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Abstract 

Objectives Acute viral bronchiolitis (AVB) is a major cause of hospitalization for children in developed and devel-
oping countries. Nasal high flow (NHF) therapy improves oxygenation and reduces respiratory drive by enhancing 
carbon dioxide wash-out. However, little is known about the physiological effects of non-invasive helmet continuous 
positive airway pressure (h-CPAP) and NHF on respiratory work of breathing (WOB) in pediatric patients with AVB. The 
present study measured esophageal pressure time product over 1 min (PTPes*min−1), as a close surrogate for WOB 
during standard oxygen therapy (SOT), NHF delivered at incremental flow rates, and h-CPAP in hospitalized patients 
with AVB.

Methods This is a physiological randomized crossover study with four 20-min steps: SOT delivered by a Venturi mask; 
NHF2 set at 2L/kg*min−1PBW; NHF3 set at 3L/kg*min−1PBW; and h-CPAP with PEEP 7  cmH2O. PTPes *min−1, pressure 
rate product (PRP), respiratory and other physiological parameters were collected towards the end of each step.

Results Ten hypoxemic children with AVB were enrolled. PTPes*min−1, respiratory rate (RR), PRP, and heart rate (HR) 
decreased progressively from h-CPAP to NHF3, NHF2, and SOT (p < 0.01). Transcutaneous carbon dioxide tension 
 (tcCO2) was lower during h-CPAP, NHF3, and NHF2 than during SOT (p < 0.001).  SpO2:FiO2 was higher during h-CPAP 
than with all other support (p < 0.01).

Conclusions In pediatric patients with AVB, h-CPAP was associated with lower WOB, better oxygenation, and lower 
 tcCO2 than with SOT and NHF trials.
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Introduction
Acute respiratory failure (ARF) due to acute viral 
bronchiolitis (AVB) is a major cause of hospitalization 
for children, with admission rates to pediatric inten-
sive care unit (PICU) of 2–6% [1, 2]. AVB in children 
involves an increase in airway resistance and a decrease 
in lung compliance due to airway occlusion, alveo-
lar collapse and atelectasis, leading to a rapid shallow 
breathing pattern [3, 4]. The application of 6–7  cmH2O 
of continuous positive airway pressure (CPAP) pro-
motes alveolar recruitment, reduces the ventilation-
perfusion mismatch and stents the airways, unloading 
the respiratory muscles, reducing respiratory distress 
and improving gas exchange [5–7].

Non-invasive respiratory support (NRS) with nasal 
high flow (NHF) was introduced recently in adults 
and children [8–13]. NHF is associated with enhanced 
carbon dioxide  (CO2) wash-out from the upper air-
ways and delivers low end-expiratory positive airway 
pressure. These effects, combined with optimal airway 
humidification, reduce the respiratory work of breath-
ing (WOB) and improve gas exchange, potentially 
lowering the risk of failure of non-invasive approach 
[12–19]. However, the physiological effects of non-
invasive helmet CPAP (h-CPAP) and NHF at different 
flow rates on respiratory WOB have not been compared 
in paediatric patients with AVB.

The aim of this physiological randomized crossover 
study is to compare the effects of standard oxygen ther-
apy (SOT), NHF 2 and 3  L/kg   min−1 predicted body 
weight (PBW) and h-CPAP on the WOB of children 
with moderate to severe hypoxemic ARF due to AVB.

Methods
The study received approval from the local institu-
tional Ethics Committee, and written informed consent 
was obtained from the parents or legal guardian of the 
patients. The study was registered on ClinicalTrial.gov 
(NCT03689686). Consolidated Standards of Reporting 
Trials guidelines were followed, and the study was con-
ducted according to the Helsinki 1964 Ethical Declara-
tion Standard, revised in 2008 [20, 21].

Study design
This was a physiological cross-over study that com-
pared four 20-min steps delivered in computer-gener-
ated random order:

• Standard Oxygen Therapy delivered by a non-fitting 
oxygen Venturi mask (SOT)

• Nasal high flow delivered at 2  L/kg*min.−1PBW 
(NHF2)

• Nasal high flow delivered at 3  L/kg*min.−1PBW 
(NHF3)

• CPAP with positive end-expiratory pressure of 
7   cmH2O, delivered through a paediatric helmet 
(h-CPAP) [22, 23].

