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ABSTRACT
Non-invasive high-frequency oscillatory ventilation
(NHFOV) consists of the application of a bias flow
generating a continuous distending positive pressure with
superimposed oscillations, which have constant frequency
and active expiratory phase. NHFOV matches together the
advantages of high-frequency ventilation (no need for
synchronisation, high efficacy in removing CO2) and nasal
continuous positive airway pressure (CPAP) (non-invasive
interface, increase in functional residual capacity allowing
oxygenation to improve). There is enough clinical
expertise demonstrating that NHFOV may be tried in some
selected cases, in whom CPAP or conventional
non-invasive ventilation have failed. Nonetheless, there
are no clear data about its clinical usefulness and there is
a need for randomised controlled studies. Our purpose is
to review the physiology and biological effects of NHFOV,
to present the current clinical evidence on its use, to
provide some guiding principles to clinicians and suggest
directions for further research.

INTRODUCTION
High-frequency oscillatory ventilation in intubated
neonates (HFOV) is frequently used in neonatal
and paediatric critical care.1 2 Nonetheless, the
clinical management for neonatal respiratory dis-
tress syndrome (RDS) has evolved towards a non-
invasive approach using continuous positive airway
pressure (CPAP) or various types of non-invasive
ventilation (NIV): thus, an early application of
nasal CPAP is nowadays recommended both in
Europe3 and in the USA.4 The experience in the
use of invasive HFOV and the recommended non-
invasive approach has somehow pushed clinicians
to combine both concepts. Theoretically, non-
invasive HFOV (NHFOV) should provide the
advantages of HFOV (no need for synchronisation,
high CO2 removal, less volume/barotrauma) and
nasal CPAP (non-invasive interface, increase in
functional residual capacity allowing oxygenation
to improve). Thus, NHFOV could be useful to
avoid invasive ventilation and its complications.
Moreover, given the HFOV physical characteristics,
NHFOV could hypothetically be more efficient
than other types of noninvasive respiratory support
in certain clinical conditions.
NHFOV has been tested in some bench and

animal studies, while small clinical studies have also
been conducted. However, given its simplicity, the
use of NHFOV has increased and it is now quite
often used in daily neonatal intensive care unit care,
especially in Europe5 and Canada,6 even though no
clear evidence exists about its clinical usefulness.

The aims of this paper are to review the physiology
and biological effects of NHFOV, to present the
current clinical evidence on its use, to provide some
guiding principles to clinicians and to suggest direc-
tions of further enquiry in this area.

BASIC PRINCIPLES OF NHFOV
NHFOV consists of the application of a bias flow
generating a continuous distending positive pressure
with oscillations superimposed on spontaneous tidal
breathing, through a non-invasive interface. The
oscillations have constant frequency and active
expiratory phase. Bubble CPAP, which is known to
improve gas exchange, provides a similar constant
positive pressure with oscillations, but the latter are
much smaller, irregular (as they have multifrequency
patterns) and lack an active expiratory phase.7

Moreover, during NHFOV, mean airway pressure
(Paw) may reach higher values than during bubble
CPAP. This is possible because NHFOV is produced
with a ventilator instead of a simple water valve and
because the risk of possible air trapping-induced CO2

retention could be avoided by the superimposed
high-frequency oscillations. Other types of high-
frequency ventilation have been used in neonatal crit-
ical care, such as non-invasive high-frequency percus-
sive ventilation (NHFPV) or high-frequency jet
ventilation. They differ in relation to the expiratory
phase and other basic physical characteristics. Even if
there is no wide consensus about the value of the
active expiratory phase, we prefer to focus on HFOV
in this review.
NHFOV may be provided with different ventila-

tors having an oscillating piston or membrane able
to produce the positive pressure on the bias flow
and the active expiratory phase. Some other
devices produce high-frequency oscillations by flow
interruption due to the cyclic opening-closure of
the end expiratory pressure valve and this cannot
strictly be considered a form of NHFOV. Several
modern neonatal ventilators are technically able to
provide NHFOV, although their performance may
be variable at extreme settings or for term neo-
nates.8 9 A recent European survey described wide
variation in the type of device used to provide
NHFOV.5 A new concept has also been recently
introduced, as bench experiments demonstrated the
feasibility of generating NHFOV through the
control of fan and valve: this allows designing a
ventilator specifically dedicated only to NHFOV.10

