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ABSTRACT

Background. In the treatment of acute hypoxemic respiratory failure (AHRF) due
to coronavirus 2019 (COVID-19), physicians choose respiratory management ranging
from low-flow oxygen therapy to more invasive methods, depending on the severity
of the patient’s symptoms. Recently, the ratio of oxygen saturation (ROX) index has
been proposed as a clinical indicator to support the decision for either high-flow nasal
cannulation (HFNC) or mechanical ventilation (MV). However, the reported cut-off
value of the ROX index ranges widely from 2.7 to 5.9. The objective of this study was to
identify indices to achieve empirical physician decisions for MV initiation, providing
insights to shorten the delay from HFNC to MV. We retrospectively analyzed the ROX
index 6 hours after initiating HFNC and lung infiltration volume (LIV) calculated from
chest computed tomography (CT) images in COVID-19 patients with AHRF.
Methods. We retrospectively analyzed the data for 59 COVID-19 patients with AHRF in
our facility to determine the cut-off value of the ROX index for respiratory therapeutic
decisions and the significance of radiological evaluation of pneumonia severity. The
physicians chose either HENC or MV, and the outcomes were retrospectively analyzed
using the ROX index for initiating HENC. LIV was calculated using chest CT images at

admission.
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Conclusion. Physicians’ empirical decisions associated with the choice of respiratory
therapy for HFNC oxygen therapy or MV can be supported by the combination of the
ROX index and the LIV index calculated from chest CT images.

Subjects Epidemiology, Infectious Diseases, Respiratory Medicine, COVID-19

Keywords Acute lung injury, Chest CT, COVID-19, High-flow nasal cannula, Mechanical
ventilation, ROX index, Critical care, Respiratory medicine

INTRODUCTION

Coronavirus disease 2019 (COVID-19) is an emerging infectious disease currently causing
a global pandemic. COVID-19 patients often present with mild symptoms; however,
these may develop into more serious medical conditions, such as acute hypoxemic
respiratory failure (AHRF) and septic shock, especially in older adults and patients with
underlying illnesses. AHRF is a significant symptom in COVID-19 patients and requires
the administration of high oxygen levels (Attaway et al., 2021; Berlin, Gulick & Martinez,
2020).

For mild AHRF associated with COVID-19, oxygen administration therapy using a
nasal cannula or oxygen mask is the basic treatment strategy. However, for moderate or
higher-severity AHRF, depending on the severity, high-flow nasal cannula (HFNC) oxygen
therapy, mechanical ventilation (MV), or extracorporeal membrane oxygenation have
been considered. Oxygen therapy with HFNC, which can provide a maximum oxygen
flow of 60 L/min, has been used for COVID-19 patients who do not require MV (Frat
et al., 2015; Mellado-Artigas et al., 2021a; Roca et al., 2016a). HFNC is more tolerable for
patients than non-invasive ventilation (NIV) and MV (Panadero et al., 2020), and almost
half of those who receive HFNC can be successfully weaned without the need for MV
(Calligaro et al., 2020). However the use of HENC in COVID-19 patients may delay the
initiation of MV if respiratory failure worsens (Kang et al., 2015). The failure of HFNC has
been associated with increased mortality compared with the failure of NIV and MV alone
(Miller et al., 2022). Therefore, when treating COVID-19 patients with AHREF, it is critical
to appropriately evaluate whether to continue treatment with HFNC or to initiate MV.

Since the beginning of the COVID-19 pandemic, which began in Japan in April 2020,
clinicians have considered the risk factors that influence the course of the disease when
choosing respiratory therapy. Among the physiological parameters, the ratio of oxygen
saturation (ROX) index (SpO, x respiratory rate™! x F;O, ™!, which is the combination of
percutaneous blood oxygen saturation, respiratory rate, and inspired oxygen concentration,
respectively) is a useful indicator to evaluate the severity of AHRF in COVID-19 patients
(Roca et al., 2019; Roca et al., 2016b). Basically, lower ROX index values are associated with
higher AHREF severity. The cut-off value of the ROX index is a proposed criterion for
discontinuing HFNC and initiating NIV or tracheal intubation for MV (Ferrer et al., 2021;
Hu et al., 2020; Vega et al., 2022). However, although the ROX index could be a potential
marker to identify patients with a higher risk of HFNC failure, the prediction efficiency
is moderate, and the optimal cut-off value and the acquisition time of the ROX index
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continue to be discussed (Junhai et al., 2022). In fact, in our facility, as shown in this article,
some patients died even if the ROX index was higher than the cut-off values reported by

others. Conversely, other patients were saved using HFNC even if the ROX index was much
lower than the cut-off values.

Since the start of the COVID-19 pandemic, the role of chest computed tomography
(CT) in the management of COVID-19 patients has evolved in terms of the indications in
the acute phase and the prediction of pathological conditions in the subacute phase
(Komurcuoglu et al., 2022; Lyu et al., 2020; Machnicki et al., 2021; Sayeed et al., 2021).
COVID-19 pneumonia is characterized by extensive infiltration shadows in the lungs
on chest CT images. Thus, chest CT in COVID-19 patients has provided radiological
information of the severity of pneumonia. Additionally, clinicians can make judgments
about treatment options by assessing the oxygenation-associated physiological parameters
and other parameters associated with medical image analysis, such as the evaluation of
pneumonia severity. In this study, in COVID-19 patients with AHRF, we retrospectively
analyzed the ROX index 6 h after the initiation of HFNC and other parameters, including
lung infiltration volume (LIV) calculated from chest CT images. Using the cut-off of the
ROX index to determine HFNC oxygen therapy and MV initiation, we devised an objective
index to achieve empirical physician decisions for initiating MV, providing insights to
shorten the delay from HFNC to MV.

MATERIALS & METHODS

Research ethics

This study was conducted in accordance with the guidelines of the Declaration of Helsinki
as a retrospective observational study accompanying the Kyoto Prefectural University of
Medicine (KPUM) COVID-19 Registry Study (ERB-C-1810, approved by the Institutional
Review Board of KPUM on 3 September 3, 2020). This study evaluated only adult COVID-
19 patients. Written informed consent was obtained from all subjects and/or their legal
guardian(s). The informed consent form consists of two parts: the information sheet that
outlines the nature of the project, activities involved, timeframe, expectations of both the
researcher and participants, data collection and storage methods, how the data will be
used, and whether there will be any risk or benefit to the participants, and the consent
certificate on which investigators obtained a signature from the participant. All methods
were performed in accordance with the relevant guidelines and regulations.