A phone-call service was available 24/7 for 
randomization.

End‑points
The primary end-point of the study was the difference in 
esophageal pressure time product per minute  (PTPes * 
 min−1), which serves as a surrogate for respiratory WOB.

Inspiratory esophageal pressure swings (ΔPes), pres-
sure rate product (PRP) (i.e., ΔPes * respiratory rate), res-
piratory physiological parameters, the Modified Woods 
Clinical Asthma Score (M-WCAS) and the EDIN Score 
were collected at the end of each step and then com-
pared too. M-WCAS is a combined score used to assess 
the degree of respiratory distress in children with bron-
chiolitis. M-WCAS is a combined score used to evaluate 
the respiratory distress in children with bronchiolitis. It 
includes indicators such as oxygen saturation, inspiratory 
breath sounds, expiratory wheezing, use of accessory res-
piratory muscles, and cerebral function [24]. The EDIN 
scale is utilized to assess comfort through five behavio-
ral indicators, including facial activity, body movements, 
quality of sleep, quality of contact with nurses, and con-
solability [25].

Study population
All consecutive children between the ages of 1  month 
and 2 years, admitted to the Pediatric Intensive Care Unit 
(PICU) of the Fondazione Cà Granda, Ospedale Mag-
giore Policlinico in Milan, Italy, from 1 October 2018 
to 30 April 2019, with clinical suspicion of AVB, were 
screened for eligibility.

The clinical suspicion of AVB was determined based on 
the following criteria:

• Presence of infiltrates on chest radiographs
• Up to three of the following symptoms: body tem-

perature > 38  °C, leucocytosis/leukopenia, purulent 
secretions, wheezing or abnormal breath sounds.

Nasopharyngeal and/or tracheal secretions were 
collected by non-bronchoscopic blind technique at 
admission and AVB infection was detected using an 
enzyme-linked immunoadsorbent assay [26].

Inclusion criteria were age > 30  days and < 2  years; 
 SpO2:FiO < 264 while receiving additional oxygen; 
RR > 2SD according to age and/or active contraction 
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of inspiratory muscles and/or paradoxical abdominal 
motion (2 out of 3 minimum).

Exclusion criteria were as follows: need for immediate 
intubation; Glasgow Coma Scale < 12; pH < 7.25; impaired 
cough reflex; upper-airway obstruction; previous facial/
gastric surgery; recurrent apneas; hemodynamic instabil-
ity (need for vasopressor or inotropes); evidence of pneu-
mothorax on lung echo or chest X-ray; contraindications 
to insertion of an esophageal catheter [22, 23, 27].

Measurements and definitions
The following variables were collected upon admission 
to PICU admission: age, sex, weight, Pediatric Index of 
Mortality 2 (PIM2), and pediatric Sequential Organ Fail-
ure Assessment (pSOFA) Score [28, 29]. Throughout the 
study, electrocardiogram traces, transcutaneous meas-
urements of carbon dioxide and oxygen tension, RR, 
systolic, and diastolic blood pressure were displayed on 
a multiparametric PICU monitor (DraegerWerk AG and 
Co., KGaA, Lubeck, Germany).

To measure esophageal pressure, a radio-opaque 
6-French (Fr) balloon catheter (CareFusion, San Diego, 
CA, USA) was inserted through the nose and advanced 
approximately 15–20 cm until reaching the stomach. The 
balloon was inflated with the recommended volume of 
air (0.3–0.5  mL). After confirming positive inspiratory 
deflection, the catheter was retracted until it reached the 
lower third of the esophagus, indicated by the appear-
ance of negative inspiratory deflections and cardiac arti-
facts [15].

Were measured the following variables by offline analy-
sis of tracings collected at the end of each step:

A) Esophageal pressure time product over 1  min 
(PTPes*min−1). This is a physiological parameter 
used to quantify WOB in adults and children It is 
defined as the sum of areas subtended by the esoph-
ageal inspiratory pressure curve over a period of 
5  min, divided by the number of minutes. This is a 
simplification of the classic computation of the PTP 
used in previous studies [14, 15].

