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Purpose: We aimed to evaluate whether high flow nasal cannula (HFNC) is an effective and safe method for adult patients with acute
hypercapnic respiratory failure (AHRF).

Methods: We searched the Cochrane Library, Embase, and PubMed databases from inception to August 2022 to obtain randomized
controlled trials (RCTs) that compared HFNC with conventional oxygen treatment (COT) or non-invasive ventilation (NIV) in patients
with AHRF, and then performed a meta-analysis.

Results: A total of ten parallel RCTs with 1265 individuals were identified. Of them, two studies compared HFNC with COT and
eight studies compared HFNC with NIV. In terms of intubation rate, mortality, and arterial blood gas (ABG) improvement, HFNC
showed comparable effects to NIV and COT. However, HFNC was more comfortable (mean difference [MD] —1.87, 95% confidence
interval [CI] =—2.59, —1.15, P <0.00001, I> =0%) and resulted in fewer adverse events (odds ratio [OR] 0.12, 95% CI=0.06, 0.28,
P<0.00001, I? = 0%), compared with NIV. In comparison to NIV, HENC could significantly lower heart rate (HR) (MD —4.66, 95%
CI=-6.82, —2.50, P <0.0001, I? =0%), respiratory rate (RR) (MD —1.17, 95% CI=-2.03, —0.31, P =0.008, ? =0%), and hospital stay
length (MD —0.80, 95% CI=-1.44, —0.16, P =0.01, ? =0%). NIV showed a decreased frequency in the treatment crossover rate,
compared with HFNC in patients with pH<7.30 (OR 5.78, 95% CI=1.50, 22.31, P = 0.01, I: not applicable). Contrary to COT, HFNC
could considerably reduce the need for NIV (OR 0.57, 95% CI=0.35, 0.91, P=0.02, 12:0%).

Conclusion: HFNC was effective and safe in patients with AHRF. However, in patients with pH <7.30, HFNC may result in a higher
incidence of treatment crossover, compared with NIV. Compared to COT, HFNC may decrease the need for NIV in patients with
compensated hypercapnia.
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Introduction

Acute hypercapnic respiratory failure (AHRF), which is commonly defined as arterial partial pressure of carbon dioxide (PaCO,)
> 45 mmHg and frequently accompanied by reduced levels of arterial partial pressure of oxygen (PaO,), can occur in a variety of
etiologies, mainly in chronic respiratory diseases, such as exacerbation of chronic obstructive pulmonary disease, cystic fibrosis,
thoracic deformities, as well as other conditions, such as neuromuscular disease.'* Respiratory support is important for these
patients, and aims at facilitating alveolar ventilation, maintaining adequate oxygenation, relieving respiratory muscle fatigue, and
finally improving survival. Non-invasive ventilation (NIV), which can enable positive pressure ventilation, has been the main
method of treatment for patients with hypercapnia for the past 20 years.® NIV is preferable over invasive ventilation as the initial
mode of ventilation to treat acute respiratory failure in hospitalized AECOPD patients, as given in the 2023 Global Initiative for
Chronic Obstructive Lung Disease (GOLD) report.* The European Respiratory Society/American Thoracic Society (ERS/ATS)
Guidelines also strongly advise its use for acidotic individuals with a pH of 7.25 to 7.35.°
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Unfortunately, NIV is inapplicable to some patients who have poor tolerance to a tight mask. Furthermore, it can cause
a relatively high incidence of adverse events, such as claustrophobia, nasofacial skin breakdown, eye irritation, gastric, and
intestinal flatulence, which in some cases may lead to aspiration, which is a serious incident with a poor prognosis.’
Additionally, NIV is not recommended for patients who have hypercapnia but no acidosis because it does not outperform
conventional oxygen treatment (COT), in terms of intubation or mortality.* In these situations, additional modalities, including
COT and high flow nasal cannula (HFNC), can be used in selected patients to avoid unnecessary invasive ventilation.
However, there is currently no established alternative for these patients with hypercapnia who are ineligible for NIV.

HFNC is a non-invasive delivery system that can provide patients with a warmed and humidified air-oxygen mixture.®
It normally consists of an air/oxygen blender, humidifier, one heated tube, and nasal cannula. It is increasingly been used
for patients with respiratory failure for a variety of underlying diseases due to its excellent level of patient comfort and
other important physiological advantages, such as the delivery of a predictable and constant inspired oxygen fraction
(FiO,) (as high as 100%) and provision of airflows as high as 60 L/min.®®

Physiological research has shown that HFNC can produce a modest level of positive end-expiratory pressure (PEEP),
which is flow-dependent and affected by whether the mouth is closed or not.’ A study conducted on ten adult volunteers
in Australia revealed that HFNC can result in positive expiratory pressure, and that the expiratory pharyngeal pressures
(EPP) increased from 0.8 to 7.4 cmH,O with the mouth closed, as the flow rates increased from 0 to 60 L/min."°

In addition, the persistent high-flow gas produced by HFNC can effectively wash out carbon dioxide from an
anatomically dead space, preventing carbon dioxide rebreathing and as a result, lowering the breathing effort.

Due to the above-mentioned physiological benefits, HFNC seems able to decrease the partial pressure of carbon
dioxide (PaCO,) and reverse respiratory acidosis. It has been used to successfully manage patients with hypercapnic
respiratory failure, particularly those who were unable to tolerate NIV.'""'? Several clinical studies have shown that
HFNC is comparable to NIV in terms of intubation and mortality in AHRF patients.'*'* It should be mentioned that the
German S3 guidelines indicates that for patients with moderate hypercapnia, HFNC appears to be non-inferior to NIV."?

