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Abstract 

Background The HACOR score for predicting treatment failure includes vital signs and acid–base balance factors, 
whereas the ROX index only considers the respiratory rate, oxygen saturation, and fraction of inspired oxygen  (FiO2). 
We aimed to externally validate the HACOR score and ROX index for predicting treatment failure in patients with coro-
navirus disease 2019 (COVID-19) on high-flow nasal cannula (HFNC) therapy in Japan.

Methods This retrospective, observational, multicenter study included patients, aged ≥ 18 years, diagnosed 
with COVID-19 and treated with HFNC therapy between January 16, 2020, and March 31, 2022. The HACOR 
score and ROX index were calculated at 2, 6, 12, 24, and 48 h after stating HFNC therapy. The primary outcome 
was treatment failure (requirement for intubation or occurrence of death within 7 days). We calculated the area 
under the receiver operating characteristic curve (AUROC) and assessed the diagnostic performance of these indica-
tors. The 2-h time-point prediction was considered the primary analysis and that of other time-points as the second-
ary analysis. We also assessed 2-h time-point sensitivity and specificity using previously reported cutoff values (HACOR 
score > 5, ROX index < 2.85).

Results We analyzed 300 patients from 9 institutions (median age, 60 years; median  SpO2/FiO2 ratio at the start 
of HFNC therapy, 121). Within 7 days of HFNC therapy, treatment failure occurred in 127 (42%) patients. The HACOR 
score and ROX index at the 2-h time-point exhibited AUROC discrimination values of 0.63 and 0.57 (P = 0.24), respec-
tively. These values varied with temporal changes—0.58 and 0.62 at 6 h, 0.70 and 0.68 at 12 h, 0.68 and 0.69 at 24 h, 
and 0.75 and 0.75 at 48 h, respectively. The 2-h time-point sensitivity and specificity were 18% and 91% for the HACOR 
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Background
Patients diagnosed with severe coronavirus disease 
2019 (COVID-19) pneumonia sometimes require 
intensive care unit (ICU) admission [1]. In such 
patients, a high-flow nasal cannula (HFNC) has often 
been needed before intubation [2]. Failure of HFNC 
therapy may result in delayed intubation and increased 
mortality [2]. Therefore, an early prediction of HFNC 
failure and determination of the appropriate timing of 
endotracheal intubation are important strategies for 
patient management.

The ROX index has been validated and widely used 
as a predictor of treatment failure (intubation) in 
patients with COVID-19 pneumonia treated with an 
HFNC [3]. This score is calculated using only three 
variables: respiratory rate, oxygen saturation  (SpO2), 
and fraction of inspired oxygen  (FiO2) [4, 5]. Other 
critical indicators, such as the level of consciousness, 
blood pressure, and acid–base balance, are also impor-
tant parameters in determining the need for intuba-
tion. The HACOR score, a tool for predicting failure 
of noninvasive ventilation (NIV) and HFNC therapy, 
incorporates these additional factors [6, 7]. Previ-
ous studies have reported a high discriminatory per-
formance of the HACOR score in patients with heart 
failure and acute respiratory failure [6, 7]. However, 
only one single center study by Valencia et  al. [8] has 
externally validated the HACOR score in patients with 
COVID-19. Since the study was conducted at a sin-
gle center, its generalizability was limited. Moreover, 
calibration assessment was not performed. Addition-
ally, the decision-making process for treatment strat-
egies during a pandemic is influenced by the medical 
setting, including the availability of limited resources 
such as ICU beds, mechanical ventilators, and health-
care workers [9, 10].

To enhance generalizability and transportability, we 
conducted a multicenter study to externally validate 
the HACOR score and ROX index for predicting treat-
ment failure in patients with COVID-19 managed with 
HFNC therapy in Japan.