B) Inspiratory esophageal pressure swings (ΔPes), equal 
to the average difference between end-inspiratory 
and end-expiratory esophageal pressure measured 
over a 5-min period. ΔPes is used as a measurement 
of the patient’s inspiratory effort, in line with previ-
ous adult studies [14, 15]. By measuring the differ-
ence between the highest pressure observed during 
inspiration and the lowest pressure observed dur-
ing expiration, ΔPesbr provides valuable information 
about the magnitude of effort exerted by the patient’s 
respiratory muscles during each breath.

C) Pressure rate product (PRP), defined as the mean 
ΔPes * RR. PRP is a physiological parameter used 
to assess a patient’s inspiratory effort over a 1-min 
period. Previous pediatric studies have utilized PRP 
as a reliable indicator of inspiratory effort, which 
makes it a valuable parameter in assessing and com-
paring the effects of different NRS strategies in chil-
dren ARF or AVB [17–19].

Study protocol
Patients were kept in semi-recumbent position, under 
sedation with low-dose dexmedetomidine (0.5  mcg/
kg/h) delivered through all study steps, according to local 
PICU protocol [30].  FiO2 was set to target a peripheral 
saturation of 90–95% during the first step, then kept con-
stant throughout the study.  FiO2 during NHF was also 
measured using a dedicated system (AIRVO™2; Fisher 
& Paykel Healthcare, Auckland, New Zealand). NHF2 
and NHF3 were delivered using specific paediatric nasal 
prongs (Fisher & Paykel Healthcare) and h-CPAP was 
delivered by a free-flow gas circuit, as described in previ-
ous paediatric studies [22, 23] (Fig. 1).

The choice of interface plays a crucial role in determin-
ing the success or failure of NRS. The use of a helmet for 
delivering CPAP in adults and children has gained exten-
sive experience [5–7, 22, 23]. The helmet offers advan-
tages such as more consistent airway pressurization, 
lower leakages compared to oronasal masks, and faster 
resolution of pediatric ARF compared to NHF2 [5–7, 31, 
32].

The pediatric helmet utilized in the study (Castar 
Starmed, Mirandola, Italy) is designed with a collar 
diameter of 27 cm and a volume of 6 L. It is crafted from 
transparent, latex-free polyvinyl chloride and securely 
attached to a soft collar that conforms to the child’s neck. 
The helmet system is connected to a diaper using two 
braces. One port of the helmet connects to a fresh gas 
source, while the other is linked to an underwater posi-
tive end-expiratory pressure valve. To ensure safety, an 
overpressure device is set at 20   cmH2O on the inspira-
tory line. High fresh gas flow of 40 L/min is employed to 
prevent  CO2 rebreathing. In case of emergencies, the hel-
met can be quickly and easily removed. An anti-asphyxia 
valve is integrated to prevent  CO2 rebreathing if a circuit 
disconnection or interruption in the gas supply occurs. 
This valve can be effortlessly detached to facilitate nurs-
ing and suctioning procedures. Tracheal and oral suction 
can be performed through an opening on the helmet’s 
surface. The inspiratory line allows for the measurement 
and display of pressure,  FIO2, and temperature using the 
Sensor OPT system (Starmed, Mirandola, Italy).
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Each patient received the pre-planned steps (SOT; 
NHF2; NHF3; h-CPAP) in random order. The first 15 min 
of each step were considered as a washout period to 
minimize the carry-over effect. During washout periods, 
data were monitored but not considered for study meas-
urements. Esophageal pressure traces were sampled at 
100 Hz for 5 min towards the end of each trial and ana-
lyzed offline (ICU Kleistek, Bari, Italy). Two senior physi-
cians not involved in the study analyzed all traces offline. 
Each file was assigned a classification based on an order 
number, with no indication of the type of respiratory 
support displayed on the screen. Physiological param-
eters were collected in the same last 5 min of each trial. 
A PICU senior physician not involved in the study was 
always present for monitoring and treatment of potential 
adverse events. For safety reasons, the protocol included 
the following termination criteria:  SaO2 < 90% despite 
 FiO2 > 0.6;  tcCO2 > 10% compared to baseline; need for 
intubation; hemodynamic instability.

