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Abstract

Objective

To compare the safety and effectiveness between helmet and face mask noninvasive

mechanical ventilation (NIMV) in patients with acute respiratory failure (ARF).

Methods

English databases included PubMed, EMBASE, Cochrane Central Register of Controlled

Trials and Web of Science. Chinese databases involved Wanfang Data, China Knowledge

Resource Integrated Database and Chinese Biological Medicine Database. Randomized

controlled trials (RCTs) comparing helmet and face mask NIMV for patients with ARF were

searched. Meta-analysis was performed using Review manager 5.1.0.

Results

Twelve trials with a total of 569 patients were eligible. Our meta-analysis showed that, com-

paring with face mask, helmet could significantly decrease the incidences of intolerance

[risk ratio (RR) 0.19; 95% confidence interval (CI) 0.09−0.39], facial skin ulcer (RR 0.19;

95% CI 0.08−0.43) and aerophagia (RR 0.15; 95% CI 0.06−0.37), reduce respiratory rate

[mean difference (MD) -3.10; 95% CI -4.85 to -1.34], intubation rate (RR 0.39; 95% CI 0.26

−0.59) and hospital mortality (RR 0.62; 95% CI 0.39−0.99) in patients with ARF, and

improve oxygenation index in patients with hypoxemic ARF (MD 55.23; 95% CI 31.37−-

79.09). However, subgroupanalysis for hypercapnic ARF revealed that PaCO2 was signifi-

cantly reduced in face mask group compared with helmet group (MD 5.34; 95% CI 3.41

−7.27).

Conclusion

NIMV with helmet can improve the patient’s tolerance, reduce adverse events, increase oxy-

genation effect, and decrease intubation rate and hospital mortality comparing to face mask.
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However, the low number of patients from included studies may preclude strong conclu-

sions. Large RCTs are still needed to provide more robust evidence.

Introduction

Mechanical ventilation, as first-line therapy for acute respiratory failure (ARF) caused by vari-

ous diseases, can be delivered by invasive and noninvasive methods. Although invasive

mechanical ventilation has a better effect on gas exchange and sputum drainage, the complica-

tions, such as ventilator-associated pneumonia, airway injury and delirium, occurred more fre-

quently [1–3]. In contrast, noninvasive mechanical ventilation (NIMV), without the use of

endotracheal tube, can reduce these complications to a certain extent, with less sedatives use

[4]. Numerous clinical studies have demonstrated that patients with exacerbation of chronic

obstructive pulmonary disease (COPD) and acute cardiogenic pulmonary edema could benefit

from NIMV treatment [5]. On the contrary, the beneficial effects of NIMV in acute hypoxemic

respiratory failure remain controversial. Nevertheless, a recent review [6] showed its broad

and heterogeneous use in the context of acute hypoxemic respiratory failure due to viral infec-

tions and COVID-19, with very few studies specifying the type of interface used.

Traditional interfaces between the patients and noninvasive ventilators include oral, nasal

and facial (also named oronasal) masks [7]. Based on a large number of clinical studies, these

interfaces involve some shortages, such as patient intolerance, air leakage, facial skin damage

caused by compression, etc [8]. These factors often lead to the failure of NIMV therapy and

the need for tracheal intubation. Therefore, the traditional interfaces need to be improved.

Recently, the helmet, as a new type of interface, has been gradually concerned by clinicians.

Yang et al. [9] compared the patients with hypoxemia after aortic dissection who were treated

with face mask and helmet NIMV respectively. The results showed that the helmet could effec-

tively improve the patients’ comfort and gas exchange, and reduce complications during the

process of NIMV. Randomized controlled trial (RCT) by Patel et al. [10] found that compared

with face mask, the helmet could significantly reduce the endotracheal intubation rate and

90-day mortality of patients with acute respiratory distress syndrome (ARDS). However,

results from clinical studies were not always consistent. Some researches found that the helmet

was not better than the face mask [11], even worse than the latter [12]. Therefore, the current

study data brings difficulties to the choice of clinical treatment.

The purpose of our study was to perform a meta-analysis for comparing the safety and

effectiveness of helmet NIMV with face mask NIMV in patients with ARF.

Materials and methods

We performed this study in accordance with the Statement of Preferred Reporting Items for

Systematic Reviews and Meta-Analyses [13, 14]. All stages of literature search, study selection,

data extraction and quality assessment were done independently by two reviewers. Any dis-

crepancies between the two reviewers were resolved by discussion or arbitration by a third

reviewer. No study protocol exists for the systematic review.