PHYSIOLOGY OF NHFOV
In intubated patients ventilated with HFOV, oscilla-
tions deliver a small volume, which is the main
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determinant of CO2 removal.11 During NHFOV, spontaneous
breathing is maintained and oscillations are superimposed on
the airway pressure changes due to tidal breathing. We studied
the interaction between spontaneous breathing and oscillations
modifying a bench model designed for adult ventilation
studies;12 we used a neonatal or paediatric mannequin and an
adequate lung simulator. An example of pressure and volume
tracing obtained in the neonatal bench model of NHFOV is
given in figure 1. When simulating infants beyond neonatal age
under full face-mask-delivered NHFOV, both tidal and oscilla-
tory volumes contribute to gas exchange and there is a correl-
ation between them; moreover, oscillation transmission is the
variable more significantly influencing ventilation.13 14 Gas
exchange during HFOV is not completely understood and
includes several phenomena.15 However, bench data recently
confirmed that NHFOV is able to wash out CO2 from the
upper airways’ dead-space.16 Thus, NHFOV and tidal breathing
may impact on CO2 removal at different levels and this may
create a synergistic effect.

Oscillation transmission is measured using oscillatory pressure
ratio (OPR), which is the ratio between the ΔP set at the ventila-
tor and the oscillation amplitude actually measured at a given
level (eg, at the interface or the pharynx).17 Oscillations are
better transmitted through stiff structures,17 thus they may be
significantly dampened by the interfaces, as these latter of soft
materials increase patient’s comfort. The use of external inter-
faces (nasal or face masks) could also lead to some additional
oscillation dampening by the tissues, while use of nasal prongs
could theoretically reduce this effect. In fact, infants beyond
neonatal age ventilated through face-mask-delivered NHFOV
only have an OPR of 0.17 in the mouth.13 In summary, the
actual transmission of oscillations to the alveoli is likely to be
minimal due to unavoidable leaks and the above-described

reasons; nevertheless, visible chest oscillations are probably
unnecessary to achieve adequate ventilation in most cases, since
NHFOV eliminates CO2 mainly from upper airways’
dead-space.16

The choice of the interface should balance two goals: achiev-
ing a satisfactory comfort and reducing dampening and pressure
loss. Clinical studies published so far mostly used single, long,
high resistive nasopharyngeal tubes. However, bench studies
demonstrated that the use of binasal short prongs is technically
feasible and can provide efficacious ventilation.18 19 Most
importantly, such prongs are the most common interface since
they are recommended over single nasopharyngeal tubes to
deliver CPAP. In fact, they reduce leaks from the counter-lateral
nostril and provide lower resistance,20 although nasopharyngeal
tubes may have wall compliance lower than nasal prongs.
However, even among short binasal prongs there may be differ-
ent mechanical properties. All these factors might influence the
efficiency of NHFOV and further studies will be needed to
clarify these issues. There are no bench mechanical studies
about nasal-mask-delivered NHFOV. Masks are likely to
dampen oscillation transmission as it happens for infants
beyond neonatal age;13 however, nasal masks are at least as effi-
cacious as binasal prongs in delivering CPAP.21

Nasal-mask-delivered NHFOV has been used in clinical practice
and seems suitable also for NHFOV (see online supplementary
video file). In summary, interfaces have different mechanical
properties, so different interfaces may be needed in different
moments and for different patients; changing the interfaces seri-
ally might also be useful to reduce the risk of skin injury in case
of long-lasting application.