Target patients and the choices of respiratory therapies

The KPUM Hospital is a nationally accredited first-class infectious disease-designated
hospital in Kyoto Prefecture, Japan. This hospital has been performing inpatient treatment
for COVID-19 patients with severe respiratory failure, mainly via referral requests from
other medical institutions in Kyoto Prefecture to control centers in Kyoto Prefecture.
From April 2020 to September 2021, 188 patients diagnosed as COVID-19-positive were
hospitalized (Fig. 1). Of these, 112 were mildly ill patients who did not require advanced
oxygen therapy. Of the 76 patients who required high-flow oxygen therapy, after excluding
14 patients who had already been hospitalized and were receiving MV and three patients
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who did not receive MV because of palliative care, 59 patients who started HENC therapy
immediately after admission were the subjects of this study. As a result of their choice
of respiratory management, patients who were indicated for MV and managed with
MYV were classified into the MV group, and those who were successfully managed with
HFNC were classified into the HENC group. HENC therapy was started using Optiflow
(Fisher & Paykel Healthcare, Auckland, New Zealand) to maintain a respiratory rate of
less than 30 breaths per minute by adjusting oxygen flow and oxygen concentration. The
indication for MV was empirically determined by the attending physicians in charge of
the patient with reference to the patient’s age, comorbidities, oxygenation assessment,
and chest CT images. The major criteria were: hypoxemic respiratory failure with SpO,
<90% or a ratio of the partial pressure of arterial oxygen to FiO, of <200 despite receiving
the maximal FiO, possible with HFNC; hypercapnic respiratory failure accompanied by
blood pH <7.3; respiratory rate >30 breaths per minute; and hypotension (systolic blood
pressure <90 mmHg) despite catecholamine and/or fluid administration. The following
additional data were collected at admission: age, gender, weight, height, body mass index
(BMI), comorbidities (hypertension, diabetes, lung disease, heart disease, cerebrovascular
disease), blood clinical laboratory data, pneumonia severity index (Fine et al., 1997), and
Charlson comorbidity index (Charlson et al., 1987).

ROX index

The oxygen flow rate was adjusted according to the patient’s body condition, and the
concentration was adjusted so that SpO, was maintained at > 95% at rest. The ROX index
was then calculated approximately 6 h after admission.

Chest CT analysis

All patients underwent CT before transfer to our hospital or immediately after admission.
3D Slicer software (ver.4.11, https:/;iwww.slicer.org/) was used to calculate the ratio of LIV
by chest CT image analysis (Balbi et al., 2021; Cattabriga et al., 20205 Digumarthy et al.,
2019). According to each Hounsfield unit value, the segmented lung images were color-
coded using one mm-volume reconstructions. The LIVs were calculated and expressed as
percentages. Chest CT images of the HENC and MV groups were analyzed using 3D Slicer
to determine the volume of the normal lung range and the ratio of the LIV (Lanza et al.,
2020).

Kernel density graph
Open-source Python (ver. 3.8; https:/www.python.org) with the Seaborn (https:
[seaborn.pydata.org) library was used for graphing.

Estimation of the cut-off points based on the physicians’ decisions
If the choice of respiratory therapy by the attending physician was considered a problem
regarding the accuracy of the two-group classification, the choice was replaced with an
analysis of sensitivity and specificity by plotting the percentages of MV cases with a ROX
index >ROX cut-off (true positive ratio, or sensitivity) curve and the percentages of
HENC cases with a ROX index <ROX cut-off (true negative ratio, or specificity) curve vs
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COVID-19 patients admitted
n=188

>

Improved w/o high concentration
oxygen administration

n=112
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COVID-19 patients required high oxygen therapy
n=76

>

Admitted under MV
n=14 (3 died)

>

Patients excluded
from the non-indication of MV

n=3

The investigation

target patients

n=59

|

Treated with HFNC
n=59

HFNC — MV
n=24 (4 died)

Figure 1 Patient flowchart. One hundred eighty-eight patients were referred to the University Hospital
of Kyoto Prefectural University of Medicine from April 2020 to September 2021; 122 patients were mildly
ill and did not require high-flow oxygen therapy. Of the 76 severe COVID-19 patients who required high-

flow oxygen therapy, 59 patients received HFNC therapy after admission after excluding 3 patients who
did not receive MV because of palliative care and 14 patients who had already been hospitalized under
MV. Thirty-five patients completed treatment with HFNC and 24 were intubated for management with

MV. HENC, high-flow nasal cannulation; MV, mechanical ventilation; HENC —MYV, cases transitioned

from HFNC to MV.

Full-size & DOL: 10.7717/peerj.15174/fig-1
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cut-off values to identify a threshold for MV use by physicians. The cut-off value that the
attending physicians subconsciously selected was considered the crossover point where
the proportion of false negatives (HFNC cases with a ROX index < cut-off) equaled the
proportion of false positives (MV cases with a ROX index >cut-off) (Greiner, Sohr ¢ Gibel,
1995; Yoshida et al., 2017).

We assumed that LIV directly captured the severity of lung injury; therefore, the
crossover point value was obtained by superimposing the LIV cut-off value (= 35.5) for
false positives and false negatives over those for the cut-off of the ROX index alone and
the cut-off that varied with the ROX index. In the ROX alone judgment, it was possible to
explore the effect of LIV on effects that were classified as false. Accordingly, we calculated
the proportion of HENC cases with LIV < 35.5 and ROX index < ROX cut-off, and the
percentage of MV cases with LIV >35.5 and ROX index >ROX cut-off.

Multiple binomial logistic regression analysis

R programming language (R Core Team, 2022) was used for the multiple binomial logistic
regression analysis (MLRA) to calculate the decision border (cut-off) for the classification
of HENC or MV groups. In R function glm (response~epredictor, family = binomial
(link = “logit”), dependent variable data), using a series of attributes for each patient as
the dependent variable data, we described the choice of respiratory therapy, which is a
predictor variable, in MV (1), HFNC (0), as binary. For example, in the classification of
HENC or MV groups using the ROX index and/or LIV as the dependent variables, logit()
can be expressed as

(1) ROX index alone: logit(p;) = SCORE = In(pi/(1 — pi)) = Bo+ B 1 x [ROX index],
where p; is the probability of the event and B is the intercept from the linear regression
equation; B, is a parameter. In this case, the decision borderline for the classification
is described as [ROX index] = — B¢/ 81, where p; = 0.5, and SCORE = 0 is the cut-off
value.

(2) LIV alone: logit(p;) = SCORE = In(p;/(1 — pi)) = Bo + B2 x [LIV], where p; is the
probability of the event, and B is the intercept from the linear regression equation;
B is a parameter. In this case, the decision borderline for the classification is described
as [LIV] = —Bo/ B2, where p; =0.5 and SCORE = 0 is the cut-off value.

(3) ROX index and LIV: logit(p;) = SCORE = In(p;/(1 — p;i)) = Bo + B1x [ROX index]
+ B2 x [LIV], where p; isthe probability of the event and B is the intercept from
the linear regression equation; B, and B, are parameters. In this case, the decision
borderline for the classification is described as [LIV] = —B1/8, x [ROX index] —
Bol B2, where p; = 0.5 and SCORE = 0 is the cut-off value.

Receiver operating characteristic (ROC) analysis

Under the above-described definitions of the binomial classifications associated with the
HFNC or MV groups and three different cut-off lines (ROX index = 6.1, LIV = 35.5,
and LIV = 4. 26 x (ROX index) + 7.89), we performed a ROC analysis to evaluate the
reliability of classification by each cut-off value. In addition to the sensitivity: TP/(TP +
EN), the specificity: TN/(FP + TN), ROC curve, and area under the summary ROC curve
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(AUCQ), we calculated accuracy: (TP + TN)/[Total (n = 59)]; positive likelihood ratio (PLR):
sensitivity/(1 — specificity); negative likelihood ratio (NLR): (1 — sensitivity)/specificity;
and diagnostic odds ratio (DOR): PLR/NLR.

Other statistical analyses

SPSS (ver. 27; IBM Corp., Armonk, NY, USA) was used for the unpaired ¢-test to compare
group means, and Microsoft Excel was used for the x? test for comparisons between
groups. Data are shown as mean =+ standard deviation (sd).

