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Background: Most patients with coronavirus disease 2019 (COVID-19) pneumonia require oxygen therapy, including standard
oxygen therapy and a high-flow nasal cannula (HFNC), in the Emergency Department (ED), and some patients develop respiratory
failure. In the COVID-19 pandemic, the intensive care unit (ICU) was overburdening. Therefore, prioritizing patients who require
intensive care is important. This study aimed to find predictors and develop a model to predict patients at risk of requiring an invasive
mechanical ventilator (IMV) in the ED.

Methods: We performed a retrospective, single-center, observational study. Patients aged >18 years who were diagnosed with
COVID-19 and required oxygen therapy in the ED were enrolled. Cox regression and Harrell’s C-statistic were used to identifying
predictors of requiring IMV. The predictive model was developed by calculated coefficients and the ventilator-free survival
probability. The predictive model was internally validated using the bootstrapping method.

Results: We enrolled 333 patients, and 97 (29.1%) had required IMV. Most 66 (68.0%) failure cases were initial oxygen therapy with
HFNC. Respiratory rate-oxygenation (ROX) index, interleukin-6 (IL-6) concentrations >20 pg/mL, the SOFA (Sequential Organ
Failure Assessment) score without a respiratory score, and the patient’s age were independent risk factors of requiring IMV. These
factors were used to develop the predictive model. ROX index and the predictive model at 2 hours showed a good performance to
predict oxygen therapy failure; the c-statistic was 0.814 (95% confidence level [CI] 0.767-0.861) and 0.901 (95% CI 0.873-0.928),
respectively. ROX index <5.1 and the predictive model score >8 indicated a high probability of requiring IMV.

Conclusion: The COVID-19 pandemic was limited resources, ROX index, IL-6 >20 pg/mL, the SOFA score without a respiratory
score, and the patient’s age can be used to predict oxygen therapy failure. Moreover, the predictive model is good at discriminating
patients at risk of requiring IMV and close monitoring.
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Backgrounds

Coronavirus disease 2019 (COVID-19) affects mortality owing to viral pneumonia that progresses to acute respiratory
distress syndrome and acute hypoxemic respiratory failure. Early strategies in this new emerging disease are intubation in
patients with signs of respiratory distress and avoiding non-invasive ventilation or a high-flow nasal cannula (HFNC) that
risks aerosol generation.'” In a study on COVID-19, HFNC therapy was associated with decreased intubation or
mechanical ventilator use and mortality.?

A predictor for oxygen therapy is the respiratory rate-oxygenation (ROX) index at 2, 6, and 12 hours after applying
HFNC. This index has been validated in treating hypoxemic respiratory failure without COVID-19.* Many predictors of
COVID-19 have been used to identify patients who require mechanical ventilation and those at risk of mortality, such as
biomarkers and physiological parameters.”® However, the predictors of failure of intubation remain unclear. The optimal
timing of intubation in COVID-19 patients who receive oxygen is controversial. Some studies have shown that early
intubation reduces patients’ self-inflicted lung injury and adverse outcomes.""'®'* In the COVID-19 pandemic, most
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patients were critical illnesses requiring invasive mechanical ventilation (IMV), leading to the intensive care unit (ICU)‘s
overburdening. Therefore, prioritizing patients who require intensive care is important.

This study aimed to evaluate the predictors and develop a predictive model requiring IMV in COVID-19 patients
treated with oxygen in the emergency department (ED).

Methods
Study Design and Setting

We performed a retrospective, single-center, at Ramathibodi Hospital, a tertiary care and university hospital in Bangkok.
The Ethics Committee of Ramathibodi Hospital, Mahidol University, approved this study (COA. MURA2021/679). The
ethics committee did not require consent for this research because the study is based on hospital registry data, and
reviewing the medical record is the reason for the waiver and a statement covering patient data confidentiality and
compliance according to the Declaration of Helsinki.

Selection of Participants

Patients aged >18 years who were diagnosed with COVID-19 and required oxygen therapy in the ED from March 20,
2020, to August 18, 2021, were included in the study. The exclusion criteria included the following: 1) patients who had
intubation performed immediately after the ED visit; 2) patients who submitted a do-not attempt to intubation; and 3)
missing data.