The presence of high-frequency oscillations eliminates the
need to synchronise mechanical ventilation. This is an advantage
given the difficulties in achieving good synchronisation during
neonatal NIV and because a poor patient-ventilator interaction
may significantly decrease ventilation efficiency.22 Interestingly,
an animal study showed that, in contrast to non-invasive pres-
sure support ventilation, NHFOV did not induce phasic inspira-
tory glottal constriction and conversely did not decrease
inspiratory glottal dilatation.23 Thus, patient-ventilator inter-
action could be better during NHFOV than with conventional
NIV. However, the same study showed suppression of central
respiratory drive when nasal-mask-delivered NHFOV was
applied at 4 Hz.23 This effect was not mediated by hypocarbia
and could be linked to several phenomena, such as an increase
in vagal pulmonary stretch receptor activity24 or thoracic wall
afferent activity.25 Inflammation, pain or discomfort could have
impacted as well.26 Conversely, other authors showed that nasal-
mask delivered high-frequency oscillations stimulate respiratory
effort in adult patients with central sleep apnoea.27 Therefore,
the effects of NHFOVon spontaneous breathing pattern may be
complex and would need further physiological studies.

BIOLOGICAL EFFECTS OF NHFOV
Like any other respiratory support technique, NHFOV can have
some biological effects. They can be related to the oscillations or
to the use of a non-invasive interface. Regarding the first type of
effect, Reddy et al28 showed that superimposing oscillations over
the tidal volume excursions in a surfactant bubble lowers surface
tension significantly more than using tidal volume excursion
alone. Surface tension decreased with increasing frequencies and
reached a minimum value of about 7 dyne/cm (7 mN/m) at
extremely supraphysiologic frequencies (70–80 Hz). According to
this study, surface tension of 15–30 dyne/cm (15–30 mN/m) is
reached with frequencies usually applied when using HFOV in

Figure 1 Effect of non-invasive high-frequency oscillatory ventilation
(NHFOV) during spontaneous breathing on pressures and volume in a
neonatal bench model. Pmus is the negative inspiratory muscle
pressure spontaneously generated by the patient, Paw indicates the
airway pressure. Data have been generated using a bench model
modified from adult setting12 consisting of a neonatal mannequin
ventilated through a nasal mask and whose trachea had been
connected to an electronic active test lung (ASL5000; Ingmar Medical,
Pittsburgh, Pennsylvania, USA). A Sensormedics SM3100A oscillator
(Carefusion, San Diego, California, USA) was used. Data were filtered at
100 Hz and measured at the lung simulator using a specific software
(ICU Lab rel.2.3; KleisTEK Advanced Electronic System, Bari, Italy). A
normal term neonate with no lung disease (birth weight: 3 kg,
resistances: 80 cmH2O/L/s, compliance 1 mL/cmH2O/kg) at a respiratory
rate of 30 breaths/min has been simulated. A single spontaneous
breath is shown. NHFOV parameters were as follows: mean airway
pressure 6 cmH2O; ΔP 40 cmH2O; frequency 5 Hz, inspiratory time
50%.
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neonates and infants.28 Consistent values have been found testing
surfactant from bronchoalveolar lavage recovered from infants
with severe acute RDS under invasive HFOV.29 Thus, it seems that
the application of an oscillatory pressure might improve surfactant
function, but it is difficult to imagine a clinical role for this effect,
since such extreme frequencies are not achievable with available
oscillators and because a good surfactant activity should achieve an
alveolar surface tension ≤5–10 mN/m.30

Two animal studies recently showed increased surfactant
protein-B production and better alveolarisation in preterm lambs
treated for 3 weeks with NHFPV.31 32 These studies might ideally
represent a neonate developing bronchopulmonary dysplasia
(BPD), but NHFPV is a different type of high-frequency ventila-
tion, thus these data should be cautiously interpreted with regard
to NHFOV. Another study showed that surfactant-untreated rats
ventilated with invasive HFOV for 2 hours had larger surfactant
aggregates, better oxygenation and greater lung compliance com-
pared with surfactant-untreated animals under conventional ven-
tilation.33 This study could reproduce the early phase of neonatal
RDS before surfactant administration. Despite the limitations of
these models, these data allow to speculate that, if high-frequency
oscillations are applied before surfactant replacement (eg, using
NHFOV in non-intubated babies during the early phase of RDS),
surfactant function could be improved, although this remains
hypothetical.