RESULTS

Patients’ therapeutic backgrounds

The first wave of the COVID-19 pandemic started in April 2020 in Kyoto, and five pandemic
waves occurred by September 2021. From December 2020, more active use of HFNC was
promoted at our facility, and as a result, the number of patients who underwent HFNC or
MV management increased gradually until September 2021, the end of the study period
(Fig. S1). During the 18-month study period, among the hospitalized patients, three
were under HFNC therapy and were not candidates for MV therapy; these patients were
excluded from this study per the hospital’s code of ethics. Fourteen patients had been
mechanically ventilated under tracheal intubation by the time they were transferred to
our hospital. The remaining 59 patients were the target of further analysis in this study.
Of these patients, within 2.8 £ 3.6 days, 24 were indicated for MV and were changed to
MYV management under tracheal intubation. We compared the primary data of the 35
patients who were successfully treated with HFNC (HENC group) and the 24 patients
who required MV (MV group). Note that the number of ventilators available at our
hospital could have been the upper limit of the number of patients in the MV group.
However, in the study period during the COVID-19 pandemic, the number of ventilated
patients never reached the upper limit of the number of ventilators available at our
hospital. No statistically significant difference was detected for gender, age, body weight,
height, and BMI (Table 1). Regarding the presence or absence of underlying disease, no
statistically significant difference was detected, except for chronic kidney disease, which
was higher in the MV group (Table S1). The primary treatment comprised antiviral drugs,
such as favipiravir or remdesivir, anti-immunotherapy, mainly with dexamethasone,
and anticoagulant therapy with heparin. There was no significant difference in drug
therapy between the two groups (Table 52). A multidisciplinary conference was held by
the attending physician and infectious disease specialist, infectious disease control team,
and intensive care specialist, and baricitinib, tocilizumab, and steroid pulse therapy were
given as additional anti-immunotherapies when needed. No patients were treated with
monoclonal antibodies and none were vaccinated.

The patients’ blood laboratory test data showed significantly higher lactate
dehydrogenase concentrations at admission in the MV group compared with the HFNC
group (Table 1). The mean ROX index value in the HENC group was significantly higher
compared with the MV group (Table 1). Regarding the analysis of chest CT images by 3D
Slicer, the LIVs and their proportions were significantly higher in the MV group compared
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Table 1 Major characteristics of HFNC and MV groups.

Characteristics HENC MV p-value
n 35 24
Female/male, n/n 9/26 6/18 0.951
Age (years old) 61.1 + 12.3 (43-84) 58.0 + 14.5 (36-81) 0.403
Body weight (kg) 69.4 + 16.3 (41.7-106.5) 73.4 + 17.5 (44.6-127) 0.378
Height (cm) 166.4 + 8.7 (149-184) 166.4 + 10.7 (137-185) 0.988
Body mass index (kg/m?) 24.8 + 4.4 (18.5-34.8) 26.6 6.5 (17.6—48.1) 0.253
Period from onset to admission to our hospital (days) 9.7 £2.7 (4-17) 7.5+ 3.1 (2-16) 0.008
Period from onset to the introduction of HFNC (days) 9.8 +£2.7(6-17) 7.542.5(3-13) 0.001°
Laboratory data (admission)
White blood cells (/L L) 8257 4+ 5377 (1800-25600) 7775 £ 4259 (1500-16900) 0.703
Creatinine (mg/dL) 1.3 £ 2.0 (0.44-10.63) 1.7 4 2.2 (0.37-10.55) 0.233
C-reactive protein (mg/L) 9.3 + 7.3 (0.55-32.16) 10.6 & 7.7 (1.2-31.2) 0.508
Lactate dehydrogenase (U/L) 397.0 £ 72.1 (226-598) 557.5 + 237.8 (122-1086) 0.004"
D-dimer (mg/L) 2.9 +7.2(0.3-36.0) 3.3+ 5.7 (0.5-21.7) 0.820
Indices for organ damage
Pneumonia severity index 86.8 +27.8 (43-139) 102.8 & 51.8 (29-245) 0.175
Charlson comorbidity index 1.7 + 2.0 (0-10) 2.0 2.0 (0-8) 0.612
Lung analysis
Lung infiltration volume (mL) 972.2 &+ 321.7 (518-1845) 1340 = 482 (438-2319) 0.002"
Lung infiltration volume (%) 26.7 + 7.8 (9.8-38.4) 41.9 +11.7 (15.5-72.2) <0.001"
ROX index 7.7 £2.4(4.4-17.1) 5.4+ 1.8(2.8-9.8) <0.001
Notes.

The data are shown as mean +sd (range).

*p < 0.05, statistically significant difference between HFNC and MV.

HENC, high-flow nasal cannula; MV, mechanical ventilation; ROX index, ratio of oxygen saturation index.

with the HFNC group (Table 1) Fig. 2 and Video Clip A—F show the analysis of the chest CT
images of six cases with different pneumonia severity according to 3D Slicer. The period
from onset to admission to our hospital and from onset to intervention with HFNC were
significantly longer in the HENC group than those in the MV group (Table 1).

As a clinical outcome in both groups, the length of hospital stay was significantly longer
in the MV group compared with the HFNC group (Table S3). Patients in the HFNC group
were intubated and transferred to the MV group if their respiratory status deteriorated.
Therefore, no deaths occurred in the HENC group; however, four patients died in the MV
group (Table S3). In the HENC group, HFNC was performed for an average of 7.1 &= 10.3
(range: 1-62) days. In the MV group, the average period from HFNC to MV was 2.8 £ 3.6
(range: 0-16) days, and this was followed by 15.2 &£ 23.6 (range 2—-97) days of MV (Table
S3).

The various cut-off levels of the ROX index and the clinical outcomes
As stated, no patients died among the 35 patients who received HENC until their recovery
(because patients who were initially receiving HFNC but who were later intubated owing
to worsening respiratory status were subsequently assigned to the MV group). In contrast,
four of the 24 patients in the MV group died. The ROX index values of these patients were
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Figure 2 Chest CT images. Chest CT settings were as follows: voltage, 120 kV; tube current, 266 mA;
slice thickness, 5.00 mm; window width, 1500 Hounsfield units (HU); window level, —600 HU. According
to the different HU intervals, lung volumes were segmented and extracted as follows: emphysema (den-
sity between —1,050 HU and —950 HU), normal lung ventilation (density between —949 HU and —750
HU), infiltration shadow (density between —749 HU and —400 HU), collapsed lung (density between
—399 HU and 0 HU), and blood vessels and soft tissue (density between 1 HU and 1,000 HU). Chest CT
images were read with 3D Slicer software and classified into normal infiltration, blood vessels, and emphy-
sema according to the volume of 1 mm? unit of CT concentration. (A). Findings in a patient who did not
require oxygen administration. Most findings are normal. (B) Findings in a patient who was successfully
treated with low-flow oxygen therapy. A slight infiltration shadow is seen dorsally. (C) Findings in a pa-
tient who was successfully treated with HFNC. Infiltration shadows are seen extensively dorsally. This pa-
tient was effectively treated in the prone position. (D) A patient treated with HFNC for several days who
failed HFNC and was transitioned to MV. The patient had diffuse ventral shadows on imaging. Therapy in
the prone position was not effective in this patient. (E) Findings in a patient who was treated with HFNC
but was transitioned to MV on the same day. Extensive infiltration shadows are noted. (F) Findings in a
patient treated with HFNC for several days and subsequently transitioned to MV. Infiltration shadows are
observed in most of the lung fields. This patient was unable to maintain oxygenation after initiation of MV
and required extracorporeal membrane oxygenation. CT, computed tomography; HFNC, high-flow nasal
cannulation; MV, mechanical ventilation.

