mechanical ventilation; NIRS = noninvasive 

respiratory support; Spo2= oxygen saturation.
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Figure 3 –. 
A, B, Graphs showing model-estimated cumulative incidence curves for NIPPV, HFNO, and 

IMV for hospital discharge alive (A) and in-hospital death (B)for the following covariate 

values: female sex, not Hispanic or Latino, White race, hospital A, summer hospital 

admission, and continuous covariates set at their median or most frequent values (age, 63 

years; SpO2 to FIO2, 100; respiratory rate, 22 breaths/min; BMI, 31.69 kg/m2; transformed 

hours from hospital admission to first treatment, 6.02; vasopressor before treatment, no; 

heart failure, no; COPD, no; neoplasm or immunosuppression, no; chronic liver disease, 

no; first treatment location type, ICU). Each imputed data set generates a triple of curves 

(one for IMV, HFNO, and NIPPV). C, D, Estimated time-varying hospital discharge alive 

hazard ratios for HFNO vs IMV (C) and NIPPV vs IMV (D) with pointwise 95% CIs. 

Patients initially treated with either noninvasive method showed a higher probability of 

in-hospital death and a higher probability of discharge alive early on. However, the hospital 

discharge alive hazard ratio of HFNO to IMV decreased to 1 around 18 days and reversed 

direction starting at around 35 days; the hazard ratio of NIPPV to IMV decreased more 

slowly, reaching 1 at around 50 days, with no statistically significant difference afterward. 

The probability of discharge alive for NIPPV remained greater than that for IMV for 

about 2 months, at which point they leveled out. However, for HFNO, the probability of 

discharge alive crossed to become less likely than for IMV around day 23, depending on 

the specific covariate combination. The cumulative incidence curves for in-hospital death 

showed consistently higher probabilities of death for HFNO compared with IMV. The 

probability of in-hospital death for NIPPV was only a bit higher than or about the same as 
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that for IMV until around day 30, at which point the probability of death for IMV became 

about level with NIPPV. HFNO = high-flow nasal oxygen; IMV = invasive mechanical 

ventilation; NIPPV = noninvasive positive pressure ventilation; SpO2 = oxygen saturation.
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