Regarding the effects linked to a non-invasive interface, it is
conceivable that having an oscillating interface on the skin
could produce some local reactions or skin injuries, but this has
never been studied, and a European survey has not described
skin injuries among the side effects of NHFOV.5 Early HFOV
has been claimed to be less pro-inflammatory than conventional
ventilation34 and one could imagine the same effect for
NHFOV as compared with conventional NIV. However, there
are no data available on this issue, which remains difficult to be
investigated.

CLINICAL STUDIES OF NHFOV
No randomised clinical trial about NHFOV has yet been con-
ducted. The first application of NHFOV dates back to 1998 by

van der Hoeven et al.35 They reported a case series of 21 neo-
nates with various respiratory conditions switched from CPAP
to NHFOV and described a significant improvement in PaCO2

with slightly improved pH. Paw was also significantly increased
switching from CPAP to NHFOV, although no data were pro-
vided about oxygenation. These authors did not actually apply
NHFOV, as a flow-interruption device provided oscillations
instead of an actively oscillating piston; the same applies for
some other preliminary investigations and details of studies are
provided in table 1. The first extremely preterm neonate suc-
cessfully ventilated with NHFOV was reported in 2000,36 and
another three extremely preterm neonates were recently venti-
lated with NHFOV through binasal prongs with satisfactory
results.37 Colaizy et al38 published a non-randomised longitu-
dinal, before-and-after, study enrolling 14 preterm infants in the
recovery phase of RDS. These authors were able to confirm the
reduction in PaCO2 and consequent pH improvement after
2 hours of NHFOV. Similar effects were described in a small
randomised crossover trial enrolling adults, with acute hyper-
capnic respiratory failure treated with face-mask-delivered
NHFOV, although this was only published in abstract form.39

Another German case series suggested the possible usefulness of
NHFOV for extremely preterm babies at high risk of extubation
failure.40 Finally, in 2014, a Canadian network of four neonatal
units published the largest series of NHFOV-treated neonates so
far.6 This uncontrolled study involved 52 neonates for a total of
79 instances of NHFOV. These patients were given NHFOV
predominantly because of hypoxemic spells and/or gas exchange
derangement. The authors suggested that the number of spells
decreased within the first 6 hours of NHFOV and that 58% of
patients were successfully transitioned to conventional NIV after
a period of NHFOV. Need for oxygen and PaCO2 also
improved.

Unfortunately, these studies are either uncontrolled or vari-
ably biased (mixed or small population, unclear criteria to start
or evaluate NHFOV, retrospective design, variable criteria to
manage NHFOV parameters). Thus, it is not possible to draw
conclusions about the clinical efficacy of NHFOV regarding its
effect on CO2 elimination, although this latter is otherwise well

Table 1 Published clinical studies about NHFOV in neonates

Author/year
Sample
size Type of study Patients’ condition

Type of
patients Interface Generating system Main results

van der
Hoeven/
199835

21 Case series RDS, TTN, AOP, air leaks Term and
preterm

Nasopharyngeal
tube

Flow-interruption ↓PaCO2

Hoehn/200036 1 Case report RDS Extremely
preterm

Nasopharyngeal
tube

Flow-interruption ↓PaCO2 avoid one
reintubation

Colaizy/200838 14 Non-randomised
crossover trial

RDS in recovery phase Term and
preterm

Nasopharyngeal
tube

Flow-interruption NHFOV is safe ↓PaCO2

Czernik/201240 20 Case series Difficult extubation after
various types of respiratory
failure

Term and
preterm

Nasopharyngeal
tube

Piston/membrane Suggested usefulness
for high-risk extubation

Aktas/201437 3 Case series RDS or developing BPD Extremely
preterm

Nasal prongs Flow-interruption NHFOV is safe and
feasible

Mukerji/20146 52 Case series BPD spells, postextubation,
others unspecified

Term and
preterm

Nasal prongs/
mask

Piston/membrane or
flow-interruption

Less spells
↓PaCO2

↓FiO2

Neonates
(total)

111

Searched in PubMed with NHFOV [All Fields] or non [All Fields] AND invasive [All Fields] AND HFOV [All Fields]. The search was also conducted in Pediatric Academic Societies abstracts
archive (2002–2014) and authors’ personal archives (as per 7 February 2016).
Studies are listed in order of publication.
AOP, apnoea of the prematurity; BPD, bronchopulmonary dysplasia; NHFOV, non-invasive high-frequency oscillatory ventilation; RDS, respiratory distress syndrome; TTN, transient
tachypnoea of the neonate.
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established.18 35 36 38 39 Until now, 111 babies have been
described in clinical studies (table 1), although many more are
likely to receive this type of respiratory support during daily
care.5 6