Recently, several systematic reviews and meta-analyses compared HFNC with NIV in patients with hypercapnia have
found that the main consistent finding is that HFNC showed no difference in endotracheal intubation and mortality,
compared with NIV. It is noteworthy that some of these meta-analyses only included researches that were published in

1617 1819 included cohort studies, while the most recent meta-analysis*® included non-

21,22

Chinese-language journals, others

randomized controlled trial (RCT)'* and cross-over RCTs that had a very short duration of 30 minutes and were
aimed at evaluating the pathophysiological effects.

Furthermore, to the best of our knowledge, until recently, no meta-analyses have performed subgroup analyses based
on the severity of acidosis to determine the population that would benefit most from HFNC.

Therefore, we conducted a meta-analysis of RCTs on adult patients with acute hypercapnic respiratory failure to
evaluate whether HFNC is an effective and safe method of treatment and whether it has advantages over COT or whether

it can be used as an alternative strategy for NIV in this population.

Materials and Methods

We conducted this systematic review in accordance with the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) guidelines.””> The detailed PRISMA Checklist of this meta-analysis is shown in
Supplementary Table 1.

Criteria for Inclusion and Exclusion

Relevant studies that compared HFNC with COT or NIV in patients with acute hypercapnic respiratory failure were
included. The inclusion criteria were as follows: (1) Population: adult patients (age>18 years) with acute hypercapnic
respiratory failure (PaCO, > 45 mmHg); (2) Intervention and comparisons: Comparison of HFNC therapy with COT or
NIV; (3) Type of study: parallel group RCTs; (4) Outcomes: intubation rate, treatment crossover rate, mortality, vital
signs (heart rate [HR], mean arterial pressure [MAP], respiratory rate [RR]), arterial blood gases (ABGs), length of
intensive care unit (ICU) stay and hospital stay, comfort score, dyspnea score, and adverse events. The exclusion criteria
were: (1) non-RCTs. To prevent potential cross-over effects of different therapies, we also excluded cross-over RCTs; (2)
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studies in which HFNC was used to evaluate only pathophysiological mechanisms; (3) studies in which the HFNC flow
rate was less than 20 L/min or the treatment time was under an hour; (4) studies that did not report on any outcomes of
interest; (6) conference abstracts without full-text manuscripts.

Search Strategy
Using relevant keywords and MeSH terms, a systematic search approach was applied. Additionally, relevant references
listed in each of the studies included were manually reviewed to identify any other potentially acceptable studies.

Two reviewers (CPX and QMW) independently searched the PubMed, Embase, and Cochrane Library from inception
until 16 August 2022, no language or publication restrictions were applied. The detailed search strategy followed is
shown in Supplementary Table 2.

Selection of Studies

Two reviewers (CPX and QMW) screened the titles and abstracts of all citations. The full text manuscripts of all
potentially eligible studies were independently reviewed based on the inclusion and exclusion criteria. Any disagree-
ments were resolved through discussion with a third researcher (WG) to reach a consensus.

Data Extraction

Using a pre-designed data extraction form, two reviewers (CPX and QMW) independently extracted the data. The
information included author identification, publication year, country, setting, study design, participant information,
sample size, baseline arterial potential of hydrogen (pH) and PaCO,, baseline Acute Physiology, and Chronic Health
Evaluation II (APACHE II) score, characteristics of interventions, measurement time points, and outcomes.
Disagreements were resolved through discussion with a third researcher (WQG) to reach a consensus. If necessary, we
also checked the Supplemental materials of the included studies for more detailed information.

Quality Assessment

The quality of each trial included was assessed by two independent reviewers (CPX and QM W), using the Cochrane Risk of Bias
tool. The risk of bias included seven different domains: random sequence generation, allocation concealment, blinding of
participants and personnel, blinding of outcome assessment, incomplete outcome data, selective reporting, and other biases.
Based on the method of the trials, each potential source of bias was judged as high, low, or unclear. Two reviewers made judgments
independently, and disagreements were resolved through discussion with a third reviewer (GW) to reach an agreement.

Statistical Analysis

We used Cochrane systematic review software Review Manager to perform all statistical analyses. Continuous variables are
presented as mean =+ standard deviation (SD), while dichotomous variables are presented as frequencies or percentages. The
statistical heterogeneity of the studies included was assessed using a chi-square test; statistical heterogeneity was defined as
aP <0.1 and I* > 50%, in which case a random-effect model was employed. Conversely, a fixed-effect model was used. For
dichotomous variables, the results of the statistical analysis were reported as odds ratio (OR) with a 95% confidence interval
(CI), while for continuous variables, results were reported as mean difference (MD) with a 95% CI. A P value of <0.05 was
considered to indicate statistical significance. Sensitivity analysis was conducted by removing trials with a high concern of
bias. To assess the possibility of publication bias, funnel plots with Egger’s test and Begg’s test were used.

Subgroup Analysis

First, to assess the potential effects of different respiratory support methods on the clinical outcomes, we conducted
a subgroup analysis based on the different interventions of the control group (COT or NIV). Second, in the
comparison between HFNC and NIV, we performed a subgroup analysis based on the condition of the patient (post-
extubation vs non-post-extubation) to explore whether there was a difference in the treatment effect. Additionally,
we performed another subgroup analysis in this group based on the degree of acidosis to investigate potential effects
on outcomes.
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Results

Literature Identification and Selection

The initial literature search identified 1042 citations (PubMed, n= 280; Embase, n = 140; Cochrane Library, n= 622). After
removing duplicates, we examined the remaining 891 articles based on their titles and abstracts, and 839 articles were secondarily
excluded based on the eligibility criteria. The full text of the remaining 43 articles were screened, and finally, ten parallel RCTs
that met our inclusion criteria were identified.'***>* The flow diagram of the selection of studies is shown in Figure 1.

