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Abstract
Background Treating children with acute severe asthma (ASA) who fail to respond to first-line inhaled
bronchodilators is problematic: use of intravenous agents is inconsistent and side-effects are common.
High-flow humidified oxygen (HiFlo) has shown promise in other respiratory conditions and is
increasingly used in ASA, but with little evidence.
Methods We conducted a feasibility randomised controlled trial with deferred consent to assess early
HiFlo in children aged 2–11 years with ASA not responding to “burst” therapy (high-dose inhaled
salbutamol ± ipratropium). Children with Paediatric Respiratory Assessment Measure (PRAM) score 5+
after “burst” were randomised to commence HiFlo or follow standard care. Candidate primary outcomes
assessed were treatment failure requiring escalation, and time to meeting hospital discharge criteria.
Results The target was met despite coronavirus disease 2019 pandemic disruption: 56 children were
randomised across four sites, with deferred consent received in 50 out of 56 (89%), and mean recruitment
rate 1.1 per site per month. 28 were allocated early HiFlo and 22 standard care. Data collection was
complete for both candidate primary outcomes. Treatment failure requiring escalation occurred in 18 of 28
children (64%) in the HiFlo arm and in 19 of 22 (86%) in the standard care arm. Median (interquartile
range) time from randomisation to meeting discharge criteria was 29.3 h (21.8–43.7 h) in the HiFlo arm
and 36.8 h (24.1–46.3 h) in the standard care arm.
Conclusions HiFlo in childhood ASA is a potentially promising intervention whose use is increasing
despite lack of evidence. A definitive randomised controlled trial to assess its effectiveness is required and
appears to be feasible.

Introduction
Acute severe asthma (ASA) is a leading cause of hospital attendance in children, accounting for up to 7%
of all paediatric emergency visits [1] and 8.5% of paediatric admissions from emergency departments [2],
the commonest single cause, and asthma exacerbation rates are increasing [3]. Standard first-line treatment
[3] for ASA in children involves high-dose inhaled bronchodilators via a spacer device or nebuliser
(“burst” therapy) plus oral corticosteroids: many children improve clinically and may be discharged.
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Around 20% fail to respond and require more intensive, second-line treatment: commonly intravenous (i.v.)
bronchodilators [4] (one or more of: aminophylline, salbutamol and magnesium sulfate). However, the
evidence for efficacy is limited and inconsistent, and side-effects are common [5]. Owing to a scarcity of
evidence, current guidelines [5, 6] give little steer on which second-line treatment clinicians should use.
There is therefore a need to investigate other options for treating ASA to improve the effectiveness of
treatment and reduce adverse effects.

High-flow humidified oxygen (HiFlo) therapy is an innovative healthcare technology that supports
breathing by supplying a warm, humidified air/oxygen mixture at high flow rates via fine nasal cannulae,
which has shown promising results in other acute respiratory conditions in children [7]. For example, trials
in infants with acute bronchiolitis have shown improved oxygen saturation levels [8] and fewer treatment
failures [9, 10], though not significantly faster weaning from oxygen [9]. In a recent large trial of children
with acute respiratory failure due to a range of diagnoses, HiFlo was non-inferior to continuous positive
airway pressure [11].

There have so far been no substantial randomised controlled trials (RCTs) of HiFlo in children with ASA,
though its use in ASA has been rapidly increasing [12]. Retrospective observational studies of HiFlo in
ASA have suggested that its use improves physiological indices and asthma severity scores [13, 14], but
they have also raised concerns that its use may delay initiating other forms of respiratory support [15].
There have been two small single-centre pilot RCTs of HiFlo in acute asthma, with conflicting results
[16, 17]. A recent review of HiFlo in ASA [12] concluded that “large well-designed randomised controlled
trials assessing the clinical efficacy of high-flow nasal cannula oxygen for children with asthma
exacerbation are urgently warranted.”