Methods
Design and setting
This retrospective, observational, multicenter study was 
conducted according to the Transparent Reporting of a 
Multivariate Prediction Model for Individual Prognosis 
or Diagnosis (TRIPOD) guidelines for prediction model 
validation [11]. The Institutional Review Board of Tohoku 
University (2022-I-265) and that of each center reviewed 
and approved the study.

The study was registered in the University Hospital 
Medical Information Network Clinical Trials Registry 
(UMIN-CTR ID UMIN000050024). The requirement for 
informed consent from all participants enrolled in this 
study was waived by the ethics committee owing to the 
retrospective study design.

External validation cohort
We performed an external validation of two clinical pre-
diction models, HACOR score and ROX index, using a 
multicenter, retrospective cohort study involving nine 
tertiary hospitals in Japan. These hospitals were the Yoko-
hama Medical Center in Kanagawa, Tohoku University 
Hospital in Miyagi, National Defense Medical College 
Hospital in Saitama, Tokyo Metropolitan Hiroo Hospital 
in Tokyo, Saga University Hospital in Saga, Kochi Health 
Sciences Center in Kochi, Nagoya University Hospital in 
Aichi, Kameda Medical Center in Chiba, and Jichi Medi-
cal University Saitama Medical Center in Saitama. Addi-
tional information regarding the characteristics of these 
institutions can be found in Additional file  1: S1. The 
data were collected from January 16, 2020, to March 31, 
2022, and during this period, the circulating strains of 
severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) in Japan were as follows: wild-type (January 2020 
to February 2021); B.1.1.7 (alpha, March to April 2021): 
B.1.617.2 (delta, July to December 2021); and B.1.1.529 
(omicron, January to June 2022) [12, 13].

Study population
We included patients aged ≥ 18  years, who were diag-
nosed with COVID-19 and treated with an HFNC 
for > 2  h. The inclusion criteria were as follows: (1) 
patients aged ≥ 18  years; (2) confirmed SARS-CoV-2 

score, respectively, and 3% and 100% for the ROX index, respectively. Visual calibration assessment revealed well cali-
brated HACOR score, but not ROX index.

Conclusions In COVID-19 patients receiving HFNC therapy in Japan, the predictive performance of the HACOR score 
and ROX index at the 2-h time-point may be inadequate. Furthermore, clinicians should be mindful of time-point 
scores owing to the variation of the models’ predictive performance with the time-point.

Trial registration UMIN (registration number: UMIN000050024, January 13, 2023)

Keywords Coronavirus disease 2019, HACOR score, High-flow nasal cannula, ROX index, Tracheal intubation
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infection detected using the real-time reverse transcrip-
tion-polymerase chain reaction-loop-mediated iso-
thermal amplification method or antigen test; and (3) 
treatment with an HFNC for at least 2  h. Patients who 
met any of the following conditions were excluded: (1) 
received NIV before HFNC therapy, (2) had do-not-intu-
bate orders, and (3) were already extubated.

Data collection
We utilized baseline data collected immediately before 
initiating HFNC therapy, which included patient charac-
teristics such as age, sex, height, weight, comorbidities, 
and vital signs. Blood sampling data, Sequential Organ 
Failure Assessment (SOFA) scores, and Acute Physiology 
and Chronic Health Evaluation (APACHE) II scores were 
collected within the first 24  h before initiating HFNC 
therapy. Furthermore, we collected the data including 
those on vital signs, arterial blood gas, and oxygen device 
settings at multiple time-points after the initiation of 
HFNC therapy, specifically at 2, 6, 12, 24, and 48 h.

Outcome measurement
The outcome, treatment failure, was defined as either 
intubation or death within 7 days. In a previous study [8], 
treatment failure was defined as HFNC therapy failure, 
including the need for mechanical ventilation and death 
within 7  days [14]. According to the study design, the 
decision regarding intubation was at the discretion of the 
clinicians at each participating site.

Predictor variables
The HACOR score and ROX index were calculated at 
the 2, 6, 12, 24, and 48-h time-points following the com-
mencement of HFNC therapy. The scores were measured 
for each of these time periods until the withdrawal of 
HFNC.