Search strategy

The English electronic databases utilized in our literature search included PubMed, EMBASE,

Cochrane Central Register of Controlled Trials and Web of Science. The following Chinese

electronic databases were also searched: Wanfang Data, China Knowledge Resource Integrated
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Database and Chinese Biological Medicine Database. The following search strategy was used

in PubMed and changes depending on the rules of each database: (((((((“Respiratory Distress

Syndrome, Adult”[Mesh]) OR (“acute respiratory distress syndrome”)) OR (“Pulmonary Dis-

ease, Chronic Obstructive”[Mesh])) OR (“chronic obstructive pulmonary disease”)) OR

(“Respiratory Insufficiency”[Mesh])) OR (“respiratory failure”)) AND ((((((“Respiration, Arti-

ficial”[Mesh]) OR (“mechanical ventilation”)) OR (“Continuous Positive Airway Pressure”[-

Mesh])) OR (“continuous positive airway pressure”)) OR (“Noninvasive Ventilation”)) OR

(“Noninvasive Ventilation”[Mesh]))) AND ((((“facial mask”) OR (“face mask”)) OR (helmet))

OR (“Head Protective Devices”[Mesh])). No language restriction was applied during literature

searches. All references cited in the relevant articles were screened to identify additional publi-

cations. The latest search was conducted on 30 May 2020.

Study selection

We evaluated the eligible studies that met all of the inclusion criteria as follows: (1) RCTs; (2)

compared the helmet NIMV with face mask NIMV for adult patients with ARF; (3) reported

on at least one of the outcomes mentioned below. In cases of duplicates, the most recent or the

most complete publication was used. Studies comparing helmet NIMV with oxygen therapy

for patients with ARF were excluded. Retrospective studies, reviews, case reports and confer-

ence abstracts which presented insufficient information were excluded. To assess chance-cor-

rected agreement between reviewers, Cohen’s kappa statistic was employed (SPSS, version

18.0).

Data extraction and quality assessment

For each study, the following data were extracted using standardized data extraction forms:

the first author’s last name; year of publication; country; study interval; cases and mean age in

each group; type of ARF; underlying diseases; ventilator settings; primary outcome of each

study; other study features and data needed for quality assessment. The outcomes analyzed in

this study were the incidences of intolerance, facial skin ulcer, and aerophagia, respiratory rate,

endotracheal intubation rate, oxygenation index, partial pressure of carbon dioxide (PaCO2),

length of stay in the intensive care unit and hospital mortality. The methodological quality of

the included studies was assessed according to the criteria specified by the Cochrane Collabo-

ration [15], and the summary figures of risk of bias were generated. The assessed items of risk

of bias involved random sequence generation (selection bias), allocation concealment (selec-

tion bias), blinding of participants and personnel (performance bias), blinding of the outcome

assessment (detection bias), incomplete outcome data (attrition bias), selective reporting

(reporting bias), and other bias.

Statistical analysis

Analyses were conducted by using the statistical software Review Manager, version 5.1.0 (The

Cochrane Collaboration, 2011). As we previously reported [16, 17], for continuous variables,

the mean difference (MD) with corresponding 95% confidence interval (CI) was calculated in

inverse variance method. For dichotomous variables, the pooled risk ratio (RR) with corre-

sponding 95% CI was aggregated in Mantel–Haenszel method. All results in our analysis were

evaluated for clinical and statistical heterogeneity. Clinical heterogeneity was discussed when

appropriate and possible. Given the inconsistence of ARF types in this study, subgroup analy-

sis was performed. Statistical heterogeneity was assessed by I2 statistic and Cochran’s Q test

with p<0.1 considered as significant. If the statistical heterogeneity was not significant, the

fixed effect model would be used; otherwise, the random effects model would be applied.
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Forest plot was constructed to graphically assess the statistical heterogeneity by displaying

effect estimates and 95% CI for both individual studies and meta-analyses. Publication bias

was evaluated by the Egger’s regression with p<0.1 considered as significant (STATA 12.0).

Two-sided p values were used throughout.

Results

Study selection

A total of 864 citations were identified from literature searches. After titles and abstracts

screening, 30 citations with full-text were retrieved for detailed evaluation. After reviewing, 18

studies were excluded for the following reasons: non-RCT (n = 6) [18–23], review article

(n = 5) [24–28], subjects were infants (n = 3) [29–31], subjects were healthy volunteers (n = 2)

[32, 33], animal trial (n = 1) [34] and news (n = 1) [35]. Finally, seven English studies [9–12,

36–38] and five Chinese studies [39–43] matched the inclusion criteria and were suitable for

our meta-analysis. The flow diagram in Fig 1 details the selection process. There was excellent

agreement between reviewers for study inclusion (κ = 0.90). A total of 569 subjects were ana-

lyzed, of which 288 (50.6%) received helmet NIMV and 281 (49.4%) received face mask

NIMV.