Definitions

COVID-19 was determined by laboratory-confirmed detection via qualitative reverse transcription-polymerase chain
reaction; testing was performed on a nasopharyngeal swab or endotracheal aspirate. Additionally, oxygen therapy,
including conventional oxygen therapy, was defined as the delivery of oxygen flow >6 L/min. The inspired oxygen
fraction (FiO2) was approximated depending on the oxygen delivery device and oxygen flow delivery. For example,
a nasal cannula with a flow of 6 L/min resulted in a FiO2 of approximately 0.44. A non-rebreathing mask with a reservoir
bag flow of 10 L/min and 15 L/min resulted in a FiO2 of 0.8 and 1.0, respectively. An HFNC was defined as a device that
delivered humidified and heated oxygen at a flow rate >30 L/min. The ROX index was defined as the ratio of oxygen
saturation/FiO2 to the respiratory rate. Failure of oxygen therapy was defined as when patients required IMV. The
decision to use IMV was dependent on the physician on duty.

Measurements and Clinical Outcomes
Patients included in this study were evaluated by emergency room staff, emergency physicians, and internal medicine
residents. We recorded the patients’ demographic information (age, sex, comorbidity, and body mass index), vital signs at
initiating oxygen therapy (systolic blood pressure, heart rate, respiratory rate, oxygen saturation, and temperature), and
initial oxygen therapy (flow and FiO2). We also recorded the SOFA score without a respiratory score at initiating oxygen,
the ROX index at 2, 6, 12 and 24 hours, and laboratory parameters (C-reactive protein (CRP), lactate dehydrogenase,
absolute lymphocyte count, D-dimer, albumin, and blood glucose). Furthermore, PF ratio after intubation, time to
intubation, and mortality were recorded. The data of participants were identified from Electrical Medical Records
(EMR). All patient data were treated with confidentiality following the Declaration of Helsinki.

Our study aimed to assess the predictors and develop a predictive model of oxygen therapy failure within 7 days in
patients with COVID-19 in the ED.

Data Analysis

We calculated the sample size required to analyze predictors for oxygen therapy failure. Our hospital data on COVID-19
showed that the intubation rate in patients treated with conventional oxygen therapy and HFNC was 24.9%, and 75.1% of
patients were not intubated (N = 198 patients). Therefore, we calculate the sample size by the two-sample proportion test
(Pearson’s chi-squared test) of oxygen therapy success and failure. Our calculation showed that 68 patients with COVID-19

356 hetps: Open Access Emergency Medicine 2023:15

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Suttapanit et al

who required oxygen therapy in the ED, 17 patients with intubation, and 51 patients with the success of oxygen therapy
were needed to provide an adequate sample size for this study (95% power of sample size, 5% alpha error [two-sided test]).

Categorical variables are expressed as absolute values and percentages and continuous variables as mean (standard
deviation (SD)) and medians (interquartile ranges (IQRs)). The Cox regression and Harrell’s C were used to assess
predictive factors requiring IMV within 7 days in patients with COVID-19. Selected variables in Cox regression with
a p-value less than 0.100 were used in multivariable Cox regression to assess the primary outcome. The predictive model
was created using variables statistically significant in multivariable Cox regression. Nomogram predictive model was
developed from coefficients calculated and survival probability of ventilator-free;'® model calibration was assessed using
the proportional-hazards assumption. The predictive model was internally validated using bootstrapping, and 1000
bootstrap replications were drawn. Kaplan—Meier curves were used to determine the probability of being ventilator-
free within 7 days in the predictive model and ROX index. Decision curve analysis was performed to assess the benefit of
using the model. With the intensity of care in the COVID-19 pandemic, we restricted the probability threshold at 20% for
requiring IMV within 48 hours.

Data were recorded and statistical analysis by STATA version 16.1 (StataCorp LLC, College Station, TX, USA).

Results
From March 20, 2020, to August 18, 2021, 407 patients were eligible for inclusion in the study. As a result, 74 patients
were excluded according to the exclusion criteria, and 333 patients were finally analyzed (Figure 1).

Among these 333 patients (Table 1), 256 (76.9%) initially had oxygen therapy with an HFNC, and 77 (23.1%) had
oxygen therapy with conventional oxygen. Ninety-seven (29.1%) patients had failed oxygen therapy and subsequently
received IMV, and death at 28 days after the ED visit occurred in 31 (63.3%). Prediction performance in each variable
was shown in Supplementary File 1.