Statistical analyses
Baseline characteristics are presented as descriptive sta-
tistics including the median (interquartile range) for 
continuous variables and frequency (percentage) for cat-
egorical variables.

Sample size
According to the TRIPOD guidelines [11], we defined 
the research period from January 16, 2020, to March 
31, 2022. For external validation, we determined a study 
sample size that included a minimum of 100 patients 
with the outcome of interest and 100 without the out-
come. All patients were recruited during the specified 
period with the objective of collecting data from more 
than 200 patients. Owing to the uncertainty regard-
ing the required sample size required for each facility to 

achieve this target, we extended the maximum period to 
the time when COVID-19 was first confirmed in Japan.

Validation of the models
We evaluated the performance of the HACOR score and 
ROX index at each time-point. To avoid multiple testing, 
we predetermined using that the primary analysis would 
focus on the prediction at the 2-h time point, while pre-
dictions at other time-points would be considered the 
secondary analyses. The 2-h time point prediction was 
chosen as the primary analysis because of the clini-
cal importance of early prediction and its use in exist-
ing studies [7, 8]. To estimate the discrimination ability 
between patients with and without treatment failure, we 
calculated the area under the receiver operating charac-
teristic curve (AUROC). We interpreted AUROC values 
greater than 0.9 as high, 0.7–0.9 as moderate, 0.5–0.7 
as low, and 0.5 as a chance result [15]. Additionally, we 
evaluated the predictive performance, including sen-
sitivity, specificity, and positive and negative predicted 
values, utilizing the threshold criteria established in 
previous studies for the HACOR score versus those for 
the ROX index as follows: > 5 versus < 2.85 at 2 h; > 5 ver-
sus < 3.47 at 6 h; and > 5 versus < 3.85 at 12 h, respectively 
[4, 7]. Because of limited evidence regarding the cutoff 
points at 24 and 48 h, we employed the threshold estab-
lished at 12 h. To evaluate the calibration, we compared 
the observed proportion of treatment failures with pre-
dicted risks. Calibration graphs were visually assessed 
and considered to be well calibrated if the observed 
treatment failures increased as the risk of the group 
increased. In clinical practice, the HACOR score is uti-
lized as a point-based scoring system, whereas the ROX 
index is not assigned specific numerical values but is 
instead assessed using a three-tiered risk categorization 
[16]. Consequently, the calculated values are employed 
for assessing the HACOR score, whereas the ROX index 
is evaluated based on its categorization. For the HACOR 
score, patients were stratified according to individual 
score groups. Concerning the ROX index, we catego-
rized patients into three risk groups based on their ROX 
index as follows: high (ROX index < 3.85), intermediate 
(3.85 ≤ ROX index ≤ 4.88), and low (ROX index > 4.88) [4, 
16].

Comparison of the two models
The HACOR score and ROX index were compared by 
comparing the AUROC using the Delong method [17].

Sensitivity analysis
We conducted a sensitivity analysis to ensure the robust-
ness of the results of the primary and secondary outcome 
analyses. Given the subjective nature of the decision 
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to intubate, we defined clinically important intubation 
as having met at least one of the following criteria: loss 
or impaired level of consciousness (a Glasgow Coma 
Scale score of < 8), hypotension (a systolic arterial blood 
pressure of < 90  mmHg or a mean arterial blood pres-
sure of < 65  mmHg), a respiratory rate of > 40 /min, or 
hypoxia with an  SpO2 of < 92% despite an  FiO2 of 1.0 or 
a pH < 7.35, by blood gas analysis [6]. We performed the 
same analysis using clinically significant intubation or 
death within 7 days as the outcome. As part of a sensitiv-
ity analysis, we conducted the same analysis with intuba-
tion as the outcome. In addition, a sensitivity analysis was 
performed excluding facilities that used the ROX index as 
a treatment guide. Multiple imputations were performed 
for missing values using multiple imputations by chained 
equation with 50 iterations that generated 100 datasets 
for imputed missing values [18, 19]. Analyses were per-
formed using R software, version 4.1.1 (The R Founda-
tion for Statistical Computing, Vienna, Austria, https:// 
www.R- proje ct. org/).