Sample size and statistical analysis
No previous data have been published comparing 
 PTPes*min−1 values during spontaneous breathing (SB) 
and NHF at different flow rate in paediatric popula-
tion. Therefore, we calculated the sample size accord-
ing to previous published studies reporting mean value 
of  PTPes*min−1 during SB (216 ± 100   cmH2O sec   min−1) 
and NHF (154 ± 84  cmH2O sec  min−1) in adults with ARF 
[14].

Considering an α-error = 0.05 and power = 80%, the 
study needed 15 patients to detect a 30% reduction in the 
primary end-point between SOT and NHF3 (MedCalc 
V19.1.7. software; Lt-Ostend, Belgium). Interim statis-
tical analysis was pre-planned for 8–10–12 patients to 
detect excessive benefits from one treatment.

Data distribution was assessed using Shapiro–Wilk 
analysis. Due to the distribution of the data, a non-para-
metric analysis of variance (ANOVA) using the Friedman 
test was conducted, followed by post-hoc Bonferroni cor-
rection. Significance was considered p < 0.05. Outcome 
variables are presented as median and interquartile range 
(IQR), specifically the 1st to 3rd quartiles (MedCalc 
V19.1.7. software; Lt-Ostend, Belgium).

Results
The study was concluded with 10 enrolled patients 
because the interim statistical analysis indicated that the 
primary endpoint had already been achieved with a high 
level of significance. Therefore, it was deemed unethi-
cal to enrol additional children who would require inva-
sive procedures such as the placement of an esophageal 
catheter.

Study flowchart is depicted in Fig. 2.
All enrolled patients completed the study without 

interruptions. No major adverse events such as hemo-
dynamic instability, cardiac arrest, or hypercapnic coma 
were reported during study.

Baseline patients’ characteristics are summarized in 
Tables 1 and 2.

Fig. 1 Helmet CPAP circuit
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All children were enrolled early after admission and 
the study protocol started within a median time of 3 h 
from PICU admission. Enrolled children received a 
median period of NRS of 4[4.25–5] days with a median 
PICU LOS of 4[3–4]) days. No patient died during 
PICU and hospital stay. All patients survived at 3- and 
6-months follow-up.

Primary and secondary end-point per protocol analy-
sis is reported in Table 3 and Fig. 3.

PTPes*min−1 decreased during h-CPAP (179[97–
376]cmH2O*sec*min−1) compared to NHF3 
(500[164–600]cmH2O*sec*min−1), NHF2 (508[216–
672]cmH2O*sec*min−1), and SOT (535[228–701] 
 cmH2O*sec*min−1) (p < 0.001). There were no differences 
between PTPes *min−1 values for SOT, NHF2, and NHF3.

ΔPesbr decreased during h-CPAP (10[5–13]cmH2O) 
compared to NHF3(15[5.5–25]cmH2O), NHF2 

Fig. 2 Study flowchart

Table 1 Characteristics of patients at admission

PIM2 Pediatric Index of Mortality 2, pSOFA pediatric Sequential Organ Failure Assessment, NRS non-invasive respiratory support, PICU pediatric intensive care unit, RSV 
respiratory syncitial virus

Pts. N Gender Infective organism Age
Months

Weight
kg

PIM 2 pSOFA Prestudy hours
n

NRS days
n

PICU days
n

1 F RSV 20 10 1.5 2 2 3 3

2 F RSV 13 8 2 3 2 6 7

3 F Bocavirus 9 9 2 3 3 3 3

4 M RSV 8 9 3 3 6 3 3

5 M Bocavirus 15 12 2 2 4 4 4

6 M Rhinovirus 10 11 2 2 2 4 4

7 F Metapn 11 9 1.8 2 2 6 6

8 M Bocavirus 15 13 2 2 3 5 5

9 M RSV 12 12 1.7 2 2 4 4

10 F RSV 11 10 2 2 3 4 5

Median 11.5 10 2 2 2.5 4.4 4

1–3 IQR 10–14.5 9–14 1.8–2 2–2.7 2–3 2–5 3–5
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(17[4–26.5]cmH2O) and SOT (17[8.5–30.5]  cmH2O) 
(p < 0.01) without differences between NHF3, NHF2, 
and SOT.