Characteristics of the Trials Included

Ten parallel RCTs with 1265 patients were included, eight'>*2°-2

were published in English-language journals and two®'

were published in Chinese-language journals, the publication year ranged from 2019 to 2022. Of the ten studies included, half
were multicenter studies. Two studies were conducted at emergency departments (EDs),”*** five were conducted at intensive

care units (ICUs),”**"*°3! while two studies were conducted in the respiratory unit,**~

whereas another study was
conducted in either the ED, ICU, or respiratory units."* The longest measurement time points ranged from 4 hours to 120
hours. HFNC was compared with NIV in eight studies'*** 272! and with COT in two studies.”®*? In the eight studies that
compared HFNC with NIV, 615 of the enrolled patients had a mean age of 69.4+10.6 years, while 58% were males. The
baseline data showed that the mean pH was 7.29+0.08, the mean PaCO, was 65.7+15.8 mmHg, and the mean APACHE II
score was 20.8+8.3. In this group, two studies included mixed populations with a hypercapnic, while the other six studies only
included patients with AECOPD, which three of these studies focusing on post-extubation in AECOPD patients. Both the two
studies that compared HFNC with COT included patients with AECOPD, 650 of the enrolled patients had a mean age of 68.8
+7.5 years, and 74% were males. The mean baseline pH was 7.39+0.03, the mean PaCO, was 52.6+7.1 mmHg, and the mean

APACHE 1I score was 12.56+6.03. The characteristics of the trials included are presented in Table 1.

1042 Records identified through database searching
(Pubmed = 280; Embase = 140; Cochrane Library =
622)

Records after duplicates removed
(n=2891)

Records screened N Records excluded based on title and abstract review
(n=891) (n=848)
Full-text articles assessed Full-text articles excluded with reasons (n = 33)
for eligibility (1) Not RCTs (n=7)
(n=43) \ (2)Patients with stable hypercapnia (n =8 )
(3)Not all patients with hypercapnia (n = 5)
l (4)Wrong intervention (n = 9)
(5)Not included outcomes of interest (n = 2)
Studies included in (6)Abstract without full-text (n = 2)
qualitative synthesis
(meta-analysis)
(n=10)

Figure | Flow chart of study selection and exclusion.
Abbreviations: RCTs, randomized controlled trials; n, number.
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Table | The Characteristics of Included Studies

tolerated to 45-50
L/min, in order to
maintain SaO,
>90%

pressures were
gradually increased
to the maximum
tolerated to
maintain SaO,
>90%

Study Setting Study Patients HFNC Group Control Group Outcomes
Design
Baseline Arterial pH Baseline Intervention Baseline Arterial pH Baseline Intervention
and PaCO, (mmHg), APACHE 11, (Mean  SD) and PaCO, (mmHg), APACHE 11,
Mean £ SD Mean £ SD Mean £ SD Mean £ SD
Cortegiani A, ED, ICU, or | Multi- AECOPD, pH, 7.30£0.03; PaCO,, 73.7 | SAPS Il (mean * Flow rate, 50.0 pH, 7.29£0.03; PaCO,, 72.0 | SAPS Il (mean £ | NIV: PSV mode, PS | Intubation rate,
2020 respiratory center N=79 +12.8 SD), 309 1 1.1 L/min; FiO,, +13.0 SD), 3310 (cmH,0), 12.0 mortality,
unit 0.36 £0.10; +2.9; PEEP (cmH, treatment
Temperature, 37.0 0O), 6.01.1; FiO,, crossover rate,
+2.2°C 0.30 £0.10 pH, PaCO,,
PaO,/FiO,, RR,
hospital stay,
dyspnea score,
discomfort
score
Li C, 2019 ICU Single- AECOPD, pH, 7.25£0.08; PaCO,, 72.1 | NR Flow rate, 30-35L/ | pH, 7.27+0.09; PaCO,, 72.9 | NR IPAP was set at 10 | pH, PaCO,,
center N=168 +16.3 min; Temperature, +16.4 cmH,O and PEEP PaO,, hospital
37.0°C was set at 5 cm H, | stay, adverse
O at beginning and | events
gradually increased
after the patient
adapted
Wang |, 2019 RICU Single- AECOPD, pH, 7.24£0.02; PaCO,, 66.8 | 19.0+2.6 NR pH, 7.24£0.02; PaCO,, 68.3 | 19.8+2.3 NR Intubation rate,
center N=63 +39 +3.1 mortality, ICU
and hospital
lengths,
adverse events
Doshi PB, ED Multi- Patients with pH, 7.33£0.12; PaCO,, 56.0 31.0t4.4 Initial flow rate was | pH, 7.32+0.09; PaCO,, 64.6 | 29.0+5.9 NIV, initial settings: Intubation rate,
2020 center AHRF, N=65 +17.7 35 L/min, FiO, was | +31.8 IPAP, 10-20 treatment
adjusted to cmH,O; EPAP, 5— crossover rate,
maintain oxygen 10 cmH,0; FiO, pH, PaO,,
saturation above was adjusted to PaCO,, RR,
88% maintain oxygen HR, ICU and
saturation above hospital stay,
88% Modified Borg
score
Papachatzakis ED Single- Patients with pH, 7.40£0.10; PaCO,, 60.4 | 21.6%8.9 Initial flow rate was | pH, 7.40£0.10; PaCO,, 56.8 19.3+6.1 NIV, S/T mode, Mortality, pH,
Y, 2020 center AHRF, N=40 +9.9 35 L/min, titrating +9.7 expiratory and PaO,, PaCO,,
flow upward if inspiratory RR, HR,

hospital stay,
comfort score,
dyspnea score
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Table 1 (Continued).