In the cohort, multivariable Cox regression showed patient’s age, the ROX index at 2 hours, IL-6 concentrations >20
pg/mL, and the SOFA score without a respiratory score were statistically significant independent factors in patients with
oxygen therapy failure (Table 2).

The predictive nomogram model was developed with significant factors; the scores for each variable (Supplementary File 2)

and ventilator-free survival probability are shown in Figure 2. The proportional-hazards assumption of the predictive model was
0.776. The predictive model was divided into three levels to predict requiring IMV: high risk (score >8; sensitivity 70.10% and
specificity 95.76%), intermediate-risk (score 58, sensitivity 90.72% and specificity 73.31), low risk (score <5).

Patients aged 18-year-old and over who were diagnosed COVID-19 and treated
with conventional oxygen therapy (flow >6 L/min) and high flow nasal cannula
(flow >30 L/min) in the ED from March 20 2020 to August 18 2021.

(N=407)

Patients excluded. (N=74)

. Patient who perform intubation immediately after the ED visit. (N=16)
Patients who submission of do-not attempt to intubation. (N=58)
Missing data. (N=0)

2

Patientsincluded in final analysis (N=333)

L 2 L 2

Oxygen therapy success (N=236) Oxygen therapy failure (N=97)

Figure | Study flow chart.
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Table | The Baseline Characteristics and Univariable Cox Regression Analysis for Risk Factors Associated with Oxygen
Therapy Failure in 7 Days in Patients with COVID-19

Characteristics Successful Oxygen | Failed Oxygen HR (95% CI) p-value
Therapy (N=236) | Therapy (N=97)
Sex (male), N (%) 101 (42.8%) 41 (42.3%) 0.97 (0.64-1.45) 0.882
Age (years), mean (SD) 60.21 £ 13.65 6391 £ 1023 1.02 (1.00-1.03) 0.024
Body mass index (kg/m?), median (IQR) 26.2 (25.7-26.9) 27.1 (25.0-29.9) 1.04 (1.01-1.07) 0.016
Comorbidities, N (%)
Hypertension 142 (60.2%) 53 (54.6%) 0.82 (0.55-1.22) 0.333
Diabetes mellitus 83 (35.2%) 47 (48.5%) 1.50 (1.00-2.34) 0.045
ESRD with renal replacement therapy 9 (3.8%) 8 (8.2%) 1.82 (0.88-3.76) 0.113
Malignancy during chemotherapy 3 (1.3%) 3 (3.1%) 1.64 (0.52-5.18) 0.398
Airway disease 8 (3.4%) 6 (6.2%) 1.77 (0.77-4.06) 0.174
Neurodegenerative disease 21 (8.9%) I (11.3%) 1.25 (0.67-2.35) 0.479
Systolic blood pressure (mmHg), mean (SD) 134.78 + 23.47 125.55 + 30.25 0.99 (0.98-0.99) 0.004
Respiratory rate (breaths/min), median (IQR) 26 (26-28) 28 (26-30) 1.07 (1.03-1.10) <0.001
Pulse oxygen saturation (%), mean (SD) 91.20 + 4.56 86.90 + 9.16 0.93 (0.91-0.95) <0.001
Heart rate (beat/min), mean (SD) 87.52 £ 20.07 91.01 £20.75 1.01 (0.99-1.02) 0.133
Laboratory parameters
IL-6 =20 pg/mL 38 (16.1%) 69 (71.1%) 7.74 (4.97-12.05) <0.001
CRP 220 mg/L 214 (90.4%) 86 (88.7%) 0.81 (0.43-1.52) 0.508
D-dimer 21000 ug/L 82 (34.7%) 46 (47.4%) 1.62 (1.09-2.41) 0.018
Blood glucose 2200 mg/dL 47 (19.9%) 37 (38.1%) 2.03 (1.35-3.06) 0.001
LDH 2250 U/L 213 (90.3%) 60 (85.6%) 0.69 (0.39-1.21) 0.198
Absolute lymphocyte count <1x10° cell/mm? 143 (60.6%) 59 (60.8%) 1.01 (0.67—1.52) 0.970
Albumin <2.5 g/dL 7 (3.0%) 6 (6.2%) 2.16 (0.954.94) 0.067
SOFA score without a respiratory score, median (IQR) 0 (0-1) I (1-2) 1.59 (1.43-1.77) <0.001
ROX index
At 2 hours 840 + 1.87 5.69 £ 2.15 0.48 (0.42-0.56) <0.001
At 6 hours ? 8.53 + 2.0l 5.80 + 1.85 0.46 (0.38-0.54) <0.001
At 12 hours ° 882+ 212 5.88 * 1.62 0.39 (0.30-0.50) <0.001
At 24 hours © 9.29 +2.28 5.35 % 1.33 0.34 (0.27-0.42) <0.001
Treatment, N (%)
Initial oxygen therapy with HFNC 190 (83.1%) 66 (68.0%) 0.56 (0.36-0.85) 0.007
Remdesivir 92 (38.9%) 38 (39.2%) 0.99 (0.66—1.50) 0.998
IVMP 191 (80.9%) 84 (87.5%) 1.40 (0.78-2.51) 0.262
Tocilizumab 20 (8.5%) 33 (34.0%) 3.53 (2.32-5.39) <0.001
PF ratio after intubation, median (IQR) - 141 (125-150) - -
Mortality in 28 days, N (%) - 72 (74.2%) - -