In summary, ASA in childhood is a common life-threatening emergency condition with important impacts
on healthcare costs and quality of life. HiFlo is a novel therapy which may have the potential to treat ASA
more effectively, but its use in this context is increasing without proof of efficacy. If HiFlo in ASA is not
evaluated objectively, there is a risk that a treatment without proven benefit (but with significant costs)
may drift into routine practice. There is therefore an urgent need for a well-designed, adequately powered
RCT of HiFlo in ASA. A definitive RCT could be large and expensive to run, and it is unclear whether it
would be feasible, how large it would need to be and what the most appropriate outcome measures would
be. We conducted a multicentre feasibility RCT designed to fill this knowledge gap. The underlying
hypothesis is that early use of HiFlo improves outcomes in children with ASA who fail to respond to
first-line therapy. The aim of this study was to establish whether an RCT to examine this hypothesis can
be conducted safely and successfully, and to generate data needed to plan the definitive RCT.

Methods
Participants
We recruited children aged 2 to 11 years who presented to the hospital emergency department (ED) with
ASA and did not respond to first-line “burst” therapy (defined as high-dose inhaled salbutamol, with or
without ipratropium, via inhaler and spacer or nebuliser, at least two doses over 1 h). ASA was defined as
acute respiratory distress with wheeze and did not require a prior diagnosis of asthma. Failure to respond
was defined as a Paediatric Respiratory Assessment Measure (PRAM) [18, 19] score of 5 or more,
between 1 and 4 h after starting “burst” therapy. We excluded children with: signs of bacterial pneumonia
(fever >38.5°C plus focal signs on auscultation or chest radiograph); impending respiratory failure;
recognised contraindications to HiFlo therapy (air leak, decreased conscious level, recent bowel surgery or
intractable vomiting); other major respiratory, cardiovascular or neurological conditions; and previous
participation in the study. The study was approved by the West Midlands – Solihull Research Ethics
Committee (reference: 19/WM/0219, IRAS: 261627), and is registered with ISRCTN (78297040).

Study design
The study protocol has been previously published [20]. This was a multicentre unblinded feasibility RCT
with deferred consent. Eligible children were randomised online (Sealed Envelope Ltd, London, UK) 1:1
to intervention (HiFlo) or control (standard care) arms, stratified by site, age (<5 years, 5 and over) and
ASA severity (PRAM score at entry: <8, 8 and over). Deferred consent [21, 22] was sought from parent or
guardian once the child was stable: a child was enrolled into the study at randomisation, but only recruited
after deferred consent was received.

The specific feasibility objectives were: to evaluate enrolment rates and deferred consent rates, to assess the
feasibility of recording candidate primary outcome measures and estimate their variability, to assess the
acceptability to families of the treatments and of the deferred consent model, and (based on all of these) to
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determine the design characteristics for a definitive RCT. For the first three objectives, specific targets were
pre-specified (table 1).

Two candidate primary outcome measures were evaluated: treatment failure needing escalation of therapy;
and time to meeting hospital discharge criteria (defined as maintaining oxygen saturation 92% or above
without supplemental oxygen or respiratory support, plus requiring inhaled bronchodilator 4-hourly or less
frequently). The following candidate secondary outcome measures were also recorded: time to hospital
discharge, time to achieving PRAM score 3 or less, time to no longer requiring supplemental oxygen or
respiratory support, need for and duration of i.v. bronchodilator therapy, need for noninvasive or invasive
ventilation, treatment-related adverse effects, hospital readmission within 48 h, and acceptability of
treatment to parents/carers and children assessed by questionnaire.

Recommendations for the number of participants to include in a feasibility study to provide precise
estimates of the variability in the candidate primary outcome measures, for the purpose of estimating the
sample size required for the future trial, vary between 50 [23] and 70 [24]. The larger target was initially
chosen to allow for a 30% attrition to deferred consent [22] but was subsequently revised to the lower
figure with agreement from the Trial Steering Committee on the basis of the observed deferred
consent rate.

Equipment
HiFlo intervention was initiated using the Vapotherm Precision Flow Plus system (Vapotherm Inc., Exeter,
NH, USA), chosen because this system incorporated a transfer unit with battery and cylinders to allow
continuous HiFlo delivery in the ED and during transfer to the ward. Inhaled bronchodilator delivery was
maintained during HiFlo using an in-line Aerogen Solo nebuliser (Aerogen Ltd, Galway, Ireland).