Full-size & DOI: 10.7717/peerj.15174/fig-2

9.8, 7.3, 5.4, and 3.0, respectively, suggesting that the ROX index of half of the patients who
died was higher than the reported cut-off values of the ROX index, which range from 2.7
to 5.99 (Prakash et al., 2021).

The MV group comprised seven patients with ROX index values > 6 and five had
LIV values > 35.5%, indicating severe lung injury. Conversely, two of the 34 survivors in
the HENC group had a ROX index of < 5. Therefore, the attending physicians selected
respiratory therapy (HFNC or MV) without being bound only by the ROX index. When
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Figure 3 The relationships between the cut-off values of the ROX index and the respiratory therapeu-
tic choice (HFNC or MV). (A) The percentages of HFNC cases with a ROX index < ROX cut-off and MV
cases with a ROX index > ROX cut-off. (B) The percentage of HFNC cases with an LIV < 35.5 and ROX
index < ROX cut-off, and the percentage of MV cases with LIV > 35.5 and ROX index > ROX cut-off.
HENC, high-flow nasal cannula oxygen therapy; LIV, lung infiltration volume; MV, mechanical ventila-
tion; ROX index, ratio of oxygen saturation index.

Full-size G4l DOIL: 10.7717/peerj.15174/fig-3

the cut-off value of the ROX index varied from four to seven in increments of 0.1, we
calculated the proportion of HENC patients whose ROX index was < the cut-off value and
the proportion of MV patients whose ROX index was >the cut-off value. The proportion
of HENC patients with ROX index values < the cut-off value and the proportion of MV
patients with ROX index values >the cut-off value crossed over at 25%, where the cut-off
value of the ROX index was approximately 6.2 (Fig. 3A).

Next, we calculated the percentage of HENC patients with LIV values < 35.5 (we
explained this LIV cut-off value in the next section) and ROX index < the cut-off value
and the percentage of MV patients with LIV values >35.5 and ROX index >the cut-off
value. The percentage lines of both HENC and MV patients crossed over at 17%, where the
cut-off value of the ROX index was approximately 6.1 (Fig. 3B). These results mean that
the judging criteria for the cut-off value of the ROX index by the attending physician was
approximately 6.1-6.2, which is slightly higher than the reported cut-off value of the ROX
index (2.7-5.99) (Prakash et al., 2021). Thus, by adding LIV = 35.5 as a cut-off to ROX
index = 6.1, the crossover point, at which the proportion of false positives in the HFNC
group matched the proportion of false negatives in the MV group, decreased from 25% to
17% under the ROX index cut-off of about 6.1. This finding suggests that the addition of
LIV to the treatment decision contributed to reducing false positives in HFNC cases (HFNC
cases with ROX index < ROX cut-off) and false negatives in MV cases (MV cases with
ROX index >ROX cut-off), and the accuracy (1 — (false positives + false negatives)/total
cases) increased in the sensitivity and specificity analyses.
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Table 2 Covariate results used for multiple logistic analysis.

Covariates Odds ratio 95% CI p-value
Laboratory data (admission)

Lactate dehydrogenase 1.01 1.00-1.02 0.09
Period from onset to admission to our hospital (days) 0.67 0.42-1.08 0.10
Period from onset to the introduction of HFNC (days) 0.89 0.54-1.46 0.64
Lung analysis

Lung infiltration volume (%) 1.25 1.06-1.46 0.008
ROX index 0.32 0.13-0.77 0.012°

Notes.
CI, confidence interval; HFNC, high-flow nasal cannula; ROX index, ratio of oxygen saturation index.

MLRA of the indications for HFNC and MV

MLRA was performed using the five factors involved in the decision to initiate MV
management: the period from onset to admission to our hospital, the period from
onset to the initiation of HENC, laboratory examination data (lactate dehydrogenase
concentration), a lung injury parameter (LIV) from chest CT imaging, and the ROX
index (Table 2). Note that we did not include characteristics related to history and
underlying diseases for the MLRA because these diagnostic criteria are ambiguous (Table
S1). Covariates with p-values > 0.05 were excluded from the regression analysis (Table
2). As a result, the results for the ROX index (odds ratio, 0.32; 95% CI [0.13-0.77]; p =
0.012) and LIV on chest CT images (odds ratio, 1.25; 95% CI [1.06—-1.46]; p = 0.008) were
significant. Note that the pairs plot shows significantly different distributions for the ROX
index and LIV when the patients were divided into two groups (MV group and HFNC
group) (Fig. S2). Next, MLRA was repeated using only the ROX index and LIV. Optimal
cut-off values for the ROX index and LIV were then determined for the two management
groups (38 patients who underwent MV and 35 patients who were treated with HENC
alone). As a result, when using the ROX index alone as a cut-off value, the boundary score
(SCORE) for classifying patients selected for HENC or MV was calculated as SCORE =
In(p;i/(1 — p;)) = 4.21 — 0.69 x [ROX index], and [ROX index] = 6.1 when p; = 0.5,
indicating SCORE = 0. Therefore, the cut-off value of the ROX index was 6.1. When using
LIV alone as a cut-off value, the boundary score (SCORE) for classifying patients selected
for HFNC or MV was calculated as SCORE = In(p;/(1 — p;)) = —8.09 4 0.23 x [LIV], and
[LIV] = 35.5 when p; = 0.5, indicating SCORE = 0. Therefore, the cut-off value of LIV was
35.5%. Finally, when using both the ROX index and LIV as cut-off values, the boundary
score (SCORE) for classifying patients selected for HFNC or MV was calculated as SCORE
=In(pi/(1 —p;)) = —1.50 — 0.81 x [ROX index] + 0.19 x [LIV]. Therefore, the decision
borderline was calculated as [LIV] = 4.26 x [ROX index] + 7.89 when p; = 0.5, indicating
SCORE = 0.

We plotted all 59 patients by ROX index and LIV values with color codes demonstrating
HFNC or MV (cases of transition from HFNC to MV), and drew the distribution density
as a kernel density estimation (KDE) plot (Fig. 4A). The KDE plot indicated that higher
patient density was associated with more concentrated patient distribution. Next, the KDE
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Figure 4 Kernel density estimation of patient distribution, HFNC, and ventilator management. The
decision boundaries (cut-off lines) to classify the HFNC and MV groups were calculated by multiple lo-
gistic regression analysis using the ROX index and/or LIV. The cut-off value to classify the HFNC and MV
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the ROX index and LIV was calculated as (LIV) = 4.51 x (ROX index) + 1.75. A. Kernel density plot us-
ing all 59 patients’ data. B. Kernel density plots for the MV and HFNC groups. HENC, high-flow nasal
cannula; MV, mechanical ventilation; HFNC — MYV, cases transitioned from HFNC to MV; ROX index,
ratio of oxygen saturation index.
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plot was drawn separately for the HFNC and MV groups, namely 35 patients who were
treated with HFNC alone and 24 patients who underwent MV (Fig. 4B). As shown in Fig.
4A, the highest density in the center of the KDE plot indicates the crossing point of three
decision borderlines, and, as shown in Fig. 4B, the KDE plots, which were drawn separately
for the HENC and MV groups, overlapped noticeably near the crossing point of the three
decision borderlines. These findings suggested that the physicians’ classification of HFNC
or MV was problematic for patients whose indices were close to the statistically calculated
cut-off values in this study. Considering that no patients in the HFNC group died, the
association between a ROX index <6.1 and the prediction of mortality outcome with MV
treatment must be related to the validity of the physicians’ clinical decisions, which is a
limitation of this study.