Notes: *N=301, °N =284, °N=279. p-value from Cox regression.

Abbreviations: HR, hazard ratio; Cl, confidence interval; SD, standard deviation; IQR, interquartile range; IL-6, interleukin-6; CRP, C-reactive protein; LDH,
lactate dehydrogenase; SOFA, Sequential Organ Failure Assessment; ROX index, respiratory rate-oxygenation index; PF ratio, ratio of the partial pressure of
arterial oxygen (PaO, in mmHg) to inspired oxygen fraction (FiO,); HFNC, high-flow nasal cannula; IVMP, intravenous methylprednisolone.

3 5 8 https:

Dove!

Open Access Emergency Medicine 2023:15


https://www.dovepress.com
https://www.dovepress.com

Dove

Suttapanit et al

Table 2 Cox Proportion Hazard Model for Analyzing Risk Factors Associated with
Oxygen Therapy Failure in 7 Days in Patients with COVID-19

Variables Adjusted Hazard Ratio (95% CI) p-value
Age (years) 1.02 (1.00-1.04) 0.040
IL-6 220 pg/mL 3.39 (2.03-5.66) <0.001
D-dimer 21000 ug/L 0.88 (0.55-1.43) 0.612
Blood glucose 2200 mg/dL 0.85 (0.55-1.32) 0.482
Albumin <2.5 g/dL 0.68 (0.28—-1.65) 0.397
SOFA score without a respiratory score 1.42 (1.22-1.64) <0.001
ROX index at 2 hours 0.54 (0.47-0.63) <0.001

Abbreviations: IL-6, interleukin-6; SOFA, Sequential Organ Failure Assessment.

Predicting the Performance of the Predictive Model for Requiring a Mechanical
Ventilator in 7 Days in Patients with COVID-19

The predictive model had a better performance than the ROX index at 2 and 6 hours, as shown by Harrell’s C-statistic,
p-value <0.001 and 0.334, respectively, Table 3. The internal validation of the predictive model for predicting oxygen

therapy failure is shown in Table 3.

Multivariable Cox regression Nomogram for Predictive model for Survival probability of ventilator-free

SOFA score without a respiratory system 1
0-1 2+
ROX index at 2-hour L 1 ]
10+ 5.11-9.99 <5.11
Interleukin-6 (pg/ml) L |
0-19.9 20+
Age (years) ——-—1
0-64 65-74 75+
T T T T T T T T T T T T T T T T T T T T T T T
0 1 2 3 4 5 6 7 8 9 10 11
Score
AUtGEIOU gy 5 ——f————1
ALES-hour d9 J 75 —5 I S )
At24:hour 99 b b5 5 vig ¥ B
T T T T T T T T T T T T T T T T T T
0 1 2, 3 4 5 6 v4 8 9 10 1 12 13 14 15 16 17
Total score
Figure 2 The nomogram prediction model for predicting survival probability of ventilator-free within 24 hours, 48 hours and 7 days of COVID-19.
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Table 3 Prediction Performance of Predictive Model and ROX Index for Requiring IMV in 7 Days in