Study procedures
Figure 1 outlines the trial procedures. Following randomisation, in the intervention arm, HiFlo was to be
commenced within 30 min of randomisation and increased to a target of 2 L·kg−1·min−1 for the first 10 kg
body weight, plus 0.5 L·kg−1·min−1 for every further kilogram, with maximum 40 L·min−1. The fraction
of inspired oxygen (FIO2

) was adjusted to maintain oxygen saturation by pulse oximeter (SpO2
) ⩾92%.

Other than this early commencement of HiFlo, management in both arms was pragmatic, with all treatment
options available and guided by clinical choice. Progress was recorded on a clinical data proforma (CDP),
and the following were pre-defined as escalations of therapy: starting an i.v. bronchodilator, starting rescue
HiFlo, initiating invasive or noninvasive ventilation, or increasing the frequency of inhaled bronchodilator.
Whenever an escalation was needed, the reason for this (e.g. increasing oxygen requirement, increasing
PRAM score) was recorded on the CDP. As improvement occurred, weaning of therapies was also at
clinical discretion according to standard principles as per figure 1. Vital signs, PRAM score, current
treatment and oxygen requirement were recorded on the CDP, hourly for 4 h then 4-hourly, and time both
of meeting hospital discharge criteria and of actual hospital discharge were recorded.

Prior to discharge, an end-of-study questionnaire (ESQ), co-designed with parents of children admitted
with ASA, was completed by the accompanying parent or carer. Items related to treatment effectiveness,
treatment satisfaction, service satisfaction, information and consent, physical comfort, pain and
communication were included. If the participating child was aged 4 years or over, they completed a
shorter child-appropriate version. In addition, a purposive sample of parents/carers and healthcare
professionals (HCPs) across the four sites were invited to participate in a 30-min semi-structured
telephone interview with an experienced qualitative researcher to elicit their views and opinions of the

TABLE 1 Feasibility objectives with pre-specified thresholds for progression to a full randomised controlled
trial

Feasibility objective Feasibility outcome measure Threshold

Evaluate enrolment rates Proportion of eligible children who were enrolled
(i.e. randomised)

50%

Evaluate deferred consent rates Proportion of children with signed deferred consent
amongst those enrolled into the study

70%

Assess feasibility of recording
candidate primary outcome
measures

Proportion of data collection complete per participant,
for the two candidate primary outcome measures

80%
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• Rising PCO2

• Other
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for every further kg

Consider:

• i.v. salbultamol; OR
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PRAM 4 or less

AND FIO2
 40% or less:

consider weaning 

Wean

• Reduce HiFlo, OR

• Reduce i.v. Rx, OR

• Reduce inhaled Rx, OR

• Other

Escalate

• Start HiFlo; OR

• Start i.v. drug; OR

•    Inhaled Rx; OR

• Start NIV; OR

• Intubation
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 consistently 92% or

   more in room air
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   inhaled bronchodilator

Inclusion criteria:

• Age 2–11 years

• Received burst Rx for

   acute wheeze

• PRAM score of 5 or more,

   1–4 h after burst start
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• Fever >38.5�C PLUS focal

   clinical or radiograph signs
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   flow humidified oxygen
T0: Randomisation

T1: 1 h post-

randomisation

T2

T16

T12

T8

T4

T3

TC

T>24

T24

T20

TD

?

FIGURE 1 Study flow chart. Rx: treatment; PRAM: Paediatric Respiratory Assessment Measure; HiFlo: high-flow
humidified oxygen; i.v.: intravenous; FIO2

: fraction of inspired oxygen; RR: respiratory rate; HR: heart rate; PCO2
:

carbon dioxide tension; NIV: noninvasive ventilation; SpO2
: oxygen saturation by pulse oximeter; TC: time of

meeting discharge criteria; TD: time of discharge.
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therapy and the study more generally. To capture fresh impressions, parent/carer interviews were
conducted within 3 weeks of discharge.

Statistical analysis
Participant flow through the trial is represented in a CONSORT flow chart (figure 2) [25]. Available cases
for whom deferred consent had been obtained were analysed on an intention to treat basis. Normally
distributed variables were summarised by means and standard deviations, skewed continuous variables by
medians and interquartile ranges (IQR) and categorical variables by frequencies and percentages. The
difference in means between trial arms for each of the candidate primary and secondary outcomes was
estimated, together with bootstrapped 95% confidence intervals.