Study characteristics

The characteristics of the twelve eligible articles are summarized in Table 1. Six studies [9, 39–

43] were conducted in China, three [12, 37, 38] in Italy, two [11, 36] in Turkey, and one [10] in

United States. The study interval in each trial ranged from 2005 to 2018. The mean age of the

subjects varied between 45.13 years and 78.48 years across the studies and was not significantly

Fig 1. Study flow diagram chart.

https://doi.org/10.1371/journal.pone.0250063.g001

PLOS ONE Mechanical ventilation with helmet and acute respiratory failure

PLOS ONE | https://doi.org/10.1371/journal.pone.0250063 April 15, 2021 4 / 19

https://doi.org/10.1371/journal.pone.0250063.g001
https://doi.org/10.1371/journal.pone.0250063


Table 1. The characteristics of the included studies.

Author,

year

Study

design

Country Study

interval

Sample

size

Mean age Type of ARF Underlying diseases Ventilator settings Primary outcome

H FM H FM

Navalesi,

2007

RCT Italy NA 5 5 NA Hypercapnic AECOPD Both groups had same

settings. PS 12 cmH2O;

PEEP 5 cmH2O; FiO2

was set to maintain

SpO2 at 93%-96%.

Gas exchange,

inspiratory effort,

patient–ventilator

synchrony, comfort

Zhang, 2008 RCT China 2005–

2006

20 20 72 73 Hypercapnic AECOPD Both groups had same

settings. PEEP 4–6

cmH2O; PS was initially

set at 6–8 cmH2O, then

progressively raised in

2–3 cmH2O steps until

the RR was <25 bpm

and accessory muscle

activity disappeared;

SpO2 was maintained at

90%-95%.

Intubation rate,

hospital mortality

Zhang, 2010 RCT China 2005–

2006

20 20 NA Hypoxemic SCAP, ARDS, cardiogenic

pulmonary edema,

pulmonary interstitial fibrosis

Both groups had same

settings. PEEP 4–6

cmH2O; PS was initially

set at 6–8 cmH2O, then

progressively raised in

2–3 cmH2O steps until

the RR was <25 bpm

and accessory muscle

activity disappeared;

SpO2 was maintained at

90%-95%.

Intubation rate,

hospital mortality

Ali, 2011 RCT Turkey NA 15 15 59.4 58.5 Hypercapnic AECOPD Both groups had same

settings. PS 10 cmH2O;

PEEP 5–7 cmH2O; FiO2

0.4.

Gas exchange,

respiratory rate,

hemodynamics, ICU

stay, PTS, intubation

rate, complications

Antonaglia,

2011

RCT Italy 2007 20 20 69 71 Hypercapnic AECOPD Both groups had same

settings. PEEP 5

cmH2O; PS was initially

set at 15 cmH2O, then

progressively raised in 2

cmH2O steps until the

RR was�30 bpm,

accessory muscle

activity disappeared and

the patient was

comfortable; FiO2 was

set to maintain SpO2 at

>90%.

Gas exchange,

intubation rate, ICU

stay, complications

Pisani, 2015 RCT Italy 2012–

2014

39 41 78.36 78.48 Hypercapnic AECOPD H: PEEP >5 cmH2O;

PS�16cmH2O; other

pressure increments

were made to keep RR

<20 bpm and

disappearance of

accessory muscle

activity.

Gas exchange, PTS

FM: PEEP 3–5 cmH2O;

PS was set to obtain a

tidal volume of 6–8

mL�kg-1 of body weight.

(Continued)
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different between the two groups (MD 0.09 years; 95% CI −1.16 to 1.33; p>0.05; I2 = 0%). Of

12 included RCTs, seven trials [11, 12, 36–38, 42, 43] enrolled patients with hypercapnic ARF,

the others [9, 10, 39–41] employed patients with hypoxemic ARF. As shown in Table 1, venti-

lator settings were not consistent across the studies.

Table 1. (Continued)

Author,

year

Study

design

Country Study

interval

Sample

size

Mean age Type of ARF Underlying diseases Ventilator settings Primary outcome

H FM H FM

Yang, 2015 RCT China 2013–

2014

20 20 52.7 55.5 Hypoxemic Hypoxemia after aortic

dissection

H: PEEP 8–10 cmH2O;

FiO2 0.4–0.5; SpO2 was

maintained at >95%.

Gas exchange

FM: PS10-20 cmH2O;

PEEP0-4 cmH2O; FiO2

0.6–1.0.

Özlem, 2015 RCT Turkey 2011–

2012

25 23 69.5 64.3 Hypercapnic AECOPD Both groups had same

settings. PEEP 5–7

cmH2O; PS was initially

set at 10 cmH2O, then

progressively raised in 2

cmH2O steps to obtain

a tidal volume of 6–8

mL�kg-1 of body weight;

FiO2 was set to

maintain SpO2 at

>92%.

