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Abstract
Objectives To investigate the indications of high-flow nasal cannula (HFNC) oxygen therapy among patients with mild 
hypercapnia and to explore the predictors of intubation when HFNC fails.
Methods This retrospective study was conducted based on the Medical Information Mart for Intensive Care IV (MIMIC-IV) 
database. Adult patients with mild hypercapnia (45 <  PaCO2 ≤ 60 mmHg) received either HFNC or non-invasive ventilation 
(NIV) oxygen therapy. Propensity score matching (PSM) was implemented to increase between-group comparability. The 
Kaplan–Meier method was used to estimate overall survival and cumulative intubation rates, while 28-day mortality and 48-h 
and 28-day intubation rates were compared using the Chi-squared test. The predictive performances of HR/SpO2 and the 
ROX index (the ratio of  SpO2/FiO2 to respiratory rate) at 4 h were assessed regarding HFNC failure, which was determined 
if intubation was given within 48 h after the initiation of oxygen therapy. The area under the receiver operating characteristic 
curve (AUC) for HR/SpO2 and the ROX index were calculated and compared.
Results A total of 524,520 inpatient hospitalization records were screened, 106 patients in HFNC group and 106 patients in 
NIV group were successfully matched. No significant difference in 48-h intubation rate between the HFNC group (the treat-
ment group) and the NIV group (the control group) (14.2% vs. 8.5%, p = 0.278); patients receiving HFNC had higher 28-day 
intubation rate (26.4% vs. 14.2%, p = 0.029), higher 28-day mortality (17.9% vs. 8.5%, p = 0.043), and longer ICU length of 
stay (4.4 vs. 3.3 days, p = 0.019), compared to those of NIV group. The AUC of HR/SpO2 at 4 h after the initiation of HFNC 
yielded around 0.660 for predicting 48-h intubation, greater than that of the ROX index with an AUC of 0.589 (p < 0.01).
Conclusion Patients with impending respiratory failure had lower intubation rate, shorter ICU length of stay, and lower mor-
tality when treated mild hypercapnia with NIV over HFNC. As opposed to the ROX index, a modest, yet improved predictive 
performance is demonstrated using HR/SpO2 in predicting the failure of HFNC among these patients.
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Introduction

High-flow nasal cannula (HFNC) oxygen therapy has been 
widely applied, delivering a heated and humidified high-flow 
air-oxygen mixture, which has been shown to outperform 
conventional oxygen therapy [1–3]. Several clinical trials 
have suggested that the effect of HFNC in patients with 
hypoxemia is not inferior to that of non-invasive ventila-
tion (NIV) [4–6]. However, only a few studies have reported 
that HFNC can achieve the same therapeutic effect as NIV 
among patients with mild hypercapnia [7, 8]. Whether 
HFNC can replace NIV in treating mild hypercapnia is still 
unclear, while predictors at an early stage for the outcome 
of oxygen therapy remain to be explored.

This study retrospectively analyzed patients derived 
from the Medical Information Mart for Intensive Care IV 
(MIMIC-IV) database to investigate the indications of 
HFNC for patients with mild hypercapnia. The predictive 
performance of physiological parameters for the outcome 
of high-flow therapy was also evaluated.

Methods

Patients

Patients admitted to ICU from 2008 to 2019 were identi-
fied in the MIMIC-IV database. The inclusion criteria 
were as follows: over 18 years old; with mild hypercapnia 
(45 <  PaCO2 ≤ 60 mmHg) before HFNC or NIV. The exclu-
sion criteria were as follows: tracheotomy; without intu-
bation plan; having received both HFNC and NIV before 
intubation.

Source of Data and Ethics Approval

This retrospective study was conducted based on the 
MIMIC-IV database [9], consisting of comprehensive and 
high-quality data of patients admitted to the intensive care 
unit (ICU) at the Beth Israel Deaconess Medical Center 
between 2008 and 2019 with pre-existing institutional 
review board approval. One author (QZ) obtained access to 
the database and was responsible for data extraction.