Results
The trial opened in February 2020, but a month later was paused for 15 months during the coronavirus
disease 2019 (COVID-19) pandemic due to a combination of factors including: general concerns about
face-to-face research, specific concerns about HiFlo as an “aerosol generating procedure” and
redeployment of research staff to clinical duties during the pandemic. The trial reopened at the lead site in
July 2021 and opened at the other three sites during 2022. Recruitment closed in April 2023 when 56
children had been enrolled. The CONSORT diagram (figure 2) gives full details of numbers of children
progressing through the study, and table 2 summarises participants’ baseline characteristics.

Pre-screening

Enrolment

Treatment failure requiring escalation

Delayed consent sought

Allocation

Assessment

Telephone follow-up (sample only)

Children aged 2-11 years requiring burst therapy in the emergency department 

(data for top section of CONSORT diagram are only partially available)

Randomised (n=56): enrolled

Allocated to HiFlo (n=30)

• Received HiFlo (n=18)

• Did not receive HiFlo# (n=12)

      6 clinical decision

      3 HiFlo not tolerated

      2 HDU beds not available

      1 HiFlo machine not available

Allocated to standard care (n=26)

• Received standard care (n=26)

• Did not receive standard care# (n=0)

Consent not given# (n=1)

Post-randomisation exclusion (n=1)

Consent not given# (n=3)

Post-randomisation exclusion (n=1)

Consent given (n=28): recruited

• In hospital (n=23)

• At home (n=5)

Consent given (n=22): recruited

• In hospital (n=21)

• At home (n=1)

Escalation required# (n=18)

No escalation (n=10)

Escalation required# (n=19)

No escalation (n=3)

Selected for interview (n=8)

• Follow-up successful (n=3)

• Follow-up unsuccessful# (n=5)

      4 no response/declined at call

      1 outside 3-week window

Selected for interview (n=9)

• Follow-up successful (n=3)

• Follow-up unsuccessful# (n=6)

      2 no response/declined at call

      4 outside 3-week window

Analysed (n=28) 

Excluded from analysis# (n=0)

Analysed (n=22) 

Excluded from analysis# (n=0)

FIGURE 2 CONSORT diagram. HiFlo: high-flow humidified oxygen; HDU: high-dependency unit.
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Feasibility outcomes
Enrolment rate amongst eligible children
Owing to disruption by the COVID-19 pandemic, it was not possible to collect data on all children
presenting to all sites who met eligibility criteria; however, data were collected for sample periods at three
sites. Of 254 children who required “burst” therapy, 60 met eligibility criteria and 30 (50%) were enrolled.

Deferred consent rate amongst enrolled children
Deferred consent was received on 50 of 56 children enrolled (89%): 44 families gave consent face-to-face
in hospital, and a further six after telephone contact following discharge. Only one family actively declined
consent; in the remaining five, consent could not be obtained in hospital and the family then could not be
contacted after discharge.

The overall recruitment process (enrolment plus deferred consent) resulted in a recruitment rate of 1.1
children per site per month of being open for recruitment.

Feasibility of recording outcome measures
Table 3 shows the completeness (%) of data collection for the candidate primary and secondary outcome
measures. For the two candidate primary outcome measures, data were collected on all 50 children
recruited, and data collection was over 80% complete for all but one of the candidate secondary outcome
measures.

TABLE 2 Summary of baseline characteristics by treatment group and overall

HiFlo Standard care Total

Participants 28 22
Age, years 4.8±2.3 5.5±3.1 5.1±2.7
Male sex 18 (64.3) 14 (63.6) 32 (64)
Ethnicity
Asian 1 3 4
Black 2 2 4
White 22 16 38
Mixed/other 2 1 3

Previous wheeze
No 6 7 13
Only with colds 13 13 26
With and between colds 7 1 8

Regular inhaled corticosteroid 14 5 19
Atopy (hay fever/eczema) 15 8 23
Family history of atopy 17 12 29

Data are presented as n, mean±SD or n (%). HiFlo: high-flow humidified oxygen.

