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Abstract 

Background:  The respiratory rate-oxygenation (ROX) index has been increasingly applied to predict the outcome 
of high-flow nasal cannula (HFNC) in pneumonia patients with acute hypoxemic respiratory failure (AHRF). However, 
its diagnostic accuracy for the HFNC outcome has not yet been systematically assessed. This meta-analysis sought to 
evaluate the predictive performance of the ROC index for the successful weaning from HFNC in pneumonia patients 
with AHRF.

Methods:  A literature search was conducted on electronic databases through February 12, 2022, to retrieve stud-
ies that investigated the diagnostic accuracy of the ROC index for the outcome of HFNC application in pneumonia 
patients with AHRF. The area under the hierarchical summary receiver operating characteristic curve (AUHSROC) was 
estimated as the primary measure of diagnostic accuracy due to the varied cutoff values of the index. We observed 
the distribution of the cutoff values and estimated the optimal threshold with corresponding 95% confidential inter-
val (CI).

Results:  Thirteen observational studies comprising 1751 patients were included, of whom 1003 (57.3%) successfully 
weaned from HFNC. The ROC index exhibits good performance for predicting the successful weaning from HFNC 
in pneumonia patients with AHRF, with an AUHSROC of 0.81 (95% CI 0.77–0.84), a pooled sensitivity of 0.71 (95% CI 
0.64–0.78), and a pooled specificity of 0.78 (95% CI 0.70–0.84). The cutoff values of the ROX index were nearly coni-
cally symmetrically distributed; most data were centered between 4.5 and 6.0, and the mean and median values were 
4.8 (95% CI 4.2–5.4) and 5.3 (95% CI 4.2–5.5), respectively. Moreover, the AUHSROC in the subgroup of measurement 
within 6 h after commencing HFNC was comparable to that in the subgroup of measurement during 6–12 h. The 
stratified analyses also suggested that the ROC index was a reliable predictor of HFNC success in pneumonia patients 
with coronavirus disease 2019.

Conclusions:  In pneumonia patients with AHRF, the ROX index measured within 12 h after HFNC initiation is a good 
predictor of successful weaning from HFNC. The range of 4.2–5.4 may represent the optimal confidence interval for 
the prediction of HFNC outcome.
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Background
Pneumonia complicated with acute hypoxemic respira-
tory failure (AHRF) is a severe disease in the intensive 
care unit (ICU). High-flow nasal cannula (HFNC) has 
been demonstrated as an effective respiratory support 
to prevent intubation in such population [1–4]. Through 
delivering a high flow of warmed humidified gas, HFNC 
generates a series of physiological effects on the respira-
tory function, including dead-space washout, generation 
of positive airway pressure, increase in end-expiratory 
lung volume, and reduction of work of breathing [5–8]. In 
this regard, HFNC can be implemented as an alternative 
to invasive mechanical ventilation (IMV) in some cases. 
However, one great concern on the application of HFNC 
should be highlighted, that is potentially delayed intuba-
tion, which was reported to be associated with prolonged 
duration of IMV and worse prognosis [9]. Hence, it is 
necessary to discriminate against those AHRF patients 
who will succeed with HFNC and those who will fail, as 
early as possible.

Recently, the respiratory rate-oxygenation (ROX) 
index, defined as the ratio of pulse oximetry (SpO2)/
fraction of inspired oxygen (FiO2) to respiratory rate 
(RR), was proposed to predict the outcome of HFNC in 
pneumonia patients with AHRF [10, 11]. In recent years, 
more and more evidence suggests the predictive ability of 
the ROX index for the outcome of HFNC in pneumonia 
patients with AHRF [12–14]. However, the diagnostic 
accuracies and the optimal threshold values of the ROX 
index largely varied across these studies. Given that the 
predictive performance of the ROX index has not yet 
been systematically evaluated, we conducted this sys-
tematic meta-analysis to assess the diagnostic accuracy 
of the ROX index for the successful weaning from HFNC 
in pneumonia patients with AHRF. Furthermore, we also 
estimated the range of the optimal threshold value.

Method
This systematic meta-analysis was conducted in accord-
ance with the Preferred Reporting Items for a Systematic 
Review and Meta-analysis of Diagnostic Test Accuracy 
[15]. The study protocol was registered at the interna-
tional prospective register of systematic reviews (PROS-
PERO, CRD42021274788) before study initiation.