Study Design

Patients were treated with either HFNC or NIV (continu-
ously or intermittently). The following data were extracted 
from the database: age, sex, body mass index (BMI), 

diagnosis and chronic comorbidities, Charlson Comorbid-
ity Index, Simplified Acute Physiology Score II (SAPS-II) 
at ICU admission, physiological parameters at baseline and 
within 24 h after the initiation of oxygen therapy, as well 
as outcome measures including 28-day mortality, 48-h and 
28-day intubation rates, and length of stay in ICU and in 
hospital. Patients were matched using a propensity score 
model. Treatment outcomes regarding mortality, intubation 
rates, and length of stay between the HFNC group (the treat-
ment group) and the NIV group (the control group) were 
compared after propensity score matching (PSM).

HR/SpO2 (the ratio of heart to pulse oxygen saturation) 
at 4 h was used as a predictor for high-flow treatment fail-
ure, defined as receiving intubation within 48 h after the 
initiation of the treatment. Its predictive performance was 
compared with the 4-h ROX index (the ratio of  SpO2/FiO2 to 
respiratory rate) using the area under the receiver operating 
characteristic curve (AUC).

Statistical Analysis

Variables with normal distributions were presented as means 
(SD) and were compared by independent samples t test. 
Non-normally distributed variables were reported as medi-
ans [IQR], where the Mann–Whitney U test was used. Cat-
egorical variables were described as percentages and were 
compared using the Chi-squared test or Fisher's exact test, 
when appropriate. The Kaplan–Meier method was applied 
to estimate the overall survival rate and cumulative intuba-
tion rate.

Missing values were imputed by Multivariate Imputa-
tion by Chained Equations, following which a multivariate 
logistic regression model incorporating was constructed to 
estimate a patient’s propensity score for receiving HFNC. 
1:1 nearest neighbor matching with a caliper width of 0.1 
was then applied [10].

All statistical analyses were performed with R (version 
3.6.1), and a p value less than 0.05 was considered statisti-
cally significant.

Results

A total of 524,520 hospitalization records were screened 
and 379 patients were included in this study, of which 133 
patients received HFNC and 246 patients received NIV. 
After propensity score matching, there were 106 patients 
in the HFNC group and 106 patients in the NIV group, 
with a mean age of 68.8 and 66.1 years old, respectively. 
 PaCO2 before oxygen therapy was 49.8 [46.8, 57.5] mmHg 
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in the HFNC group and 48.8 [46.5, 56.5] mmHg in the NIV 
group. No statistically significant differences were identified 
in baseline characteristics regarding age, sex, BMI, diagno-
sis and chronic comorbidities, SAPS II, and Charlson score 
between the two groups (all p > 0.05).

There was no significant difference in 48-h intubation rate 
between the HFNC group and the NIV group after PSM 
(14.2% vs. 8.5%, p = 0.278). However, patients on HFNC 
appeared to have higher 28-day intubation rate (26.4% vs. 
14.2%, p = 0.029), had higher 28-day mortality (17.9% vs. 
8.5%, p = 0.043), and stayed longer in ICU (4.4 vs. 3.3 days, 
p = 0.019) as opposed to those receiving NIV therapy 
(Table 1 and Fig. 1).

Heart rate and respiratory rate at 12 h in the HFNC group 
significantly decreased as compared with those at baseline 
(91.2 vs. 96.0 and 21.7 vs. 22.3, both p < 0.05).  PaCO2 at 
24 h in the HFNC group significantly decreased compared 
to that at baseline (45.9 vs. 49.8 mmHg, p < 0.05), while in 
the NIV group,  PaCO2 at 12 h was significantly lower than 
that at baseline (46.0 vs. 48.8 mmHg, p < 0.05). (Table 2 
and Fig. 2).

No significant difference in 48-h intubation rate between 
the HFNC group (the treatment group) and the NIV group 
(the control group) (14.2% vs. 8.5%, p = 0.278); patients 
receiving HFNC had higher 28-day intubation rate (26.4% 
vs. 14.2%, p = 0.029), higher 28-day mortality (17.9% 
vs. 8.5%, p = 0.043), and longer ICU length of stay (4.4 
vs. 3.3 days, p = 0.019), compared to those of NIV group 
(Fig. 3).