Study Setting Study Patients HFNC Group Control Group Outcomes
Design
Baseline Arterial pH Baseline Intervention Baseline Arterial pH Baseline Intervention
and PaCO, (mmHg), APACHE 11, (Mean  SD) and PaCO, (mmHg), APACHE 11,
Mean £ SD Mean £ SD Mean £ SD Mean £ SD
Tan D, 2020 ICU Multi- Post- pH, 7.48£0.06; PaCO,, 50.5 | [4+5.7 Initial flow rate was | pH, 7.45+0.06; PaCO,, 53.0 | 13+3.8 NIV, initial EPAP Intubation rate,
center extubation +7.2 50 L/min, +9.2 was set at 4 mortality,
AECOPD, temperature was cmH,O, IPAP was treatment
N=86 37.0°C, FiO,, 0.32 set at 8 cmH,O crossover rate,
+0.074 and gradually pH, PaO,,
increased to PaCO,, HR,
achieve a RR, ICU and
satisfactory tidal hospital
volume with lengths,
acceptable adverse events,
tolerance, FiO, comfort score,
(mean * SD), 0.35 dyspnea score
+0.07
Jing G, 2019 RICU Single- Post- pH, 7.46£0.04; PaCO,, 53.2 | 11.8£3.1 Flow rate, 52.0 pH, 7.44£0.06; PaCO,, 53.7 | 10.4£2.5 NIV, IPAP (mean * | Intubation rate,
center extubation +6.7 +6.3L/min; FiO,, +8.6 SD), 11.4+2.0 28-day
AECOPD, 0.40+0.10; cmH,O; PEEP, 4.6 mortality, pH,
N=42 temperature, 37.0° +0.5 (cmH,0); PaCO,, PaO,/
C FiO, was adjusted FiO,, RR, HR,
to maintain SpO, comfort score,
88-92% ICU stay,
adverse events
Li X, 2020 Respiratory Multi- AECOPD pH, 7.38+0.03; PaCO,, 54.9 15.8+6.5 Flow rate, 33.4 + pH, 7.39£0.04; PaCO,, 54.2 14.7+6.0 COT, oxygen flow Intubation rate,
Unit center with +7.1 5.6 L/min; FiO,, +6.0 was set to achieve mortality,
compensated 0.28 + 0.01; SpO, at 90% to treatment
AHRF, N=320 temperature, 33.8 93% failure rate, pH,
+4.1°C PaO,, PaCO,,
RR, length of
hospitalization,
comfort score
Xia ], 2022 Respiratory Multi- AECOPD pH, 7.40£0.03; PaCO,, 50.4 | 10.0+4.4 Flow rate, 35.0 pH, 7.40£0.04; PaCO,, 51.7 | 10.0+4.8 COT, oxygen flow Intubation rate,
Unit center with mild +6.6 [ 1.1 LUmin; FiO,, +7.7 (mean * SD), 2.0 mortality,
hypercapnia, 0.33+0 0.07; +0.7 L/min treatment
N=330 temperature, 34.0 failure rate, pH,
+22 °C PaCO,, PaO,,
SpO,, RR, HR,
hospital stay
Yu Z, 2019 RICU Single- Post- pH, 7.26+0.03; PaCO,, 73.5 28.6+2.8 Flow rate, 30-60L/ pH, 7.26+0.03; PaCO,, 73.5 28.5+3.4 NIV: S/T mode; Reintubation
center extubation +6.9 min; FiO,, 0.30— +6.2 IPAP (cmH,0), 10— | rate, 28-day
AECOPD, 0.80; temperature, 14; PEEP (cmH,0), mortality, pH,
N=72 37.0°C 4-6; FiO,, 0.30— PaO,, PaCO,,
0.80 PaO,/FiO,, RR,
HR, ICU stay,

adverse events
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Risk of Bias

Three studies were found to contain unclear risks in random sequence generation and allocation concealment as

they failed to describe the specific methods used.?>?**% All studies included were found to have a high risk of

blinding participants and personnel bias due to natural differences between the three interventions. Since blinding

of the outcome assessment was not described in half of the studies included,?>*27-?°73! the risk associated with

this domain was found to have unclear risks. There was no bias in reporting selection and incomplete outcome

data in all of the trials included. Three trials were found to have an unclear risk of other biases as they did not

provide funding information.?**%*! The detailed quality assessment is presented in Supplementary Table 3 and

Figure 2.

Random sequence generation (selection bias)
Allocation concealment (selection bias)
Blinding of participants and personnel (performance bias)
Blinding of outcome assessment (detection bias)
Incomplete outcome data (attrition bias)

Selective reporting (reporting bias)
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Figure 2 Results of risk assessment of bias using Cochrane risk of bias tool.
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Outcomes

Intubation Rate

Six of the studies that compared HFNC with NIV reported on the intubation rate and no significant
difference was found (OR 0.80, 95% CI=0.41,1.58, P = 0.52, I* = 0%, n=387). The subgroup analysis showed that
there was no significant difference in the intubation rate between HFNC and NIV, in either post-extubation patients or
non-post-extubation patients. Both studies®®~? that compared HFNC with COT reported on the intubation rate, and
a similar result was found (OR 3.31, 95% CI=0.34, 32.15, P = 0.39, heterogeneity: not applicable, n=650). Forest plot of
intubation rate is shown in Figure 3.