Data sources and search strategy
The PubMed, Embase, Web of Science, and Cochrane 
Library were systematically searched through August 24, 
2021, by two independent authors (Zhou X and Liu J) in 
our review team to retrieve studies that evaluated the 
diagnostic accuracy of the ROX index for the success or 
failure of HFNC application in pneumonia patients with 

AHRF. We conducted a secondary search on February 
12, 2022, to add the latest literatures. The search strat-
egies are presented in Additional file  1. We also manu-
ally searched the bibliographies of relevant publications 
to further identify relevant literature. This meta-analysis 
had no date or language restriction.

Criteria for inclusion and exclusion
To minimize the heterogeneities among the included 
studies, we established stringent eligibility criteria to 
screen candidate studies. The inclusion criteria included: 
(1) observational or randomized studies that enrolled 
pneumonia adults (age > 18 years) with AHRF who were 
initiated on HFNC after conventional oxygen therapy 
failure; (2) whether patients succeed in weaning from 
HFNC was considered as the reference index; (3) the 
ROX index was measured within 12  h after the HFNC 
onset and considered as the index test, and; (4) studies 
reported sufficient information to construct a 2 × 2 con-
tingency table. Candidate studies were ineligible if they 
met one of the following criteria: (1) studies on patients 
who did not receive HFNC, patients who received non-
invasive mechanical ventilation (NIV) before the HNFC 
onset, or patients who received HFNC after extubation; 
(2) studies did not report data on the sensitivity or speci-
ficity that was identified by the maximum of Youden 
index; (3) studies measured the ROX index after 12 h of 
HFNC onset; (4) studies with a sample size of less than 
30, or; (5) conference abstracts without a full text.

Definition
The ROX index was defined as the ratio of SpO2/FiO2 
to RR, and the HFNC success was defined as the suc-
cessful weaning from HFNC. The HFNC failure and 
the criteria for diagnosing AHRF and indicating HFNC 
application were defined by the authors in the included 
trials. According to the previous publications [13, 14], we 
predefined AHRF as the presence of a RR more than 25 
breaths/min with SpO2 less than 92%, and/or the arte-
rial oxygen partial pressure (PaO2) to FiO2 ratio less than 
300 despite conventional oxygen therapy at 10 L/min. We 
also predefined HFNC failure as escalation to mechanical 
ventilation (non-invasive or invasive) or death.

Study selection and data extraction
All searched records were initially checked for dupli-
cates. After deduplication, two authors (Pan J and Xu 
Z) independently reviewed the title and abstract of the 
remaining records for eligibility. And then, they indepen-
dently read the full text of candidate articles to determine 
whether they met the inclusion criteria or not. A third 
reviewer (Xu J) participated in the discussion to adjudi-
cate any disagreements between the two reviewers. We 
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recorded the reasons for precluding ineligible studies in 
detail in the Additional file 2: Table S1.

The same two independent authors (Pan J and Xu Z) 
pre-customized two extraction forms (the baseline char-
acteristics form and the diagnostic accuracy form) to 
extract associated data from each included study. The 
baseline characteristics included the study characteristics 
and patient characteristics. The diagnostic accuracy form 
recorded the area under the receiver operating character-
istic (ROC) curve (AUROC), the cutoff value of the ROX 
index, and the sensitivity and specificity. In studies that 
measured the ROX index at multiple time points within 
12 h after the HFNC onset, we included one of the mul-
tiple measurements (with the largest value of sensitivity 
plus specificity) in the primary analysis. The same had 
been done in the subgroup analyses of measurements 
within 6 h and during 6–12 h after the HFNC onset. To 
construct a 2 × 2 contingency table, we computed the 
true positive, false positive, false negative, and true nega-
tive values according to the sensitivity, specificity, and 
sample size in each included study. In those studies that 
did not report such data, we returned to the original ROC 
curve to determine the optimal cutoff point, which repre-
sents the maximum of the sensitivity plus the specificity, 
and estimated corresponding sensitivity and specific-
ity, otherwise we contacted the authors to inquire about 
the missing data of interest. Disagreements between the 
two reviewers were resolved by a joint review to reach a 
consensus.