Regarding NHFOV safety, the available data seem more con-
sistent. The European survey described thick secretions, agita-
tion and leaks/malfunctioning as main NHFOV side effects.5

However, these were only surveyed as physicians’ opinions, but
none of these problems was formally reported in any of the
NHFOV studies. One could also hypothesise the occurrence of
abdominal distension during NHFOV, but this was not reported
in the above-described studies. Moreover, it is likely to be only a
mild problem, as it happens for other forms of non-invasive
respiratory support.41 Moreover NHFOV, unlike conventional
NIV, does not cause laryngeal closure and this should at least
partially prevent any abdominal distension.23

Dumas De La Roque et al42 conducted a randomised study
about NHFPV for transient tachypnoea of the neonate. This is
the only randomised study in this area and NHFPV turned out
to be superior to CPAP in terms of duration of tachypnoea and
respiratory support. However, as stated above, NHFPV is a com-
pletely different mode of respiratory support and these results
cannot be directly applied to HFOVor to neonates with RDS or
BPD.

PRINCIPLES FOR THE CLINICAL USE OF NHFOV
A European survey described a huge span in terms of Paw, ΔP
and frequency.5 Available studies reported the use of NHFOV in
postextubation phase with a Paw of 8 and ΔP ≤25 cmH2O

40 or
in stable neonates with Paw at the same level of CPAP that
babies were previously receiving and ΔP titrated to obtain visible
chest oscillations.38 Since CO2 elimination under NHFOV is
also provided in the upper airway dead-space,16 it is probably
unnecessary to increase ΔP to achieve a visible chest oscillation.
Neonates developing BPD might also benefit from NHFOV. In
fact, they may have a mixed, restrictive/obstructive pattern
causing hypercarbia/hypoxia.43 Thus, these babies need high
Paw, which is rarely achievable with conventional NIV and a risk
of gas trapping exists: this might be greatly reduced by
NHFOV-induced upper airway washout. To illustrate the prac-
tical setting, an online supplementary video file shows a neonate
of 25 weeks gestation under nasal-mask-delivered NHFOV with
satisfactory comfort and clinical stability. Figure 2 illustrates
clinical data for this patient.

Nasal prong diameter is the main determinant for ventilation
during NHFOV: the largest diameter possible should be pre-
ferred18 or ΔP should be increased to augment ventilation.19

Nonetheless, this might require high ΔP values, the impact of
which on patient’s comfort remains to be examined. Another
possible strategy is to increase inspiratory time (IT) to 50%.
Bench data showed that when IT is 50%, a ΔP of 50 cmH2O
will be able to deliver a volume of about 2 mL.19 If we consider
an ideal volume of about 1–2 mL/kg, increasing ΔP and IT
should be able to deliver this volume to a patient of 1500–
2000 g,19 although this remains speculative. Moreover, perfor-
mances might vary using different prongs: higher-pressure loss
and reduced CO2 clearance have been demonstrated with some
recently marketed prongs.44 45

To summarise, according to the clinical experience accumu-
lated so far, we believe that Paw could be set at values higher
than those usually provided with conventional NIV (table 2).
More extreme values are not advised either because of unavoid-
able leaks or because effects on patient’s comfort and respira-
tory pattern are still unclear.

RECOMMENDATIONS FOR RESEARCH
NHFOV has been subjected only to bench and animal investiga-
tions, as well as small, uncontrolled clinical studies. Bench
studies are still needed to clarify mechanical properties of nasal
masks and different prongs. Conversely, further animal studies
are probably unnecessary: in fact, NHFOV is likely to be safe
and we now need to better clarify its clinical usefulness.