Results
Patient characteristics
During the study period, 652 patients received HFNC 
therapy. Of these, 352 were excluded; ultimately, the data 
of 300 patients were analyzed (Fig.  1). Seventy-six per-
cent (228/300) patients were male, and the median age 
was 60 (IQR, 51–70) years. The median number of days 
from onset to hospitalization was 7 (IQR 5–10) days. 
Notably, vaccines against COVID-19 were not widely 
available in Japan for more than half of the study period 
(vaccination against COVID-19 began on February 17, 
2021), and 89% (245/276) of the patients were unvacci-
nated (Table 1). While the HACOR score did not affect 
treatment decisions at any of the facilities, the ROX index 

influenced treatment policies at two participating sites 
(Additional file 1: S1).

Treatment failure
The time to intubation was 27 (IQR 13–37) h, and 42% 
(127/300) of the patients were intubated by day 7. The 
7-day and in-hospital mortality were 2% (6/300) and 
14% (43/300), respectively. A total of 42% (127/300) 
patients experienced treatment failure (Table 2), and 45% 
(136/300) patients either required endotracheal intuba-
tion or died within 28 days (Table 2).

Predictive performance of the HACOR score and ROX index
The HACOR score and ROX index values at each time 
point are presented in Additional file  1: S2. In pri-
mary analysis, the discrimination of the HACOR score 
and ROX index at the 2-h time-point was indicated by 
AUROC values of 0.63 and 0.57 (P = 0.24), respectively. 
In the secondary analyses, the temporal changes in the 
discrimination of the HACOR score and the ROX index 
were 0.58 and 0.62 at 6 h (P = 0.045), 0.70 and 0.68 at 12 h 
(P = 0.37), 0.68 and 0.69 at 24 h (P = 0.63), and 0.75 and 
0.75 at 48  h (P = 0.84), respectively (Table  3). The sen-
sitivity and specificity at 2  h were 18% and 91% for the 
HACOR score and 3.9% and 100% for the ROX index, 
respectively (Table 4).

Calibration of the HACOR score is shown in Fig. 2. The 
figure displays an observable trend of increasing intuba-
tion rate with an increasing score, although 24% of the 
patients required intubation even when the HACOR 
score was 0 at 2 h. By contrast, Fig. 3 illustrates that the 
ROX index was not well calibrated because approxi-
mately 40%, 57%, and 53% of the patients in the low-, 
intermediate-, and high-risk groups, respectively, experi-
enced treatment failure in 2 h.

Fig. 1 Flow diagram of the study participant selection process. To achieve this enrollment, we set the research period from January 16, 2020, 
to March 31, 2022. Upon collecting cases during this period, the actual enrollment reached 300 participants. DNI: do-not-intubate

https://www.R-project.org/
https://www.R-project.org/
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Sensitivity analyses
Of the 42% (127/300) patients who were intubated within 
7 days, 80 met the criteria for clinically significant intu-
bation (Additional file  1: S3). When the outcome was 
clinically important intubation or death within 7  days, 
the discrimination of the HACOR score and ROX index 
at the 2-h time-point, the primary outcome, was indi-
cated by AUROC values of 0.65 and 0.63, respectively 
(P = 0.24). The temporal changes in the discrimination 
of the HACOR score and ROX index, the secondary 
outcome, were 0.57 and 0.65 at 6 h (P = 0.045), 0.69 and 
0.73 at 12  h (P = 0.37), 0.67 and 0.74 at 24  h (P = 0.63), 
and 0.73 and 0.76 at 48  h (P = 0.84), respectively (Addi-
tional file 1: S4). I In a sensitivity analysis using intuba-
tion as an outcome, as no deaths occurred within day 7, 
treatment failure within day 7 and intubation within day 
7 had the same results (Tables  3 and 4). The sensitivity 