Cut-off by ROX index and/or LIV for the classification of HFNC or MV
With 6.1 as the cut-off for the ROX index, 18 (75.0%) of the 24 patients managed with MV
were classified as the severe group, and 32 (80.0%) of the 35 patients managed with HFNC
were classified as the mild group (Table. 54). In contrast, when the LIV cut-off was 35.5%,
18 (75.0%) of the 24 patients managed with MV were classified as the severe group, and 31
(88.6%) of the 35 patients managed with HENC were classified as the mild group (Table.
54). As shown in Fig. 3, compared with the vertical cut-off line with a ROX index of 6.1
alone, the cut-off line by MLRA SCORE LIV = 4.26 x (ROX index) + 7.89 was tilted in
the positive direction of the ROX index and the LIV axes. When using the SCORE cut-off,
19 (79.2%) of the 24 the patients managed with MV were classified as the severe group,
and 32 (91.4%) of the 35 patients managed with HENC were classified as the mild group
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(Table. 54). Patients above the SCORE are more likely to require MV, even if the ROX

index is > 6.1.

Sensitivity, specificity, accuracy, DOR, and the areas under the ROC curves were
compared for three decision boundaries: ROX index alone, LIV alone, and ROX index and
LIV combined (Fig. 5 and Table 3). As a result, in all binomial classification confidence
indices, the decision boundary by the combination of ROX index and LIV showed better
values (AUC: 0.94, sensitivity: 0.79, specificity: 0.91, accuracy: 0.86, DOR: 41) compared
with values obtained from the ROX index alone (AUC: 0.83, sensitivity: 0.75, specificity:
0.80, accuracy: 0.78, DOR: 12) and LIV alone (AUC: 0.89, sensitivity: 0.75, specificity: 0.89,

accuracy: 0.83, DOR: 23).
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Table 3 Indices for organ damage in HFNC and MV groups.

Cut-off parameters Sensitivity Specificity Accuracy PLR NLR DOR AUC (95% CI)

ROX index 0.75 0.80 0.78 3.75 0.31 12 0.83 (0.73-0.94)
LIV 0.75 0.89 0.83 6.56 0.28 23 0.89 (0.80-0.98)
ROX index and LIV 0.79 0.91 0.86 9.24 0.23 41 0.94 (0.88-0.99)

Notes.

AUC, area under the curve; CI, confidence interval; DOR, diagnostic odds ratio; HFNC, high-flow nasal cannula; LIV, lung infiltration volume; MV, mechanical ventila-
tion; NRL, negative likelihood ratio; PRL, positive likelihood ratio; ROX index, ratio of oxygen saturation index.

These findings suggest, in terms of the accuracy rate, that classification by the MLRA
SCORE cut-off line was better than that by the cut-off of the ROX index alone or LIV
alone.

This MLRA analysis excluded gender, age, and BMI from the main factors influencing
the need for MV, as stated. However, there are many reports in which these factors are
involved in the aggravation of COVID-19. Therefore, we confirmed whether these factors
affected the need for MV and whether they affected the grouping according to the three
cut-off lines. The results showed that only the number of cases with BMI >25 and BMI
< 25 showed statistically significant uneven distribution between HFNC-positive in mild
cases and MV-positive in severe cases classified by the cut-off line of LIV alone, as shown
in Table S5 . Gender and age (> 65 years, <65 years) did not significantly affect the use of
HFNC and MV in our patient cohort.

DISCUSSION

For AHRF caused by COVID-19, physicians are faced with the choice of respiratory therapy,
such as HENC or MV. If the patient’s respiratory status can be managed with HENG, it is
essential that physicians do not carelessly introduce MV treatment, which places a heavy
burden on both the patient and medical staff. Therefore, in the choice of HFNC or MV
management in the treatment of COVID-19, the ROX index was proposed as a clinical
indicator (Roca et al., 2019; Roca et al., 2016b). However, the reported cut-off value of
the ROX index ranges widely from 2.7 to 5.9 (Junhai et al., 2022). In an early study, the
cut-off value 6-12 h after receiving HFNC was reported as 4.88, with a 95% CI [4.2-5.4]
(Roca et al., 2019; Roca et al., 2016b). A meta-analysis of COVID-19 patients with AHRF
suggested that the ROX index is an excellent indicator for the prediction of HENC failure
although the cut-off value of the index varied from 2.7 to 5.99 (Prakash et al., 2021). Other
recent meta-analyses demonstrated that a high chance of successful therapy is expected if a
patient’s ROX index is >5.4, and that patients are at an increased risk of HFNC failure and
should be considered to require escalation of respiratory support if the ROX index is <4.2
(Zhou et al., 2022). Additionally, a cut-off value of the ROX index of >5 indicates expected
successful weaning from HFNC (Junhai et al., 2022).

In the ex-post analysis of the ROX index cut-off value in our case, a slightly higher value
of 6.1 was detected, probably because the clinicians in charge decided to transition patients
from HFNC to MV when the severity of the lung injury on CT images was high even though
the ROX index exceeded 5. Seven patients (20% of 35 HFNC patients) whose ROX index
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values were < 6.0 successfully recovered with HENC alone, and seven patients (29.1% of
24 MV patients) whose ROX index values were >6.0 were treated with MV. Unfortunately,
two of the patients with ROX values >6.0 of died. These patients had significantly high
lung injury severity. Therefore, choosing to initiate MV based solely on the ROX index may
create a high healthcare burden given the presence of COVID-19 patients with a variety of
pathologies, and more complex criteria may be required to achieve higher sensitivity and
specificity.

As an additional clinical parameter to support the ROX index in clinical judgment,
lung injury severity assessment from chest CT images (LIV), as proposed in this case
series, is one option. Recently, attempts to evaluate the severity of lung injury by scoring
CT images of AHRF due to COVID-19 have also been reported. As one example, the
total severity score (TSS) score is a scoring system in which the ratio of the volume of
infiltrative shadows in the lung is scored on a 5-point scale for each of the five lobes of the
lung, and a total score ranging from 0 to 20 is calculated (Kucuk et al., 2022; Li et al., 2020,
Tharwat et al., 2022). High TTS scores indicate more severe disease. However, the TSS
score requires a radiologist’s evaluation of CT images, including anatomical assessment of
lung lobes. Although the computer-analyzed LIV that we used is a straightforward method
to evaluate lung injury, in this study, we were unable to confirm a correlation with a specific
diagnosis of lung injury. Optimization of software technology related to the evaluation
of a correlation with actual lung injury is a future issue. Moreover, we believe that there
is room for further examination of the composite judgment criteria proposed by other
researchers. For example, the prediction of the ROX index may be improved by combining
the index with different parameters, such as the Sequential Organ Failure Assessment
score (Mellado-Artigas et al., 2021b) and heart rate (Goh et al., 2020). HACOR, which is a
prediction index for non-invasive MV failure (Duan et al., 2017), is an acronym for heart
rate, acidosis, state of consciousness, oxygenation, and respiratory rate, and this index was
reported to work successfully as a prediction index for MV in HENC patients (Valencia et
al., 2021).

In the present study, based on MLRA, the severity of lung injury calculated from chest CT
images was added to the patient evaluation, with the ROX index. Patients with AHRF from
COVID-19 pneumonia present with highly-variable pathophysiological characteristics,
such as respiratory mechanics and responses to the prone position and recruitment
maneuvers, despite a similar degree of hypoxemia (Rossi et al., 2022). Therefore, we
suspected that some critically ill COVID-19 patients might require MV management even
if their ROX index was higher than the reported cut-off value.