TABLE 3 Completeness of candidate primary and secondary outcome data collection

Candidate outcome Outcome recorded, n (%)

Primary
Treatment failure needing escalation of therapy 50 (100)
Time to meeting discharge criteria 50 (100)

Secondary
Time to actual hospital discharge 50 (100)
Time to achieving PRAM score 3 or less 41 (82)
Time to no longer requiring oxygen or respiratory support 37 (74)
Need for and duration of i.v. therapy 49 (98)
Need for noninvasive/invasive ventilation 50 (100)
Treatment-related adverse effects 50 (100)
Readmission within 48 h of discharge 50 (100)
End-of-study questionnaire received 42 (84)

PRAM: Paediatric Respiratory Assessment Measure; i.v.: intravenous.

https://doi.org/10.1183/23120541.00168-2024 6

ERJ OPEN RESEARCH ORIGINAL RESEARCH ARTICLE | A. KAPUR ET AL.

rights. 
 on November 18, 2024 at South Academic Block. Please see licensing information on first page for reusehttps://publications.ersnet.orgDownloaded from 



Proportion receiving allocated treatment
As expected, all 26 enrolled children allocated to standard care received this treatment; some of these
children later received rescue HiFlo as an allowed escalation. However, of the 30 enrolled children
allocated to the HiFlo arm, 12 did not have HiFlo initiated as allocated for a range of reasons (see
figure 2). A significant factor in this was the lack of availability of high-dependency beds at sites where
children on HiFlo could not be cared for on general wards, leading to the responsible clinician being
reluctant to start HiFlo as allocated.

Data on candidate primary outcomes
Treatment failure requiring escalation of therapy
This outcome occurred in 18 of 28 children (64%) in the HiFlo arm and in 19 of 22 (86%) in the standard
care arm. By far the commonest first escalation in both groups was commencing an i.v. bronchodilator: 16
in HiFlo and 16 in standard care, and in 90% the i.v. drug was magnesium sulfate. Three children in
standard care and one in HiFlo (who had not commenced early HiFlo as allocated) had HiFlo commenced
later as rescue, and one child in the HiFlo arm was escalated to noninvasive ventilation.

Time to meeting discharge criteria
Median (IQR) time from randomisation to meeting discharge criteria was 29.3 h (21.8–43.7 h) in the HiFlo
arm and 36.8 h (24.1–46.3 h) in the standard care arm. Figure 3 shows the Kaplan–Meier curves for this
outcome, showing overlap with crossing points.

Variance of outcomes
Table 4 shows the estimated between-arm differences in candidate primary and key secondary outcome
measures, with bootstrapped 95% confidence intervals for means, for the HiFlo and standard care arms,
with number of children these are based on.

Table 5 summarises the results of the ESQ completed by parents/carers. The full questionnaire results from
parents and children are given in the online supplementary material.

In-depth telephone interviews were conducted with six parents/carers and 11 HCPs across the sites: all had
given prior consent to be contacted, and the small number of parent/carer interviews reflected the difficulty
in contacting parents within the pre-specified 3-week window after discharge. The detailed qualitative data
report from the interviews of parents and HCPs is given in the online supplementary material.

The three core themes which emerged from the parent/carer interviews centred on: 1) the child’s
experiences and differences from previous admissions; 2) reassurance about treatment approaches; and
3) timeliness and clarity of information. They described their child’s initial discomfort with the unfamiliar
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FIGURE 3 Kaplan–Maier curves for time between randomisation and readiness for discharge. HiFlo: high-flow
humidified oxygen.
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HiFlo treatment but felt that this resolved quickly. They suggested ways that younger children could be
helped: “Maybe if they had a teddy bear or something they could just show, “Oh look, here’s teddy with
these tubes stuck on his face. We’re going to do this for you”.” They emphasised the importance of
reassuring parents and carers that the treatments being studied are not experimental but routinely used. In
keeping with the questionnaire responses, they were generally happy with the concept and procedure of
deferred consent, but most had not seen the posters displayed in the ED and flagged up the need for other
approaches to pre-informing families about the study.