Table 1 Baseline characteristics of patients with COVID-19 pneumonia treated with high-flow nasal cannula

Data are shown as n (%) or median (interquartile range). APACHE: Acute Physiology and Chronic Health Evaluation;  FiO2: fraction of inspired oxygen; SOFA: Sequential 
Organ Failure Assessment;  SpO2: oxygen saturation

Characteristic N Overall, N = 300 Non-failure, N = 173 Failure, N = 127

Age, years 300 60 (51, 70) 60 (51, 69) 61 (50, 72)

Male 300 228 (76) 130 (75) 98 (77)

Body mass index, kg/m2 286 25.2 (22.6, 29.3) 25.0 (22.6, 28.6) 25.7 (22.8, 31.7)

Hypertension 300 146 (49) 83 (48) 63 (50)

Chronic pulmonary disease 300 28 (9.3) 11 (6.4) 17 (13)

Any tumor 300 20 (6.7) 8 (4.6) 12 (9.4)

Chronic heart failure 300 13 (4.3) 9 (5.2) 4 (3.1)

Diabetes 300 75 (25) 42 (24) 33 (26)

Dementia 300 9 (3.0) 7 (4.0) 2 (1.6)

Delirium 299 9 (3.0) 5 (2.9) 4 (3.2)

Vaccination, doses 276

 0 245 (89) 138 (87) 107 (91)

 1 6 (2.2) 4 (2.5) 2 (1.7)

 2 23 (8.3) 16 (10) 7 (6.0)

 3 2 (0.7) 1 (0.6) 1 (0.9)

SOFA score 282 2 (2, 3) 2 (2, 3) 2.00 (2.00, 3.00)

APACHE2 254 9 (6, 13) 9 (6, 13) 8 (6, 12)

Heart rate, bpm/min 284 82 (72, 92) 80 (71, 91) 84 (78, 99)

Glasgow come scale 291 15 (15, 15) 15(15, 15) 15 (15, 15)

Body temperature, °C 282 37.0 (36.6, 37.8) 36.8 (36.5, 37.6) 37.2 (36.7, 38.0)

Respiratory rate, bpm/min 278 25 (21, 30) 25 (20, 30) 25 (22, 30)

SpO2 295 92 (90., 95.) 93 (91, 96) 91 (88, 93)

FiO2 280 0.75 (0.50, 0.95) 0.60 (0.44, 0.95) 0.90 (0.60, 0.95)

SpO2/FiO2 280 121 (96, 184) 145 (100, 211) 101 (93, 158)

Number of days from onset to hospitalization 300 7 (5, 10) 8 (4, 10) 6 (5, 8)

Number of days from admission to HFNC 300 0.83 (0.62, 1.65) 0.83 (0.65, 1.56) 0.84 (0.60, 1.78)

Total bilirubin, mg/dL 295 0.56 (0.43, 0.70) 0.57 (0.49, 0.72) 0.51 (0.40, 0.70)

Blood urea nitrogen, mg/dL 295 19 (14, 26) 19 (13, 24) 21 (15, 28)

Creatinine, mg/dL 294 0.81 (0.66, 1.07) 0.78 (0.63, 0.95) 0.85 (0.70, 1.15)

Platelets,  103/µL 295 169 (108, 226) 179 (89, 246) 160 (116, 220)

Table 2 Intubation, length of stay and mortality associated with 
COVID-19 patients with high-flow nasal cannula

Data are shown as n (%) or median (interquartile range)

Treatment failure was defined as either intubation or death within 7 days

*Calculated only for intubated patients

Clinical course Number Overall n = 300

Time to intubation, hour 136* 27 (13 to 72)