Gas exchange,

respiratory rate, PTS,

complications, ICU

stay, duration of

NIMV, hospital

mortality

Patel, 2016 RCT USA 2012–

2015

44 39 58 60.9 Hypoxemic ARDS Both groups had same

settings. FiO2�0.6;

PEEP was increased in

increments of 2–3

cmH2O to maintain

SpO2 at >90%; PS was

increased in increments

of 2–3 cmH2O to obtain

a RR�25 bpm and

disappearance of

accessory muscle

activity.

Intubation rate

Yang, 2016 RCT China 2013–

2014

25 25 60.5 61.1 Hypoxemic Hypoxemia after CABG H: PEEP 8–10 cmH2O;

FiO2 0.4–0.5; SpO2 was

maintained at >95%.

Gas exchange

FM: PS10-12 cmH2O;

PEEP 0–4 cmH2O; FiO2

0.5–0.8.

Wang, 2017 RCT China 2011–

2015

23 23 55.89 56.12 Hypoxemic Hypoxemia after CABG H: PEEP 8–10 cmH2O;

FiO2 0.4–0.5; SpO2 was

maintained at >95%.

Gas exchange

FM: PS 10–12 cmH2O;

PEEP0-4 cmH2O; FiO2

0.5–0.8.

Ma, 2019 RCT China 2017–

2018

32 30 45.13 44.52 Hypercapnic AECOPD NA Gas exchange

H, helmet group; FM, face mask group, ARF, acute respiratory failure; RCT, randomized controlled trial; NA, not available; AECOPD, acute exacerbation of chronic

obstructive pulmonary disease; PS, pressure support; PEEP, positive end-expiratory pressure; FiO2, fraction of inspired oxygen; SpO2, peripheral oxygen saturation; RR,

respiratory rate; bpm, breaths per minute; SCAP, severe community-acquired pneumonia; ARDS, acute respiratory distress syndrome; PTS, patient tolerance scale;

NIMV, noninvasive mechanical ventilation; CABG, coronary artery bypass grafting.

https://doi.org/10.1371/journal.pone.0250063.t001
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Quality assessment and publication bias

The summary of risk of bias assessment is presented in Fig 2. Of 12 included RCTs, no trial

was classified as low risk. Ten trials [9, 10, 12, 37–43] reported the appropriate method of ran-

domization; four trials [10, 37, 38, 43] described the allocation concealment in detail. Due to

the intrinsic characteristic of study, double blinding was not possible, resulting that all trials

were considered as high risk in performance and detection bias. All trials were graded as low

risk in terms of incomplete outcome data, selective reporting and other bias. Overall, the

included studies were of moderate quality. The Egger’s regression analysis demonstrated that

no publication bias was detected (95% CI of intercept -1.72 to 1.74; p>0.1) (Fig 3).

Quantitative data synthesis

Intolerance. In our analysis, there were six studies [9, 37, 39–42] providing the data of

intolerance happened during NIMV. Overall, the rate of intolerance was 5.5% (7/128) in the

helmet group and 32% (41/128) in the face mask group, respectively. Due to the non-signifi-

cant heterogeneity across studies (p>0.1; I2 = 0%), fixed-effect model was used. Our meta-

analysis showed that the incidence of intolerance was significantly decreased in helmet group

compared with face mask group (RR 0.19; 95% CI 0.09−0.39; p<0.001). Moreover, subgroup

analysis revealed that this result was unchanged both in subgroups of hypercapnic ARF (RR

0.13; 95% CI 0.03–0.67; p = 0.01) and hypoxemic ARF (RR 0.21; 95% CI 0.10–0.47; p<0.001)

(Table 2 and Fig 4).

Facial skin ulcer. Seven studies [9, 10, 36, 39–42] reported the information regarding

facial skin ulcer after applying NIMV. When seven studies were pooled, 4 (2.4%) patients

receiving helmet NIMV and 31 (19.1%) patients receiving face mask NIMV experienced facial

skin ulcer. Fixed-effect model was used for data synthesis due to the non-significant heteroge-

neity across studies (p>0.1; I2 = 0%). Our pooling results revealed that the helmet group had

less facial skin ulcer rate than the face mask group (RR 0.19; 95% CI 0.08−0.43; p<0.001).

However, subgroup analysis found that this significant difference between the groups in facial

skin ulcer rate was only remained in subgroup of hypoxemic ARF (RR 0.18; 95% CI 0.07−0.44;

p<0.001) rather than hypercapnic ARF (RR 0.25; 95% CI 0.03−2.13; p>0.05) (Table 2 and

Fig 5).

Aerophagia. Data of aerophagia developed during NIMV were described in six trials [9,

38–42]. After pooling data, the incidence of aerophagia in helmet group was reduced by 19.5%

compared with face mask group. Meta-analysis on fixed-effect model demonstrated that the

difference was statistically significant (RR 0.15; 95% CI 0.06−0.37; p<0.001), which was in

accordance with the result of subgroup analysis for hypoxemic ARF (RR 0.08; 95% CI 0.02

−0.29; p<0.001). Nevertheless, no significant difference was observed by subgroup analysis for

hypercapnic ARF (RR 0.74; 95% CI 0.15−3.59; p>0.05) (Table 2 and Fig 6).