Quality assessment
Two authors (Zhou X and Liu J) in our review team inde-
pendently evaluated the methodological quality of each 
included study using the Quality Assessment of Diag-
nostic Accuracy Studies (QUADAS)-2 tool [16]. Disa-
greements were resolved by consensus. The QUADAS-2 
tool consists of two parts of assessment: the risk of bias 
and applicability concerns. The risk of bias assessment 
involves four domains: the patient selection, index test, 
reference standard, and flow and timing. Assessment of 
applicability concerns on the first three domains is also 
required.

Statistical analysis
Before data synthesis, we plotted estimates of the paired 
observed sensitivities and specificities from each study on 
forest plot and ROC space to detect the variations in the 
diagnostic accuracy between studies [17]. The between-
study variations were expected because the patient and 
study characteristics and the cutoff values of the ROX 
index largely varied across included studies. We adopted 
the hierarchical summary ROC (HSROC) model to fit 
an HSROC curve and used the random-effect bivariate 

model, which takes into account the possible correla-
tion between sensitivity and specificity, to summary the 
pooled sensitivity, specificity, and diagnostic odds ratio 
(DOR) along with corresponding 95% confidence inter-
vals (CI) [18]. Publication bias was assessed by using 
Deeks’ funnel plot asymmetry test [19]. Statistical analy-
ses were conducted using Stata/SE 15.0 software with the 
MIDAS and METANDI modules (Stata-Corp, College 
Station, TX, USA). A two-tailed P < 0.05 indicated statis-
tical significance.

Heterogeneity within studies was assessed by Cochran’s 
Q test and I2 statistics, and the threshold effect was eval-
uated graphically by visual inspection of the HSROC 
curve and statistically by calculating the Spearman corre-
lation coefficient between the logit of sensitivity and the 
logit of 1-specificity [20]. Due to the expected threshold 
effect in this meta-analysis, we reported the area under 
the HSROC curve (AUHSROC) as the primary measure 
of diagnostic accuracy [18]. Theoretically, it is unreason-
able to pool the sensitivity and specificity as measures 
of diagnostic accuracy because estimates for a certain 
notional unspecified average of different thresholds are 
clinically uninterpretable [17, 18]. To overcome this limi-
tation, we estimated the optimal threshold value of the 
ROX index by observing the distribution, dispersion, 
central tendency, and extremum of the cut-off values as 
well as calculating the mean and median cut-off values. 
Meanwhile, we constructed a Bayesian nomogram to cal-
culate the post-test probability to facilitate the interpreta-
tion of the findings.

Since the measurement time might affect the diagnos-
tic accuracy of the ROX index, we conducted a subgroup 
analysis to observe the difference of diagnostic accuracy 
between measurement within 6 h and measurement dur-
ing 6–12 h after HFNC initiation. Stratified analyses were 
also performed based on the type of pneumonia [coro-
navirus disease 2019 (COVID-19) or not] and the study 
design (prospective or retrospective). Given that several 
included studies had no explicit definition of AHRF, we 
conducted a sensitivity analysis to confirm the stability of 
the results by restricting the analysis to studies that met 
our criteria for diagnosing AHRF.

Results
Study selection
A total of 1906 citations were identified from elec-
tronic databases and additional 21 records were manu-
ally searched from previous publications. The secondary 
search identified 355 additional records. After deduplica-
tion and excluding irrelevant citations, we reviewed the 
full text of the remaining 58 records carefully. Finally, 
thirteen studies [10, 12, 13, 21–30] were deemed as 
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eligible and included in this meta-analysis. The PRISMA 
flowchart of study inclusion is presented in Fig. 1.

Baseline characteristics
Among the 13 included studies, six [10, 12, 13, 21, 29, 
30] were prospectively designed and 7 [22–28] were ret-
rospectively designed, and 10 [12, 21–28, 30] recruited 

AHRF patients with COVID-19-associated pneumonia. 
The sample size ranged from 30 to 324. Five studies [13, 
21, 23, 24, 27] reported the PaO2/FiO2 ratio at baseline 
which ranged from 68 to 194  mmHg. The durations 
of HFNC application were largely different among the 
included studies, which ranged from 16.2 h to 3 days in 
the failure group and from 41.5 to 242  h in the success 

Fig. 1  Flowchart of the study selection in this study. HFNC high-flow nasal cannula, NIV non-invasive ventilation