Intubated within day 7 300 127 (42)

Intubated within day 28 300 133 (44)

Hospital length of stay, day 300 17 (11 to 30)

7 day mortality 300 6 (2.0)

28 day mortality 300 25 (8.3)

In-hospital mortality 300 43 (14)

Treatment failure within day 7 300 127 (42)

Treatment failure within day 28 300 136 (45)
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and specificity at 2 h were 18% and 91% for the HACOR 
score and 3.9% and 100% for the ROX index, respectively 
(Table 4). The sensitivity analysis results excluding facili-
ties that used the ROX index as a treatment guide were in 
Additional file 1: S5 and S6, showing AUROCs at 2 h of 
0.64 for the HACOR score and 0.61 for the ROX index.

Discussion
Summary of the key findings
Our study showed that in Japanese patients with COVID-
19 on HFNC therapy, the HACOR score and ROX index 
had low discrimination and poor calibration at 2 h; how-
ever, their AUROC tended to increase over time. The pre-
dictive performance of the HACOR score and ROX index 
in Japanese patients with COVID-19 on HFNC therapy 
may be inadequate due to low discrimination and poor 
calibration. The novelty of our study is that in addition to 
the discriminative ability of the HACOR score and ROX 
index, we also evaluated their calibration ability. At 2 h, 
even among patients with an HACOR score of 0, approx-
imately 25% were intubated, and in evaluating the ROX 
index, even in the low-risk patient group, approximately 
40% were intubated. Calibration of the HACOR score 
may improve over time; however, no improvement was 
observed in the ROX index.

Discussion of the results in relation to previous findings
A previous study [20] has suggested the utility of the 
ROX index in predicting the failure of HFNC therapy in 
patients with COVID-19. According to a prior systematic 
review [3] that included eight cohort studies with 1301 
patients, the ROX index showed moderate ability to dis-
criminate between outcomes, with a summary AUROC 
of 0.81. However, the ability of the HACOR score to pre-
dict failure of HFNC therapy in patients with COVID-19 
receiving HFNC has only been investigated in one study 
[8].

Valencia et  al. [8] reported the discriminatory abil-
ity of the HACOR score for treatment failure after 2 h 
of HFNC therapy in patients with COVID-19. In their 
study, the HACOR score demonstrated an AUROC of 
0.71. Our data’s poorer discriminatory ability could 
be explained by several reasons. First, there were dif-
ferences in the intubation criteria, which are a part of 
the treatment failure criteria. Valencia et  al. [8] evalu-
ated the HACOR score and ROX index after 2  h of 
HFNC therapy, and if there was no improvement in the 
signs of muscle fatigue,  SaO2 (> 90%), and  PaO2/FiO2, 
endotracheal intubation was performed. The criteria 
used to determine intubation were similar to those for 
the HACOR score and the ROX index. When the index 

Table 3 The area under the receiver operating characteristic curve of each predictions

AUROC: the area under the receiver operating characteristic curve; CI: confidence interval

*Delong test

Time point HACOR score AUROC (95% CI) ROX index AUROC (95% CI) P-value* 
(HACOR versus 
ROX)

2 h 0.63 (0.54 to 0.71) 0.57 (0.51 to 0.64) 0.24

6 h 0.58 (0.49 to 0.68) 0.62 (0.55 to 0.69) 0.045

12 h 0.70 (0.62 to 0.78) 0.68 (0.62 to 0.75) 0.37

24 h 0.68 (0.58 to 0.78) 0.69 (0.61 to 0.77) 0.63

48 h 0.75 (0.64 to 0.86) 0.75 (0.65 to 0.85) 0.84

Table 4 Other discriminations of the HACOR score and ROX index

NPV: negative predictive value; PPV: positive predictive value

we evaluated the predictive performance, including sensitivity, specificity, and positive and negative predicted values, utilizing the threshold criteria, which the 
HACOR score versus those for the ROX index as follows: > 5 versus < 2.85 at 2 h; > 5 versus < 3.47 at 6 h; and > 5 versus < 3.85 at 12 h, respectively. Because of limited 
evidence regarding the cutoff points at 24 and 48 h, we employed the threshold established at 12 h