To achieve this goal a pilot study is recommended, focusing
either on infants postextubation or those at risk of developing

Table 2 Suggested parameters boundaries for NHFOV use in two
clinical scenarios

Postextubation BPD-risk neonates

Paw (cmH2O)* 8–10 10–16
ΔP (cmH2O)† 25–35 30–50
Frequency (Hz)† 10–12 8–10

Postextubation refers to infants within the first postnatal week, extubated from
aggressive mechanical ventilation or with previously failed extubation attempts.
BPD-risk neonates refers to infants developing BPD, that is, having more than 1 week
of postnatal age and still needing non-invasive ventilation with high pressure or
oxygen requirements and/or with pending reintubation. These definitions and the
ventilator parameters should be considered only as suggestion. Lung mechanics may
vary in different patients and in different moments during the disease course: this
may require adjustments of various parameters. Paw should be titrated on
oxygenation, while ΔP and frequency should be titrated according to transcutaneous
CO2 levels; visible chest oscillations may not be necessary to achieve adequate CO2
clearance. Different interfaces might also impact on the NHFOV performance and
require parameters adjustments. IT should be fixed at 50%.
More details in the text.
*To be titrated according to oxygenation.
†To be titrated according to transcutaneous CO2 levels.
BPD, bronchopulmonary dysplasia; IT, inspiratory time; NHFOV, non-invasive
high-frequency oscillatory ventilation.

Figure 2 Physiological parameters from a neonate developing
bronchopulmonary dysplasia and ventilated with non-invasive
high-frequency oscillatory ventilation (NHFOV). This was a neonate of
25 weeks gestation, at 35 days postnatal age, who developed severe
respiratory acidosis, under non-invasive positive pressure ventilation
(NIPPV), after surgical ligation of a haemodynamically significant
ductus arteriosus. Data from arterialised capillary blood gas analyses
performed after 2 hours of maximal NIPPV (peak pressure 25 cmH2O,
PEEP 5 cmH2O, rate 60 breath/min, inspiratory time (IT) 0.5 s, flow 8 L/
min) and 2 hours after a change to NHFOV (at Paw 15 cmH2O, ΔP 45
cmH2O, frequency 10 Hz, IT 50%). Oxygenation index was 16 and 10,
after 2 hours of NIPPV and NHFOV, respectively. Particular nursing care
was applied to reduce leaks and increase patient’s comfort (see online
supplementary video file). Patient remained under NHFOV for 8 days
before being shifting back to NIPPV: no invasive ventilation was
needed and no particular problems were noticed. Black and hatched
columns represent capillary arterialised blood gases (PcapCO2 and
PcapO2). The light grey triangle in the background indicates the
improvement in pH.

F568 De Luca D, Dell’Orto V. Arch Dis Child Fetal Neonatal Ed 2016;101:F565–F570. doi:10.1136/archdischild-2016-310664

Review

group.bmj.com on November 10, 2016 - Published by http://fn.bmj.com/Downloaded from 

http://dx.doi.org/10.1136/archdischild-2016-310664
http://fn.bmj.com/
http://group.bmj.com


BPD. Then a large, multicentre, randomised, clinical trial should
be conducted having as outcomes the duration of respiratory
support, ventilator free days or similar end points. Harder out-
comes, such as BPD, mortality and long-term respiratory func-
tion might also be considered as secondary end points.

Such a trial has not yet been conceived and might be prob-
lematic in terms of funding. In fact, a recent analysis shows that
about 50% of the neonatal ventilation trials have been con-
ducted without any funding,46 appropriate investments are war-
ranted by research funding agencies and/or the industry. Table 3
shows all the currently ongoing trials on NHFOV: four trials
are listed in ClinicaTtrial.gov, while none appears in the
International Standard Randomised Controlled Trial Number
Registry or in the Australian-New Zealand Clinical Trials
Registry. Unfortunately, none of these trials follows a multicen-
tre design and their power is unknown. Another European mul-
ticentre trial, aiming to provide NHFOV as primary respiratory
support starting at birth has not yet started (P. Rimensberger, per-
sonal communication 2015).

While waiting for adequate randomised controlled trials,
given the possible usefulness of NHFOV from a pathophysio-
logical point of view and its relative easiness of use, one may
consider its application on a case-by-case scenario after risk/
benefit ratio evaluation.
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