13,24,26,27,30,31

Mortality

Mortality was reported on in eight of the studies, and the pooled data showed no significant difference
between HFNC and NIV (OR 0.97, 95% CI=0.54, 1.77, P = 0.93, I* = 0%, n=362) or between HFNC and COT (OR 1.12,
95% CI=0.32, 3.95, P = 0.86, heterogeneity: not applicable, n=650). Similarly, for patients who were between post-
extubation and non-post-extubation, the results were not statistically significant. Forest plot of mortality is shown in

13,25-28,30-32

Figure 4.

Treatment Crossover Rate
We analyzed the treatment crossover rate, which is defined as switching to the other intervention (changing from
HFNC to NIV or from NIV to HFNC), in studies that compared HFNC with NIV. This outcome was reported on

HFNC NIV Odds Ratio Odds Ratio
Study or Subgroup  Events Total Events Total Weight M-H, Fixed, 95% CI M-H, Fixed, 95% CI
1.1.1 Post-extubation
Jing G 2019 2 22 1 20 5.1% 1.90 [0.16, 22.72]
Tan D 2020 6 44 6 42  28.4% 0.95[0.28, 3.21] 1
Yu Z 2019 1 36 1 36 5.2% 1.00 [0.06, 16.63]
Subtotal (95% CI) 102 98 38.8% 1.08 [0.39, 2.97] ‘
Total events 9 8

Heterogeneity: Chi? = 0.25, df =2 (P = 0.88); I = 0%
Test for overall effect: Z=0.15 (P = 0.88)

1.1.2 Non post-extubation

Cortegiani A 2020 2 40 1 39 5.2% 2.00[0.17, 23.00]

Doshi PB 2020 2 34 5 31 26.4% 0.33[0.06, 1.81] - =1
Wang J 2019 6 23 7 20 29.7% 0.66 [0.18, 2.42] - &
Subtotal (95% CI) 97 90 61.2% 0.63 [0.25, 1.58] ‘
Total events 10 13

Heterogeneity: Chi? = 1.43, df =2 (P = 0.49); I = 0%
Test for overall effect: Z =0.99 (P = 0.32)

Total (95% Cl) 199 188 100.0% 0.80 [0.41, 1.58] N
Total events 19 21

Heterogeneity: Chi2 = 2.25, df = 5 (P = 0.81); 12 = 0% f
Test for overall effect: Z = 0.64 (P = 0.52)

Test for subgroup differences: Chi? = 0.61, df =1 (P = 0.44), I? = 0%

0.01 0.1 1 10 100
Favours [experimental] Favours [control]

HFNC CcoT Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
Li X 2020 0 160 0 160 Not estimable
Xia J 2022 3 158 1 172 100.0% 3.31[0.34, 32.15] ] .
Total (95% CI) 318 332 100.0% 3.31[0.34, 32.15] —i——
Total events 3 1

Heterogeneity: Not applicable

Test for overall effect: Z = 1.03 (P = 0.30) 0.001 01 ! 10 1000

Favours [experimental] Favours [control]

Figure 3 Forest plot comparing intubation rate between HFNC and control groups.
Abbreviations: HFNC, high flow nasal cannula; NIV, non-invasive ventilation; COT, conventional oxygen therapy; blue squares, the odds ratio value for an individual study
result; black diamonds, the overall effect size for study results of the group; M-H, Mantel-Haenszel method; CI, confidence interval.
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Figure 4 Forest plot comparing mortality between HFNC and control groups.
Abbreviations: HFNC, high flow nasal cannula; NIV, non-invasive ventilation; COT, conventional oxygen therapy; blue squares, the odds ratio value for an individual study
result; black diamonds, the overall effect size for study results of the group; M-H, Mantel-Haenszel method; CI, confidence interval.

in three studies,'*?*?° and the pooled data revealed that there was no significant difference (OR 1.93, 95%
CI=0.54, 6.90, P =0.31, I’=63%, n=230). However, the subgroup analysis revealed that NIV could significantly
lower the frequency of treatment crossover, compared with HFNC, in non-post-extubation patients (OR 3.42, 95%
CI=1.25, 9.34, P = 0.02, I’=12%, n=144). We investigated the need for NIV in studies that compared HFNC with
COT and found that HFNC could significantly reduce the need for NIV, compared with COT (OR 0.57, 95%
CI=0.35, 0.91, P=0.02, I’= 0%, n=650).”%>? Forest plots of treatment crossover rate and the need for NIV are
presented in Figure 5.

ABGs

Seven of the studies'*** 273! that compared HFNC with NIV and both studies*®~? that compared HFNC with COT
measured the change in pH, and no significant differences were found, either between HFNC and NIV (MD 0.01, 95%
CI=—0.01, 0.02, I> = 71%, P = 0.41, n=539) or between HFNC and COT (MD 0.01, 95% CI=—0.01, 0.03, P = 0.33, I* =
87%, n=650). Nine studies'*** 2?3132 assessed the change in PaO, or PaO,/FiO,, and no significant differences were
found between HFNC and NIV (MD —1.53, 95% CI=-5.71, 2.65, 2 = 59%, P = 0.47, n=611) or between HFNC with
COT (MD —0.72, 95% CI=—4.38, 2.94, P = 0.70, I = 53%, n=650). Compared with NIV or COT, HFNC showed
a similar effect in the decrease in PaCO, (HFNC VS NIV: MD —0.39, 95% CI=-2.15, 1.37, I? = 10%, P = 0.66, n=526;
HFNC VS COT: MD —0.73, 95% CI=—1.95, 0.49, P =0.24, 1> =40%, n=650). Likewise, the change in pH, oxygenation,
and PaCO, between post-extubation patients and non-post-extubation patients did not show any significant differences,
as shown in the subgroup analysis. Forest plots of pH, PaCO, and oxygenation are shown in Figures 6—8.
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Figure 5 (a) Forest plot comparing treatment crossover rate between HFNC and NIV; (b) Forest plot comparing the need for NIV between HFNC and COT.
Abbreviations: HFNC, high flow nasal cannula; NIV, non-invasive ventilation; COT, conventional oxygen therapy; blue squares, the odds ratio value for an individual study
result; black diamonds, the overall effect size for study results of the group; M-H, Mantel-Haenszel method; Cl, confidence interval.