Time point HACOR score ROX index

Sensitivity Specificity PPV NPV Sensitivity Specificity PPV NPV

2 h 0.18 0.91 0.61 0.60 0.039 1 1 0.59

6 h 0.12 0.96 0.63 0.64 0.058 0.99 0.86 0.64

12 h 0.16 0.94 0.6 0.67 0.022 0.99 0.67 0.65

24 h 0.22 0.93 0.54 0.74 0.077 1 1 0.73

48 h 0.34 0.95 0.65 0.83 0.16 0.99 0.86 0.80
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test and outcome were closely related, the AUROC 
tended to be higher. In our study, owing to the nature of 
the study design, there were no standardized intubation 
criteria. This may have influenced the lower discrimi-
nation power. In the sensitivity analysis, an improve-
ment in the AUROC was observed when clinically 
important intubation criteria were used. Second, there 
is a possibility of diagnostic review bias due to the lack 
of blinding during the evaluation [21]. In prediction 
model studies, outcomes should ideally be assessed in a 
blinded manner, without prior knowledge of the predic-
tors [22]. This approach prevents the predictors from 
influencing the outcome assessment, thereby prevent-
ing biased estimation in the association between pre-
dictors and outcomes. In the study by Valencia et al. [8], 
physicians were aware of the patients’ HACOR score 
and ROX index when deciding to intubate. In such a 
setting, there is a potential for these scores to influence 
the decision-making process, leading to an overestima-
tion of reported accuracy estimates [21]. In our study, 
we performed a sensitivity analysis by excluding facili-
ties that used the ROX index as a treatment indicator. 

The results showed a trend toward improved discrimi-
nation over time, similar to the main analysis.

The lack of significant differences in the predictive 
performance of the HACOR score and ROX index at 
2-h time point could be attributed to the specific nature 
of COVID-19. In COVID-19, low oxygen levels without 
accompanying respiratory distress, increased breathing 
effort, or elevated respiratory rate are observed, a phe-
nomenon known as “happy hypoxemia [23, 24]”. Moreo-
ver, in most of our patients, the median GCS was 15 and 
the heart rate did not exceed 120 bpm (Table 1). In such 
cases, the predictive performance of the HACOR score 
may be similar to that of the ROX index. Further research 
is required to evaluate the effectiveness of the HACOR 
score in patients with COVID-19.

The predictive performance of the ROX index 
improved over time. This finding is consistent with that 
of a previous study [20]. One possible explanation for the 
improved performance of the ROX index in later time 
windows is the initial undifferentiated state of patients. 
As HFNC therapy progresses, it allows the typical course 
of COVID-19 to unfold, offering an opportunity for 

Fig. 2 Calibration of the HACOR score. Calibration of the HACOR score is shown; 27% of patients experienced treatment failure even 
when the HACOR score was 0 at 2 h. An increasing probability in treatment failure was observed with increasing scores. Treatment failure 
was defined as either intubation or death within 7 days



Page 8 of 10Okano et al. Journal of Intensive Care            (2024) 12:7 

specific treatments, such as steroids and antiviral drugs, 
to demonstrate their effectiveness [20]. Another contrib-
uting factor could be the inherent nature of predictive 
models; their accuracy typically improves when the pre-
dicted event is closer to the data’s time point. Essentially, 
more recent data tend to better reflect the current clini-
cal scenario, leading to a more precise prediction.