Regarding the prediction for 48-h intubation among 
patients in the HFNC group, the AUC of HR/SpO2 at 4 h 
after HFNC is greater than that of the ROX index (0.660 
vs. 0.589, p < 0.01) (Table 3 and Fig. 3). An optimal cut-off 
point of HR/SpO2 with a value of 1.08 was determined by 
the Youden index, resulting in a sensitivity of 57.1% and a 
specificity of 73.6% (Fig. 4).

Continuous variables were compared by independent 
samples t test or Mann–Whitney U test, while categorical 
variables were compared using Chi-squared test or Fisher's 
exact test, when appropriate.

Discussion

High-flow oxygen therapy provides constant airflow and 
oxygen concentration, which has been found more effective 
than conventional oxygen therapies such as nasal catheter 
and mask oxygen [11–13]. For patients with mild to moder-
ate hypoxemia, the effect of HFNC is not inferior to that of 
NIV [5, 6]. Previous physiological studies have illustrated 

that high-flow airflow can wash the nasopharyngeal dead 
space and produce a low level of 3–6  cmH2O positive end-
expiratory pressure [14–16], which is the theoretical basis 
for HFNC in the treatment of mild hypercapnia. A few stud-
ies have suggested that HFNC can replace NIV for patients 
with hypercapnia [17, 18], while it is generally not applica-
ble to severe type 2 respiratory failure. However, the small 
sample sizes in these studies have left the specific indica-
tions for HFNC in the treatment of hypercapnia unclear.

More than 500,000 patients with MIMIC-IV data were 
screened and 379 patients with mild hypercapnia receiving 
either HFNC or NIV were included in our study. Twenty-
eight-day intubation rate and 28-day mortality in the HFNC 
group were higher than those in the NIV group after pro-
pensity score matching. Furthermore, the ICU length of 
stay in the HFNC group was longer than that in the NIV 
group. The insignificant difference in 48-h intubation rate 
between the two groups may be a result of the insufficient 
event cases. Previous studies have shown that the effect of 
HFNC outperforms conventional oxygen therapy for patients 
with hypercapnia [19, 20] and home-based HFNC can also 
improve the quality of life for patients with stable chronic 
obstructive pulmonary disease [21].

Our retrospective study demonstrates that HFNC can 
reduce  PCO2 and increase  PO2 in patients with mild hyper-
capnia within a short period of treatment (24 h), as effective 
as non-invasive ventilator. However, during a longer period, 
from 7 to 28 days, the intubation rate and mortality of the 
two groups were different and the effect of the HFNC group 
was inferior to the NIV group. In addition to  PO2 and  PCO2, 
there are many other factors which can lead to intubate, such 
as the occurrence of underlying disease progression (malig-
nancy, chronic kidney disease, etc.), infection, heart failure, 
and shock. Therefore, the intubation rate may not be com-
pletely consistent with the change of PCO2 within a short 
period of treatment. Due to limited retrospective data, blood 
gas analysis only recorded changes within 24 h of treatment 
initiation in both groups in our study. However, the differ-
ence in intubation rate between the two groups was at 48 h 
and 28 days. Thus, it may suggest that a short period (24 h) 
of improvement in blood gas analysis is insufficient to indi-
cate that the patient’s treatment is effective and that a longer 
period of close observation is needed.

Nevertheless, our results indicate that HFNC cannot 
replace non-invasive ventilator for patients with mild hyper-
capnia, although it could be an alternative for patients with 
poor tolerance to non-invasive ventilation. Nearly half of 
the patients with HFNC failure were intubated within 48 h 
of treatment [5, 6], while increased mortality was found 
among patients with delayed intubation due to HFNC failure 
in a retrospective study [22]. In our study, the differences in 
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Table 1  Baseline data and prognosis of patients with mild hypercapnia in the two groups

Before PSM After PSM

All HFNC group NIV group p value All HFNC group NIV group p value

Diagnosis and chronic comorbidities
 Hyperten-

sion, n 
(%)

259 (68.34) 79 (59.40) 179 (72.76) 0.003 114 (53.77) 54 (50.94) 61 (57.55) 0.518

 Diabetes 
mellitus, n 
(%)