Recently, the ROX index has been studied for predicting hospitalization and mortality
in patients with a diagnosis of COVID-19 in the emergency department and at hospital
admission (Gianstefani et al., 2021; Mukhtar et al., 2021). A simple and low-cost clinical
index, such as the ROX index, will be actively used and evaluated for prognosis estimation
related to clinical judgment and triage for AHRF other than that caused by COVID-19
in the future. In addition to quick and easy to use indices, such as the ROX index, that
support physicians’ decisions, as shown in this study, the importance of additional tests
and evaluation methods will likely increase in various medical situations.
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This study evaluated the relationship between physicians’ decisions about respiratory
therapy selection and indices supporting the decision but not the outcome of the therapeutic
choice. Additionally, our data were derived from a small number of patients at a single
institution, and it is difficult to compare our data with other big data. Therefore, we do
not propose a definitive cut-off value of the ROX index to improve clinical outcomes.
Based on our experience in this case series, we suggest that it may be possible to construct
a complex diagnostic criterion that will lead to better clinical judgment for respiratory
therapy selection.

CONCLUSIONS

Our study demonstrates that, by evaluating the pathophysiology of COVID-19 respiratory
distress by adding the extent of the anatomical severity of pneumonia via chest CT

to the ROX index, supportive guidance for physicians’ decisions regarding respiratory
management, either HFNC or MV, can be achieved for severely ill COVID-19 patients.
This was a single-center retrospective study, and a prospective multicenter study of
statistically processed predictive probabilities is needed.

ACKNOWLEDGEMENTS

Concerning the basis of this clinical study, we would like to express our thanks to the
clinicians in the intensive care unit (Prof. Satoru Hashimoto and attending doctors),
infectious disease department, emergency department (Prof. Bon Ohta and attending
doctors), general medical department, and internal medicine, and the ward nurses and
laboratory technicians at the Hospital of the KPUM for their efforts in managing COVID-
19 patients. We thank Hugh McGonigle, and Jane Charbonneau, DVM, from Edanz, for
editing a draft of the manuscript.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding

The authors received no funding for this work.

Competing Interests
The authors declare there are no competing interests.

Author Contributions

e Kazuki Sudo conceived and designed the experiments, performed the experiments,
analyzed the data, prepared figures and/or tables, authored or reviewed drafts of the
article, patient care, and approved the final draft.

e Teiji Sawa conceived and designed the experiments, performed the experiments, analyzed
the data, prepared figures and/or tables, authored or reviewed drafts of the article, and
approved the final draft.

e Kohsuke Kushimoto performed the experiments, authored or reviewed drafts of the
article, patient care, and approved the final draft.

Sudo et al. (2023), PeerdJ, DOI 10.7717/peerj.15174 16/21


https://peerj.com
http://dx.doi.org/10.7717/peerj.15174

Peer

e Ryogo Yoshii performed the experiments, authored or reviewed drafts of the article,
patient care, and approved the final draft.

e Kento Yuasa performed the experiments, authored or reviewed drafts of the article,
patient care, and approved the final draft.

e Keita Inoue performed the experiments, authored or reviewed drafts of the article,
patient care, and approved the final draft.

e Mao Kinoshita performed the experiments, authored or reviewed drafts of the article,
patient care, and approved the final draft.

e Masaki Yamasaki performed the experiments, authored or reviewed drafts of the article,
patient care, and approved the final draft.

e Kunihiko Kooguchi analyzed the data, prepared figures and/or tables, authored or
reviewed drafts of the article, and approved the final draft.

Human Ethics
The following information was supplied relating to ethical approvals (i.e., approving body
and any reference numbers):

The Institutional Review Board of Kyoto Prefectural University of Medicine.

Data Availability

The following information was supplied regarding data availability:
The raw data of all 59 patients is available in the Supplementary File.

Supplemental Information
Supplemental information for this article can be found online at http:/dx.doi.org/10.7717/
peerj.15174#supplemental-information.

REFERENCES

Attaway AH, Scheraga RG, Bhimraj A, Biehl M, Hatipoglu U. 2021. Severe COVID-19
pneumonia: pathogenesis and clinical management. BMJ 372:n436
DOI 10.1136/bmj.n436.

Balbi M, Conti C, Imeri G, Caroli A, Surace A, Corsi A, Mercanzin E, Arrigoni A, Villa
G, Di Marco F, Bonaffini PA, Sironi S. 2021. Post-discharge chest CT findings
and pulmonary function tests in severe COVID-19 patients. European Journal of
Radiology 138:109676 DOI 10.1016/j.¢jrad.2021.109676.

Berlin DA, Gulick RM, Martinez FJ. 2020. Severe COVID-19. New England Journal of
Medicine 383:2451-2460 DOI 10.1056/NEJMcp2009575.

Calligaro GL, Lalla U, Audley G, Gina P, Miller MG, Mendelson M, Dlamini S,
Wasserman S, Meintjes G, Peter J, Levin D, Dave JA, Ntusi N, Meier S, Little F,
Moodley DL, Louw EH, Nortje A, Parker A, Taljaard JJ, Allwood BW, Dheda K,
Koegelenberg CFN. 2020. The utility of high-flow nasal oxygen for severe COVID-
19 pneumonia in a resource-constrained setting: a multi-centre prospective observa-
tional study. EClinicalMedicine 28:100570 DOI 10.1016/j.eclinm.2020.100570.

Sudo et al. (2023), PeerJ, DOI 10.7717/peerj.15174 17/21


https://peerj.com
http://dx.doi.org/10.7717/peerj.15174#supplemental-information
http://dx.doi.org/10.7717/peerj.15174#supplemental-information
http://dx.doi.org/10.7717/peerj.15174#supplemental-information
http://dx.doi.org/10.1136/bmj.n436
http://dx.doi.org/10.1016/j.ejrad.2021.109676
http://dx.doi.org/10.1056/NEJMcp2009575
http://dx.doi.org/10.1016/j.eclinm.2020.100570
http://dx.doi.org/10.7717/peerj.15174

Peer

Cattabriga A, Cocozza MA, Vara G, Coppola F, Golfieri R. 2020. Lung CT segmentation
to identify consolidations and ground glass areas for quantitative assesment of SARS-
CoV pneumonia. Journal of Visualized Experiments 166:¢61737 DOI 10.3791/61737.

Charlson ME, Pompei P, Ales KL, MacKenzie CR. 1987. A new method of classifying
prognostic comorbidity in longitudinal studies: development and validation. Journal
of Chronic Diseases 40:373—383 DOI 10.1016/0021-9681(87)90171-8.

Digumarthy SR, Padole AM, Rastogi S, Price M, Mooradian M], Sequist LV, Kalra MK.
2019. Predicting malignant potential of subsolid nodules: can radiomics preempt
longitudinal follow up CT? Cancer Imaging 19:36 DOI 10.1186/540644-019-0223-7.

Duan J, Han X, Bai L, Zhou L, Huang S. 2017. Assessment of heart rate, acidosis,
consciousness, oxygenation, and respiratory rate to predict noninvasive ven-
tilation failure in hypoxemic patients. Intensive Care Medicine 43:192-199
DOI10.1007/s00134-016-4601-3.