Pressure rate product (PRP) decreased during h-CPAP 
(410[207–61]) vs NHF3 (792[241–1100]), NHF2 
(617[228–1100]) and SOT (812[399–1500]) (p < 0.01) 
without differences between NHF3, NHF2 and SOT.

MWCAS score was decreased during h-CPAP (3[2.7–
4]) vs NHF3 (4.5[3–5]), NHF2 (5[3–5]), and SOT (6[5, 6]) 
(p < 0.01) and during NHF3 vs NHF2 and SOT (p < 0.01).

Physiological parameters across the study are reported 
in Table  3 and in Fig.  4.  FiO2 was kept constant across 
the study and no variations > 5% were observed across 

the trials between  FIO2 values displayed on AIRVO2 and 
values displayed by an external oximeter on inspiratory 
circuit limb.

SpO2:FiO2 showed a progressive significative increase 
during h-CPAP (326[320–326]) vs NHF3 (264[248–
350]), NHF2 (270[250–300]), and SOT (200[160–215]) 
(p < 0.01). Moreover, we observed an increase in oxygena-
tion even during NHF3 vs NHF2 and SOT (p < 0.01).

TCCO2decreased progressively during h-CPAP 
(33[31–42]  mmHg), NHF3(33[31–45] mmHg), 
NHF2(36[35–51] mmHg) compared to SOT (46[34–58] 
mmHg) (p < 0.001).

Respiratory rate decreased during h-CPAP (40[35–45] 
breath*min−1) compared both to NHF3 (45[40–51] 
breath*min−1), NHF2 (45[37–55] breath*min−1), and to 
SOT (55[37–60] breath*min−1) (p < 0.01).

Heart rate decreased during h-CPAP (104[91–118] 
beats  min−1) compared to NHF3 (130[120–150] bpm), 
NHF2 (130[120–150] beats  min−1) and SOT (140[113–
136] beats  min−1) (p < 0.001). No difference in MAP were 
found across the study. Comfort improved during all 
NRS trials compared to SOT.

Discussion
The main findings of the study are as follows: 
(a) h-CPAP demonstrated a reduction in WOB, 
PTPes*min−1, PRP, and RR, along with improved gas 
exchange compared to NHF and SOT; (b) NHF2 and 
NHF3 showed enhanced gas exchange compared to 
SOT without affecting WOB; (c) increasing the flow 

Table 2 Physiological parameters at enrolment

FiO2 inspired oxygen fraction, SF SpO2  FiO2 ratio, tcCO2 transcutaneous carbon 
dioxide tension, RR respiratory rate, HR heart rate, m-WCAS Modified Wood’s 
Clinical Asthma Score, EDIN Échelle Douleur Inconfort Nouveau-Né, SB 
spontaneous breathing. Variables are expressed as median (1–3 IQR)

Parameters Values

FiO2, % 40

SpO2:  FiO2 200, 157–215

TcCO2, mmHg 33, 31–34

pH 7.36,7.32–7.42

Respiratory rate, breath  min−1 55, 37–60

M-WCAS score 6, 5–6

Heart rate, beats  min−1 130, 103–152

Mean arterial pressure, mmHg 73, 70–78

EDIN score 6.5, 5–8

Table 3 Effects of different non-invasive respiratory supports on patient’s respiratory effort and physiological parameters

SOT standard oxygen therapy delivered via Venturi oxygen mask, PBW predicted body weight, NHF2 nasal high flow delivered at 2 L/kg/min−1 PBW, NHF3 nasal high 
flow delivered at 3 L/kg/min−1PBW, PTPes esophageal pressure time product, ΔPesbr esophageal pressure swing per breath, FiO2 inspired oxygen fraction, SF SpO2  FiO2 
ratio, TcCO2 transcutaneous carbon dioxide tension, RR respiratory rate, HR heart rate, m-WCAS Modified Wood’s Clinical Asthma Score, EDIN Échelle Douleur Inconfort 
Nouveau-Né, SB Spontaneous breathing, NHF nasal high flow, h-CPAP helmet continuous positive airway pressure. Variables are expressed as median (1-3IQR). Within 
patient variability was analyzed with non-parametric ANOVA (Friedman test with post-hoc Bonferroni correction). Significance was taken at p < 0.05
§ p < 0.001 h-CPAP versus NHF3, NHF2, and SOT
* p < 0.01 NHF2 and NHF3 versus SOT
** p < 0.01 NHF3 versus NHF2 and SOT