Respiratory rate. Nine included studies [9, 10, 36–39, 41–43] reported the data of respira-

tory rate. Random effects model was applied owing to a significant heterogeneity across studies

(p<0.001; I2 = 89%). Our meta-analysis revealed that the difference in respiratory rate between

the groups had achieved statistical significance (MD -3.10; 95% CI -4.85 to -1.34; p<0.001).

The finding was in line with the results of subgroup analysis for hypercapnic and hypoxemic

ARF (Table 2 and Fig 7).

Endotracheal intubation. Data regarding endotracheal intubation was collected from

nine studies [9–11, 36–39, 41, 42]. As a whole, 11.4% (26/228) patients experienced endotra-

cheal intubation in helmet group and 28.7% (64/223) in face mask group. As statistical hetero-

geneity across studies was non-significant (p>0.1; I2 = 0%), fixed-effect model was adopted.

The pooling results of our meta-analysis (RR 0.39; 95% CI 0.26−0.59; p<0.001) and subgroup
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Fig 2. Risk of bias summary.

https://doi.org/10.1371/journal.pone.0250063.g002

PLOS ONE Mechanical ventilation with helmet and acute respiratory failure

PLOS ONE | https://doi.org/10.1371/journal.pone.0250063 April 15, 2021 8 / 19

https://doi.org/10.1371/journal.pone.0250063.g002
https://doi.org/10.1371/journal.pone.0250063


analysis (hypercapnic ARF (RR 0.51; 95% CI 0.28−0.92; p<0.05) and hypoxemic ARF (RR

0.33; 95% CI 0.19−0.56; p<0.001)) all showed that the difference in intubation rate between

the groups was statistically significant (Table 2 and Fig 8).

Oxygenation index. There were eight studies [9, 36, 37, 39–43] reporting the information

about oxygenation index. Due to the significant heterogeneity among studies (p<0.001; I2 =

83%), random effects model was employed. Our meta-analysis (MD 27.76; 95% CI 9.39−46.13;

p<0.01) and subgroup analysis for hypoxemic ARF (MD 55.23; 95% CI 31.37−79.09; p<0.001)

all revealed that the oxygenation index was increased in helmet group compared with face

mask group. However, subgroup analysis for hypercapnic ARF failed to show a significant dif-

ference between the groups in oxygenation index (MD 7.20; 95% CI -3.10 to 17.50; p>0.05)

(Table 2 and Fig 9).

PaCO2. Eight trials in this analysis provided the data of PaCO2 after applying NIMV [9,

12, 36, 37, 40–43]. Random effects model was used to synthetize the data because of a signifi-

cant heterogeneity among studies (p<0.001; I2 = 89%). No significant difference between the

groups in PaCO2 was found in our meta-analysis (MD 1.57; 95% CI -1.45 to 4.59; p>0.05).

Subgroup analysis for hypercapnic ARF revealed that PaCO2 was significantly reduced in face

mask group compared with helmet group (MD 5.34; 95% CI 3.41−7.27; p<0.001). Whereas

PaCO2 in helmet group was significantly decreased when subgroup analysis for hypoxemic

ARF was performed (MD -2.32; 95% CI -3.43 to -1.21; p<0.001) (Table 2 and Fig 10).

ICU stay. Information about ICU stay was described in seven trials [9–11, 36, 37, 40, 41].

Owing to a significant heterogeneity across studies (p<0.001; I2 = 98%), random effects model

was applied. No significant difference in ICU stay between two groups was detected in our

meta-analysis (MD -0.39; 95% CI -2.23 to 1.45; p>0.05), or subgroup analysis for hypercapnic

ARF (MD 0.78; 95% CI -1.75 to 3.31; p>0.05). However, subgroup analysis for hypoxemic

ARF showed a significantly shorter ICU stay in helmet group (MD -1.28; 95% CI -2.51 to

-0.05; p<0.05) (Table 2 and Fig 11).

Hospital mortality. There were eight studies reporting the information of hospital mor-

tality [9–11, 37, 39, 41–43]. Overall, the mortality in helmet group and face mask group was

10.7% and 16.8%, respectively. Fixed-effect model was used due to the non-significant hetero-

geneity across studies (p>0.1; I2 = 0%). A significant difference between groups in hospital

Fig 3. Egger’s regression analysis for publication bias.

https://doi.org/10.1371/journal.pone.0250063.g003
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Table 2. Meta-analyses for comparing helmet versus face mask.