Patients with COVID-19 in Training Cohort and Bootstrapping Internal Validating

In Training Cohort

Internal Validation

C-Statistic (95% CI)

C-Statistic Different (95% CI)

C-Statistic (95% CI)

At 2 hours (N=333)

Predictive model*

0.901 (0.873-0.928)

ROX index at 2 hours

0.814 (0.767-0.861)

0.087 (0.044, 0.129)
p-value <0.001

0.901 (0.874,0.927)

0.814 (0.767-0.861)

At 6 hours (N=301)

Predictive model*

0.866 (0.825-0.906)

ROX index at 6 hours

0.840 (0.788-0.892)

0.025 (—0.027, 0.78)
p-value 0.344

0.866 (0.824-0.907)

0.840 (0.789-0.891)

At 12 hours (N=284)

Predictive model*

0.827 (0.778-0.876)

ROX index at 12 hours

0.863 (0.809-0.918)

—0.036 (—0.105, 0.032)
p-value 0.299

0.827 (0.779-0.875)

0.863 (0.809-0.918)

At 24 hours (N=279)

Predictive model*

0.829 (0.777-0.882)

ROX index at 24 hours

0.929 (0.889-0.970)

—0.100 (-0.165, —0.035)
p-value 0.003

0.829 (0.773-0.886)

0.929 (0.889-0.969)

Note: *Predictive model was calculated by parameter at initial.
Abbreviation: ROX index, respiratory rate-oxygenation index.

Survival Analysis of the Predictive Model and ROX Index and the Probability of Being

Ventilator-Free
The high-risk group of the predictive model (Figure 3) and ROX index <5.1 (Figure 4) indicated a significantly lower
probability of being ventilator-free in 7 days than the intermediate and low risk.

Of 97 patients who required IMV, delayed intubation for longer than 48 hours after oxygen therapy appeared to
increase 28-day mortality, not significant [crude HR 1.13 (0.63, 2.03), p-value 0.684]. Decision curve analysis for
requiring IMV within 48 hours, the predictive model was superior to the ROX index for predicting IMV associated with
a threshold probability between 5% and 20%. (Figure 5).

Discussion

In the COVID-19 pandemic, acute respiratory distress syndrome and respiratory failure have affected resources and
mortality in the ICU.' Many predictors have been used to predict worsening outcomes of COVID-19, but many studies
only focused on the ICU setting.>*>¢

In this study on patients with COVID-19 in the ED, we found that elderly, a low ROX index, high IL-6 concentra-
tions, and a high SOFA score without a respiratory score were associated with oxygen therapy failure within 7 days.
Therefore, we developed the predictive model, which had a good performance to predict oxygen therapy failure. The
cutoff for predicting the probability of requiring IMV was a ROX index of 5.10 and a predictive model score of more
than 8.

In a previous study in the ICU, the ROX index <3.5 showed 89% specificity for HFNC failure.'* Additionally,
Zucman et al showed that ROX index >5.37 at 4 hours was a low risk for intubation (66.0% sensitivity and
83.0% specificity).® Outside of the ICU, a low ROX index indicates an increased risk of requiring IMV.'?
Moreover, ROX index <5.9 at 12 hours after HFNC therapy was reported to show 90% specificity for HFNC
failure.'® Therefore, our study supports previous evidence that the ROX index helped predict patients who require
IMV. We classified patients with COVID-19 into three groups according to the ROX index. In the high-risk
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predictive model score <5 — predictive model score 5-8 — predictive model score >8

Figure 3 Kaplan—Meier survival analysis of being ventilator-free for 48 hours with the risk of the predictive model; log rank between predictive model score >8 and
predictive model score 5-8 was p <0.001, between predictive model score >8 and predictive model score <5 was p <0.00| and between predictive model score 5-8 and
predictive model score <5 was p <0.001.

group, ROX index <5.1 at 2, 6, 12, and 24 hours showed 98.31%, 96.61%, 98.31%, and 99.15% specificity,
respectively, and had a high probability of requiring IMV. In the moderate-risk group, ROX index of 5.11-9.99 at
2, 6, 12, and 24 hours showed 97.94%, 95.38%, 95.83%, and 100.00% sensitivity for requiring IMV, respectively,
which suggested that oxygen therapy should be continued and closely monitored. In the low-risk group, ROX
index >10 showed a low probability of oxygen therapy failure.