A higher likelihood of treatment failure was observed 
in the intermediate-risk group. Although a previous 
study [25] indicated that prophylactic intubation does 
not improve patient outcomes, our findings suggest 
that early elective intubation may have been performed 
to protect healthcare workers from potential aerosol 
transmission of COVID-19 during HFNC therapy. This 
interpretation was supported by our sensitivity analysis, 
which revealed that 47 of 127 patients were intubated 
without meeting the criteria for clinically important intu-
bation. On the other hand, the reason for the lower inci-
dence of treatment failures in high-risk group as opposed 
to intermediate-risk group remains unclear. The decision 
for intubation during a pandemic may have taken into 
account not only the risk of the ROX index, but also other 
factors such as infection control, ventilator availability, 

facility policies, and manpower [9, 10]; however, data 
supporting these factors were not recorded in this study.

Implications for clinical practice and future research
The incidence of treatment failure among patients initi-
ating HFNC therapy was 42%, and a significant number 
of patients experienced treatment failure despite having a 
HACOR score of 0 or being classified as low-risk accord-
ing to the ROX index. These groups still present risks 
that should be carefully managed, suggesting that the use 
of predictive models may not change clinical decision-
making. For example, if a patient scores 0 on the HACOR 
scale, there remains a 24% chance that they might require 
intubation. Therefore, a score of 0 does not justify over-
looking careful observation. Moreover, it may be inap-
propriate to use these models to rule out treatment 
failure. As the predictive performance of these models 
varied depending on the time-point, clinicians need to 
be mindful of the time-point score they are utilizing. 
An improved version of the HACOR score, the updated 
HACOR score [26], has been recently published, but has 
only been assessed in NIV. More accurate models need to 

Fig. 3 Calibration of the ROX index. We categorized patients into three risk groups based on their ROX index: high (ROX index < 3.85), intermediate 
(3.85 ≤ ROX index ≤ 4.88), and low (ROX index > 4.88). Calibration of the ROX index is illustrated; at 2 h, approximately 40%, 57%, and 53% of patients 
in the low-, intermediate-, and high-risk groups, respectively, experienced treatment failure, indicating that the ROX index was not well calibrated. 
Treatment failure was defined as either intubation or death within 7 days
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be developed to predict HFNC treatment failure and to 
support clinical decision-making.

Limitations
Our study had certain limitations. First, the data might 
exhibit heterogeneities. Especially, there was heterogene-
ity in the criteria for initiating HFNC therapy between 
facilities. However, external validation of predictive 
models must be performed in real-world settings. Sec-
ond, the generalizability might be limited. Although we 
analyzed data from nine centers over two years, further 
validation over different time periods and geographi-
cal locations is essential. Third, the decision to perform 
intubation was subjective. Although sensitivity analysis 
demonstrated an improved AUROC for the ROX index, 
its predictive performance remained inadequate. The 
HFNC initiation settings were not standardized across 
the participating facilities, with HFNC flow settings vary-
ing from 30 to 60 L/min. Given that HFNC flow settings 
have been reported to play an important role in physi-
ological effects, concerns remain regarding the possibil-
ity that differences in flow settings may have affected the 
results [27, 28]. However, the influence of flow settings 
could be minimal, as previous systematic reviews that 
did not account for HFNC flow settings have still dem-
onstrated reasonable predictive accuracy [20]. Fourth, 
the study design was retrospective, resulting in missing 
data. We adhered to the recommended methods for han-
dling missing data and conducted our analysis based on 
the TRIPOD guidelines [11]. Finally, in   Japan, vaccina-
tions have been administered since July 2021; therefore, 
the study included data obtained before the availability of 
vaccines, potentially limiting the generalizability of our 
findings to the current era.

Conclusions
In patients with COVID-19 managed on HFNC therapy 
in Japan, the predictive performance of the HACOR 
score and ROX index at 2 h may be inadequate.

Consequently, these models may not be reliable for 
excluding early treatment failure. However, the discrimi-
nation of both scores tended to improve over time. It is 
important for healthcare providers to consider the timing 
of score assessment, as the accuracy of these predictive 
models varied depending on when they were used.
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