SOT NHF2 NHF3 h‑CPAP

PTPes,  cmH2O sec  min−1 535, 228–701 508, 216–672 500, 164–600 179, 97–376§

ΔPesbr,  cmH2O 17, 8.5–30.5 17, 4–26.5 15, 5.5–25 10, 5–13 §

Pressure rate product 812, 399–1500 617, 228–1100 792, 241–1100 410, 207–611§

m-WCAS score 6, 5–6 5, 3–5 4.5, 3–5** 3, 2.7–4§

FiO2, % 40 40 40 40

SpO2:FiO2 200, 160–215 270, 250–300* 264, 248–350* 326, 320–326§

TcCO2, mmHg 46, 34–58 36, 35–51* 33, 31–45* 33, 31–42*

Respiratory rate, breath  min−1 55, 37–60 44, 40–51 45, 37–55 40, 35–45§

Heart rate, beats  min−1 130, 103–152 130, 120–150 130, 120–150 104, 91–118§

Mean arterial pressure, mmHg 73,70–78 72, 70–75 74, 67–78 70, 60–76

EDIN score 6.5, 6–8 4, 3–4.2* 4, 3–4.5* 3.5, 3–4*
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rate from 2 to 3  L/min*kg−1PBW did not provide any 
additional benefits in terms of reducing WOB or 
improving gas exchange.

Furthermore, there were no differences in WOB 
between NHF2 and NHF3, supporting the notion 
that the lower flow rate can be considered the stand-
ard clinical setting. Notably, NHF2 may represent the 
upper limit of flow rate beyond which a lack of clinical 
response in terms of RR and HR indicates persistently 
elevated WOB and the need to escalate to CPAP [19, 
31–35].

While previous studies have discussed the effects 
of NHF and CPAP in pediatric ARF, most of them 
have been observational analyses or quality improve-
ment studies, with limited physiological investiga-
tions to determine the factors contributing to the 
success or failure of each method. Findings from our 

study underscore the importance of measuring the 
effects of different NRS techniques on WOB in order 
to effectively manage respiratory assistance and pre-
vent potential Self-Induced Lung Injury (SILI) since the 
early stages of ARF. Although the normal level of WOB 
generated in pediatric ARF is not well-known, evi-
dence from adult studies suggests that excessive WOB, 
accompanied by significant swings in intrapleural pres-
sure, can lead to diaphragmatic fatigue and SILI if not 
promptly detected and treated since the early phases of 
ARF.

Currently, esophageal pressure measurement is con-
sidered the gold standard for assessing WOB in adults 
and children. The pressure time product (PTPes*min−1) 
correlates well with WOB in pediatric populations and 
enables monitoring the effects of various interventions 
on respiratory muscle unloading.

Fig. 3 Primary and secondary end points. Depicts the effects of the different trials on the respiratory drive and patient’s effort over the study period. 
A, B Esophageal PTP and ΔPesBr are not affected by increasing flow rates during NHF 2 and 3 L/kg. On the other side, h-CPAP reduces the respiratory 
effort indexes compared to both NHF trials and standard oxygen mask. C, D Although a trend to a reduction in pressure rate product (ΔPesBr * RR) 
and respiratory rate and during NHF trials compared to oxygen mask was found, only h-CPAP was associated to a reduction of all respiratory effort 
parameters. NHF nasal high flow nasal; h-CPAP helmet continuous positive airway pressure. Within patient variability was analyzed with Friedman 
test with post hoc Bonferroni correction. Significance was taken at p < 0.05. §p < 0.001 h-CPAP versus NHF 3 L/kg, NHF 2 L/kg and oxygen mask
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The present study was designed to investigate the 
effects of different NRS systems on WOB and explore 
the feasibility of translating these findings into clinical 
practice, where esophageal pressure monitoring is still 
considered experimental and individual respiratory 
effort is primarily assessed using clinical scores.