Many studies have identified potential biomarkers associated with COVID-19 pneumonia with a cytokine storm and
worse outcomes.'"'® Arnold et al found that IL-6 had a good performance (AUROC: 0.770, 95% CI: 0.65-0.88, cutoff at
79 pg/mL) to predict adverse events and the requirement of respiratory support and ICU admission.” In our study, IL-6
was a predictor for oxygen therapy failure and better performance than D-dimer, the absolute lymphocyte count albumin,
CRP, and lactate dehydrogenase. A cutoff of IL-6 concentrations >20 pg/mL showed 71.13% sensitivity and 83.90%
specificity for requiring IMV.

We developed the predictive model by using clinical parameters and biomarkers to identify patients who require IMV
at an early stage. The predictive model had a better performance than the individual ROX index at 2 hours for predicting
oxygen therapy failure. Additionally, in decision analysis, the predictive model had a better net benefit of predicting
oxygen therapy failure within 48 hours than ROX index at 2 hours. The optimal time for intubation remains unclear in
COVID-19 pneumonia. Gattinoni et al advocated avoiding delayed intubation to decrease lung injury if reducing
respiratory effort was not possible after resolution of hypoxemia by applying oxygen therapy or a non-invasive
ventilator.'* Bavishi et al found that delayed intubation led to a higher mortality rate (29%) than that (6%) with
intubation within 4-24 hours after hospital admission.'® Our study appeared to show that delayed intubation had an
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Figure 4 Kaplan—Meier survival analysis of being ventilator-free for 48 hours with the risk of the ROX index; log rank between ROX index <5.| and ROX index 5.11-9.99
was p <0.001, between ROX index <5.1 and ROX index 210 was p <0.001 and between ROX index 5.11-9.99 and ROX index 210 was p <0.001.

increased risk of mortality, but this was not significant. Based on our results, we strongly support using clinical
parameters with laboratory values in patients with COVID-19 pneumonia who require close monitoring and IMV for

effective care to decrease adverse outcomes.

Limitations

Our study has several limitations. First, this was a single-center study, which limited the generalization of our
results. However, this study had an adequate sample size to assess the outcome. Second, the management of initial
oxygen therapy, switching conventional oxygen therapy to HFNC or non-invasive ventilation, and the decision of
IMV used were based on physicians in the ED; this condition in medical decisions is a part of real-life practice. In
addition, the physicians had been trained in resuscitation in patients with COVID-19 pneumonia. Third, our study
excluded most of the patients’ delivery of oxygen flow less than 6 L/min because our setting was categorized as
low risk and treated outside the hospital. Fourth, our study did not analyze treatment as the predictor because of
varying times in initiated treatment with medication; especially tocilizumab was not the first line in our setting.
However, this study was not statistically different from initial medication treatment as remdesivir and intravenous
methylprednisolone. Finally, the predictive model only had internal validation performed, and further external
validation is required.
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Figure 5 Decision curve analysis for assessing the net benefit between using risk strategy model of the predictive model and ROX index in requiring invasive mechanical
ventilation within 48 hours.

Conclusions

This study shows that a low ROX index, high IL-6 concentrations, and a high SOFA score without a respiratory score and
elderly are associated with requiring IMV within 7 days. The predictive model has a good performance in discriminating
patients who require IMV. The COVID-19 pandemic, which has led to limited available resources, provides a challenge
for appropriate allocation resource management of patients. The early identification of patients at risk could guide
decision-making and allocation of resources for these patients.

Abbreviations

AUROC, Area under the receiver operating characteristic curve; CI, Confidence level; COVID-19, Coronavirus disease
2019; CRP, C-reactive protein; ED, Emergency Department; FiO,, The inspired oxygen fraction; HFNC, High-flow nasal
cannula; ICU, intensive care unit; IL-6, Interleukin-6; IMV, invasive mechanical ventilation; IQR, interquartile range;
IVMP, intravenous methylprednisolone; LDH, lactate dehydrogenase; PF ratio, Ratio of the partial pressure of arterial
oxygen (PaO, in mmHg) to inspired oxygen fraction (FiO,); ROX, Respiratory rate-oxygenation; SD, Standard devia-
tion; SOFA, Sequential Organ Failure Assessment.
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