Ferrer S, Sancho J, Bocigas I, Bures E, Mora H, Monclou E, Mulet A, Quezada A,

Royo P, Signes-Costa J. 2021. ROX index as predictor of high flow nasal cannula
therapy success in acute respiratory failure due to SARS-CoV-2. Respiratory Medicine
189:106638 DOI 10.1016/j.rmed.2021.106638.

Fine MJ, Auble TE, Yealy DM, Hanusa BH, Weissfeld LA, Singer DE, Coley CM,
Marrie TJ, Kapoor WN. 1997. A prediction rule to identify low-risk patients with
community-acquired pneumonia. New England Journal of Medicine 336:243-250
DOI 10.1056/NEJM199701233360402.

Frat JP, Thille AW, Mercat A, Girault C, Ragot S, Perbet S, Prat G, Boulain T, Morawiec
E, Cottereau A, Devaquet J, Nseir S, Razazi K, Mira JP, Argaud L, Chakarian
JC, Ricard JD, Wittebole X, Chevalier S, Herbland A, Fartoukh M, Constantin
JM, Tonnelier JM, Pierrot M, Mathonnet A, Beduneau G, Deletage-Metreau C,
Richard JC, Brochard L, Robert R, Group FS, Network R. 2015. High-flow oxygen
through nasal cannula in acute hypoxemic respiratory failure. New England Journal
of Medicine 372:2185-2196 DOI 10.1056/NEJMoal503326.

Gianstefani A, Farina G, Salvatore V, Alvau F, Artesiani ML, Bonfatti S, Campinoti
F, Caramella I, Ciordinik M, Lorusso A, Nanni S, Nizza D, Nava S, Giostra
F. 2021. Role of ROX index in the first assessment of COVID-19 patients in
the emergency department. Internal and Emergency Medicine 16:1959-1965
DOI 10.1007/s11739-021-02675-2.

Goh KJ, Chai HZ, Ong TH, Sewa DW, Phua GC, Tan QL. 2020. Early prediction of high
flow nasal cannula therapy outcomes using a modified ROX index incorporating
heart rate. Journal of Intensive Care Medicine 8:41 DOI 10.1186/s40560-020-00458-z.

Greiner M, Sohr D, Gobel P. 1995. A modified ROC analysis for the selection of cut-off
values and the definition of intermediate results of serodiagnostic tests. Journal of
Immunological Methods 185:123—132 DOI 10.1016/0022-1759(95)00121-P.

HuM, Zhou Q, Zheng R, Li X, Ling J, Chen Y, Jia J, Xie C. 2020. Application of high-
flow nasal cannula in hypoxemic patients with COVID-19: a retrospective cohort
study. Journal of Immunological Methods 20:324 DOT 10.1186/s12890-020-01354-w.

Sudo et al. (2023), PeerJ, DOI 10.7717/peerj.15174 18/21


https://peerj.com
http://dx.doi.org/10.3791/61737
http://dx.doi.org/10.1016/0021-9681(87)90171-8
http://dx.doi.org/10.1186/s40644-019-0223-7
http://dx.doi.org/10.1007/s00134-016-4601-3
http://dx.doi.org/10.1016/j.rmed.2021.106638
http://dx.doi.org/10.1056/NEJM199701233360402
http://dx.doi.org/10.1056/NEJMoa1503326
http://dx.doi.org/10.1007/s11739-021-02675-2
http://dx.doi.org/10.1186/s40560-020-00458-z
http://dx.doi.org/10.1016/0022-1759(95)00121-P
http://dx.doi.org/10.1186/s12890-020-01354-w
http://dx.doi.org/10.7717/peerj.15174

Peer

Junhai Z, Jing Y, Beibei C, Li L. 2022. The value of ROX index in predicting the outcome
of high flow nasal cannula: a systematic review and meta-analysis. Respiratory
Research 23:33 DOI 10.1186/s12931-022-01951-9.

Kang BJ, Koh Y, Lim CM, Huh JW, Baek S, Han M, Seo HS, Suh HJ, Seo GJ,

Kim EY, Hong SB. 2015. Failure of high-flow nasal cannula therapy may de-
lay intubation and increase mortality. Intensive Care Medicine 41:623—632
DOI 10.1007/s00134-015-3693-5.

Komurcuoglu B, Susam S, Batum O, Turk MA, Salik B, Karadeniz G, Senol G.

2022. Correlation between chest CT severity scores and clinical and biochemical
parameters of COVID-19 pneumonia. Clinical Respiratory Journal 16:497-503
DOI10.1111/crj.13515.

Kucuk M, Ergan B, Yakar MN, Ergun B, Akdogan Y, Canturk A, Gezer NS, Kalkan
F, Yaka E, Comert B, Gokmen NA. 2022. The predictive values of respiratory rate
oxygenation index and chest computed tomography severity score for high-flow
nasal oxygen failure in critically ill patients with coronavirus disease-2019. Balkan
Medical Journal 39:140-147 DOI 10.4274/balkanmed;j.galenos.2021.2021-7-32.

Lanza E, Muglia R, Bolengo I, Santonocito OG, Lisi C, Angelotti G, Morandini P,
Savevski V, Politi LS, Balzarini L. 2020. Quantitative chest CT analysis in COVID-
19 to predict the need for oxygenation support and intubation. European Radiology
30:6770-6778 DOI 10.1007/s00330-020-07013-2.

LiK, Fang Y, Li W, Pan C, Qin P, Zhong Y, Liu X, Huang M, Liao Y, Li S. 2020. CT
image visual quantitative evaluation and clinical classification of coronavirus disease
(COVID-19). European Radiology 30:4407—-4416 DOI 10.1007/s00330-020-06817-6.

Lyu P, Liu X, Zhang R, Shi L, Gao J. 2020. The performance of chest ct in evaluating the
clinical severity of COVID-19 pneumonia: identifying critical cases based on CT
characteristics. Investigative Radiology 55:412—421
DOI 10.1097/RLI.0000000000000689.

Machnicki S, Patel D, Singh A, Talwar A, Mina B, Oks M, Makkar P, Naidich D, Mehta
A, Hill NS, Brown KK, Raoof S. 2021. The usefulness of chest CT imaging in patients
with suspected or diagnosed COVID-19: a review of literature. Chest 160:652—-670
DOI 10.1016/j.chest.2021.04.004.

Mellado-Artigas R, Ferreyro BL, Angriman F, Hernandez-Sanz M, Arruti E, Torres A,
Villar J, Brochard L, Ferrando C, Network C-SI. 2021a. High-flow nasal oxygen in
patients with COVID-19-associated acute respiratory failure. Critical Care 25:58
DOI10.1186/s13054-021-03469-w.

Mellado-Artigas R, Mujica LE, Ruiz ML, Ferreyro BL, Angriman F, Arruti E, Torres
A, Barbeta E, Villar J, Ferrando C, Network C-SI. 2021b. Predictors of failure
with high-flow nasal oxygen therapy in COVID-19 patients with acute respira-
tory failure: a multicenter observational study. Journal of Intensive Care 9:23
DOI 10.1186/s40560-021-00538-8.