Outcome Studies Cases Statistical method Effect estimate p for HG I2 p

Intolerance 6 256 RR (M-H, Fixed, 95% CI) 0.19 (0.09−0.39) 1.00 0% <0.001

Hypercapnic ARF 2 80 RR (M-H, Fixed, 95% CI) 0.13 (0.03−0.67) 0.94 0% 0.01

Hypoxemic ARF 4 176 RR (M-H, Fixed, 95% CI) 0.21 (0.10−0.47) 1.00 0% <0.001

Facial skin ulcer 7 329 RR (M-H, Fixed, 95% CI) 0.19 (0.08−0.43) 0.50 0% <0.001

Hypercapnic ARF 2 70 RR (M-H, Fixed, 95% CI) 0.25 (0.03−2.13) 0.82 0% 0.21

Hypoxemic ARF 5 259 RR (M-H, Fixed, 95% CI) 0.18 (0.07−0.44) 0.26 25% <0.001

Aerophagia 6 296 RR (M-H, Fixed, 95% CI) 0.15 (0.06−0.37) 0.38 6% <0.001

Hypercapnic ARF 2 120 RR (M-H, Fixed, 95% CI) 0.74 (0.15−3.59) 0.54 0% 0.71

Hypoxemic ARF 4 176 RR (M-H, Fixed, 95% CI) 0.08 (0.02−0.29) 0.94 0% <0.001

Respiratory rate 9 465 MD (IV, Random, 95% CI) -3.10 (-4.85 to -1.34) <0.01 89% <0.001

Hypercapnic ARF 5 252 MD (IV, Random, 95% CI) -1.03 (-1.39 to -0.68) 0.64 0% <0.001

Hypoxemic ARF 4 213 MD (IV, Random, 95% CI) -5.11 (-6.92 to -3.29) 0.03 66% <0.001

Intubation rate 9 451 RR (M-H, Fixed, 95% CI) 0.39 (0.26−0.59) 0.56 0% <0.001

Hypercapnic ARF 5 238 RR (M-H, Fixed, 95% CI) 0.51 (0.28−0.92) 0.38 4% 0.03

Hypoxemic ARF 4 213 RR (M-H, Fixed, 95% CI) 0.33 (0.19−0.56) 0.85 0% <0.001

Oxygenation index 8 348 MD (IV, Random, 95% CI) 27.76 (9.39−46.13) <0.01 83% 0.003

Hypercapnic ARF 4 172 MD (IV, Random, 95% CI) 7.20 (-3.10 to 17.50) 0.23 30% 0.17

Hypoxemic ARF 4 176 MD (IV, Random, 95% CI) 55.23 (31.37−79.09) 0.05 61% <0.001

PaCO2 8 318 MD (IV, Random, 95% CI) 1.57 (-1.45 to 4.59) <0.01 89% 0.31

Hypercapnic ARF 5 182 MD (IV, Random, 95% CI) 5.34 (3.41−7.27) 0.34 11% <0.001

Hypoxemic ARF 3 136 MD (IV, Random, 95% CI) -2.32 (-3.43 to -1.21) 0.29 19% <0.001

ICU stay 7 337 MD (IV, Random, 95% CI) -0.39 (-2.23 to 1.45) <0.01 98% 0.67

Hypercapnic ARF 3 118 MD (IV, Random, 95% CI) 0.78 (-1.75 to 3.31) <0.01 97% 0.54

Hypoxemic ARF 4 219 MD (IV, Random, 95% CI) -1.28 (-2.51 to -0.05) <0.01 86% 0.04

Hospital mortality 8 403 RR (M-H, Fixed, 95% CI) 0.62 (0.39−0.99) 0.99 0% 0.04

Hypercapnic ARF 4 190 RR (M-H, Fixed, 95% CI) 0.86 (0.36−2.06) 0.99 0% 0.74

Hypoxemic ARF 4 213 RR (M-H, Fixed, 95% CI) 0.54 (0.31−0.93) 0.99 0% 0.03

HG, heterogeneity; RR, risk ratio; M-H, Mantel-Haenszel; Fixed, fixed effect model; CI, confidence interval; ARF, acute respiratory failure; MD, mean difference; IV,

inverse variance; Random, random effects model.

https://doi.org/10.1371/journal.pone.0250063.t002

Fig 4. Forest plot of intolerance.

https://doi.org/10.1371/journal.pone.0250063.g004
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mortality was observed in our meta-analysis (RR 0.62; 95% CI 0.39−0.99; p<0.05), as well as

subgroup analysis for hypoxemic ARF (RR 0.54; 95% CI 0.31−0.93; p<0.05). The difference

was not found in subgroup analysis for hypercapnic ARF (RR 0.86; 95% CI 0.36−2.06; p>0.05)

(Table 2 and Fig 12).

Discussion

Our meta-analysis of 12 RCTs showed that the helmet NIMV was associated with better toler-

ance, less adverse events, and reduced respiratory rate, intubation rate and hospital mortality

when compared with the face mask NIMV. Moreover, the helmet NIMV could improve gas

exchange in patients with hypoxemic ARF.