Page 5 of 14Zhou et al. BMC Pulmonary Medicine          (2022) 22:121 	

group. Nine studies [10, 12, 13, 21, 24, 25, 27, 29, 30] 
explicitly defined the criteria to diagnose AHRF or indi-
cate HFNC application. Of note, the criteria for suggest-
ing HFNC application in one study [12] did not fulfill 
the criteria to diagnose AHRF in our study. The remain-
ing 4 studies [22, 23, 26, 28] did not report the definition 
of AHRF. Ten studies [12, 21–28, 30] reported the ROX 
index with available diagnostic accuracy that measured 
within 6 h after the HFNC onset, and seven studies [10, 
13, 22, 23, 26, 29, 30] reported the ROX index with avail-
able diagnostic accuracy that measured during 6–12  h 
after the HFNC onset. Details on the baseline charac-
teristics and the diagnostic accuracy are presented in 
Table 1 and Additional file 2: Tables S2 and S3.

Methodological quality
Overall, none of the included studies was judged as hav-
ing a high methodological quality. Three studies [13, 
22, 26] were at high risk of bias in the patient selection 
because of the inappropriate exclusion of patients who 
were transitioned to non-invasive mechanical ventila-
tion (NIV) after HFNC failure, which might result in a 
reduced rate of HFNC failure. As the severe shortage of 
medical devices might affect the decision to intubate, the 
study by Duan et al. [23] was judged as having a high risk 
of bias in the reference standard domain. Notably, two 
studies [12, 13] had a high applicability concern on the 
patient selection. One [12] enrolled subjects who did not 
meet the definition criteria of AHRF in this meta-analy-
sis, and a small part of patients in the other one [13] had 
no diagnosis of pneumonia. The methodological quality 
of each included study is summarized in Table 2.

Primary analysis of the diagnostic accuracy of the ROX 
index
Among the 1751 patients enrolled in the 13 studies, 
1003 (57.3%) successfully weaned from HFNC. Signifi-
cant between-study heterogeneities were found with 
a Cochran Q statistic of 40.849 (P < 0.001) and an over-
all I2 of 95%. All the heterogeneities likely resulted from 
the threshold effect that was confirmed by visual inspec-
tion of the HSROC curve (Fig. 2) and the Spearman cor-
relation coefficient (ρ = − 1.0). Overall, the ROX index 
measured within 12  h after the HFNC onset exhibits 
good performance for predicting the successful wean-
ing from HFNC in pneumonia patients with AHRF, with 
an AUHSROC of 0.81 (95% CI 0.77–0.84), a DOR of 
8.3 (95% CI 6.4–10.8), a pooled sensitivity of 0.71 (95% 
CI 0.64− 0.78), and a pooled specificity of 0.78 (95% CI 
0.70–0.84) (Table  3 and Fig.  3). All included studies 
reported the cutoff value of the ROX index, which var-
ied from 2.7 to 5.99. As shown in the scatter plot (Fig. 4), 
the cutoff values of the ROX index were nearly conically 

symmetrically distributed and most data were centered 
between 4.5 and 6.0. The mean and median cutoff val-
ues were 4.8 (95% CI 4.2–5.4) and 5.3 (95% CI 4.2–5.5), 
respectively.

A Bayes nomogram (Additional file  2: Fig. S1) was 
constructed to facilitate the interpretation of the find-
ings. Based on the estimated rate of HFNC success in 
this meta-analysis, if an average-risk population has an 
assumed pretest probability of HFNC success of 60%, the 
probability of HFNC success will increase to 83% when 
the test result is positive and decrease to 36% when the 
test result is negative. The Deeks’ funnel plot asymmetry 
test suggested no significant publication bias (P = 0.12) 
(Additional file 2: Fig. S2).

Subgroup analyses and sensitivity analysis
In the subgroup analyses, the diagnostic accuracy of the 
ROX index that measured within 6  h after the HFNC 
onset was comparable to that of measurement during 
6–12  h after the HFNC onset (Additional file  2: Figs. 
S3–S6). The stratified analyses also suggested that the 
ROC index was a reliable predictor of HFNC success in 
patients with COVID-19-associated pneumonia, with 
an AUHSROC of 0.79 (95% CI 0.75–0.82) (Additional 
file 2: Figs. S7 and S8). The mean and median cutoff val-
ues were 4.9 (95% CI 4.2–5.6) and 5.3 (95% CI 4.2–5.5), 
respectively (Table  3). The study design might have no 
impact on the diagnostic accuracy of the ROX index. 
After excluding five studies [12, 22, 23, 26, 28] that did 
not meet our AHRF definition criteria, the AUHSROC in 
the sensitivity analysis was similar to that in the primary 
analysis (Table 3), indicating the robustness of the results.