103 (27.18) 19 (14.29) 83 (33.74)  < 0.001 33 (15.57) 12 (11.32) 21 (19.81) 0.267

 COPD, n 
(%)

119 (31.40) 34 (25.56) 84 (34.15) 0.061 47 (22.17) 22 (20.75) 25 (23.58) 0.846

 Conges-
tive heart 
failure, n 
(%)

170 (44.85) 46 (34.59) 123 (50.00) 0.001 58 (27.36) 28 (26.42) 30 (28.30) 0.856

 Myocardial 
infarction, 
n (%)

37 (9.76) 16 (12.03) 21 (8.54) 0.278 19 (8.96) 11 (10.38) 8 (7.55) 0.779

 Chronic 
kidney 
disease, n 
(%)

126 (33.25) 30 (22.56) 94 (38.21) 0.001 40 (18.87) 17 (16.04) 23 (21.70) 0.410

 Leukemia, 
n (%)

8 (2.11) 2 (1.50) 5 (2.03) 0.923 6 (2.83) 3 (2.83) 3 (2.83) 1.000

 Strokes, n 
(%)

12 (3.17) 7 (5.26) 5 (2.03) 0.123 8 (3.77) 8 (7.55) 6 (5.66) 0.228

 Cancer, n 
(%)

95 (25.07) 43 (32.33) 53 (21.54) 0.013 51 (24.06) 30 (28.30) 21 (19.81) 0.258

 Liver 
disease, n 
(%)

38 (10.03) 11 (8.27) 26 (10.57) 0.571 10 (4.72) 7 (6.60) 3 (2.83) 0.442

Baseline data
 Age 67.6 [57.7, 

78.2]
68.9 [57.3, 78.9] 66.8 [58.0, 77.4] 0.525 67.6 [56.9, 

78.6]
68.8 [57.9, 

79.5]
66.1 [56.2, 

77.2]
0.392

 Male 196 (51.7) 77 (57.9) 119 (48.4) 0.096 114 (53.8) 60 (56.6) 54 (50.9) 0.491
 BMI 32.3 (12.0) 28.1 (7.5) 34.7 (13.3)  < 0.001 28.9 (8.4) 28.3 (7.7) 29.4 (9.1) 0.402
 Charlson 

score
6.0 [4.0, 8.5] 5.0 [4.0, 8.0] 6.0 [4.0, 9.0] 0.032 6.0 [4.0, 8.0] 5.0 [4.0, 8.0] 6.0 [4.0, 8.0] 0.397

 SPAP-II 
score

35.0 [27.0, 
44.0]

35.0 [27.0, 45.0] 35.5 [27.0, 44.0] 0.981 36.0 [27.0, 
44.0]

36.0 [27.0, 
44.0]

36.5 [27.0, 
44.0]

0.634

Baseline physiological parameters
 Heart rate 93.0 (19.1) 97.6 (17.3) 90.5 (19.5) 0.001 94.8 (18.2) 96.0 (16.6) 93.5 (19.6) 0.342
 Respiratory 

rate
21.4 (5.5) 22.5 (5.6) 20.8 (5.3) 0.006 22.1 (5.9) 22.3 (5.7) 22.0 (6.1) 0.714

 MBP 80.1 (15.8) 80.1 (14.4) 80.2 (16.5) 0.967 79.6 (14.2) 80.2 (14.3) 79.1 (14.2) 0.563
 pH 7.33 (0.08) 7.35 (0.06) 7.32 (0.08) 0.007 7.34 (0.07) 7.34 (0.06) 7.34 (0.08) 0.961
  PaO2 83.0 [68.0, 

120.3]
74.5 [65.0, 122.0] 86.5 [71.3, 119.8] 0.052 82.0 [68.0, 

119.8]
77.0 [63.0, 

122.0]
84.5 [73.8, 

119.0]
0.146

  PaCO2 50.5 [47.3, 
58.0]

49.5 [46.5, 57.0] 50.5 [48.8, 58.0] 0.071 49.3 [46.5, 
57.3]

49.8 [46.8, 
57.5]

48.8 [46.5, 
56.5]