The findings from our study align with pediatric stud-
ies, highlighting the optimal flow rate for NHF as 2 L/
min*kg−1PBW. Additionally, h-CPAP was found to pro-
vide more effective support for escalating care after 
NHF failure, and its physiological benefits on respira-
tory mechanics are associated with improved clinical 
outcomes [16–19, 36].

Nowadays, the timing of escalation of NRS from 
NHD to CPAP is still widely debated.

In the current pediatric literature, the need to esca-
late from NHF to CPAP has been associated with per-
sistent tachypnea, tachycardia, and increased oxygen 
requirement during NHF treatment [33]. Data from 
this study suggest that a lack of response in terms of 
RR and HR during NHF2 may indicate persistently 
increased WOB, potentially leading to muscle exhaus-
tion or the need for intubation. Although measuring 
WOB remains challenging in clinical practice, it can 
be hypothesized that persistently elevated RR and HR 
might reflect sustained WOB and predict the need for 

Fig. 4 Physiological parameters. Depicts the effects of the different trials on physiological parameters over the study period. A, B Oxygenation 
increased progressively by increasing NHF rates whereas transcutaneous carbon dioxide tension was significatively reduced compared to oxygen 
mask. H-CPAP was associated to a significative increase in oxygenation compared to all study trials. Effects of h-CPAP on transcutaneous carbon 
dioxide tension was similar if compared with NHF 2 and 3 L/kg. C, D Similar effects were reported for m-WCAS score, showing that h-CPAP and NHF 
3L/kg reduced the respiratory distress and heart rate compared to NHF 2 L/kg and oxygen mask. NHF Nasal High Flow oxygen therapy; h-CPAP 
helmet continuous positive airway pressure; m-WCAS Modified Wood’s Clinical Asthma Score. Within patient variability was analyzed with Friedman 
test with post hoc Bonferroni correction. Significance was taken at p < 0.05. §p < 0.001 h-CPAP versus NHF 3 L/kg, 2 L/kg and oxygen mask; *p < 0.01 
NHF 2 and 3 L/kg versus oxygen mask
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escalation from NHF to CPAP, consistent with findings 
from the PARIS study [33].

This study has several strengths: the patient popu-
lation was homogeneous in terms of the severity of 
ARF, and the study endpoints were clearly established 
a priori, minimizing subjective decisions on the main 
outcomes. WOB was measured using a gold standard 
method applicable in the pediatric population.

The study also has some limitations. Firstly, it was a 
short-term physiological study that included a small 
sample of children. Although this physiological study 
was able to address our main objective, the power of the 
study may have been insufficient to show small differ-
ences between conditions or to conduct subgroup anal-
yses. Furthermore, our population was selected based 
on age, sex, cause of ARF, and pSOFA score, indicating 
only respiratory involvement. Therefore, the generaliz-
ability of these results deserves further evaluation and 
cannot be extended to ARF due to other etiologies or 
in the presence of multiple organ failures. Secondly, the 
study was not blinded to treatment as it was impossi-
ble to conceal the interface from healthcare providers. 
However, the analysis of esophageal pressure tracings 
was performed blindly on an unidentified database. 
Thirdly,  CO2 tension was measured using a transcuta-
neous gas analyzer, and oxygenation was determined 
only using the  SpO2:FiO2 ratio to avoid the need for 
arterial cannulation [37].

In conclusion, the results of this study suggest that:

a) h-CPAP offers the greatest physiological benefits, 
including reduced WOB, improved gas exchange, 
and increased patient comfort, making it the pre-
ferred option for escalating respiratory support when 
signs of respiratory distress persist under NHF.

b) NHF2 remains the optimal flow rate for improving 
gas exchange in successfully treated patients.

c) NHF2 may serve as the upper limit of flow rate 
beyond which a lack of clinical response could pre-
dict treatment failure and necessitate escalation to 
h-CPAP.

d) Improvements in simple physiological parameters 
such as RR and HR are correlated with lower WOB 
and can guide the optimization of NRS, even in the 
absence of other invasive effort monitoring tech-
niques.

Additional clinical studies are required to develop new 
WOB monitoring systems reliable during NRS for each 
pediatric age group.
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