Discussion
This systematic meta-analysis demonstrated that the 
ROX index performed well in predicting the success-
ful separation from HFNC in pneumonia patients with 
AHRF, irrespective of the measurement within 6  h or 
during 6–12 h after the HFNC onset. The outcome of the 
HFNC application may be not predicted reliably when 
the measured ROX index is between 4.2 and 5.4, which 
may represent the optimal confidence interval for the 
prediction of HFNC outcome. In addition, the ROX index 
is also a good predictor of HFNC outcome in patients 
with AHRF related to COVID-19 pneumonia. These 
findings suggest the necessity to dynamically monitor the 
ROX index during the early period of HFNC application.

Recently, marked variability in the timing of intuba-
tion for patients with AHRF was observed among differ-
ent ICUs [31], and late intubation was associated with a 
worse prognosis in AHRF patients treated with HFNC [9, 
32]. Thus, it is always a point of special interest for physi-
cians to explore when to intubate patients who will fail 
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on HFNC. Based on the significant association between 
some respiratory variables (such as SpO2, PaO2/FiO2, and 
RR) and HFNC failure [33, 34], Roca et al. [10] proposed a 
new variable, termed as ROX index (i.e., the (SpO2/FiO2)/
RR ratio), and validated its ability to predict HFNC suc-
cess in pneumonia patients with AHRF [14]. Afterward, 
numerous studies confirmed the predictive value for the 
outcomes of HFNC in the same population. Through sys-
tematically searching the literature and pooling the cur-
rently available data, this meta-analysis concluded that 
the ROX index exhibits good performance for predicting 
the successful weaning from HFNC with high specific-
ity (true negative), indicating a high value for identifying 
those patients who will suffer from HFNC failure.

In this study, we chose the ROX index that measured 
within 12 h, but not after 12 h, of HFNC initiation as the 
index test because the duration of HFNC in the HFNC 
failure group varied from 16.2 h to 3 days (Table 1). Thus, 
measurement after 12 h of HFNC initiation may be inap-
propriate because a considerable part of patients were 
intubated before measuring the ROX index. One may 
raise a question that when is the optimal measurement 
time for the ROX index to predict the outcome of HFNC. 
Several studies [10, 13, 14, 24, 26] found a significant 
improvement in the ROX index overtime after the use of 
HFNC, and the changes of the ROX index over time in 
the HFNC success group were obviously greater than that 

in the HFNC failure group. Thus, it may be reasonable to 
assume that the diagnostic accuracy of the ROX index 
will be also improved over time within 12 h after HFNC 
initiation. However, the subgroup analyses in this meta-
analysis suggested a comparable diagnostic accuracy 
between the measurement within 6 h and the measure-
ment during 6–12  h after HFNC application. In reality, 
it is not always true that the ROX index will be increased 
over time after the use of HFNC. In recently published 
studies [12, 22, 23], the ROX index did not change sig-
nificantly after the use of HFNC in both the success and 
failure groups. The potential explanation for this phe-
nomenon may be that the subjects included in these 
studies [12, 22, 23] had better oxygenation. For instance, 
the PaO2/FiO2 ratio at baseline in the study by Duan et al. 
[23] was higher than that in the studies by Goh et al. [13] 
and Hu et al. [24] (Table 1). It seems to be theoretically 
reasonable that the ROX index in patients with relatively 
better oxygenation before HFNC initiation maybe not 
well-responsive to the use of HFNC. In this considera-
tion, we speculate that whether the diagnostic accuracy 
of the ROX index can be improved over time depends on 
the baseline oxygenation, and this hypothesis should be 
verified in future researches.