In recent 20 years of clinical practice, NIMV has been widely applied, especially for patients

with cardiogenic pulmonary edema and COPD [27]. However, NIMV is often interrupted due

to the patient intolerance, resulting in treatment failure. The reason may be related to the

patient-ventilator interaction of NIMV [44]. The classic manner of interaction is the facial

(also named oronasal) mask interface, which usually cause some complications, such as facial

skin ulcer, eye irritation, aerophagia, etc., leading to patient intolerance. Compared with the

face mask, the helmet can be suitable for patients with different facial shapes, and the patients

Fig 5. Forest plot of facial skin ulcer.

https://doi.org/10.1371/journal.pone.0250063.g005

Fig 6. Forest plot of aerophagia.

https://doi.org/10.1371/journal.pone.0250063.g006
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can contact and communicate with the surrounding environment during ventilation process.

A trial by Antonaglia et al. [37] found that the incidence of intolerance in patients with exacer-

bation of COPD receiving helmet NIMV was significantly less than that in patients receiving

face mask NIMV (5% vs. 40%). In a multicenter RCT, Chidini et al. [45] treated infants with

ARF caused by respiratory syncytial virus with helmet and face mask NIMV. The results

showed that the intolerance rate and trial failure rate in the helmet group were significantly

lower than those in the face mask group. Yang et al. [41] recruited patients with hypoxemia

after coronary artery bypass grafting surgery to randomly receive NIMV either with the helmet

or the face mask. The research team observed that patients treating with helmet NIMV experi-

enced less intolerance, facial skin ulcer and aerophagia. However, in patients with exacerbation

of COPD, Pisani et al. [38] found that there was no difference between the two groups in the

score of discomfort and incidence of adverse events after ventilation treatment. The results of

our study confirmed that the tolerance of helmet NIMV is better than that of face mask

NIMV, no matter what type of ARF. Unfortunately, the advantages of helmet NIMV in reduc-

ing the incidences of facial skin ulcer and aerophagia were only shown in hypoxemic ARF, but

not in hypercapnic ARF. The reason for this difference may be due to the relatively small

Fig 7. Forest plot of respiratory rate.

https://doi.org/10.1371/journal.pone.0250063.g007

Fig 8. Forest plot of endotracheal intubation.

https://doi.org/10.1371/journal.pone.0250063.g008
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sample size in the study of hypercapnic ARF. Increasing the sample size may display positive

outcomes.

It is well known that avoiding tracheal intubation can reduce the incidence of ventilator-

associated pneumonia, and cut down the use of analgesic and sedative drugs. Antonaglia et al.

[37] observed that NIMV with helmet can significantly reduce the rate of tracheal intubation

compared with NIMV with face mask in patients with exacerbation of COPD. Further analysis

indicated that in the face mask group, 88% of the patients with endotracheal intubation failed

in NIMV merely due to intolerance. In our study, the respiratory rate of patients treated with

helmet NIMV was significantly decreased, reflecting that the respiratory distress was further

alleviated. We believe that the decreases of respiratory rate and tracheal intubation rate are

closely related to the better tolerance of helmet NIMV.

Compared with oxygen therapy, NIMV can provide certain inspiratory pressure and posi-

tive end expiratory pressure (PEEP), so as to increase the minute ventilation volume of the

lung, prevent alveolar collapse, reduce intrapulmonary shunt, and improve the ventilation /

perfusion ratio, thus promoting gas exchange. Zhang et al. [39] found that helmet NIMV can

significantly increase the oxygenation index of patients with hypoxemic ARF compared with

face mask NIMV. Yang et al. [9, 41] also reported similar results. The results of our meta-anal-

ysis are consistent with the above studies. It is speculated that the reason why helmet NIMV

can increase oxygenation index may be related to the better airtightness of the ventilation sys-

tem and more effective transmission of PEEP. It should be noted that a recently published

Fig 9. Forest plot of oxygenation index.

https://doi.org/10.1371/journal.pone.0250063.g009

Fig 10. Forest plot of PaCO2.

https://doi.org/10.1371/journal.pone.0250063.g010
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meta-analysis [26] showed that there was no difference in the effects of two NIMV modes on

oxygenation. Through comparative observation, it was found that the meta-analysis simulta-

neously included RCTs and non-RCTs, and in the analysis of RCTs, it selected two articles that

were excluded in our study (the reason for exclusion was that NIMV parameters were not pro-

vided, therefore it was not suitable to conduct meta-analysis based on the results). This may be

the reason why the above results are inconsistent.