The HCP interviews brought out challenges that would need to be met and adaptations that might be
needed for a definitive trial, focussing on 1) time and resource constraints, 2) treatment familiarity and
preferences and 3) impact of unfamiliar assessment tools. HCPs expressed frustration that at times they had
been unable to recruit outside office hours and during very busy winter periods due to lack of critical care
beds, and flagged up the problem of maintaining training on the study in the face of high staff turnover.
Unfamiliarity with using HiFlo in the ED, and with the Vapotherm system specifically, were important
issues despite the extensive training conducted: greater use of videos and WhatsApp groups were
suggested. Similarly, use of the unfamiliar PRAM scoring system remained an issue despite training:
scoring within the required time window and lack of trust in scores were specific problems.

Discussion
This feasibility RCT of early HiFlo in ASA in children recruited to its target despite major disruption from
the COVID-19 pandemic, and demonstrates that a definitive RCT is feasible. It provides important data
and learning points for planning the full-scale trial. Based on our results, a trial enrolling 117 children per
group, resulting in 104 children per group with deferred consent, would give 90% power at 5%
significance to detect a 20% reduction in treatment escalation. This could be achieved with nine centres
each recruiting 1.1 children per month over 24 months. The second candidate primary outcome, time to
meeting discharge criteria, demonstrated too much variability and overlap to allow a sensible study size
calculation.

Important learning points to be taken into consideration when planning the full RCT include better
strategies to inform families, the choice and role of an asthma severity score, and training and logistical

TABLE 4 Estimated mean differences (HiFlo minus standard care) with bootstrapped 95% confidence intervals
for candidate outcomes

Outcome n Estimated difference 95% CI

Treatment failure needing escalation of therapy, % 50 −23 −46–0
Time to meeting discharge criteria, h 50 −5.5 −20.3–9.2
Time to actual hospital discharge, h 50 −1.8 −17.4–13.9
Time to achieving PRAM score 3 or less, h 41 1.5 −1.4–8.5
Time to no longer requiring oxygen or respiratory support, h 37 10.8 2.5–19.1

HiFlo: high-flow humidified oxygen; PRAM: Paediatric Respiratory Assessment Measure.

TABLE 5 Summary results from end-of-study questionnaire (completed by 42 parents/carers)

Statement % responding “agree” or
“strongly agree”

HiFlo Standard Total

I understand that my child was in a research study during their hospital visit 96 90 93
I was aware of the study before a member of the research team spoke to us 45 37 42
I did not notice the study posters displayed in the hospital 67 78 72
I understood the treatment my child received 100 100 100
I understood the need for study randomisation to either treatment 100 100 100
I understood what deferred consent means 100 100 100
I understood why deferred consent was used 100 100 100
The treatment my child received was effective 100 100 100
The treatment my child received was unpleasant 30 31 30.5

HiFlo: high-flow humidified oxygen.
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issues in implementing the intervention. The deferred consent model worked well and was generally
acceptable to families: the deferred consent rate of 89% was comparable with other paediatric emergency
studies [21, 22], and feedback was positive, but more than two-thirds of families did not recall seeing the
ED poster and were therefore not aware of the study until approached later for consent. Other strategies
such as using video screens and issuing an information leaflet at triage should be considered. We used the
PRAM scoring system because it has been validated across the target age range [19], and employed it as
an entry criterion, a documented reason for escalation and a candidate secondary outcome measure.
However, PRAM was only in clinical use at one of the four sites, and despite considerable investment in
training only a minority of clinical staff became comfortable with its use. This caused issues in
recruitment, especially outside office hours, led to gaps in documentation and was one factor in some
children not receiving allocated treatment. A recent survey [26] found that very few units in the UK use an
asthma scoring system in routine clinical care, so these issues would apply to any of the published
measures, but a simpler scoring system which aligns more closely with routinely collected data would
improve feasibility. Finally, unfamiliarity with HiFlo and logistical issues need to be addressed in planning
the definitive RCT. The high occupancy rate for paediatric critical care beds during the peak ASA seasons
means that participating sites need to be able to look after children receiving HiFlo on general paediatric
wards.

Provided these issues are addressed, we have demonstrated that it will be feasible to carry out a definitive
RCT to determine whether early use of HiFlo improves outcomes in children with ASA who fail to
respond to first-line therapy.
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