Miller DC, PuJ, Kukafka D, Bime C. 2022. Failure of high flow nasal cannula and
subsequent intubation is associated with increased mortality as compared to

Sudo et al. (2023), PeerJ, DOI 10.7717/peerj.15174 19/21


https://peerj.com
http://dx.doi.org/10.1186/s12931-022-01951-9
http://dx.doi.org/10.1007/s00134-015-3693-5
http://dx.doi.org/10.1111/crj.13515
http://dx.doi.org/10.4274/balkanmedj.galenos.2021.2021-7-32
http://dx.doi.org/10.1007/s00330-020-07013-2
http://dx.doi.org/10.1007/s00330-020-06817-6
http://dx.doi.org/10.1097/RLI.0000000000000689
http://dx.doi.org/10.1016/j.chest.2021.04.004
http://dx.doi.org/10.1186/s13054-021-03469-w
http://dx.doi.org/10.1186/s40560-021-00538-8
http://dx.doi.org/10.7717/peerj.15174

Peer

failure of non-invasive ventilation and mechanical ventilation alone: a real-
world retrospective analysis. Journal of Intensive Care Medicine 37:41-45
DOI10.1177/0885066620968041.

Mukhtar A, Rady A, Hasanin A, Lotfy A, Adawy AEl, Hussein A, El-Hefnawy I, Hassan
M, Mostafa H. 2021. Admission SpO(2) and ROX index predict outcome in
patients with COVID-19. American Journal of Emergency Medicine 50:106—110
DOI 10.1016/j.ajem.2021.07.049.

Panadero C, Abad-Fernandez A, Rio-Ramirez MT, Acosta Gutierrez CM, Calderon-
Alcala M, Lopez-Riolobos C, Matesanz-Lopez C, Garcia-Prieto F, Diaz-Garcia
JM, Raboso-Moreno B, Vasquez-Gambasica Z, Andres-Ruzafa P, Garcia-Satue
JL, Calero-Pardo S, Sagastizabal B, Bautista D, Campos A, Gonzalez M, Grande L,
Jimenez Fernandez M, Santiago-Ruiz JL, Caravaca Perez P, Alcaraz A]J. 2020. High-
flow nasal cannula for acute respiratory distress syndrome (ARDS) due to COVID-
19. Multidisciplinary Respiratory Medicine 15:693 DOT 10.4081/mrm.2020.693.

Prakash J, Bhattacharya PK, Yadav AK, Kumar A, Tudu LC, Prasad K. 2021. ROX index
as a good predictor of high flow nasal cannula failure in COVID-19 patients with
acute hypoxemic respiratory failure: a systematic review and meta-analysis. Journal of
Critical Care 66:102—-108 DOT 10.1016/j.jcrc.2021.08.012.

R Core Team. 2022. R: a language and environment for statistical computing. Version
4.2.1. Vienna: R Foundation for Statistical Computing. Available at https://www.r-
project.org.

Roca O, Caralt B, Messika J, Samper M, Sztrymf B, Hernandez G, Garcia-de
Acilu M, Frat JP, Masclans JR, Ricard JD. 2019. An index combining respi-
ratory rate and oxygenation to predict outcome of nasal high-flow therapy.
American Journal of Respiratory and Critical Care Medicine 199:1368-1376
DOI 10.1164/rccm.201803-05890C.

Roca O, Hernandez G, Diaz-Lobato S, Carratala JM, Gutierrez RM, Masclans JR,
Spanish Multidisciplinary Group of High Flow Supportive Therapy in A. 2016a.
Current evidence for the effectiveness of heated and humidified high flow nasal
cannula supportive therapy in adult patients with respiratory failure. Critical Care
20:109 DOI 10.1186/513054-016-1263-z.

Roca O, Messika J, Caralt B, Garcia-de Acilu M, Sztrymf B, Ricard JD, Masclans JR.
2016b. Predicting success of high-flow nasal cannula in pneumonia patients with
hypoxemic respiratory failure: the utility of the ROX index. Journal of Critical Care
35:200-205 DOI 10.1016/j.jcrc.2016.05.022.

Rossi S, Palumbo MM, Sverzellati N, Busana M, Malchiodi L, Bresciani P, Ceccarelli
P, Sani E, Romitti F, Bonifazi M, Gattarello S, Steinberg I, Palermo P, Lazzari S,
Collino F, Cressoni M, Herrmann P, Saager L, Meissner K, Quintel M, Camporota
L, Marini JJ, Gattinoni L. 2022. Mechanisms of oxygenation responses to proning
and recruitment in COVID-19 pneumonia. Intensive Care Medicine 48:56—66
DOI 10.1007/s00134-021-06562-4.

Sayeed S, Faiz BY, Aslam S, Masood L, Saeed R. 2021. CT chest severity score for
COVID 19 pneumonia: a quantitative imaging tool for severity assessment

Sudo et al. (2023), PeerJ, DOI 10.7717/peerj.15174 20/21


https://peerj.com
http://dx.doi.org/10.1177/0885066620968041
http://dx.doi.org/10.1016/j.ajem.2021.07.049
http://dx.doi.org/10.4081/mrm.2020.693
http://dx.doi.org/10.1016/j.jcrc.2021.08.012
https://www.r-project.org
https://www.r-project.org
http://dx.doi.org/10.1164/rccm.201803-0589OC
http://dx.doi.org/10.1186/s13054-016-1263-z
http://dx.doi.org/10.1016/j.jcrc.2016.05.022
http://dx.doi.org/10.1007/s00134-021-06562-4
http://dx.doi.org/10.7717/peerj.15174

Peer

of disease. Journal of College of Physicians and Surgeons Pakistan 30:388—392
DOI 10.29271/jcpsp.2021.04.388.

Tharwat S, Saleh GA, Saleh M, Mounir AM, Abdelzaher DG, Salah AM, Nassar MK.
2022. Chest CT total severity score on admission to predict in-hospital mortality in
COVID-19 patients with acute and chronic renal impairment. Diagnostics 12:1529
DOI 10.3390/diagnostics12071529.

Valencia CF, Lucero OD, Castro OC, Sanko AA, Olejua PA. 2021. Comparison of ROX
and HACOR scales to predict high-flow nasal cannula failure in patients with SARS-
CoV-2 pneumonia. Scientific Reports 11:22559 DOT 10.1038/s41598-021-02078-5.

Vega ML, Dongilli R, Olaizola G, Colaianni N, Sayat MC, Pisani L, Romagnoli M,
Spoladore G, Prediletto I, Montiel G, Nava S. 2022. COVID-19 pneumonia and
ROX index: time to set a new threshold for patients admitted outside the ICU.
Pulmonology 28:13—-17 DOI 10.1016/j.pulmoe.2021.04.003.

Yoshida T, Kimura M, Yamada Y, Yokoyama K, Ishihara T, Yoshinaka Y, Itoi A,
Watanabe Y, Kida N, Nomura T. 2017. Fitness age score and the risk of long-term
care insurance certification-the Kyoto-Kameoka longitudinal study. Open Journal of
Epidemiology 7:190-200 DOI 10.4236/OJEPL.2017.72016.

Zhou X, Liu ], Pan ], Xu Z, Xu J. 2022. The ROX index as a predictor of high-flow
nasal cannula outcome in pneumonia patients with acute hypoxemic respiratory
failure: a systematic review and meta-analysis. BMC Pulmonary Medicine 22:121
DOI10.1186/s12890-022-01914-2.

Sudo et al. (2023), PeerJ, DOI 10.7717/peerj.15174 21/21


https://peerj.com
http://dx.doi.org/10.29271/jcpsp.2021.04.388
http://dx.doi.org/10.3390/diagnostics12071529
http://dx.doi.org/10.1038/s41598-021-02078-5
http://dx.doi.org/10.1016/j.pulmoe.2021.04.003
http://dx.doi.org/10.4236/OJEPI.2017.72016
http://dx.doi.org/10.1186/s12890-022-01914-2
http://dx.doi.org/10.7717/peerj.15174