Some studies [36, 37, 42] reported that helmet NIMV was less effective than face mask

NIMV in reducing CO2 retention in patients with COPD. Similar results were found in our

meta-analysis. These findings could possibly be explained by three factors: (1) CO2 rebreath-

ing, (2) an increase in ventilation dead space, and (3) less reduction of inspiratory effort. How-

ever, it is believed that the fresh gas flow rate of the helmet NIMV can reach 100 ~ 200L / min,

which can reduce the risk of CO2 rebreathing in the helmet [46]. A study by Antonelli et al.

[47] reported that CO2 rebreathing with the helmet and the mask in healthy volunteers was

similar and always less than 1.5%.

It is considered that due to the soft collar of the helmet, the inspiratory pressure was dissi-

pated partly, resulting in a less efficient reduction of the inspiratory effort. Under this circum-

stance, the pressurization rate might be lower and sometimes may affect the trigger and

cycling, leading to patient–ventilator dyssynchrony [47]. However, it is thought that to

Fig 11. Forest plot of ICU stay.

https://doi.org/10.1371/journal.pone.0250063.g011

Fig 12. Forest plot of hospital mortality.

https://doi.org/10.1371/journal.pone.0250063.g012
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overcome the same inspiratory resistance, the pressure required for helmet NIMV is 33%

higher than that for face mask NIMV [18]. In addition, Pisani et al. [38] carried out a trial in

which the pressure in the helmet group was increased by 30% compared with that in the face

mask group. As a result, there was no difference in PaCO2 between the two groups. Neverthe-

less, in the five studies [11, 12, 36, 37, 42] focusing on COPD included in our meta-analysis,

the pressure support levels of the two groups were approximately parallel. This may explain

the results of our study. Therefore, by increasing the inspiratory pressure, NIMV with helmet

may completely achieve the CO2 removal level of face mask NIMV, which needs further con-

firmation by randomized trials.

Our study found that helmet NIMV could reduce the hospital mortality of patients with

hypoxemic ARF, which is consistent with the result of a recent study by Xu et al. [27]. More-

over, the follow-up study by Patel et al. [48] demonstrated that the one-year mortality of

patients with ARDS could be reduced by helmet NIMV compared with that of face mask

NIMV. Regrettably, our study failed to show that the hospital mortality of patients with hyper-

capnic ARF in helmet NIMV group was decreased. The reason for this difference is not clear.

It may be related to the fact that most of the primary causes of hypoxemic ARF are reversible,

while most of the primary diseases leading to hypercapnic ARF are irreversible. In addition,

some researchers conducted economic analysis [49] showed that the cost of ICU and hospitali-

zation of the helmet NIMV group was significantly lower than that of the face mask NIMV

group, reflecting considerable economic advantage.

The results of our study are similar to a previous meta-analysis published by Liu et al [25],

but there are some differences. Firstly, In addition to the English databases that were searched

by Liu et al, we also retrieved three main Chinese databases. We realized that more compre-

hensive literature search could reduce publication bias as much as possible. Secondly, we

updated the included literature. In the previous study, five case-control studies and six RCTs

were eligible and analyzed. The control group of one RCT was venturi oxygen therapy, not

face mask NIMV. In contrast, a total of 12 studies included in our meta-analysis were all RCT

with homogeneous treatment group and control group, which may be the main strength of

our study. We believed that a larger sample size would make the results of our meta-analysis

more reliable.

There are some limitations in our analysis, which deserve discussion. First, we observed

considerable heterogeneity between the analyzed studies. Clinical heterogeneity among studies

principally involves the primary diseases leading to ARF, the inclusion and exclusion criteria

of each study, the modes and settings of mechanical ventilation and the definitions of out-

comes. Statistical heterogeneity is generally a consequence of these clinical diversities.

Although these variations might have influenced the results of our study, we did use a random

effects model (in which each study is regarded as estimating a different effect) for data combin-

ing when the statistical heterogeneity was significant. Second, most of the included studies

referred to data collected almost 10 years ago. Technological advancement might have

improved both face mask and helmet NIMV performance, and new literature insights might

have changed the way NIMV is set in clinical practice. Third, all the included studies are char-

acterized by a small sample size, single-center design, and mainly run by clinical experts in the

field of NIMV and especially helmet NIMV. Thus, the results of our study should be inter-

preted with caution. Large RCTs are still needed to provide more robust evidence.

Conclusion

In summary, this meta-analysis showed that compared to face mask NIMV treating patients

with ARF, the helmet NIMV could improve the patient’s tolerance, reduce the incidence of
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complications, and decrease the respiratory rate, tracheal intubation rate and hospital mortal-

ity. Moreover, the oxygenation index of patients with hypoxemic ARF could be increased by

NIMV with helmet. Increasing inspiratory pressure may make up for the deficiency of the hel-

met NIMV in the removal of CO2. In view of the possibility that the low number of patients

from included studies may preclude strong conclusions, large RCTs are still needed to provide

more robust evidence.
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