Vital Signs

Four studies reported on H and eight studies reported on the pooled data revealed that, compared
with NIV, HFNC could significantly reduce both HR (MD —4.66, 95% CI=—6.82,-2.50, P <0.0001, I> =0%, n=255) and RR
(MD —1.17, 95% CI=-2.03,-0.31, P =0.008, ? =0%, n=374), whereas the subgroup analysis between post-extubated patients
and non-post-extubated patients revealed that there were no significant differences in the reduction of RR between HFNC
and NIV. There were no significant differences in the reduction of RR between the two studies that compared HFNC with
COT (MD 0.09, 95% CI=—0.28, 0.46, P =0.63, I* =23%, n=650). Forest plots of RR and HR are shown in Figures 9 and 10.

R,24’26’27’3 1 RR, 13,24-28,31,32

Length of Stay

Five studies®**®?72%3! that compared HFNC with NIV reported on the length of ICU stay, and the results were not
statistically significant (MD —0.52, 95% CI=—1.13, 0.09, P =0.09, I> =0%, n=267). Eight studies'>-**2%**3%32 measured
the length of hospital stay, the pooled dates showed that HFNC could significantly reduce the duration of hospital stay,
compared with NIV (MD —0.80, 95% CI=—1.44, —0.16, P =0.01, I* =0%, n=481) but did not significantly reduce the
duration of hospital stay, compared with COT (MD 0.19, 95% CI=—1.48, 1.85, P =0.83, I’ =83%, n=650). Forest plots of
length of stay are shown in Figure 11.

Adverse Events

Among the eight studies that compared HFNC with NIV, two®*>? reported on the incidence of nasal facial skin

30,31

breakdown, two reported on the incidence of gastric and intestinal flatulence, while one®' reported on the incidence

of aspiration. The pooled analysis demonstrated that the application of HFNC led to a significant decrease in the
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Figure 6 Forest plot comparing pH between HFNC and control groups.

Abbreviations: pH, potential of hydrogen; HFNC, high flow nasal cannula; NIV, non-invasive ventilation; COT, conventional oxygen therapy; green squares, the mean
difference value for an individual study result; black diamonds, the overall effect size for study results of the group; IV, Inverse variance method; Cl, confidence interval; SD,
standard deviation.

incidence of adverse events, compared with NIV (OR 0.12, 95% CI=0.06,0.28, P<0.00001, I = 0%). Forest plot of
adverse events is shown in Figure 12.

Comfort Score and Dyspnea Score

The comfort score of the patient was assessed using a modified 10 cm visual analog scale, in which 0 or 1 meant
very comfortable and 10 meant very uncomfortable Two studies'*?’ that measured comfort score between HFNC
and NIV showed that HFNC could reduce patient discomfort (MD —1.87, 95% CI=-2.59, —1.15, P <0.00001, I’
=0%, n=113). Dyspnea was evaluated using the Borg Score, while three studies'*~*?® that compared HFNC with
NIV reported on dyspnea score, and the results showed no significant differences between the two interventions
(MD 0.09, 95% CI=—1.05, 1.23, P =0.88, I =83%, n=217). Forest plots of comfort score and dyspnea score are

presented in Figure 13.

Subgroup Analysis

The subgroup analysis between patients with pH <7.30 and patients with PH>7.30 showed that NIV could reduce the
incidence of treatment crossover, compared with HFNC in patients with pH <7.30 (OR 5.78, 95% CI=1.50, 22.31, P =
0.01, I*: not applicable, n=79). Forest plot of this subgroup analysis is shown in Figure 14. However, other outcomes,
including intubation rate, majority, change in ABGs, and length of stay, were not significantly different in this subgroup
analysis.

Sensitivity Analyses and Publication Bias

The quality assessment showed that one study was considered to have concerns of bias.*® We removed this study and
performed a sensitivity analysis, and the results of the analyses were unchanged. The small number of trials included
prevented us from performing statistical analysis to assess publication bias.
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Figure 7 Forest plot comparing PaCO, between HFNC and control groups.

Abbreviations: HFNC, high flow nasal cannula; NIV, non-invasive ventilation; COT, conventional oxygen therapy; PaCO,, arterial partial pressure of carbon dioxide; green
squares, the mean difference value for an individual study result; black diamonds, the overall effect size for study results of the group; IV, Inverse variance method; ClI,
confidence interval; SD, standard deviation.

Discussion

The main findings of our study were that HFNC had a similar efficacy to NIV in terms of intubation rate, mortality,
treatment failure, and ABG improvement in adult patients with acute hypercapnic respiratory failure. However, HFNC
was more comfortable for the patients and had a lower rate of complications. When comparing HFNC to COT in
patients with acute compensated hypercapnic respiratory failure, both treatments could achieve similar changes in
ABGs and vital signs and had a comparable intubation rate and mortality, but HFNC could significantly reduce the
need for NIV.