0.254

  SpO2 95.0 [93, 
98.5]

95.0 [92.0, 97.3] 95.8 [93.8, 97.5] 0.115 95.3 [92.8, 
97.5]

95.3 [92.5, 
97.5]

95.3 [93.0, 
97.3]

0.518

  PaO2/FiO2 216.0 [180.4, 
307.2]

200.1 [175.3, 
256.0]

235.3 [187.5, 315.0] 0.065 202.7 [178.3, 
273.8]

196.3 [176.8, 
249.3]

220.5 [179.8, 
287.0]

0.453
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intubation rates between the two groups were also signifi-
cantly enlarged with the prolongation of the treatment. It is 
also suggested that improper high-flow therapy may delay 
intubation in patients with hypercapnia. Therefore, the effect 
of HFNC needs to be evaluated early.

In our study, the changes in physiological parameters 
within the first 24 h after the beginning of oxygen therapy 
in the two groups were recorded. The heart rate and res-
piratory rate significantly decreased at 12 h after initia-
tion of HFNC compared with baseline data. Meanwhile, 
 PaCO2 in both the treatment group and the control group 
decreased during this period. This therapeutic effect is 
related to the reduction of respiratory activity and oxy-
gen consumption [23, 24], which suggests the use of vital 
sign changes for the prediction of HFNC failure to avoid 
delayed intubation.

In recent years, the ROX index has been proposed as 
a predictor of HFNC failure, consisting of  SpO2,  FiO2, 
and respiratory rate [25]. All three parameters are readily 
available in clinical settings and their dynamic changes 
are useful in assessing the success of HFNC. Generally, 
a ROX index greater than 4.88 indicates the efficacy of 
HFNC, while a ROX index less than 3.85 indicates the risk 
of HFNC failure [26]. However, the ROX index does not 
take into account heart rate change, which is a sensitive 
physiological parameter in the early stage of respiratory 
failure and its added predictive value for HFNC failure has 
been demonstrated in combination with the ROX index 
[27]. Therefore, the prediction accuracy of the ROX index 

needs further evaluation. Until now, no studies have veri-
fied the predictive value of the ROX index in patients with 
hypercapnia.

In this study, HR/SpO2 was formulated as a predictor 
incorporating heart rate and pulse oxygen, which is sensi-
tive, non-invasive, and easy to apply. The HR/SpO2 after 4 h 
treatment was calculated to predict 48-h intubation rate. It 
was found that the predictive performance of the ROX index 
for 48-h intubation after the initiation of HFNC yielded an 
AUC of less than 0.6, while the HR/SpO2 achieved a greater, 
yet modest AUC of 0.660. An optimal cut-off value of the 
ROX index based on the Youden index leads to poor sensi-
tivity and moderate specificity.

Previous studies showed that the ROX index is of certain 
value in predicting the failure of HFNC resulted in intuba-
tion. However, the data in our study suggested that neither 
ROX index nor HR/SpO2 are good predictors of intuba-
tion in patients with mild hypercapnia treated with HFNC. 
This may be related to the poor specificity of physiological 
parameters such as RR, HR, and SpO2. Therefore, only 2–3 
physiological parameters were included in the prediction 
index, without more physiological information, which was 
obviously insufficient to predict the HFNC treatment effects 
on patients.

In conclusion, the prediction accuracy of HFNC based 
on early changes in a single physiological parameter is inad-
equate, and algorithmic models combining more clinical and 
physiological predictors may improve the accuracy of out-
come prediction in subsequent studies.

Data are presented as mean (standard deviation) or median [interquartile range] or number (%)

Table 1  (continued)

Before PSM After PSM

All HFNC group NIV group p value All HFNC group NIV group p value

Outcome
 Intubation 

rate at 
48 h

44 (11.6) 23 (17.3) 21 (8.5) 0.018 24 (11.3) 15 (14.2) 9 (8.5) 0.278

 Intubation 
rate at 
28 days

69 (18.2) 37 (27.8) 32 (13.0)  < 0.001 43 (20.3) 28 (26.4) 15 (14.2) 0.029

 Mortality at 
28 days

46 (12.1) 24 (18.1) 22 (8.9) 0.009 28 (13.2) 19 (17.9) 9 (8.5) 0.043

 Time to 
intuba-
tion, hours

19.2 [5.8, 
102.3]