Because the ROX index consists of three commonly 
used respiratory variables that can be easily obtained 
and repeatedly monitored without requiring complex 

Table 2  Assessment of methodological quality of each study

   low risk;    high risk; ? unclear risk
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monitoring devices, it thus has become a routine moni-
toring parameter in patients treated with HFNC. In a 
realistic clinical decision-making scenario, using a single 
cutoff value seemly cannot meet the demand to predict 
the HFNC outcome. For instance, if the measured ROX 
index is slightly higher or lower than the cutoff value, it 
is difficult to determine which population will succeed 
or fail on HFNC. To overcome this limitation, we applied 
the ‘confidence interval’ approach to avoid the binary 
constraint of a “black-or-white” decision of the ROC 
curve and fit the reality of clinical or screening practice 
[35]. After observing the distribution, dispersion, and 
central tendency of the cut-off values, we estimated the 
optimal cutoff value and its corresponding confidence 
interval. The estimated mean cutoff value was 4.8, which 

was similar to the cutoff value in the study by Roca et al. 
[10], and its 95% CI range (4.2–5.4) was narrow and 
similar to that of the median value (4.2–5.5), indicating 
a robust confidence interval for the prediction of HFNC 
outcome. Therefore, a decision-making algorithm can be 
established: (1) if the measured ROX index is greater than 
5.4, the patient is expected to have a high chance of suc-
cess; (2) if it is less than 4.2, the patient is at high risk of 
HFNC failure and should be considered to require esca-
lation of respiratory support; (3) if the measured ROX 
index is between 4.2 and 5.4, the HFNC outcome cannot 
be predicted reliably. In this case, a repeated measure-
ment is suggested.

Consistent with the results of the meta-analysis 
by Prakash et  al. [36], the subgroup analysis in the 

Fig. 2  HSROC curve of the ROX index for predicting the successful weaning from HFNC. The area under the hierarchical summary receiver 
operating curve was 0.81 (95% CI 0.77–0.84). The size of the circles indicates the weight of each individual study. HSROC hierarchical summary 
receiver operating characteristic, ROX respiratory rate-oxygenation, HFNC high-flow nasal cannula
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current study also revealed the discriminating power 
of the ROX index for predicting the HFNC outcome 
in COVID-19 patients. However, this current study 
has two main advantages over the previous one [36]. 
First, we conducted a comprehensive literature search 
to avoid missing literature, and 10 studies regarding 
COVID-19 patients were included. As we know, one 
study [23] was missed in their meta-analysis. Incom-
plete data syntheses might reduce the credibility of 
their evidence to some extent. Second, directly pool-
ing sensitivities and specificities are unreasonable in 
the absence of a specified average of different thresh-
olds because of a possible misleading interpretation 
of the clinical significance of the ROX index [17, 18]. 
Thus, we initially estimated the optimal cutoff value 
and corresponding 95% CI and used the AUHSROC 
as the primary measure of diagnostic accuracy. How-
ever, these procedures are lacking in the previous study 
[36]. Despite these strengths, our study still has several 

limitations. Firstly, some interesting subgroup analyses 
were not performed because of the limited number of 
related studies. For instance, the settings (ICU or not) 
and the baseline oxygenation (such as the PaO2/FiO2 
ratio) may be associated with the diagnostic accuracy 
of the ROX index. Secondly, none of the included stud-
ies had a high methodological quality, and the varied 
patient and study characteristics partially contributed 
to the substantial heterogeneities among the included 
studies. The methodological shortcoming might intrin-
sically lead to a potential bias in our results, and the 
significant heterogeneities might represent a challenge 
to the reliability of our evidence. Thirdly, our study has 
a main clinical restriction that the current findings are 
only applicable to pneumonia patients with AHRF in 
whom the ROX index was measured within 12 h after 
the HFNC onset. The diagnostic value of the ROX 
index is unclear for those patients with others etiolo-
gies related to AHRF.

Fig. 3  Forest plot of sensitivity and specificity of the ROX index for predicting the successful weaning from HFNC. ROX respiratory rate-oxygenation, 
HFNC high-flow nasal cannula
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Conclusion
In pneumonia patients with AHRF, the ROX index, 
measured within 6 h or during 6–12 h after HFNC ini-
tiation, exhibits good performance for predicting the 
successful weaning from HFNC, and the confidence 
interval of the ROX index for the prediction of HFNC 
outcome may be reliable in the range of 4.2–5.4. Given 
the low methodological quality of the included studies, 
more studies with high methodological quality are war-
ranted to validate the applicability of the ROX index in 
the future.
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