In our study, similar tracheal intubation and mortality rates were observed between HFNC and NIV, and between
HFNC and COT, and this result is in accordance with previously published meta-analyses.'®2° It is worthy to note that
the subgroup analysis revealed that in the non-post-extubation group, patients receiving HFNC appeared to show
crossover to NIV more frequently than patients receiving NIV due to ventilate failure. However, among post-
extubation patients, treatment crossover rates between the two therapies were comparable. This was mainly due to
the fact that patients in the non-post-extubation group had more severe acidosis and a higher PaCO, at baseline (mean
pH, 7.30+0.07; mean PaCO,, 67.1+20.5mmHg) than patients in the post-extubation group (mean pH, 7.46+0.06; mean
PaCO,, 51.748.2mmHg). It has been recognized that HFNC is an open ventilation system that neither effectively
pushes nor pulls gas, so it cannot provide sufficient ventilation for severity patients.® Our study indicated that HFNC
treatment was more likely to fail in patients with severe acidosis and higher PaCO,. On the other hand, NIV has been
demonstrated to actively improve the inspiratory tidal volume (VT), and it can effectively increase pH and decrease
PaCO,, which ultimately can help avoid intubation and invasive ventilation. Therefore, NIV is considered as the
cornerstone of respiratory support for managing patients with hypercapnic respiratory acidosis.>>® Furthermore,
Cortegiani'® found that patients for whom HFNC failed as first therapy and then received NIV needed a longer
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Figure 8 Forest plot comparing oxygenation between HFNC and control groups.

Abbreviations: HFNC, high flow nasal cannula; NIV, non-invasive ventilation; COT, conventional oxygen therapy; PaO,, partial arterial oxygen pressure; FiO,, the fraction
of inspired oxygen; green squares, the mean difference value for an individual study result; black diamonds, the overall effect size for study results of the group; IV, Inverse
variance method; Cl, confidence interval; SD, standard deviation.

duration of NIV than those who received NIV at first, even though the intubation rate did not increase. Given this, it is
very important to identity predictors for HFNC failure. Li performed a propensity score analysis, which confirmed that
a PaCO, > 59 mmHg after HFNC treatment for 24 h was an independent risk factor for HFNC failure.*> However,
there is a lack of sufficient evidence to confirm the most appropriate degree of acidosis for HFNC application, and
further severity-related studies are required to determine the population that will benefit the most from HFNC. This
study also demonstrated that HFNC can reduce the need for NIV in patients with compensated hypercapnic respiratory
failure, compared with COT, suggesting that HFNC may be the first-line oxygen strategy in patients with mild
hypercapnia.

In contrast to the results of a prior meta-analyses,'® our investigation showed that HFNC significantly reduced RR,
compared with NIV. Several physiological studies have indicated that the use of HFNC can improve horacio-abdominal
synchrony, decrease the rapid shallow breathing index (RSBI), reduce inspiratory effort, and finally reduce the I:E ratio
and respiratory rate.>''** In a recent physiological study that included 15 patients with cystic fibrosis pulmonary
exacerbations, Michael et al confirmed the positive effect of HFNC in decreasing the RR by 3 breaths/min, compared
with NIV.*!

Another important finding of this study is that HFNC could provide coordinative efficacy, compared with NIV in
terms of gas exchange, including decreasing PaCO, and improving oxygenation, in patients with acute hypercapnia. This
result is in accordance with the results of previous meta-analyses.'®2° It is well known that HFNC can maintain stable
oxygenation in patients with respiratory failure, making it is possible to explain the observed improvement in oxygena-
tion. However, the result that HFNC can reduce carbon dioxide suggests that despite having an open system, it can still
provide ventilatory support for patients with acute hypercapnia. The achieved ventilatory benefit provided by HFNC can
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Figure 9 Forest plot comparing RR between HFNC and control groups.
Abbreviations: HFNC, high flow nasal cannula; NIV, non-invasive ventilation; COT, conventional oxygen therapy; RR, respiratory rate; green squares, the mean difference value for
an individual study result; black diamonds, the overall effect size for study results of the group; IV, Inverse variance method; Cl, confidence interval; SD, standard deviation.

HFNC NIV Mean Difference Mean Difference
Study or Subgroup  Mean SD Total Mean SD Total Weight IV, Fixed, 95% CI IV, Fixed, 95% CI
Doshi PB 2020 90 155 29 93 17.7 26 6.0% -3.00[-11.84, 5.84]
Jing G 2019 87.2 178 22 87 13.6 20 5.1%  0.20[-9.33,9.73]
Tan D 2020 92 15.56 44 935 20.7 42 7.7% -1.50[-9.27, 6.27]
Yu Z 2019 7275 4.18 36 78.14 6.04 36 81.1% -5.39[-7.79, -2.99] .
Total (95% CI) 131 124 100.0% -4.66 [-6.82, -2.50] (]

-100 -50 0 50 100
Favours [experimental] Favours [control]

Heterogeneity: Chi? = 2.13, df = 3 (P = 0.55); I = 0%
Test for overall effect: Z = 4.22 (P < 0.0001)

Figure 10 Forest plot comparing HR between HFNC and NIV.
Abbreviations: HFNC, high flow nasal cannula; NIV, non-invasive ventilation; HR, heart rate; green squares, the mean difference value for an individual study result; black
diamonds, the overall effect size for study results of the group; IV, Inverse variance method; CI, confidence interval; SD, standard deviation.

most likely be explained through several mechanisms, including the decrease in anatomical dead space and generation of
PEEP.