19.5 [7.8, 112.3] 19.2 [2.96, 70.7] 0.647 21.0 [5.4, 
126.0]

30.8 [7.5, 
125.3]

19.2 [2.5, 
145.2]

0.610

 Hospital 
LOS, days

9.5 [6.1, 
15.8]

10.6 [6.7, 20.8] 9.0 [5.8, 13.9] 0.007 10.1 [6.5, 
16.1]

10.2 [6.3, 
16.9]

10.0 [6.7, 
15.8]

0.776

 ICU LOS, 
days

3.2 [1.8, 6.4] 4.4 [2.3, 8.1] 2.9 [1.6, 5.7]  < 0.001 4.1 [2.1, 7.2] 4.4 [2.6, 7.7] 3.3 [1.8, 6.3] 0.019
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Fig. 1  Flow chart showing the classification and propensity score matching of mild hypercapnia patients

Table 2  Changes of physiological parameters of the two groups patients within 24 h

Data are presented as mean (standard deviation) or median [interquartile range]
*p < 0.05 compared to baseline values

HFNC group
n = 106

NIV group
n = 106

Baseline At 12 h At 24 h Baseline At 12 h At 24 h

Heart rate 96.0 (16.6) 91.0* (15.7) 91.2* (16.7) 93.5 (19.6) 92.1 (14.9) 93.9 (16.6)
Respiratory rate 22.3 (5.7) 20.3* (4.2) 21.7 (4.9) 22.0 (6.1) 20.6* (4.3) 20.1* (5.9)
MBP 80.2 (14.3) 77.2 (12.2) 78.9 (12.1) 79.1 (14.2) 76.8 (14.2) 80.5 (14.0)
pH 7.34 (0.06) 7.37 (0.06) 7.40* (0.18) 7.34 (0.08) 7.34 (0.08) 7.42* (0.07)
PaCO2 49.8 [46.8, 57.5] 47.3 [43.8, 54.6] 45.9* [44.6, 55.6] 48.8 [46.5, 56.5] 46.0* [42.6, 52.6] 47.2 [44.8, 54.6]
PaO2/FiO2 196.3 [176.8, 

249.3]
189.4 [168.3, 

242.5]
203.4 [178.3, 

231.2]
220.5 [179.8, 

287.0]
247.6 [203.2, 

278.3]
234.0 [213.2, 258.3]

SpO2 95.3 [92.5, 97.5] 95.1 [91.2, 97.5] 94.6 [91.2, 96.1] 95.3 [93.0, 97.3] 95.7 [92.2, 98.3] 95.6 [93.0, 98.3]
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Limitations

Type 2 respiratory failure is not the main indication of 
HFNC; as a result, the sample size of HFNC group was 
substantially reduced in this study. The average values of 
physiological parameters at each period within 24 h were 
calculated, which might be insufficient to reflect real-time 
acuity. In addition, the results of our study need to be veri-
fied by prospective studies.

Some literatures reported that bicarbonate levels play 
an important role in the success or failure of non-invasive 
ventilator treatment. We tried to collect and analyze the 
bicarbonate level data, but unfortunately, the data about 
bicarbonate in the database depended on blood gas analy-
sis which was not frequently reviewed, and there was a 
lack of data in some enrolled patients, so a systematic 

analysis about bicarbonate levels could not be made. 
Therefore, in future studies, we will pay extra attention 
to the effect of carbonate levels on treatment outcomes.

Conclusion

Patients with impending respiratory failure had lower intu-
bation rate, shorter ICU length of stay, and lower mortal-
ity when treated mild hypercapnia with NIV over HFNC. 
As opposed to the ROX index, a modest, yet improved 
predictive performance is demonstrated using HR/SpO2 
in predicting treatment failure among mild hypercapnia 
patients receiving HFNC.

Fig. 2  Changes in physiological 
parameters within 24 h among 
the two groups patients
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Fig. 3  Survival curve and cumulative intubation curve of patients with mild hypercapnia before and after PSM
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