The high flow rate produced by HFNC can continuously wash out carbon dioxide from the anatomical dead space,
which subsequently preventing carbon dioxide rebreathing, and effectively decreases PaCO,.” Moreover, HFNC can
generate a modest degree of PEEP, which is flow-dependent, with an average range of 1.5-7 cm- H,O with the mouth
closed.'®>> Since positive expiratory pressure may help counterbalance the effects of intrinsic PEEP (PEEPi),” it can
reduce airway resistance, which subsequently reduces the work needed for breathing, and finally achieves improvement
in alveolar ventilation. In an interventional clinical study performed on 67 patients hospitalized due to COPD, Jens et al
found that HFNC could increase VT by a degree of 93 mL, compared to spontaneous breathing, but no significant

differences were observed between different flows.>
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Figure 11 (a) Forest plot comparing hospital stay between HFNC and NIV; (b) Forest plot comparing ICU stay between HFNC and NIV; (c) Forest plot comparing hospital
stay between HFNC and COT.

Abbreviations: HFNC, high flow nasal cannula; NIV, non-invasive ventilation; COT, conventional oxygen therapy; ICU, intensive care unit; green squares, the mean
difference value for an individual study result; black diamonds, the overall effect size for study results of the group; IV, Inverse variance method; Cl, confidence interval; SD,
standard deviation.

Similarly, in two of the included studies that compared HFNC with COT in patients with acute compensated
hypercapnic respiratory failure, we found a similar impact upon oxygenation improvement and CO, clearance between
the two interventions, indicating that HFNC exerted a similar effect on gas exchange in this population, compared with
COT, despite other benefits of HFNC observed in prognosis.

According to our study, HFNC was generally well tolerated by patients with hypercapnia, and was more comfortable
for these patients than NIV and COT, and resulted in a lower rate of complications, compared with NIV. It has been
recognized that NIV requires a tight mask, which often causes discomfort and claustrophobia for some patients,
increasing the risk of treatment failure.'> It should be noted that in GOLD 2023, one of the indications of invasive
mechanical ventilation in patients with AECOPD was an inability to tolerate NIV or NIV failure.*® According to Doshi
et al** and Tang,®° treatment intolerance of NIV was significantly higher than that of HFNC, and poor tolerance
accounted for about 50% of NIV failure. In contrast, HFNC is an open system that can deliver a well-humidified air
stream to patients, and can heat and humidify the gas to avoid nasal and oral dryness caused by conventional oxygen,
while it can also avoid nasofacial skin breakdown and gastric and intestinal flatulence caused by NIV.*’ Therefore, better
tolerance by patients contributes to a lower level of treatment interruption in patients treated by HFNC, which
subsequently leads to a lower level of treatment failure. Furthermore, for patients for whom NIV failed secondary to
tolerance, 75% of patients were successfully treated with HFNC.?* Therefore, HFNC is a potential alternative strategy to
NIV that can prevent the need for intubation and invasive ventilation in patients who are intolerant or have contra-
indications to NIV.

However, our study has certain limitations. First, due to the nature of the interventions, blinding was not possible in all of the
studies included, which would have caused bias. Moreover, some of the studies included contained a certain degree of bias due to
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Figure 12 Forest plot comparing adverse events between HFNC and NIV.
Abbreviations: HFNC, high flow nasal cannula; NIV, non-invasive ventilation; blue squares, the odds ratio value for an individual study result; black diamonds, the overall
effect size for study results of the group; M—H, Mantel-Haenszel method; Cl, confidence interval.
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Figure 13 (a) Forest plot comparing comfort score between HFNC and NIV; (b) Forest plot comparing dyspnea score between HFNC and NIV.
Abbreviations: HFNC, high flow nasal cannula; NIV, non-invasive ventilation; green squares, the mean difference value for an individual study result; black diamonds, the
overall effect size for study results of the group; IV, Inverse variance method; Cl, confidence interval; SD, standard deviation.

random sequence generation, allocation concealment, and blinding of outcome assessment, which resulted in low quality.

Second, population selection, control intervention, parameter setting, and application time differed between studies, which may

have led to a certain level of heterogeneity. Considering these limitations, we conducted several subgroup analyses based on
intervention (NIV vs COT), population (post-extubation vs non-post-extubation patients), and severity of acidosis (pH >7.30 vs
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HFNC NIV Odds Ratio Odds Ratio
Study or Subgroup  Events Total Events Total Weight M-H, Fixed, 95% CI M-H, Fixed, 95% CI
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Figure 14 Forest plot and subgroup analyses comparing treatment crossover rate between pH<7.30 and pH>7.30.
Abbreviations: HFNC, high flow nasal cannula; NIV, non-invasive ventilation; pH, potential of hydrogen; blue squares, the odds ratio value for an individual study result;
black diamonds, the overall effect size for study results of the group; M—H, Mantel-Haenszel method; Cl, confidence interval.

pH <7.30) to explore whether these differences had an impact on treatment effect. Third, the samples were relatively small in
most of the studies included, and as a result, the statistical power of these results may be not be strong enough to confirm our
conclusions.

Conclusion

In conclusion, HFNC may have similar efficacy to NIV and COT in terms of intubation rate, mortality, and ABG
improvement in adult patients with acute hypercapnic respiratory failure. However, patients with pH<7.30 seemed to
experience HFNC failure more frequently, compared with NIV. Otherwise, HFNC may decrease the need for NIV
compared to COT in patients with compensated hypercapnia. Large-scale and multicenter RCT trials are needed to clarify
the most appropriate population for the application of HFNC for the treatment of acute hypercapnic respiratory failure.
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